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Publisher’s Note

The Solar System covers 180 features of
Earth’s solar system, including every major
body and phenomenon: from the astrophysics of
the Sun and the major features of every planet,
their satellites, and small bodies such as comets
and asteroids, to scientific methodologies, inter-
planetary phenomena, and related topics in
stellar astronomy and cosmology. Authoritative
and essential to the core curriculum in astron-
omy and Earth sciences, these three volumes of-
fer both students and general library patrons
detailed basic information on all major aspects
of Earth’s solar system. No other general refer-
ence dedicated to the solar system is this com-
plete and up to date, incorporating the latest
perspectives offered by space telescopes, inter-
planetary probes, and planetary missions.

Scope and Coverage
The essays are designed to meet the needs of

both general readers and students enrolled in
courses in the Earth sciences (with 25 topics on
Earth’s geology, geophysics, and astrophysics
alone), as well as astronomy, planetology, and
cosmology. An older edition, under Salem’s Ma-
gill’s Choice imprint (1998), now more than a
decade old, here receives a complete overhaul.
For this new edition, we have added 58 topics
and have thoroughly expanded every essay,
from the text through the bibliographies, to
bring the coverage up to date.

The result is the most thorough reference
available on our expanding understanding of
Earth’s universal neighborhood. All of the origi-
nal 122 essays, as well as the 58 new topics,
were reviewed and updated by Professors David
G. Fisher and Richard R. Erickson of Lycoming
College’s Department of Astronomy. They not
only have added key developments of the past
decade but also have scrutinized and heavily ed-
ited the existing text to ensure current accu-
racy—often increasing the lengths of old essays
by more than a third. Such revision and expan-
sion were essential in order to take into account
the many planetary and interplanetary mis-
sions that have exponentially increased our

knowledge of the solar system—from Pioneer
and Voyager to the data from Galileo, the Hub-
ble Space Telescope, Cassini-Huygens, NASA’s
New Horizons program, and the latest Mars
rovers.

Organization and Format
Coverage is presented in an A-Z format—

from “Archaeoastronomy” and “Asteroids”
through “Venus’s Volcanoes” to “X-Ray and
Gamma-Ray Astronomy”—and is supplemented
by hundreds of diagrams and photos. For those
wishing instant access to essays grouped by
planetary system, a Category List appears in
the front of every volume.

The set’s essays fall into one or more of the
following categories: the Cosmological Context
(13), Earth (25), the Jovian System (11), Life in
the Solar System (5), Mars (11), Mercury (1),
Natural Planetary Satellites (23), the Neptu-
nian System (7), Planets and Planetology (62),
the Saturnian System (8), Scientific Methods
(13), Small Bodies (17), the Solar System as a
Whole (7), the Stellar Context (13), the Sun (20),
the Uranian System (7), and Venus (5).

Every essay ranges in length from 2,000 to
5,000 words (3 to 7 pages) and offers not only a
complete overview of the topic but also an as-
sessment of knowledge gained, methods of study,
or applications. Each essay displays standard
ready-reference top matter and subsections:
• Essay Title: Topic name, from “Archaeo-

astronomy” and “Asteroids” through “Mars:
Possible Life” to “X-Ray and Gamma-Ray As-
tronomy.”

• Categories: Lists scientific subdisciplines
relevant to standard undergraduate cur-
ricula.

• Significance: Summarizes the importance
of the topic and current state of our knowl-
edge.

• Overview: Rehearses the main facts about
the topic.

• Knowledge Gained or Methods of Study
or Applications: Headed as appropriate,
this section details how the topic is investi-
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gated, what scientific knowledge we have ac-
cumulated, or the uses of the knowledge we
have gained.

• Context: Addresses the topic from the larger
perspective of the history of solar system sci-
ence and its relevance for humankind.

• Byline: All essays are signed by the scholars
who wrote them; these experts are also listed,
with their academic affiliations, in the front
matter to Volume 1.

• Further Reading: An annotated selection of
the most important print resources for fur-
ther study.

• See also: Lists cross-references to other es-
says in The Solar System on related topics.

Special Features
Several special resources and finding aids

enhance coverage and access to the set’s con-
tents. Each volume’s front matter includes both
an Alphabetical List of Contents (A-Z) and a
Category List of Contents (with essays ar-
ranged by area of the solar system studied). The
set is lavishly illustrated with photos, sidebars,
diagrams, and tables. A Glossary, a General
Bibliography, a list of Web Sites, and full Sub-
ject Index round out the set.

Miscellaneous Notes
The editors have endeavored to follow stan-

dard stylistics and usage throughout, using
NASA sources in most cases. The words “natu-
ral satellite,” “satellite” (where unambiguous
with technology), and “moon” are used inter-
changeably. It is important to note that several
essays refer to observances of the Sun in optical
(visible) light, and we remind readers that one
should never look directly at the Sun with the

naked eye, through a camera, or through sun-
glasses or other such devices, which offer no pro-
tection and can cause significant damage to the
eyes.

The Editors and Contributors
Salem Press extends its appreciation to all

involved in the development of this work. Spe-
cial thanks go to the set’s editors, David G.
Fisher and Richard R. Erickson of Lycoming
College’s Department of Astronomy, along with
their assistant, graduate student Jennifer L.
Campbell, who performed much of the manu-
script editing. Professor Fisher is Professor of
Physics and Astronomy as well as an accom-
plished spaceflight historian. In the latter ca-
pacity, Dr. Fisher served as co-editor of Salem
Press’s three-volume USA in Space, Third Edi-
tion (2006). He has published extensively on
spaceflight history (concerning not only Ameri-
can robotic and crewed space programs but also
Soviet/Russian and other international space
projects), physics and physics education, and
popular science topics. Professor Erickson is
Associate Professor of Astronomy and Physics
and Director of the Detwiler Planetarium at Ly-
coming College. Dr. Erickson has professional
interests in and has published articles and pa-
pers concerning stellar dynamics, nearby stars,
variable stars, galactic structure, relativity and
cosmology, impacts and extinctions, and the
modeling of the physics of impact events.

The essays were written and are signed by
more than eighty scientists, scholars, and other
experts, a list of whom will be found in the fol-
lowing pages, accompanied by their academic
affiliations. Without their contributions, a proj-
ect of this magnitude would not be possible.
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Editors’ Introduction

Since ancient times, humans have looked up
at the sky and felt both fearsome awe and won-
drous amazement. The Sun, Moon, and stars
have been worshiped as gods. They have in-
spired poets, artists, and musicians. Scholars
and “ordinary folk” have pondered the nature of
what they saw in the sky and our relationship to
it.

Probably the first thing to be noticed was that
the celestial bodies moved across the sky from
east to west, suggesting the Earth was at the
center of the universe and everything revolved
around us. Most cultures recognized that the
stars maintained the same patterns, moving
across the sky as groups. Many developed grand
stories about these patterns or constellations
which became part of their creation mytholo-
gies.

In time, it was noted that some of the points
of light in the night sky did not move quite the
same as most stars did; they “wandered”
against the background patterns of the so-
called “fixed stars” that remained together in
the same constellation. These “wandering stars”
or planets (from the Greek word for “wanderer”)
acquired special significance in many cultures.
For example, the Mayans were particularly in-
terested in Venus and kept meticulous records
of where it was seen in the sky—sometimes in
the east before sunrise and other times in the
west after sunset. Some cultures developed
rites of worship and built temples devoted to the
planets. Some regarded the planets and their
movements as portents or divine signs of what
would happen here on Earth.

Eclipses and comets also evoked feelings of
fear and wonder. Because these visually spec-
tacular events occur only occasionally, those
who successfully predicted them could acquire
respect and power. There is evidence that one of
Stonehenge’s functions might have been to pre-
dict eclipses; if so, its builders had determined
the pattern of eclipses several thousand years
ago.

Many cultures tried to explain the nature of
the universe (at least what they could see of it)

and their place in it. How were the heavens con-
structed? What kept the clockwork timing of
most of the heavens so perfect? What made the
planets move so differently? How and why did
eclipses occur? Attempts to answer questions
like these led to the first models of the universe
and theories of cosmology.

A few hundred years b.c.e., Greek philoso-
pher-scientists determined that Earth must be
spherical, and they calculated a remarkably ac-
curate value for its circumference, using geome-
try and a few simple observations. They cor-
rectly explained why the Moon went through its
phases and how eclipses of the Sun and Moon
occurred. They even deduced that the Moon is
smaller and the Sun is larger than Earth.

Most Greek models, like those of most other
cultures, placed the Earth at the center of all
things. Not that some Greeks did not consider
the possibility that Earth moved, but such an
idea seemed to contradict everything they could
perceive. Many centuries would pass and much
intense scientific debate would occur before it
was accepted that while our existence in the
universe may be special, our position is not.

The transformation from an Earth-centered
universe to our present picture involved many
steps. The first step, led by the likes of Coperni-
cus, Galileo, and Kepler during the 1500’s and
1600’s, was recognizing that Earth is one of sev-
eral planets orbiting the Sun. It was not until
the 1830’s that F. G. W. Struve, F. W. Bessel,
and Thomas Henderson independently made
the first measurements of stellar parallaxes
(which is the only direct way to determine the
distances of stars) and thereby confirmed what
many had suspected, that stars really are
things akin to the Sun but much farther away.
Ultimately the Sun was found to be a rather av-
erage star. The location of the Sun and solar sys-
tem in the outer part of the Milky Way galaxy’s
disk was determined by Harlow Shapley in
1917. A few years later, Edwin Hubble demon-
strated that the so-called “spiral nebulae” really
are galaxies outside the Milky Way. He then
discovered that most galaxy spectra are red-
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shifted, which led to the idea of an expanding
universe. At the end of the twentieth century,
the expansion of the universe was found to be
accelerating, instead of slowing down as was
expected. Today, there is serious speculation
by some scientists that our universe might be
just one of a multitude in a multidimensional
“multi-verse.”

Observations of planetary motions led to the
development of heliocentric models and Sir
Isaac Newton’s theory of gravity. Early ad-
vances in telescope design and construction al-
lowed intriguing but unclear details to be seen
on the planets. However, by the middle of the
twentieth century, solar system studies had be-
come a backwater of astronomy. Few astrono-
mers then were actively engaged in any sort of
planetary or minor body research. (Anotable ex-
ception was the Dutch-American astronomer
Gerard Kuiper.) When one of the editors
(Erickson) was an undergraduate at the Uni-
versity of Minnesota in the early 1960’s, the
textbook used in his first astronomy course had
only two chapters consisting of 85 pages (out of a
total of 536) that dealt with the planets, their
satellites, the asteroids, comets, and meteor-
oids. (In contrast, current introductory astron-
omy textbooks typically devote about one-third
of their pages to these topics.)

When the other editor (Fisher) was just five
years old, he received two cherished books as
Christmas presents. Both were from Random
House, two selections from the “All About” se-
ries. All About Rockets and All About the Uni-
verse were read over and over again. These books
describe the status of solar system understand-
ing at the start of the 1960’s. The books told
about a coming age when humans would send
spacecraft out into the solar system to take pho-
tographs and make direct measurements of the
known planets from Mercury to Pluto, and also
examine their moons. The books foretold the ad-
venture of trying to unlock the secrets of the
planets and of the great missions to come when
humans would extend their reach from the
Earth to the planets, maybe even sending peo-
ple to make discoveries out in space themselves.

The book All About the Universe painted a
picture of beauty and serenity in both the solar
system and the universe around it. Pretty pic-

tures showed the rings of Saturn and the craters
of the Moon. Venus was perhaps a planet
warmer and wetter than Earth, enjoying a lush,
swampy ecosystem filled with plant life. Mars
was probably cold and dry, but some form of
primitive microbes or plant life might have
adapted to live in the harsh environment there.
Earth’s moon was covered with craters probably
created by volcanic action. The moons of the
other planets were probably uninteresting balls
of ice (with the anticipated exception of Titan
about Saturn). Pluto was a small planet, per-
haps with some terrestrial characteristics, al-
though the planet would be extremely cold. A
very peaceful and safe solar system was de-
scribed, in which nothing very dramatic hap-
pened. All of this was about to change, and a
more dynamic solar system soon would be re-
vealed.

The dawn of the space age sparked renewed
interest in the solar system. Early Luna (Soviet)
and Pioneer (American) flyby missions at-
tempted to reach the Moon in 1959. Only two
years after Fisher received All About the Uni-
verse and All About Rockets, a spacecraft named
Mariner 2 flew relatively close by Venus and de-
termined that Venus was extraordinarily hot.
No lush swamps existed, the surface tempera-
ture was hot enough to melt lead, and the atmo-
sphere was thick with carbon dioxide. Then, in
1965, our ideas about Mars changed drastically
when Mariner 4 flew by the Red Planet and pro-
duced a small set of grainy pictures revealing a
dry, cratered surface much more like the Moon
than a planet where life might exist.

Rapidly the space program grew in capability
and complexity. Now (as of 2009), spacecraft
have visited and studied at close range all of the
planets in our solar system from Mercury to
Neptune, many of their satellites, and several
asteroids and comets. More information has
been gained about the solar system in a few de-
cades by robotic explorers and space-based ob-
servatories than had been learned from millen-
nia of observations from Earth’s surface, first
with the unaided eye and later with telescopes.
Much of what had been believed about solar sys-
tem bodies and the processes of physical evolu-
tion throughout the solar system turned out to
be wrong. Craters on the Moon were created

The Solar System
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largely by impact processes. Earth was (and
still is) subject to collisions with comets and as-
teroids. These large impacts have played a ma-
jor role in the evolution of the Earth, the devel-
opment of its atmosphere and oceans, and even
the course of biological evolution.

Telescopes were responsible for the first ma-
jor increase in the storehouse of knowledge and
level of understanding about the solar system.
In the early 1600’s Galileo, using his simple
telescopes, found that small bodies orbit around
Jupiter (the four Galilean satellites or moons),
the Moon has mountains and craters, and the
Sun has black spots (sunspots) on it. In 1781, Sir
William Herschel discovered Uranus, the first
planet not known to the ancients. These early
telescopic observations provided the impetus
for further investigations of the solar system.

Spacecraft provided the next great leap for-
ward, vastly extending the reach of humanity in
investigating our nearest neighborhood, the so-
lar system. However, this is not to say that
ground-based telescopes have become obsolete;
they continue to provide important clues and
new discoveries as well. Solar system studies
presently require complementary use of ground-
based telescopes, observatories in low-Earth or-
bit, and spacecraft dedicated to fly out to indi-
vidual bodies even to the farthest reaches of the
solar system.

When the articles for the first edition of The
Solar System were written, several decades of
space exploration had revealed much about our
solar system. However, since then there has
been such an explosion of information and
change in our understanding of the solar system
that 58 new articles were written for this second
edition. The previous articles have been exten-
sively updated and revised. It has been the edi-
tors’ job to correct statements in articles that
are no longer thought to be true and to update
what has been learned since the first edition. For
example, when the first edition was published,
most scientists believed in the possibility of
planets in solar systems other than our own, but
none had been definitively detected. At the time
of the second edition, approximately three hun-
dred exoplanets have been discovered, and the
list continues to grow with each passing year.
Furthermore, most scientists have thought that

it would be just a matter of technology and time
before clear images of planets orbiting other
stars could be obtained; now a Jupiter-sized
planet orbiting the star Formalhout has been
photographed by the Hubble Space Telescope,
although it appears only as a tiny dot.

The influx of new information about our solar
system and others continues at a furious pace.
Only two weeks before this introduction was
composed, the French spacecraft COROT de-
tected the closest thing to an Earth-sized planet
yet. Named COROT-Exo-7b, this planet’s exis-
tence was revealed by observing a dip in the
planet’s star’s brightness as the planet tran-
sited in front of the star. The data suggest that
this exoplanet is between two and four times the
size of our Earth. This planet’s “year” is less
than one Earth day (approximately 20 hours),
which means it orbits extraordinarily close to
its star; consequently, this planet must be ex-
tremely hot (possibly 1,800 kelvins) and would
share very little in common with Earth. Aspace-
craft named Kepler was launched on March 6,
2009. This Earth-orbiting observatory will ex-
amine a far greater number of distant stars by
the transit methodology to search for planets—
both smaller and larger than Earth—orbiting
them. The time may well be near when an
Earth-like planet will be imaged and its atmo-
sphere spectroscopically investigated. Famed
astrophysicist Michio Kaku commented in re-
gard to the COROT-Exo-7b discovery that hu-
manity could experience an existential shock
when we first find a planet with conditions simi-
lar to those on Earth orbiting a star within its
habitable zone, thus demonstrating that there
is a place besides Earth where life might have
developed.

Closer to home, as a result of discoveries of
bodies similar to and farther out in the solar
system than Pluto, the definition of “planet” it-
self was altered at a meeting of the Interna-
tional Astronomical Union in 2006; Pluto was
“demoted” to the status of dwarf planet, becom-
ing instead the first member in a new category
of objects called plutoids, leaving our solar sys-
tem (by convention) now with eight recognized
planets. The worldview of solar system objects
continues to undergo major changes with in-
creasingly ambitious space missions. The Mars
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Phoenix Lander provided the first direct evi-
dence of subsurface water in the Red Planet’s
northern polar region. For several decades the
search for possible primitive life on Mars has
been based on the paradigm of “follow the
water.” Shortly after the Mars Phoenix confir-
mation that subsurface permafrost exists on
Mars, a new discovery of methane in the Mar-
tian atmosphere held the promise of a different
method for looking for life: Methane replenish-
ment at Mars might indicate a biological origin
and may shed light on the methane abundance
in the atmosphere on Saturn’s moon Titan.

At this writing, the issue of global climate
change on Earth remains controversial. To
truly understand what might be happening on
Earth and the implications for life on Earth,
changes in our atmosphere and climate need to
be addressed in the broader context of compara-
tive planetology. Venus, Earth, and Mars ap-
pear to have had very similar conditions in the
past. Why did Venus lose most of its water, de-
velop a thick carbon dioxide atmosphere, and
heat up to the point where the surface tempera-
ture is enough to melt lead? Why did Earth re-
tain its water, and how did the water lead to
conditions where life as we know it could de-
velop? How did Mars lose the vast majority of its
surface water and develop a dry, arid surface
with only a very thin atmosphere of carbon diox-
ide? Answers to these questions may lead to a
better determination of the direction in which
climate change on Earth might be headed.

Global climate change is but one possible
threat to Earth. Whereas in the past the solar
system had been considered to be a serene, quiet
place, it is now understood that violent impacts
have played a major role in the evolution of
planetary surfaces and even on the evolution of
life here on Earth. Some large impacts may
have helped spread and promote the develop-
ment of life, while others caused mass extinc-
tions. An asteroid or comet impact remains a
real threat today. Insufficient research is being
done to detect those objects which might be
heading “our” way. Fifty thousand years ago a
small body about half as large as a football field
created the impressive Meteor Crater near
Flagstaff, Arizona. Compared to the asteroid
that probably killed off the dinosaurs 65 million

years ago, the one that produced Meteor Crater
was a baby. While investigation of potential
global climate change is important, a greater
threat to life on Earth almost certainly is impact
of a large body from space. With the promise of
technology, such a natural disaster could be
avoided as a result of direct intervention, but
only if the threat from a specific body is identi-
fied well in advance of its impact.

The field of planetary research will surely re-
main a rich one, and questions raised by today’s
investigations may be answered in the rela-
tively near future. Also in the years to come,
new questions will be asked in response to infor-
mation being obtained currently. A spacecraft,
New Horizons, is on its way toward Pluto, and it
will return images of that body and other
Kuiper Belt objects. Efforts are now under way
to expand the human presence in space beyond
low-Earth orbit, to which it has been restricted
since the conclusion of the Apollo program in
1972. The technology for a return to the Moon to
stay and to eventually send human beings to
Mars is being developed. If these plans materi-
alize, humans may well establish bases upon
the lunar surface from which extensive investi-
gations of lunar geology or astronomical obser-
vations can be performed on a regular basis. If
humans venture out to Mars, questions that nu-
merous robotic probes have sought to address
might finally be answered. Mars Exploration
Rover principal investigator Dr. Steve Squyres,
in his book about the plucky Spirit and Opportu-
nity rovers, remarked that he, as a planetary
geologist with trained eyes and hands, could
have done all the work of the rovers in just a
week’s worth of his own surface investigations
on Mars. Perhaps soon, scientists will make a
better determination of the orbit of 99942
Apophis, an asteroid that will pass very close to
(but not hit) the Earth in 2029. It is feasible
that, by then, technology will be capable of us-
ing gravitational interactions to “tractor” that
asteroid away, eliminating its threats to Earth
and leading to a planetary defense system
against future impacts.

Only the future will tell.
David G. Fisher, Lycoming College

Richard R. Erickson, Lycoming College
February 15, 2009
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Units of Measure

Common prefixes for metric units—which may apply in more cases than shown above—include
giga- (1 billion times the unit), mega- (one million times), kilo- (1,000 times), hecto- (100 times),
deka- (10 times), deci- (0.1 times, or one tenth the unit), centi- (0.01, or one hundredth), milli-
(0.001, or one thousandth), and micro- (0.0001, or one millionth).

Unit Quantity Symbol Equivalents

Acre Area ac 43,560 square feet
4,840 square yards
0.405 hectare

Ampere Electric current A or amp 1.00016502722949 international
ampere

0.1 biot or abampere

Angstrom Length Å 0.1 nanometer
0.0000001 millimeter
0.000000004 inch

Astronomical unit Length AU 92,955,807 miles
149,597,871 kilometers
(mean Earth-Sun distance)

Barn Area b 10–28 meters squared
(approx. cross-sectional area of

1 uranium nucleus)

Barrel
(dry, for most produce)

Volume/capacity bbl 7,056 cubic inches; 105 dry
quarts; 3.281 bushels, struck
measure

Barrel
(liquid)

Volume/capacity bbl 31 to 42 gallons

British thermal unit Energy Btu 1055.05585262 joule

Bushel
(U.S., heaped)

Volume/capacity bbl 2,747.715 cubic inches
1.278 bushels, struck measure

Bushel
(U.S., struck measure)

Volume/capacity bsh or bu 2,150.42 cubic inches
35.238 liters

Candela Luminous intensity cd 1.09 hefner candle

Celsius Temperature C 1° centigrade

Centigram Mass/weight cg 0.15 grain

Centimeter Length cm 0.3937 inch

Centimeter, cubic Volume/capacity cm3 0.061 cubic inch

Centimeter, square Area cm2 0.155 square inch

Coulomb Electric charge C 1 ampere second
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Unit Quantity Symbol Equivalents

Cup Volume/capacity C 250 milliliters
8 fluid ounces
0.5 liquid pint

Deciliter Volume/capacity dl 0.21 pint

Decimeter Length dm 3.937 inches

Decimeter, cubic Volume/capacity dm3 61.024 cubic inches

Decimeter, square Area dm2 15.5 square inches

Dekaliter Volume/capacity dal 2.642 gallons
1.135 pecks

Dekameter Length dam 32.808 feet

Dram Mass/weight dr or dr avdp 0.0625 ounce
27.344 grains
1.772 grams

Electron volt Energy eV 1.5185847232839 × 10–22 Btus
1.6021917 × 10–19 joules

Fermi Length fm 1 femtometer
1.0 × 10–15 meters

Foot Length ft or ′ 12 inches
0.3048 meter
30.48 centimeters

Foot, cubic Volume/capacity ft3 0.028 cubic meter
0.0370 cubic yard
1,728 cubic inches

Foot, square Area ft2 929.030 square centimeters

Gallon (British Imperial) Volume/capacity gal 277.42 cubic inches
1.201 U.S. gallons
4.546 liters
160 British fluid ounces

Gallon (U.S.) Volume/capacity gal 231 cubic inches
3.785 liters
0.833 British gallon
128 U.S. fluid ounces

Giga-electron volt Energy GeV 1.6021917 × 10–10 joule

Gigahertz Frequency GHz —

Gill Volume/capacity gi 7.219 cubic inches
4 fluid ounces
0.118 liter

Grain Mass/weight gr 0.037 dram
0.002083 ounce
0.0648 gram
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Unit Quantity Symbol Equivalents

Gram Mass/weight g 15.432 grains
0.035 avoirdupois ounce

Hectare Area ha 2.471 acres

Hectoliter Volume/capacity hl 26.418 gallons
2.838 bushels

Hertz Frequency Hz 1.08782775707767 × 10–10

cesium atom frequency

Hour Time h 60 minutes
3,600 seconds

Inch Length in or ″ 2.54 centimeters

Inch, cubic Volume/capacity in3 0.554 fluid ounce
4.433 fluid drams
16.387 cubic centimeters

Inch, square Area in2 6.4516 square centimeters

Joule Energy J 6.2414503832469 × 1018 electron
volt

Joule per kelvin Heat capacity J/K 7.24311216248908 × 1022

Boltzmann constant

Joule per second Power J/s 1 watt

Kelvin Temperature K –272.15 Celsius

Kilo-electron volt Energy keV 1.5185847232839 × 10–19 joule

Kilogram Mass/weight kg 2.205 pounds

Kilogram per cubic meter Mass/weight density kg/m3 5.78036672001339 × 10–4 ounces
per cubic inch

Kilohertz Frequency kHz —

Kiloliter Volume/capacity kl —

Kilometer Length km 0.621 mile

Kilometer, square Area km2 0.386 square mile
247.105 acres

Light-year
(distance traveled by light

in one Earth year)

Length/distance lt-yr 5,878,499,814,275.88 miles
9.46 × 1012 kilometers

Liter Volume/capacity L 1.057 liquid quarts
0.908 dry quart
61.024 cubic inches

Mega-electron volt Energy MeV —

Megahertz Frequency MHz —
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Unit Quantity Symbol Equivalents

Meter Length m 39.37 inches

Meter, cubic Volume/capacity m3 1.308 cubic yards

Meter per second Velocity m/s 2.24 miles per hour
3.60 kilometers per hour

Meter per second per
second

Acceleration m/s2 12,960.00 kilometers per hour
per hour

8,052.97 miles per hour per hour

Meter, square Area m2 1.196 square yards
10.764 square feet

Metric. See unit name

Microgram Mass/weight mcg or µg 0.000001 gram

Microliter Volume/capacity µl 0.00027 fluid ounce

Micrometer Length µm 0.001 millimeter
0.00003937 inch

Mile
(nautical international)

Length mi 1.852 kilometers
1.151 statute miles
0.999 U.S. nautical miles

Mile
(statute or land)

Length mi 5,280 feet
1.609 kilometers

Mile, square Area mi2 258.999 hectares

Milligram Mass/weight mg 0.015 grain

Milliliter Volume/capacity ml 0.271 fluid dram
16.231 minims
0.061 cubic inch

Millimeter Length mm 0.03937 inch

Millimeter, square Area mm2 0.002 square inch

Minute Time m 60 seconds

Mole Amount of substance mol 6.02 × 1023 atoms or molecules of
a given substance

Nanometer Length nm 1,000,000 fermis
10 angstroms
0.001 micrometer
0.00000003937 inch

Newton Force N 6.14124095407198 × 1025 atomic
weight

0.224808943099711 pound force
0.101971621297793 kilogram

force
100,000 dynes
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Unit Quantity Symbol Equivalents

Newton meter Torque N·m 0.7375621 foot-pound

Ounce
(avoirdupois)

Mass/weight oz 28.350 grams
437.5 grains
0.911 troy or apothecaries’ ounce

Ounce
(troy)

Mass/weight oz 31.103 grams
480 grains
1.097 avoirdupois ounces

Ounce
(U.S., fluid or liquid)

Mass/weight oz 1.805 cubic inch
29.574 milliliters
1.041 British fluid ounces

Parsec Length pc 30,856,775,876,793 kilometers
19,173,511,615,163 miles

Peck Volume/capacity pk 8.810 liters

Pint
(dry)

Volume/capacity pt 33.600 cubic inches
0.551 liter

Pint
(liquid)

Volume/capacity pt 28.875 cubic inches
0.473 liter

Pound
(avoirdupois)

Mass/weight lb 7,000 grains
1.215 troy or apothecaries’

pounds
453.59237 grams

Pound
(troy)

Mass/weight lb 5,760 grains
0.823 avoirdupois pound
373.242 grams

Quart
(British)

Volume/capacity qt 69.354 cubic inches
1.032 U.S. dry quarts
1.201 U.S. liquid quarts

Quart
(U.S., dry)

Volume/capacity qt 67.201 cubic inches
1.101 liters
0.969 British quart

Quart
(U.S., liquid)

Volume/capacity qt 57.75 cubic inches
0.946 liter
0.833 British quart

Rod Length rd 5.029 meters
5.50 yards

Rod, square Area rd2 25.293 square meters
30.25 square yards
0.00625 acre

Second Time s or sec 1⁄60 minute
1⁄3600 hour
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Unit Quantity Symbol Equivalents

Tablespoon Volume/capacity T or tb 3 teaspoons
4 fluid drams

Teaspoon Volume/capacity t or tsp 0.33 tablespoon
1.33 fluid drams

Ton
(gross or long)

Mass/weight t 2,240 pounds
1.12 net tons
1.016 metric tons

Ton
(metric)

Mass/weight t 1,000 kilograms
2,204.62 pounds
0.984 gross ton
1.102 net tons

Ton
(net or short)

Mass/weight t 2,000 pounds
0.893 gross ton
0.907 metric ton

Volt Electric potential V 1 joule per coulomb

Watt Power W 1 joule per second
0.001 kilowatt
2.84345136093995 × 10–4 ton of

refrigeration

Yard Length yd 0.9144 meter

Yard, cubic Volume/capacity yd3 0.765 cubic meter

Yard, square Area yd2 0.836 square meter
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A
Archaeoastronomy
Category: Scientific Methods

Archaeoastronomy is an interdisciplinary
field studying how ancient civilizations
sought answers to cosmological questions.
Observations of sky phenomena influenced
many aspects of ancient cultures, includ-
ing but not limited to their science, reli-
gion, architecture, and lifestyles. Archaeo-
astronomy helps demonstrate how early
technologies developed to better observe
and understand the heavens. More often
than not, the phenomena of greatest inter-
est involved various solar system objects,
especially the rising, setting, and appar-
ent motions of the Sun, Moon, and bright
planets.

OVERVIEW

Archaeoastronomy combines astronomy and
archaeology into a study of ancient civilizations
that focuses on the relationship between their
observations of sky phenomena and their sci-
ence, religion, architecture, and cultural prac-
tices. In advancing the discipline, astronomers
and archaeologists work alongside ethnog-
raphers, geographers, anthropologists, mathe-
maticians, historians, and others. However,
many of the interpretations of archaeoastron-
omy are controversial and open to alternate ex-
planations.

Archaeoastronomy dates back to the late
1600’s and early 1700’s, when the connection
between ancient human-constructed structures
and astronomical events was first made. Anti-
quarians like John Aubrey in 1678 and Henry
Chauncy in 1700, studied the astronomical
alignments of churches. Initial studies dealt
with Middle Eastern and European cultures.
Suggested by Euan MacKie, the term “archaeo-
astronomy” was first used in 1973 by Elizabeth
Chesley Baity. Today, locations throughout the
world are investigated.

The best-known archaeoastronomy site is
Stonehenge in Wiltshire, England. The current
structure at the site has been dated to 2500
b.c.e. There is evidence of an older stone struc-
ture on the same site. An earthen bank and
ditch that encompass the stones has been dated
to 3100 b.c.e. The circular bank-and-ditch sys-
tem measures 110 meters in diameter and has a
large opening in the northeast and a smaller
one to the south. Flint tools and bones of deer
and oxen that were found in the ditch date the
ring’s age.

Large stones of the structure called sarsens
were named for the quarry where they were
mined, about 40 kilometers away from Stone-
henge. Stones were carefully shaped before be-
ing positioned. Thirty were erected vertically in
a 33-meter circle within the earthworks struc-
ture. Thirty lintel stones were placed on top of
the sarsens. Stones are held together with
tongue-and-groove joints. Each sarsen is about
4.1 meters tall and 2.1 meters wide, and each
weighs about 25 tons. Lintel stones are slightly
smaller. Inside this circle, five triliths were ar-
ranged in a horseshoe pattern with the open end
facing northeast; each trilith is a structure com-
posed of a lintel stone and two supporting verti-
cal stones—that is, a structure consisting of
three stones (hence the name, from “tri” for
“three” and “lith” for “stone”). Triliths increased
in size from 6 to 7.3 meters tall in the southwest.
A single sarsen of the Great Trilith remains
standing. The stone is 6.7 meters tall above
ground level, with another 2.4 meters buried be-
low ground.

In 1666, Aubrey was one of the first to study
Stonehenge. His work was continued by Wil-
liam Stukeley, who incorrectly associated the
site with the Druids. In 1740, John Wood cre-
ated the most accurate map of Stonehenge. Some
distance outside the sarsen circle is a pointed
stone called the heel stone. When viewed from
the center of the sarsen circle, the Sun rises di-
rectly over the heel stone during the summer
solstice. The structure also is aligned with the
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winter solstice sunset and the southernmost
moonrise. From outside Stonehenge, the winter
sunset is framed by one particular trilith.

A second, wooden structure was built two
miles away from Stonehenge around the same
time. The Durrington Walls circle overlooks the
Avon River and is remarkably similar to the
stone structure. The timber circle (or timber
henge), however, aligns with the winter sun-
rise. The avenue leading to the river aligns with
the summer solstice sunset. Archaeoastrono-
mer Mike Parker Pearson believes that the two
structures were linked and that each played a
key role in the culture and lives of their build-
ers. The purpose of these two henges, however,
is still unclear. The Stonehenge Riverside Proj-
ect, led by Pearson, found evidence that Stone-
henge was a burial site. Pearson believes that
the site was used to bury thirty to forty genera-

tions of royal family members. The project also
conducted excavations near the Durrington
Walls site, finding at least three hundred homes
believed to have been used as seasonal lodgings
during celebrations held there.

The most famous Irish archaeoastronomy
site is Newgrange. Built between 3300 and 2900
b.c.e., Newgrange is older than both the Giza
pyramids (by five hundred years) and the
Stonehenge triliths (by one thousand years).
The dominant feature of this site is a 12-meter-
high, 76-meter-wide mound that covers an acre
of ground. The mound contains an 18-meter-
long passage ending in a cross-shaped room.
The site is believed to be a tomb. Cremated re-
mains have been found inside the burial cham-
ber. A wooden circle to the southeast and a
smaller one to the south of the mound were
added during the Neolithic period. The larger
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circle has five rings of pits, with the outer one
composed of wooden posts. The next inner ring
was lined with clay and was used to cremate an-
imals buried in the inner three circles of pits.
The mound was surrounded by a circle of large,
freestanding stones added during the Bronze
Age. Newgrange was not discovered until the
late seventeenth century because of slippage
covering the mound’s entrance. Michael O’Kel-
ley and his team excavated and restored the site
between 1962 and 1975.

The complexity of the mound’s construction
becomes obvious on the winter solstice, when
sunlight enters the tomb through a roof box
above the entrance and shines directly down the
passageway onto the chamber floor. Solar align-
ments have been found in other tombs, but none
is as precise as Newgrange, and none includes a
roof box.

The only remaining Great Wonder of the an-
cient world is the Great Pyramid of Giza, lo-
cated near Cairo, Egypt. That pyramid is also
known as the Pyramid of Khufu or the Cheops
Pyramid. The base of the structure is nearly a
perfect square, each side measuring 230 me-
ters. The Great Pyramid is almost fifty stories
high, measuring 146.7 meters. Two slightly
smaller pyramids (the Pyramid of Khafre and
the Pyramid of Menkaure) also occupy the Giza
complex. The three pyramids all follow north-
south and east-west lines within a fraction of a
degree. Archaeoastronomers propose various
explanations for that orientation. In 2000,
Egyptologist Kate Spence published an article
with a new theory for the age and alignment of
the pyramids. Spence believes that pyramid
construction began between 2485 and 2475
b.c.e. Her theory also explains why all the pyra-
mids are slightly offline with true north. Spence
argues that the builders used two faint stars,
Kochab (in the Little Dipper) and Mizar (in the
Big Dipper), as guide stars. In 2467 b.c.e. these
two stars were aligned directly with north and
the celestial pole star. Egyptian astronomers
could locate the two stars and use a plumb line
to find the northern horizon. Pyramid construc-
tion took so long that Earth’s precession eventu-
ally caused Kochan and Mizar to lose their exact
alignment with north. This theory explains the
orientation of the pyramids and gives a more ex-

act estimate of their age. Other scientists argue
that the three pyramids simply represent the
three stars in Orion’s belt.

The most famous Mayan city is Chichén Itzá
in Mexico. At the center of the city lies El
Castillo, a temple to the god Kukulcan (Quetzal-
coatl). Built between 1000 and 1200 c.e., El
Castillo is a step pyramid with staircases on
each side leading up to a central platform at the
top. Each side has 91 steps. Counting the top
platform, in total there are 365 steps, one for
each day in the Haab, a part of the Mayan calen-
dar. Sculptures of serpents adorn the side of the
north-facing staircase. At the vernal and au-
tumnal equinoxes, they cast a shadow, making
it appear as though a serpent is climbing down
the stairs. The western side is also aligned with
the setting Sun around May 25, the day that
usually marks the transition between dry and
rainy seasons.

Another important Mayan site is Uxmal, lo-
cated on the Yucatan peninsula. The Governor’s
Palace is a long, low structure built atop a large
platform. The palace is aligned with the south-
ernmost rising of Venus, which occurs once ev-
ery eight years. The temple is also aligned with
the pyramid of Cehtzuc on an azimuth of 118°.
Standing in the entrance of the palace, Venus’s
southernmost rising would be seen directly over
the Cehtzuc pyramid 4.6 kilometers away. Ve-
nus was very important to the Maya. The Gov-
ernor’s Palace is covered with hundreds of
glyphs representing Venus, one of the most im-
portant Mayan deities. The Maya built observa-
tories and kept very accurate records of Venus.
They recognized that Venus alternated between
appearing for several months in the eastern sky
before sunrise and then for several months in
the western sky after sunset. The Maya used
these observations and those of other celestial
objects to create one of the most accurate an-
cient calendars.

Medicine wheels are circular stone struc-
tures, with “spokes” radiating outward from a
central cairn (pile of stones). The wheels were
given the name “medicine” from the speculation
that they were used by Native Americans in
healing rituals. In 1885, when George Dawson
published the first paper about medicine
wheels, more than 20,000 of these artifacts had

The Solar System Archaeoastronomy

3



been identified throughout North America. To-
day, only 135 survive in the United States and
Canada. Some wheels are more than forty-five
hundred years old, while others were built in
later centuries. Medicine wheels vary in type.
Some have spokes that extend out of the circle
up to 120 meters. Others contain more rings of
stones. The origin and true purpose of medicine
wheels will never be known conclusively, but
they are bear an unmistakable connection to the
night and daytime skies.

The southernmost surviving ring is Bighorn
Medicine Wheel, high in the Bighorn Moun-
tains of north-central Wyoming, a site tenta-
tively dated between 1200 and 1700 c.e. In the
1970’s, John A. Eddy studied medicine wheels
and believes that they were astronomically
aligned. The Bighorn wheel has twenty-eight

spokes radiating from a central cairn, each
spoke ending in its own cairn. The number of
spokes is the same as the number of days in a lu-
nar cycle. One of the spokes extends out of the
ring by 3.96 meters. Eddy discovered that the
longer spoke aligned with sunrise on the sum-
mer solstice. Further support for his theory is
the fact that Bighorn Medicine Wheel, at an ele-
vation of 9,956 feet, is almost constantly under
snow, with the exception of two months in the
summer around the solstice. Another spoke
aligns with the solstice sunset. Eddy linked
other cairns with alignments to the rising of the
stars Sirius (in Canis Major), Aldebaran (in
Taurus), and Rigel (in Orion). Since these stars
hold significance for several Native American
tribes, Eddy believes that the wheel was used as
a calendar or timepiece.
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Eddy and other scientists have found similar
alignments with other medicine wheels. Oppo-
nents to Eddy’s theory argue that Native Ameri-
cans used medicine wheels for religious or spiri-
tual ceremonies. Having no evidence other than
the wheels themselves, archaeoastronomers
may never solve all of their mysteries.

METHODS OF STUDY

There are two main methodologies used by
archaeoastronomers. Green archaeoastronomy
relies only on alignments and is used when little
or nothing is known about the builders of a site.
Some scientists criticize this approach because
it postulates that the ancients were interested
in astronomy but offers no insights into why or
what role it played in their cultures. Brown
archaeoastronomy, by contrast, is often com-
pared with cultural history or the history of as-
tronomy. Brown archaeoastronomy studies his-
torical and ethnographic records to learn about
the roles astronomy played in ancient cultures.
(The names of these two methods have no im-
port other than their reference to the colors of
the covers of the first published texts proposing
and explaining the nature of each technique;
green came first, followed by brown.)

At some sites, both methods are used. Alex-
ander Thom developed many of the methods
used in green archaeoastronomy. He examined
British sites, looking for evidence of astronomy
in the builders’ society. Thom looked for align-
ments with the Sun (on solstices and equi-
noxes), the Moon, and the stars. One significant
alignment, he believed, could be the result of
chance, but more than one, he postulated, indi-
cated deliberate attention to celestrial objects
on the part of the ancient builders. Euan
MacKie, one of Thom’s strongest supporters,
studied British and Mayan sites, looking for
proof of a link between the two societies.

Scientists used brown archaeoastronomy to
interpret the Mayan city of Chichén Itzá. They
studied Mayan records trying to determine
what astronomical bodies were important in
their culture. Once archaeoastronomers learned
the importance of Venus to the Maya, they eval-
uated the site and found that many buildings
were aligned with the rising or setting of the
planet.

Anthony Aveni uses the Incan capital Cuzco
as an example of the value of brown methods.
Records of Incan life and legends were written
by the Spanish and provide the majority of
information known about the culture. These
records explain that Cuzco was planned exten-
sively before it was constructed. Most struc-
tures have astronomical alignments—with sun-
rise or sunset on the solstices, for example.

CONTEXT

Although controversial, archaeoastronomy—
the study of the beliefs, religions, science, archi-
tecture, and cosmology of ancient cultures—is
an increasingly important scientific field. The
astronomical alignments of buildings, struc-
tures, and cities not only provide a new way of
thinking about ancient societies but also eluci-
date what was known about the solar system be-
fore modern astronomy arose in the sixteenth
century. The organizational, engineering, sci-
entific, and mathematical skills of these cul-
tures are showcased by their archaeoastronomy
sites. Archaeoastronomy also expands the study
of the history of science and religion further into
the past than has been possible by the study of
written records.

However, many questions remain unan-
swered. What caused societies in Russia, China,
Egypt, Spain, and in other parts of the world to
build pyramid-shaped structures? What led
these cultures to study and worship the heav-
ens? The study of archaeoastronomy can also re-
veal some things about ourselves. Many people
today pay no attention to the night sky. Most
cannot explain what an eclipse or solstice is. In-
terest in the exploration of the solar system has
declined since the 1960’s even as the technology
to discover more about the solar system and the
universe beyond has expanded greatly. Less
than one-third of all Americans and Europeans
can see the Milky Way from their own back-
yards because of urban light pollution. Today’s
societies lack a connection with the heavens,
something that was a main component of an-
cient cultures. One can only wonder how the
builders of Stonehenge or the Mayan temples
would view this modern attitude.

Jennifer L. Campbell
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Asteroids
Category: Small Bodies

Asteroids are minor bodies of a wide vari-
ety of sizes in orbit around the Sun, pri-
marily but not exclusively located between
the orbits of Mars and Jupiter. They pro-
vide important clues regarding the early
history of the solar system, including the ef-
fect of their collisions on the surfaces of
planets or their satellites. A class popu-
larly referred to as near-Earth asteroids
threaten to impact Earth.

OVERVIEW

Although discovery of the first asteroid was
accidental, it came as no surprise to the astro-
nomical community of the day. In 1766, German
astronomer Johann Titius (1729-1796) ob-
served that the positions of the planets could be
approximated very closely by a simple empirical
rule. Adding 4 to each number in the sequence
{0, 3, 6, 12, 24, 48 . . . } and dividing the sum by 10
yields the mean planetary distances from the
Sun in astronomical units (the distance from
the Earth to the Sun is one astronomical unit, or
1 AU). The exception to this rule is the fifth ele-
ment in that purely mathematical sequence,
where an apparent gap occurs at 2.8 AU. It must
be noted that this is just an empirical observa-
tion with no known physical basis. This rule
was publicized by Johann Bode (1747-1826) and
led to a search for a missing planet in the gap be-
tween Mars at 1.5 AU and Jupiter at 5.2 AU.

On January 1, 1801, the Sicilian astronomer-
monk Giuseppe Piazzi (1746-1826) accidentally
discovered a moving object during a routine star
survey. He named it Ceres, for the patron god-
dess of Sicily. Soon its orbit was calculated by
Carl Friedrich Gauss (1777-1855). At 2.77 AU,
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Ceres was found, coincidentally, to conform
closely to the Titius-Bode rule. However, since
Ceres seemed to be too small to be classified as a
planet, the search continued.

In March, 1802, German astronomer Hein-
rich Olbers (1758-1840) found a second minor
body at the same predicted distance. He named
it Pallas. In 1803, Olbers proposed that meteor-
ites come from an exploded planet near 2.8 AU.
This possibility led to a continued search result-
ing in the discovery of Juno in 1804 and Vesta in
1807. The latter discovery again was made by
Olbers. It took quite some time for a fifth small
body to be discovered (in 1845), but by 1890 the
total had reached three hundred. These bodies
came to be called “asteroids” for their faint, star-
like images. In 1891, German astronomer Max
Wolf (1863-1932) began using a long-exposure
camera to detect asteroids. Since then, thou-
sands of asteroids have been registered in the
official catalog of the Institute of Theoretical As-
tronomy in Leningrad.

Asteroids are usually referred to officially by
both a number and a name, such as 3 Juno or
1,000 Piazzi. About one hundred newly num-
bered asteroids are cataloged each year. Sky

surveys indicate as many as 500,000 asteroids
that are large enough to appear on telescopic
photographs. Most asteroids are found within
the main asteroid belt, which extends from 2.1
to 3.4 AU, and about half are between 2.75 and
2.85 AU. Asteroids revolve around the Sun in
the same direction as the planets but tend to
have more elliptical orbits. Their orbits are in-
clined up to 30° to the ecliptic plane, but they
are far less eccentric than comet orbits. The
smallest asteroids are a few kilometers wide;
the largest, 1 Ceres (now considered a “dwarf
planet”), about 1,000 kilometers wide. In 1867,
American astronomer Daniel Kirkwood (1814-
1895) discovered gaps in the asteroid belt where
relatively few asteroids are found. These so-
called Kirkwood gaps occur where asteroids
have orbital periods that are simple fractions of
the twelve-year revolution period of the giant
planet Jupiter about the Sun, resulting in peri-
odic gravitational influences called resonances.
Such depletions occur, for example, at about 3.3
AU (where the periods have a six-year, 1:2 reso-
nance with Jupiter) and 2.5 AU (a four-year, 1:3
resonance); other resonances, however, act to
stabilize certain asteroids, such as the Hilda
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group at 4 AU (2:3 resonance), which is named
for 153 Hilda.

Some asteroids have orbits departing greatly
from the main belt. In 1772, French mathemati-
cian Joseph Lagrange (1736-1813) showed that
points in Jupiter’s orbit 60° ahead of and behind
the planet are gravitationally stable (1:1 reso-
nance). In 1906, Max Wolf discovered the first
so-called Trojan asteroid, 588 Achilles, at the
Lagrangian point 60° ahead of Jupiter. Subse-
quent discoveries have revealed several hun-
dred Trojan asteroids. Those ahead of Jupiter
are named for Greek heroes, and those behind
are named for Trojan heroes; there is one Greek
spy (617 Patroclus asteroid) in the Trojan
group, and one Trojan spy (624 Hektor) in the
Greek group. Hektor is the largest known Tro-
jan asteroid, at about 150 by 300 kilometers,
and is the most elongated of the more massive

asteroids. At least two objects have orbits that
extend beyond Jupiter: 944 Hidalgo, which may
be a burned-out cometary nucleus, and 2060
Chiron, whose orbit extends beyond Saturn.

Some asteroids depart from the main belt
over only part of their orbit. Mars-crossing
Amor group bodies have elongated orbits that
carry them inside Mars’s orbit but still keep
them well outside Earth’s orbit. The Martian
satellites Phobos and Deimos have long been
suspected by many to be captured asteroids,
perhaps from this group. Apollo group members
come inside Earth’s orbit. (The groups were
named for their first examples, discovered in
1932.) Estimates indicate about thirteen hun-
dred Apollos ranging in from 0.4 to 10 kilome-
ters across, with an estimated average Earth-
collision rate of about one in 250,000 years. The
closest known approaches were Hermes, in
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Facts About Selected Asteroids

Name
Diameter (km)
or Dimensions

Mass
(1015kg)

Rotational
Period (hrs)

Orbital
Period (yrs)

Distance
from Sun (AU)

Ceres (dwarf planet) 960 × 932 870,000 9.075 4.60 2.767
Palas 570 × 525 × 482 318,000 7.811 4.61 2.774
Juno 240 20,000 7.210 4.36 2.669
Vesta 530 300,000 5.342 3.63 2.362
Eugenia 214 6,100 5.699 4.49 2.721
Siwa 110 1,500 18.5 4.52 2.734
Ida 58 × 23 100 4.633 4.84 2.861
Mathilde 66 × 48 × 46 103.3 417.7 4.31 2.646
Eros 33 × 13 × 13 7.2 5.270 1.76 1.458
Gaspra 19 × 12 × 11 10 7.042 3.29 2.209
Icarus 1.4 0.001 2.273 1.12 1.078
Geographos 2.0 0.004 5.222 1.39 1.245
Apollo 1.6 0.002 3.063 1.81 1.471
Chiron 180 4000 5.9 50.70 13.633
Shipka — — — 5.25 3.019
Rodari — — — 3.25 2.194
McAuliffe 2-5 — — 2.57 1.879
Mimistrobell — — — 3.38 2.249
Toutatis 4.6 × 2.4 × 1.9 0.05 130 3.98 2.512
Nereus 2 — — 1.82 1.490
Castalia 1.8 × 0.8 0.0005 — 1.10 1.063
Otawara 5.5 0.2 — 3.19 2.168
Braille 2.2 × 1.0 — — 3.58 2.341

Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,
National Space Science Data Center.



1937, at about 780,000 kilometers, and 1566
Icarus, in 1968, at about 6 million kilometers.
Smaller Apollos may be an important source of
meteorites, and 100-meter objects capable of
making a 1-kilometer crater strike Earth about
every two thousand years. Aten-type asteroids
are Earth-crossers with elliptical orbits smaller
than Earth’s. Some asteroids appear to be
grouped in families that may be the fragments
resulting from an earlier collision between as-
teroids.

Chemical and physical characteristics of as-
teroids are mostly determined by remote-sens-
ing techniques that study electromagnetic radi-
ation reflected off their surfaces. More than five
hundred asteroids have been studied by remote
sensing and radar astronomical techniques.
These studies have indicated asteroidal compo-
sitions similar to those of meteorites. Compari-
son with reflected light from meteorites sug-
gests several classes. Rare E-type asteroids
possess the highest albedo (23 to 45 percent re-
flection). They appear to be related to enstatite
(a magnesium silicate mineral) chondrites, and
are concentrated near the inner edge of
the main belt. About 10 percent of aster-
oids are S-type; they have relatively
high albedos (7 to 23 percent) and ap-
pear reddish in color. They likely are re-
lated to stony chondrites, are found in
the inner to central regions of the main
belt, and generally range in size from
100 to 200 kilometers. The largest S-
type is 3 Juno, at about 250 kilometers
in diameter. Much smaller Apollo aster-
oids are also in this category. A few as-
teroids in the middle belt are classified
as M-type, since their reflected light (7
to 20 percent) reveals evidence of large
amounts of nickel-iron metals on their
surface, similar to iron or stony-iron
meteorites.

About three-quarters of all asteroids
are C-type, having relatively low albedos
(2 to 7 percent) and grayish colors simi-
lar to that of the Earth’s moon. They are
found in the outer belt and among the
Trojans. They resemble carbonaceous
chondrite meteorites, containing water-
bearing silicate-based and carbon-based

minerals along with some organic compounds
(about 1 percent). The largest of all the aster-
oids, 1 Ceres (now considered a dwarf planet), is
in this category. Some evidence supports the
claim that Ceres has a mixture of ice and carbo-
naceous minerals on its surface. Dark reddish,
D-type asteroids are found in the same regions
and have similar albedos.

About 10 percent of asteroids remain unclas-
sified and are designated as U-type. In general,
asteroids with low-temperature volatile materi-
als lie farther from the Sun, whereas those in
the inner part of the main belt are richer in
high-temperature minerals, displaying little
evidence of volatile water and carbon com-
pounds.

Many asteroids exhibit periodic variations in
brightness that suggest irregular shapes and
rotation. Their measured rotational periods
range from about three to thirty hours. There is
some evidence that S-type asteroids rotate
faster than C-type asteroids but more slowly
than M-type asteroids. Large asteroids (greater
than 120 kilometers) rotate more slowly with
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increasing size, but small asteroids rotate more
slowly with decreasing size, suggesting that
large asteroids may be primordial bodies, while
smaller ones may be fragments produced by col-
lisions. Calculations show that rotation rates
longer than two hours produce centripetal
forces weaker than gravity, which indicates
that loose debris can exist on the surface of even
the fastest known rotating asteroid, the Apollo
object 1566 Icarus, which has a 2.25-hour rota-
tion rate. Polarization studies of light reflected
from asteroids indicate that many do have
dusty surfaces.

Named after the Greek god of love, Eros is an
S-type asteroid belonging to the Amor group. As
the second-largest of the near-Earth asteroids,
it is larger than the asteroid generally accepted
to have been responsible for the extinction of
the dinosaurs that impacted Earth near the
Yucatán peninsula 65 million years ago. Eros is

13 by 13 by 33 kilometers in size. It was the first
asteroid recognized to approach inside the orbit
of Mars, and in 1975 it became the first asteroid
to be studied with Earth-based radars.

Computer models suggest the possibility that
larger asteroids have a deep layer of dust and
rock fragments (or regolith) similar to that on
the surface of the Moon. Asteroids with diame-
ters larger than 100 kilometers are believed to
have undergone a process of differentiation in
which heavier metals sank to the core, leaving a
stony surface of lighter materials later pulver-
ized by collisions to form a layer of dust.

Asteroid elongations can be estimated from
the change in brightness, which can vary by a
factor of three or more. For example, radar evi-
dence indicates that the unusual Trojan aster-
oid 624 Hektor (150 by 300 kilometers) may be a
dumbbell-shaped double asteroid. Kilometer-
scale asteroids have been observed with lengths
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Asteroid Ida, so named for its potato shape, as imaged by the Galileo spacecraft. Ida’s satellite Dactyl appears in
the inset. (NASA/JPL/USGS)



up to six times greater than their width. Main-
belt asteroids tend to be less elongated than
Mars-crossers of the same size, perhaps because
of greater erosion from collisions in the belt. As-
teroids larger than about 400 kilometers tend to
be more spherical, since their gravitational at-
tractions exceed the strength of their rocky ma-
terials, causing deformation and plastic flow
into a more symmetric shape.

An asteroid’s size occasionally can be deter-
mined quite accurately by timing its passage in
front of a star, that is, in a stellar occultation. In
a few cases, stellar light has been occulted more
than once in a single passage, indicating that
asteroids may possess satellites. Radar-based
studies have confirmed this theory. Also, as the
Galileo spacecraft flew through the main belt on
its way to enter orbit in the Jupiter system, it
imaged a satellite revolving about an asteroid.
The irregularly shaped asteroid Ida was discov-
ered to have a small satellite later named Dac-
tyl. Ida is a member of the Koronis family and of
S-type, which is 56 by 24 by 21 kilometers in size
and rotates once around its own axis every 278
minutes. Dactyl is only 1.2 by 1.4 by 1.6 kilome-
ters in size and is also of S-type. This strongly
suggests that it was created when a larger as-
teroid smashed into Ida. Previously, the Galileo
spacecraft had also provided the first close-up
images of an asteroid, when it passed within
five thousand kilometers of the 19- by 12- by 11-
kilometer-sized S-type asteroid Gaspra on Octo-
ber 29, 1991. Gaspra has an irregular shape,
one resembling a potato.

The distribution of asteroid sizes and masses
supports the idea that many have undergone a
process of fragmentation. Typical relative veloc-
ities of encounter, about 5 kilometers per second
in the main belt, are quite adequate to fragment
most asteroids. Ceres contains nearly half the
mass of all the asteroids, but it is more than
three times smaller than the Moon and about
fifty times less massive. About 80 percent of the
total mass of all asteroids is contained in the
four largest ones, and only about ten are larger
than 300 kilometers. Studies suggest that the
main belt was several times more massive in
the past but that in the process of fragmenta-
tion, the smallest dust particles were removed
by radiation pressure from the Sun.

Interest in asteroids increased when strong
evidence was advanced to solve the mystery of
the demise of the dinosaurs 65 million years
ago. Physicist Luis Alvarez and his geologist
son Walter sampled the worldwide clay layer
that marks the end of the Cretaceous period and
the start of the Tertiary period (the so-called
K-T boundary, which essentially marks the de-
marcation between the age of dinosaurs and the
rise of mammals within the fossil record). This
thin layer of clay is enriched in the rare ele-
ments of iridium and osmium, having levels
more akin to asteroids than Earthly materials.
Thus, the impact theory for killing off the dino-
saurs was proposed, and largely accepted ex-
cept by certain portions of the paleontology com-
munity. That is, until a crater dated to 65
million years was discovered off the coast of the
Yucatán peninsula. Some still insist that more
than an asteroid impact was necessary to ac-
count for the observed diminishment of dino-
saur species leading up to the extinction event
65 million years ago. However, the majority of
the scientific community has come to accept the
asteroid impact theory, at least as the principal
cause of the sudden mass extinction at the end
of the Cretaceous period. Since this event marks
the boundary between the Cretaceous and Ter-
tiary periods, it is often referred to as the K-T
event.

This spurred interest in asteroid and comet
impacts causing extreme environmental dam-
age to the Earth at other times in the past, along
with a desire to search for near-Earth asteroids
that might represent a threat in the future.
Twenty-five years after the proposal that an as-
teroid impact killed the dinosaurs received ini-
tial lukewarm acceptance by paleontologists;
some researchers proposed that an even bigger
asteroid (or comet) impact was responsible for
the so-called Great Dying, the mass extinction
at the end of the Permian period that closed out
the Paleozoic era. At the end of the Permian 248
million years ago, more than 95 percent of all
species died off rather suddenly; life nearly did
not make it into the Mesozoic era, during which
the dinosaurs eventually arose to dominance.

Researchers point to a large crater in the
Antarctic (1.5 kilometers under the ice pack
that dates to the time of the Permian mass-
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extinction event) as well as heavily jumbled ar-
eas in Siberia (known as the Siberian Traps),
that might have received tremendous seismic
energy after impact energy would have under-
gone antipodal focusing off Earth’s core. The Si-
berian Traps also was an area of tremendous
volcanic activity at the end of the Permian pe-
riod. Was this coincidental or the result of an
impact with antipodal focusing of seismic en-
ergy? In 2008 this theory remained highly spec-
ulative, rather than enjoying the widespread
acceptance of the K-T event that killed the dino-
saurs. However, if the theory is correct, such an
event underscores the danger posed by asteroid
and comet impacts on Earth.

Impact of even a small asteroid could pose a
tremendous threat to human civilization.
Throughout the 1990’s and the early twenty-
first century, a number of newly discovered
near-Earth asteroids were thought to have a
significant chance of hitting Earth in the quite
near future. However, in each of those cases, ad-
ditional observations refined the asteroid’s or-
bit to the point where it was clear it would not
hit Earth after all. There remained one major
exception, however. Discovery of the asteroid
99942 Apophis, a member of the Aten group, led
to major concern beginning in late 2004 that
this 350-meter-across rock had a relatively wor-
risome potential to impact Earth in 2029. Pre-
cise observations of Apophis’s orbit, ranging
from 0.746 AU to 1.099 AU, dramatically low-
ered the probability that it would strike the
Earth. However, Apophis would indeed pass
within the altitude of geosynchronous satel-
lites, less than 36,000 kilometers from Earth’s
surface. If Apophis passed within a special cor-
ridor only 400 meters across, gravitational in-
fluences could cause it to return and strike the
Earth on Friday, April 13, 2036.

The Torino scale assesses the relative impact
hazard of an asteroid impact. For a time after its
discovery, Apophis rated a level 4 on the Torino
scale; that is the highest level of threat. Further
orbit refinements lowered the threat assess-
ment to a level 0 threat, but, after realization of
the possible return in 2036, it was raised to
Level 1. Although Apophis will come very close
to Earth in 2029, refinement of available orbital
data has since determined that the chances of

Apophis hitting the Earth in 2036 are more
comforting: less than 1 in 45,000. The 2036 en-
counter will set up another close encounter the
following year, but the chances that this would
result in an Earth impact are calculated to
be less than 1 in 12.3 million. Nevertheless,
Apophis points out the absolute requirement for
close monitoring of asteroids, particularly the
near-Earth ones, and the development of means
whereby asteroids could be deflected or de-
stroyed in order to preserve Earth’s biosphere
and save human civilization. This sort of natu-
ral megadisaster is one of the few that humans
have the potential to mitigate or prevent if ac-
tion is taken sufficiently early once the threat is
identified.

Hollywood has even taken notice of the aster-
oid or comet impact threat to Earth. Several sci-
entifically incorrect action movies were pro-
duced, some of which were popularly received.
Many of these movies, such as Armageddon
(1998), portray the use of some type of nuclear
device as the only viable way to avert an aster-
oid impact. In many real cases, nuclear explo-
sions detonated within, on the surface of, or
close to asteroids either would be insufficient or
could merely fragment it so badly that an even
worse situation, a swarm of impacting bodies,
might ensue.

METHODS OF STUDY

Studies of asteroids hold the potential for ex-
panding our understanding of the formation of
bodies of sizes between the smallest objects and
full planets, and also could lead to development
of technology to prevent an impact that might
devastate life on Earth and even wipe out civili-
zation.

The Galileo spacecraft passed near enough to
two asteroids to photograph them directly. The
NEAR spacecraft orbited Eros and later landed
on its surface, providing close-up photographs
of an asteroidal surface. For the most part, how-
ever, indirect methods of remote sensing must
be used to determine asteroidal properties by
studying the reflected electromagnetic radia-
tion that comes from their surfaces. These
methods include photometry, infrared radiome-
try, colorimetry, spectroscopy, polarimetry, and
radar detection. They can be augmented by
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comparative studies with meteorites, whose
composition and structure can be analyzed by
direct methods in the laboratory. Such methods
include chemical, spectroscopic, and micro-
scopic analysis, and processes of fragmentation
can be studied by producing high-speed colli-
sions between comparable materials in the lab-
oratory. Such comparative studies must recog-
nize various differences between meteorites
and asteroids. The masses of only the three larg-
est asteroids have been determined from their
gravitational effects on other bodies; their den-
sities are between 2.3 and 3.3 grams per cubic
centimeter.

Photometry is the study of how light is scat-
tered by various surfaces. The varying bright-
ness of reflected sunlight from asteroids can be
measured by photoelectric observations to de-
termine their rotation periods and approximate

shapes. One test of this method was made in
1931, when the Amor asteroid 433 Eros came
close enough (23 million kilometers) for scien-
tists to observe the tumbling motion of this elon-
gated object (7 by 19 by 30 kilometers) and to
confirm its 5.3-hour rotation. The size of an as-
teroid can be estimated from its brightness to-
gether with its distance, orbital position, and
albedo. The albedo is important, since a bright,
small object may reflect as much light as a dark,
large object. Since a dark object absorbs more
heat than a light object, albedos can be deter-
mined by comparing reflected light with ther-
mal radiation measured by infrared radiome-
try. Photometric measurements also give
information on surface textures. Colorimetry
involves measuring the range of wavelengths
in the reflected light to determine surface col-
ors. Most asteroids are either fairly bright, red-
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The Torino Asteroid Impact Hazard Scale
Scale Description

0 Event having no likely consequences: The likelihood of a collision is zero, or low enough to be effec-
tively zero. This designation also applies to any small object that, in the event of a collision, is un-
likely to reach the Earth’s surface intact.

1 Event meriting careful monitoring: The chance of collision is extremely unlikely, about the same as
a random object of the same size striking the Earth within the next few decades.

2 Event meriting concern: A somewhat close but not unusual encounter. Collision is very unlikely.

3 Event meriting concern: A close encounter, with 1 percent or greater chance of a collision capable of
causing localized destruction.

4 Event meriting concern: A close encounter, with 1 percent or greater chance of a collision capable of
causing regional devastation.

5 Threatening event: A close encounter, with a significant threat of a collision capable of causing re-
gional devastation.

6 Threatening event: A close encounter, with a significant threat of a collision capable of causing a
global catastrophe.

7 Threatening event: A close encounter, with an extremely significant threat of a collision capable of
causing a global catastrophe.

8 Certain collision: A collision capable of causing localized destruction. Such an event occurs some-
where on Earth between once per 50 years and once per 1,000 years.

9 Certain collision: A collision capable of causing regional devastation. Such an event occurs be-
tween once per 1,000 years and once per 100,000 years.

10 Certain collision: A collision capable of causing a global climatic catastrophe. Such an event occurs
once per 100,000 years or less often.



dish objects (with albedos of up to 23 percent)
composed largely of silicate-type materials or
grayish objects, at least as dark as the Moon
(11 percent albedo), composed of carbonaceous
materials.

Spectroscopy is the spectral analysis of light
and can be used to infer the composition of many
asteroids. Optical and infrared reflectance spec-
tra exhibit absorption bands at characteristic
frequencies for given materials. An asteroid’s
surface composition is determined by compar-
ing its spectrum with the spectra of light re-
flected from meteorites of known composition.
Examples of this method applied to U-type (un-
classified) asteroids include the identification of
the silicate mineral pyroxene in the infrared
spectrum of Apollo asteroid 1685 Toro, and the
matching of the surface of Vesta with a basaltic
achondrite that resembles lava. Most asteroids
appear to have unmelted surfaces with little or
no evidence of lava eruptions. About two-thirds
of the Trojans are D-type asteroids with no
known meteorite counterparts because of their
distance from Earth. Their spectra have been
matched with the spectra of coal-tar residues,
suggesting possible organic compounds.

Polarimetry uses measurements of the align-
ment of electric field vibrations of the reflected
sunlight and its variation with direction to
estimate albedos. Polarization measurements
have also been interpreted as evidence for dust-
covered surfaces, but they leave uncertainty
about the depth of the dust layer. Radar obser-
vations of Eros during a close approach to Earth
in 1975 were made at a wavelength of 3.8 centi-
meters and indicated that the surface must be
rough on a scale of centimeters. Since optical
polarimetry suggests that Eros is dusty, the ra-
dar results imply that the dust must be too thin
to smooth rock outcrops of more than a few cen-
timeters. Radar measurements also provided
independent estimates of the size of Eros, con-
firming photometric estimates of its dimen-
sions. The NEAR spacecraft confirmed these ob-
servations.

As spacecraft results such as this demon-
strate, the best method to study asteroids is by
means of a space probe. When Pioneers 10 and
11 passed through the asteroid belt, scientists
found that it has no more dust than any other

part of the solar system. The Galileo probe en-
countered Gaspra in 1991 and Ida in 1993, both
S-type asteroids. The probe determined the
masses, sizes, and shapes. The Cassini space-
craft on its way toward orbit about Saturn flew
through the asteroid belt and passed asteroid
2685 Masursky at a distance of 1.6 million kilo-
meters. Named after the famed planetary scien-
tist Hal Masursky, this body was a little un-
derstood 15- by 20-kilometer asteroid prior to
Cassini’s encounter.

Before the Pioneer 10 and 11 passages there
were serious concerns that spacecraft might not
be able to pass safely through the main asteroid
belt. Much has been learned about the density
of material in the belt since the space age began.
Thus far, no spacecraft sent into the belt has ex-
perienced serious damage from an impact with
asteroidal material or an actual asteroid body.
Minor hits on dust detectors have been re-
corded, however. Robotic spacecraft investiga-
tions have provided much information about
the nature of the various types of asteroids, as
has analysis of meteorites found on Earth that
are believed to have come from certain aster-
oids.

The NEAR spacecraft was launched on Feb-
ruary 17, 1996, and was directed toward a ren-
dezvous with the asteroid Eros three years
later. Eighteen months out from Earth, NEAR
flew by the asteroid Mathilde. It successfully
reached Eros, and for well over a year NEAR or-
bited Eros at varying altitudes providing high-
resolution images of the surface of this S-type
asteroid. After completing its primary mission,
NEAR gently touched down on Eros on Febru-
ary 12, 2001. A total of 69 high-resolution im-
ages of the asteroid’s surface were taken on the
way down during a soft-contact landing. The fi-
nal picture was taken at an altitude of 130 me-
ters and covered an area of 6 meters by 6 me-
ters. Within that final frame was a portion of a
4-meter-wide boulder, as well as evidence of a
dusty surface pocked with small rocks and tiny
craters. Much to the surprise of the Johns
Hopkins University Applied Physics Labora-
tory research team controlling the spacecraft,
NEAR survived its landing and transmitted
data back to Earth for two weeks before falling
silent. The team was lucky in that the space-
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craft’s antenna pointed toward Earth and the
solar arrays faced partially toward the Sun af-
ter impact.

The next step in spacecraft-based investiga-
tions of asteroids is the Dawn mission, a robotic
probe designed to orbit two different bodies.
Dawn’s mission is to visit the two largest aster-
oids, Ceres and Vesta. By comparison with
Ceres, the asteroid upon which NEAR settled
was a tiny speck. Ceres is a spherical body with
a diameter of 960 kilometers. Indeed under an
official review of classification for solar-system
objects, Ceres is now officially designated a
dwarf planet—a characterization it shares
(much to the displeasure of many in the scien-
tific community) with Pluto, which was de-
moted from full planet status to that of a dwarf.
To accomplish its mission on a minimum of pro-
pellant, Dawn is outfitted with ion propulsion
similar to that demonstrated by the Deep Space
1 spacecraft. To achieve its science goals, Dawn
is outfitted with a framing camera, a mapping
spectrometer, and a gamma-ray and neutron
spectrometer. The goal is to image the surface of
these two large asteroids and to determine their
composition.

Dawn launched on September 27, 2007, and
was set up for a gravity assist from Mars in
early 2009. Arrival at Vesta was planned for
September, 2011. The ion propulsion system
would then break Dawn out of Vesta orbit in
April, 2012, and send the spacecraft toward a
rendezvous with Ceres in February, 2015. As-
suming the spacecraft remains healthy and pro-
pellant is available when the primary mission
ends in July, 2015, Dawn could be redirected to
other asteroids within reach.

Samples of rocks believed to come from vari-
ous portions of the asteroid belt fall on Earth
regularly and have been subjected to intense
study. The next step in asteroid investigation
would be to return pristine samples of asteroids
so the asteroid samples are not altered on their
outer layers by passage through Earth’s atmo-
sphere. A robotic mission to collect and then re-
turn samples from any asteroid is possible with
contemporary technology.

Perhaps the greatest potential for insight
into the nature of asteroids would be a human
expedition to such a body. Shortly after the

adoption of the Vision for Space Exploration in
2004, National Aeronautics and Space Admin-
istration (NASA) entertained the possibility of
sending a crewed Orion Crew Exploration vehi-
cle into deep space for a rendezvous with an as-
teroid. In terms of propulsion requirements, it is
slightly less intensive to send a piloted space-
craft to a near-Earth asteroid than to the Moon.
Such a mission could take at least six months to
reach a target and up to another year to return
to Earth. It could return to Earth large amounts
of carefully selected asteroid samples for de-
tailed analysis. The potential for gathering in-
formation that might be used someday to divert
an asteroid that threatened to impact Earth
would be tremendous.

CONTEXT

Asteroids usually cannot be seen with the un-
aided eye, but they provide important clues for
understanding planet formation: They can have
major effects on the Earth and, in fact, have had
such effects during the planet’s history. At one
time, it was assumed that the asteroid belt was
formed by the breakup of a planet between Mars
and Jupiter. However, the combined mass in
the belt is much less than that of any planet
(only 0.04 percent Earth’s mass), and the ob-
served differences in the composition of as-
teroids at different locations in the belt make it
unlikely that they all came from the same
planet-sized object. It now appears that aster-
oids are original debris that was left over after
planet formation and that has undergone com-
plex processes such as collisions, fragmenta-
tion, and heating. Apparently, strong tidal
forces caused by Jupiter’s large mass prevented
small bodies between it and Mars from combin-
ing to form a single planet in their region.

It appears, therefore, that asteroids are
among the oldest objects in the solar system, left
over from the time immediately before planet
formation concluded. Studies of these objects
should provide clues to the structure and com-
position of the primitive solar nebulae. Differ-
ent types of asteroids found in different regions
of the solar system support the theory of plane-
tesimal origin through a sequence of condensa-
tion from a nebular disk around the Sun. Aster-
oids farther from the Sun, beyond the main belt,
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may have contained more ice; those that formed
closer, within the belt, may have been primarily
stony or stony-iron materials. Some of these
planetesimal precursors of asteroids were prob-
ably perturbed during close passes by neighbor-
ing planets into elongated Apollo-like orbits
that cross Earth’s orbit. Other objects on similar
orbits may have been comets that remained in
the inner solar system long enough to lose their
volatile ices by evaporation. Processes of colli-
sion and fragmentation among these objects
provide direct evidence about the earliest forms
of matter.

Special interest in Apollo asteroids arises
from their potential for Earth collisions. Objects
as small as 100 meters hit Earth about once ev-
ery two thousand years, and the 30 percent that
fall on land can produce craters a kilometer in
diameter. Such impacts would devastate much
wider areas by their shock waves, and dust
thrown into the upper atmosphere could have
marked effects on climate. Growing evidence
suggests that asteroid collisions in the past
might have contributed to major extinctions of
species, such as the dinosaurs, and perhaps
even caused reversals of Earth’s magnetism.
Thin layers of iridium, often found in meteor-
ites, have been identified in Earth’s crust at lay-
ers corresponding to such extinctions. Satellite
photography has revealed about one hundred
apparent impact craters on Earth with diame-
ters up to 140 kilometers. It is likely that many
more succumbed to processes of erosion. Knowl-
edge of Apollo orbits might make it possible to
avoid such collisions in the future.

Asteroids also offer the possibility of recover-
ing resources with great economic potential.
Some contain great quantities of nickel-iron al-
loys and other scarce elements; others may yield
water, hydrogen, and other materials useful for
space-based construction. Estimates of the
economic value of a kilometer-sized asteroid
reach as high as several trillion dollars. A well-
designed approach to space mining might some-
day help to take pressure off Earth’s ecosystem
by providing an alternative to dwindling re-
sources, and space-borne manufacturing cen-
ters might alleviate pollution on Earth.

Joseph L. Spradley and David G. Fisher
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Auroras
Category: Earth

Auroras, commonly called the northern
and southern lights, are caused by geo-
magnetic activity taking place in a planet’s
atmosphere. By understanding auroras,
scientists can gauge the effects of solar
activities on planetary environments.

OVERVIEW

Auroral phenomena were first observed on
Earth. Only later were such phenomena de-
tected on other planets in the solar system. “Au-
rora” is a general term for the light produced by
charged particles interacting with the upper
reaches of the Earth’s atmosphere. The term
“aurora borealis” specifically refers to the
northern dawn, or northern lights; “aurora aus-
tralis” refers to the southern lights. Auroras ap-
pear in an oval girdling the Earth’s geomagnetic
poles, where magnetic field lines become nearly
perpendicular to the surface. In this region, the
Earth is not shielded from the space environ-
ment as it is at lower latitudes, where magnetic
field lines can be almost parallel to the surface.
Thus, electrons and ions moving along magnetic
field lines can strike the atmosphere directly.
Normally, the auroral oval is located about 23°
from the north magnetic pole and 18° from the
south magnetic pole. Because the north mag-
netic pole is located in Greenland, the oval is off-
set toward Canada and away from Europe. Gen-
erally, auroras appear at altitudes between 100
and 120 kilometers high, in sheets 1 to 10 kilo-
meters thick and several thousand kilometers
long.

The auroral oval is a product of the Earth’s
magnetic field and is driven by the Sun’s output
of charged particles. The oval can be enlarged as
far north or south as 20° latitude; its normal
range is around 55-60°. These variations in
range and intensity have been correlated with
sunspots, showing that solar activity is the en-
gine that drives auroras and other geomagnetic
disturbances. Additionally, scientists usually
describe auroral activity in terms of local time
relative to the Sun rather than the geographic
point over which it occurs. Thus, the Earth can
be considered to be rotating beneath auroral
events (even though the shape of the oval re-
mains skewed). The first indication that auroral
displays might be linked to solar activity came
in 1859, when Richard Carrington observed an
especially powerful solar flare in white light. A
few hours later, he observed a strong auroral
display and suspected that the two might be
linked.

Electrons impinge upon the upper atmo-
sphere from this field-aligned current, moving
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in a helical path about Earth’s magnetic field
lines. The helix of electrons trapped in the
Earth’s magnetic field will become more pro-
nounced as they approach the poles, until fi-
nally their direction is reversed at the “mirror
point” and they are reflected back to the oppo-
site pole. Motion back and forth is quite normal.
If the electrons are accelerated down into the
ionosphere, they encounter oxygen atoms and
nitrogen molecules. These collisions will release
Bremsstrahlung (braking) radiation. These X
rays are absorbed by the atmosphere or radi-
ated into space. The oxygen is dissociated from
molecular oxygen and then ionized and elec-
trons freed. Those oxygen ions radiate light
when neutralized by free electrons. Nitrogen ei-
ther is excited and radiates when it returns to
the “ground” state or is dissociated and excited.
As the atmosphere dwindles gradually into the
vacuum of space, starting at about 60 kilome-
ters above the surface of the Earth, the atmo-
sphere forms an electrified layer called the iono-
sphere, where oxygen and nitrogen molecules
are dissociated by sunlight. Because many of
these free atoms and molecules are also ionized
by sunlight, electric fields and currents move
freely, although the net electrical charge is zero.

Auroral structure varies widely. Three major
forms have been discerned: quiet or homoge-
neous arcs, rayed arcs, and diffuse patches. Ho-
mogeneous arcs appear as “curtains” or bands
across the sky. They sometimes will occur as
pairs, and rarely as sets of parallel arcs. They
have also been described as resembling ribbons
of light. The lower edge of the arc will be sharply
defined as it reaches a certain density level in
the atmosphere, but the upper edge usually
simply fades into space. Pulsating arcs vary in
brightness, as energy is pumped in at different
rates. Also in the category of quiet arcs are dif-
fuse luminous surfaces, which appear like
clouds and have no defined structure; they may
also appear as a pulsating surface. Finally, the
weakest homogeneous display is a feeble glow,
which actually is the upper level of an auroral
display just beyond the horizon.

Auroras with rays appear as shafts of light,
usually in bundles. Arayed arc is similar to a ho-
mogeneous arc but comprises rays rather than
evenly distributed light. The formation and dis-
sipation of individual rays may produce the illu-
sion that rays are moving along the length of a
curtain. Among rayed arcs, the “drapery” most
resembles a curtain and is most active in shape

and color changes. If the
viewer is directly below the ze-
nith of an auroral event, then
it appears as a corona, with
parallel rays appearing to ra-
diate from a central point.
Drapery displays are often
followed by flaming auroras
that move toward the zenith.

A controversial aspect of
auroras is whether they pro-
duce any sound. Many ob-
servers from antiquity to the
present have reported hear-
ing auroras; however, sensi-
tive sound-recording equip-
ment has yet to capture such
sounds. This leaves open the
question of whether or not the
sound is a psychological per-
ception, an electrostatic dis-
charge, or some other phe-
nomenon.
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A view of an aurora, caused by a coronal mass ejection, from the Interna-
tional Space Station. (NASA)



Auroral colors—pink, red, green, and blue-
green—are distinct and correspond with spe-
cific chemistry rather than being a continuous
spectrum typical of thermal radiation. Major
emissions come from atomic oxygen (at 557.7-
and 630-nanometer wavelengths) and molecu-
lar nitrogen (at 391.4, 470, 650, and 680 nano-
meters). These emissions come from distinct
altitudes. The green oxygen line (557.7 nanome-
ters), which peaks at 100 kilometers in altitude,
is caused by an excited energy state that relaxes
in 0.7 second. The red oxygen line (630 nanome-
ters), which peaks at about 300 kilometers,
comes from an excited energy state that relaxes
in 200 seconds. While oxygen is energized to
this level at lower altitudes, its excited energy
will be lost to collisions with other gases long be-
fore it can relax naturally. From such compari-
sons, geophysicists have deduced some of the
vertical structure of the atmosphere. X rays and
ultraviolet light are also emitted but cannot be
detected from the ground. The Dynamics Ex-
plorer 1 satellite recorded auroras at 130 nano-
meters in hundreds of images taken several
Earth radii above the North Pole. Numerous
Earth-sensing satellites continue to observe
and study ionospheric physics and auroral phe-
nomena.

Auroral brightness can vary widely. Four
levels of international brightness coefficients
(IBCs) are assigned, ranging from IBC I, which
is comparable to the brightness of the Milky
Way, to IBC IV, which equals the illumination
received from a full moon. Auroras usually are
eighty times brighter in atomic oxygen than in
ionized nitrogen molecules, indicating their ori-
gins higher in the atmosphere. Doppler shifting
is commonly recorded in the spectra around
656.3 nanometers (hydrogen-alpha), indicating
the motion of protons that are neutralized and
reionized as they accelerate up or down mag-
netic field lines. It is theorized that only a small
fraction (about 0.5 percent) of the energy that
goes into auroras actually produces visible
light. The remainder goes into radio waves, ul-
traviolet rays, and X rays, and into heating the
upper atmosphere.

Images from the Dynamics Explorer satellite
confirmed the indication by ground-based cam-
era chains that auroras are uneven in density

and brightness. One image, for example, shows
that auroras thin almost to extinction on the
dayside but expand to several hundred kilome-
ters in thickness between about 10:00 p.m. and
2:00 a.m. local time. “Theta” auroras have been
recorded in which a straight auroral line crosses
the oval in the center, giving the appearance of
the Greek letter Θ. This phenomenon may be
caused by the splitting of the tail of plasma
sheets which extends well into the tail of the
magnetosphere, or by the solar wind’s magnetic
field when it has a direction opposite to that of
the Earth.

Photographs taken by spin-scan auroral
imagers aboard the Dynamics Explorer 1 satel-
lite show that auroral substorms start at mid-
night, local time, and expand around the oval.
Observations of hundreds of substorms show
that they have the same generalized structure
but that no two are alike. The satellite imager
also showed expansions and contractions in the
aurora in response to changes in the interplane-
tary magnetic field and solar wind. As solar
wind plasma meets the Earth’s magnetosphere,
a shock wave is formed, and the wind is diverted
around the Earth. This diversion compresses
Earth’s magnetic field on the sunward side,
while it extends like a comet’s tail on the
nightside. When the field of the solar wind is ori-
ented toward the south, its field lines reconnect
with the field lines of the Earth and allow pro-
tons and electrons to enter the magnetosphere;
they are normally blocked when the field is ori-
ented to the north.

Auroral activity is strongly driven by the so-
lar wind. If the magnetic field of the wind points
north—aligned with the Earth’s magnetic
field—then the auroral oval is relatively small,
and its glow is hard to see. When the solar
wind’s magnetic field reverses direction, a
substorm occurs. The oval starts to brighten
within an hour, and bright curtains form within
it. At its peak, the oval will be thinned toward
the noon side and will be quite thick and active
on the midnight side. As the storm subsides and
starts to revert to normal about four hours after
the field is reversed, the aurora dims and cur-
tains form. Finally, a large, diffuse glow cover-
ing the pole may be left as the field becomes
stronger in the northward direction.
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The flow of the solar wind past the magneto-
sphere generates massive electrical currents,
which flow mostly from one side of the magneto-
sphere to the other. Some of the currents, how-
ever, connect down the Earth’s magnetic field,
into and through the auroral oval. Because an
electric current is caused by the flow of charged
particles, in the process electrons are brought
directly into the ionosphere around the poles.
Primary currents enter around the morning
side and exit around the evening side. Second-
ary currents flow in the opposite direction.
Changes in electrical potential of the magneto-
sphere, as when it is pumped up by particles ar-
riving in the solar wind, will force the electrons
through the mirror point. They are then acceler-
ated deeper into the ionosphere. This auroral
potential structure is thin but extends around
the auroral oval for thousands of kilometers
even to the point of closing in on itself.

Electrojets also form in auroras at
low altitudes from an effect known as
“E-cross-B drift” (written E × B). At
high altitudes, electrons and protons
flow freely because there is low gas den-
sity and no net current change. At lower
altitudes, around 100 kilometers, pro-
tons are slowed by collisions with atoms
and molecules, but electrons continue
to move unopposed. The result is a pair
of electrojets, eastward (evening) and
westward (morning), which flow toward
midnight, then cross the polar cap to-
ward noon. These electrojets heat the
ionosphere, especially during active so-
lar periods, when auroras are more in-
tense. This E × B drift in auroral ovals
appears to be a major source of plasma
for the magnetosphere. It appears that
positively charged ions are accelerated
upward along the same magnetic field
lines, whereas negatively charged elec-
trons precipitate downward. Hydrogen,
helium, oxygen, and nitrogen ions com-
pose this flow. Each ion has the same to-
tal energy, so their paths vary according
to mass. The net effect is that of an ion
fountain blowing upward from the au-
roras which spreads by a wind across
the poles.

A little-known subset of the aurora is the sub-
auroral red (SAR) arcs, which appear at the
midlatitudes; the magnetic field lines on which
they occur are different from those on which au-
roras appear. SAR arcs, which always emit at
660 nanometers (from oxygen atoms), are dim
and uncommon. Modern instrumentation has
shown that the SAR arcs are a phenomenon sep-
arate from the polar auroras. These arcs may be
caused by cold electrons in the plasmasphere in-
teracting with plasma waves or with energetic
ions. SAR arcs are believed to originate at an
altitude of approximately 19,000-26,000 kilo-
meters during especially strong geomagnetic
storms, although the arcs themselves appear at
altitudes of around 400 kilometers as the energy
from the storm leaks or is forced downward.

Auroras also “appear” in the radio spectrum.
Studies in the twentieth century showed that
auroras could be sounded by radar at certain
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Two curtain-patterned “dueling auroras,” as seen over the Yu-
kon in October, 2001. (©Phil Hoffman/Courtesy, NASA)



frequencies. Satellites in the 1970’s started re-
cording bursts of energy in the low end of the
AM radio spectrum. This radiation is called
auroral kilometric radiation (AKR), because its
wavelength is up to 3 kilometers, reflected out-
ward by the ionosphere. Bursts can release 100
million to 1,000 million watts at a time, making
them far more powerful than conventional
broadcasts by humans. Bursts originate in a re-
gion of the sky about 6,400-18,000 kilometers
high in the evening sector of the auroral oval.
Because the radiation is polarized, it is likely
that AKR is caused directly by electrons spiral-
ing along magnetic field lines.

Earth is not the only planet to display auro-
ras. Earthly auroral activity has a power rating
of approximately 100 billion watts. Auroral dis-
plays on Jupiter were detected by the Voyager 1
spacecraft in 1979. During the 1990’s the Hub-
ble Space Telescope performed several investi-
gations of this phenomenon. Auroral activity on
Jupiter is hundreds of times stronger than on
Earth and also appears always to be energized
rather than intermittent, as on Earth. In 2007
the Chandra X-Ray Observatory and Hubble
Space Telescope conducted a coordinated study
of Jovian auroral activity, seeing the phenome-
non in both visible and ultraviolet (Hubble) and
X-radiation (Chandra) simultaneously. Observ-
ing in multiple wavelengths provides clues to
the basic physical process involved that seeing
an aurora only in visible light cannot.

Saturnian auroras presented a problem with
the current understanding of how auroral dis-
plays are produced. In 2005 the Hubble Space
Telescope and Cassini spacecraft performed co-
ordinated observations of Saturn’s auroral ac-
tivity. Hubble observed in ultraviolet and visi-
ble wavelengths, whereas the Cassini probe in
orbit about Saturn recorded radio emissions
tied to the auroras. An oddity of Saturn’s auro-
ras is that, whereas Jupiter’s are not affected
very much by the solar wind, Saturn’s appears
to be. Another is that Saturn’s auroras brighten
on the portion of the planet where darkness
leads to sunlight as the storm increases in in-
tensity, which is not the case for Earthly or
Jovian auroras.

Uranus’s auroras were detected by the Voy-
ager 2 spacecraft’s ultraviolet spectrometer.

Contemporary studies of Uranian auroras have
been performed by the Hubble Space Telescope.
The auroral displays of Uranus mimic those on
Earth. Uranus’s rings have swept clean much of
the region that otherwise would have been a
rich collection of trapped charged particles that
could be taken down along magnetic field lines
into Uranus’s magnetosphere to generate auro-
ras. Uranus displays both auroras that are
centered about its magnetic poles and the sub-
auroral red arcs seen on Earth. Indeed, on Ura-
nus the SAR arcs are more prevalent than auro-
ras that are centered about the magnetic poles.
The latter variety are believed to result from
currents that connect Uranus’s rather unusual
satellite Miranda to the gas giant’s magnetic
pole. Uranian auroras generate only weak radio
signals.

Voyager 2 detected auroral activity on Nep-
tune. Studies of these displays reveal that Nep-
tune’s auroral activity is only half as energetic
as that on Earth, despite the disparity in size of
the two planets. Also, due to the complexity of
Neptune’s magnetic field, auroral activity is
found on Neptune over areas of the planet far
from the magnetic poles.

Ironically, even though the planet has no sig-
nificant magnetic field, Mars also appears to
have auroral displays. Data from Mars Global
Surveyor and the European spacecraft Mars
Express indicated hundreds of aurora-like dis-
plays with less dramatic color variations than
those observed on other planets in the solar sys-
tem. Since a planetary magnetic field is not re-
sponsible, some researchers suggest that pri-
mordial magnetism associated with patches of
the planet’s crust, particularly in the southern
hemisphere, may be involved in this auroral
phenomenon. Martian auroral displays show up
mostly in the ultraviolet range, with little or no
visible counterpart.

METHODS OF STUDY

The space age in some small measure owes
its birth to a fascination with auroral phenom-
ena. It was the desire to study and understand
the Earth-space interface around the globe at
high altitude that resulted in launching the
first satellites, during the International Geo-
physical Year in 1957-1958. Until then, ground-
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based photography and instrumentation were
almost the only methods of studying auroras.
Aircraft and rockets played lesser roles.
Ground-based instrumentation in the 1940’s
and 1950’s confirmed that auroras were linked
to the geomagnetic field, for studies showed
that auroras occurred in a circle around the
north magnetic pole. Photography of auroral
displays has always been difficult because the
activity is dynamic, sometimes changing from
second to second. Not until the 1950’s were elec-
tronic devices available to analyze the entire
auroral spectrum visible from the ground.

Satellites in the 1970’s and 1980’s expanded
the array of instruments available to investiga-
tors. While fields and particles instrumentation

has been used to analyze gases and plasmas,
imaging instruments have been equally reveal-
ing. Notable cameras of various sorts have been
carried by Dynamics Explorer 1, the U.S. Air
Force HiLat (high latitude) satellite, and the
Swedish Viking satellite. In addition, some im-
aging was performed by polar-orbit weather
satellites, but with lower spectral and spatial
resolutions. The Skylab crews observed some
auroral activity. The space shuttle-based Space-
lab 3 crew in 1985 photographed auroras from
above the atmosphere. Combining photographs
taken a few seconds apart allowed formation of
stereo imagery so that the structure could be
studied better. In other experiments, small elec-
tron guns have been carried into space aboard

rockets, on spacecraft, and within the pay-
load bays of space shuttle orbiters. These
fire electrons back into the atmosphere in
an attempt to generate artificial auroras.
An electron gun flew on the first Spacelab
(on the space shuttle STS-9 mission) and
produced some interesting results. An-
other such project, on STS-45, was part of
the National Aeronautics and Space Ad-
ministration’s (NASA’s) INSPIRE pro-
gram to involve secondary students and
undergraduate students in this type of
auroral research; unfortunately, although
the response of school groups worldwide
was strong, the electron gun failed early in
the mission.

A key finding from satellite-based re-
search was that auroras are often more ac-
tive on Earth’s dayside, although sunlight
and sky completely overwhelm it. Large
quantities of radiation are generated in
the ultraviolet. This radiation is not seen
at the Earth’s surface because the atmo-
sphere selectively absorbs such light.

Other planets with magnetospheres
also display auroral activity. Such dis-
plays are observed almost exclusively by
spacecraft either in Earth orbit, like the
Hubble Space Telescope, or from space-
craft that either fly by or orbit other plan-
ets. The Galileo orbiter routinely picked
up auroral activity on Jupiter, and so did
the Cassini orbiter on Saturn. Voyager 2
flew past Uranus (1986) and Neptune
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An aurora, caused by both solar plasma and debris from
Comet Swift-Tuttle, appeared over the observatory at Mount
Megantic in Quebec, Canada, in August, 2000. (Sébastien
Gauthier/Courtesy, NASA)



(1989) and detected auroral activity on these
planets as well.

CONTEXT

Auroras are the most visible manifestation of
the interaction between the Earth and space.
The study of plasmas has been enhanced by ob-
servations made of them. Aclear understanding
of auroras will provide a means of diagnosing
activities in the magnetosphere and the effects
of solar activities on the terrestrial environ-
ment.

Auroras also serve as a means to study the
magnetohydrodynamics of stars and planets.
The physics of planetary auroras are essentially
the same as that of Earth’s auroral activity, al-
though the energies and chemistries involved
may be vastly different. Thus, terrestrial auro-
ras can serve as a laboratory for testing basic
theories. Planets with magnetic fields also have
auroral activity. Much of Jupiter’s radio noise is
caused by auroral kilometric radiation, and the
Einstein Observatory recorded X rays that ap-
parently came from Bremsstrahlung radiation
in the Jovian atmosphere. The Voyager 1 space-
craft observed a 29,000-kilometer-long aurora
on the nightside of Jupiter, as well as lightning
pulses in and above the clouds coincident with
the auroral activity. Voyager 2 did too, and it
continued on to the rest of the gas giants in the
solar system to do the same. Follow-on space-
craft investigations of these planets, and also
on Mars, continued to devote considerable effort
to characterizing and understanding the nature
of auroral activity production. Each planet’s
auroral activity provides insight into the nature
of that planet’s magnetic field and also the
plasma environment about it.

Dave Dooling
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B
Big Bang
Category: The Cosmological Context

The big bang theory was developed to ex-
plain the origin of the expanding universe,
uniting cosmology with general relativity
and elementary particle physics. About 13
to 14 billion years ago, an explosion called
the big bang created energy and matter,
space and time. Ever since, space has been
expanding with time, carrying matter and
electromagnetic radiation with it. As space
has expanded, its contents have evolved.

OVERVIEW

Sir Isaac Newton’s law of universal gravita-
tion led him to suggest that a static universe
with a finite distribution of stars would col-
lapse, but that an infinite universe could be sta-
ble. The possibility of an expanding universe,
however, is contained within Albert Einstein’s
general theory of relativity, which he published
in 1915. In 1917, Einstein himself found that his
general theory in its original form would not
permit a static universe. Because the scientific
consensus then was that the universe on the
large scale is static and unchanging, Einstein
added an arbitrary constant (later called the
cosmological constant) to his field equations to
allow static solutions. Physically, the cosmolog-
ical constant represents a long-distance repul-
sion that would balance gravitational attraction
on a cosmic scale and thus permit a static uni-
verse.

Just five years later, in 1922, the Russian
mathematical physicist Alexander Alexandro-
vich Friedmann found two solutions to the origi-
nal general relativistic field equations (without
the cosmological constant) in which the uni-
verse initially expands with time. In one (called
“open”), the universe continues to expand for-
ever. In the other (called “closed”), the universe
expands to some maximum size, after which it
contracts.

In 1927, the Belgian priest and cosmologist
Abbé Georges Lemaître independently derived
the same two solutions to the field equations of
general relativity that Friedmann had obtained
earlier. However, Lemaître went further, spec-
ulating about the origin of the expansion. Ex-
trapolating backward in time, he realized that
everything in the universe would come together
at the same time in the distant past, thus point-
ing to a unique beginning of the universe. He en-
visioned all matter and space compressed into a
“primeval atom” that split into all the atoms of
all the elements present in the universe. An
enormous explosion initiated the expansion of
space and its fragmented matter. As he de-
scribed the aftermath,

The evolution of the world could be compared to
a display of fireworks just ended—some few red
wisps, ashes, and smoke. Standing on a well-
cooled cinder, . . . we try to recall the vanished
brilliance of the origin of the worlds.

Today we know that the chemical elements
could not have been created the way Lemaître
proposed. However, Lemaître’s basic idea was
prophetic. Many years later, the explosive ori-
gin of the universe was dubbed the “big bang.”
Just before his death in 1966, Lemaître learned
of the discovery of the cosmic microwave back-
ground, which is greatly redshifted radiation
emitted just a few hundred thousand years af-
ter the big bang—the “vanished brilliance of the
origin of the worlds” about which he had specu-
lated so many years earlier.

Observational confirmation that the uni-
verse actually is expanding came in 1929, when
Edwin Hubble, assisted by Milton Humason,
showed there is a correlation between galaxy
distances and the redshifts of their spectra; the
farther away a galaxy is, the more its spectrum
is redshifted. The cause of this redshift, termed
cosmological, is the expansion of the universe.
As the universe expands, wavelengths of elec-
tromagnetic radiation are stretched by the ex-
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pansion, so visible light is shifted toward longer,
redder wavelengths. (The term “redshift” has
come to be applied to a shift to longer wave-
lengths of any part of the electromagnetic spec-
trum.)

Starting in 1935, Friedmann’s student
George Gamow began work on more rigorously
developing Lemaître’s hypothesis of an explo-
sive origin. Gamow proposed that the very
dense initial state would have been very hot,
and the universe cooled as it expanded. In 1946,
he suggested that the primordial substance,
which he called “ylem,” had consisted of neu-
trons at a temperature of about 10 billion de-
grees, some of which decayed during the early
stages of expansion to form protons and elec-
trons. Successive interactions of the neutrons

and protons then led to the formation of all the
chemical elements by nuclear fusion reactions
while the early universe still was very hot and
dense. Gamow worked out the details of this
nucleosynthesis of all the chemical elements
with his colleague Ralph A. Alpher at George
Washington University. Before they published
their results in 1948, Gamow persuaded Hans
Albrecht Bethe, the physicist who first de-
scribed nuclear fusion reactions in stars, to al-
low them to add his name to their paper to make
the list of authors “Alpher, Bethe, Gamow,” a
wordplay on the first three letters of the Greek
alphabet. This came to be referred to as the
alpha-beta-gamma theory of the origin of the
universe and its chemical elements. (Today we
know that the early universe cooled too quickly
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George Gamow: Physicist, Cosmologist, Geneticist
Born March 4, 1904, in Odessa, Russia, George Gamow started his scientific career as a boy, when his fa-

ther gave him a telescope for his thirteenth birthday. Little did his father know that his son would one day
become one of the greatest scientists of the twentieth century.

After graduating from the University of Leningrad in 1926, Gamow
went to Göttingen, a center for the study of the new quantum mechan-
ics. At this time, natural radioactivity was the focus of research of many
of the great physicists of the day, from the Curies to Lord Rutherford,
and Gamow was particularly interested in its relationship to the atomic
nucleus. In 1928, he made his first great contribution when he de-
scribed quantum tunneling of alpha particles to explain the radioactive
process of alpha decay. His investigation of the atomic nucleus would
take him to Copenhagen, where he worked under Niels Bohr laying the
theoretical groundwork for nuclear fusion and fission.

During the 1930’s, Gamow taught at universities in Copenhagen, Le-
ningrad, Cambridge, Paris, and the United States. In Washington,
D.C., he and Edward Teller worked on the theory of beta decay. He also
turned his attention to astrophysics and the origin of the elements. This
work led to his 1948 proposal of the “big bang” theory of the universe, for
which he is best known.

Gamow was more than a theoretical physicist, however: Known for
his sense of humor and revered by his students, he was also devoted to
education. His “Mr. Tompkins” series used science fiction to explain dif-
ficult science in a way that anyone—including Tompkins, whose atten-
tion span was notoriously short—could understand. In 1954, inspired by the Watson-Crick DNA model, he
theorized that the order of the DNAmolecules determined protein structure. The problem, as he saw it, was
to determine how the four-letter “alphabet” of nucleic acid bases could be formed into “words.” His “dia-
mond code” paved the way for Marshall W. Nirenberg to crack the genetic code in 1961.

In 1956, Gamow settled in Boulder to teach at the University of Colorado. That year, he received
UNESCO’s Kalinga Prize for his popularization of science, and two years later he was married (a second
time) to Barbara “Perky” Perkins, who initiated the George Gamow Lecture Series after his death, in 1968.

(AP/Wide World Photos)



for most of the chemical elements to have
formed then; almost all the atoms heavier than
helium were formed later by nuclear fusion re-
actions in stars.)

Gamow and his associates tried to work out
other physical processes that would have oc-
curred in the intensely hot, compressed fireball
from which the universe expanded. In the same
year 1948, Alpher and Robert C. Herman (an-
other of Gamow’s colleagues) published a fur-
ther analysis that predicted a cosmic back-
ground radiation left over as a kind of relic from
the early hot, dense universe. Because of the ex-
pansion of the universe and the corresponding
redshift of this radiation, they predicted that it
would have cooled from an initial high tempera-
ture to only about 5 kelvins at the present time.
Since such radiation would be in the microwave
part of the spectrum, they had no way of detect-
ing it then, and their prediction was forgotten
until the 1960’s.

In the 1960’s, a team of physicists at Prince-
ton University—Robert H. Dicke, P. J. E.
Peebles, P. G. Roll, and David T. Wilkinson—
began planning to build an instrument to detect
the cosmic background radiation predicted by
Alpher and Herman. However, it was acciden-
tally discovered first by Arno A. Penzias and
Robert W. Wilson at Bell Telephone Labora-
tories in 1965. They were using a large radio
horn antenna as part of a communication satel-
lite program when they detected microwave ra-
diation coming uniformly from all directions
and corresponding to a temperature of about
3 kelvins. Since the signal was so uniform, they
thought it might be due to some instrumental
noise. Pigeons roosted in the antenna, and
Penzias described “a white sticky dielectric sub-
stance coating the inside of the antenna.”
Chasing away the pigeons and cleaning out
their droppings did not get rid of the signal.
Eventually it was identified by Dicke and his
colleagues at Princeton University as the relic
radiation from the primeval fireball predicted
by Alpher and Herman. In 1978, Penzias and
Wilson received the Nobel Prize in Physics for
their serendipitous discovery that provided con-
vincing confirmation of a big bang origin for the
universe.

Measurements from Earth-orbiting space-

craft such as the Cosmic Background Explorer
(COBE), launched in 1989, and the Wilkinson
Microwave Anisotropy Probe (WMAP), launched
in 2003, as well as high-altitude balloons
launched from Antarctica, including the Bal-
loon Observations of Millimetric Extragalactic
Radiation and Geomagnetics (BOOMERANG)
project, have shown that the microwave back-
ground spectrum perfectly fits a thermal radia-
tor at a temperature of 2.73 kelvins. The shape
of the spectrum is exactly what would be ex-
pected for radiation from the early universe,
when matter and radiation were in thermal
equilibrium; the shape of the original blackbody
spectrum has been preserved during the subse-
quent expansion and cooling. However, the
background radiation is not precisely uniform
in all directions. There are temperature varia-
tions of up to about 0.00001 kelvin over regions
with an angular size of about one degree of arc.
These variations are thought to represent slight
differences in density in the early universe that
ultimately produced the “lumpy” universe of
clusters of galaxies that we observe today.

The equations that describe the expansion of
the universe can be extrapolated back to very
early times of incredibly high densities and tem-
peratures, but only to about 10-43 second (called
the Planck time). Before that time, conditions
were so extreme (for example, temperatures in
excess of 1032 kelvins) that the current under-
standing of physics breaks down. Scientists be-
lieve that, at that time of high temperatures
and correspondingly high energies, the four
fundamental forces of nature—gravity, strong
nuclear, weak nuclear, and electromagnetic—
were indistinguishable from one another, or
“unified.” However, physicists have no work-
able “theory of everything” (TOE) to describe
this unification of forces. At about the Planck
time, gravity would have separated (or “frozen
out”) from the other three forces as temperature
and energy decreased. After about 10-35 second,
when the temperature had decreased below
about 1028 kelvins, the strong nuclear force sep-
arated from the other two. The energy released
by this “freeze out” of the strong nuclear force
may have initiated a brief period of cosmic infla-
tion, during which the universe increased in
size by a factor of 1050 in 10-32 second.
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High-energy elementary particle physics has
been employed to work out more details of the
early development of the universe and its con-
tents. The first particles and antiparticles that
would have materialized from energy according
to ideas about mass-energy equivalence (as ex-
pressed by Einstein’s famous equation E = mc2)
and particle-antiparticle pair creation are not
well understood, although unified field theories
are beginning to suggest their possible proper-
ties. At the very high temperatures of the early
universe, particles moved so fast that they
avoided any interaction, but as the universe
cooled they could interact to produce new forms
of matter, leading to an era dominated by
quarks. The known laws of physics can account
for the particles that would have existed after
about 10-12 second at a temperature of about 1016

kelvins. At that time, space was filled with pho-
tons, quarks, and leptons (electrons, neutrinos,
and the like), along with their antiparticles.

After 10-6 seconds, the universe had cooled
enough so that no more quark-antiquark pairs
could be created. From then on, quarks and
antiquarks mutually annihilated each other,

producing a brilliant fireball
of gamma-ray photons. Equal
numbers of quarks and anti-
quarks had been produced,
but some asymmetry resulted
in a slight excess of quarks
over antiquarks by about one
part in a billion. It seems that
the asymmetry may occur in
the weak nuclear force, which
provides a way for antiquarks
to decay but no equivalent way
for quarks. After the quark-
antiquark annihilations were
over, all the antiquarks and
most of the quarks were gone,
but about one quark in a billion
had survived; they combined
to form protons and neutrons,
which went on to become the
matter in the universe today.

Neutrons decayed into pro-
tons by emitting electrons and
antineutrinos, and protons
combined with electrons to

form neutrons and neutrinos. They were kept
nearly equal in number by thermal equilibrium
as long as electrons were abundant. When the
universe was a few seconds old and the temper-
ature fell to about 6 billion kelvins, photons no
longer had enough energy to produce electron-
positron pairs. Soon, all positrons and all but
one electron out of a billion had mutually anni-
hilated in another burst of gamma-ray photons.
With so few electrons remaining, no new neu-
trons were formed, and the number of neutrons
declined as they decayed into protons.

Before all the neutrons decayed, some joined
with protons to form nuclei of deuterium (also
called heavy hydrogen). However, while the
universe was hot enough, gamma-ray photons
could break deuterium nuclei apart. After about
three to four minutes, when the temperature
had dropped below about 1 billion kelvins, pho-
tons no longer had enough energy to break up
deuterium nuclei, so they could survive. In
rapid succession, the deuterium nuclei then col-
lided with protons and neutrons to form helium
nuclei, and soon almost all the remaining neu-
trons combined to form helium. When this
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This artist’s rendering shows how the universe might have looked shortly
after the big bang, when matter began to form into stars. (NASA/JPL-
Caltech/R. Hurt, SSC)



nucleosynthesis began, there was about one
neutron for every six protons. Using almost all
the neutrons to form ordinary helium nuclei re-
sulted in one helium nucleus (two protons and
two neutrons) for every ten hydrogen nuclei
(each just a single proton), and this very closely
matches the cosmic abundance of helium and
hydrogen observed today. A few lithium nuclei
and even fewer beryllium nuclei also formed,
but the temperature dropped too quickly for
there to be time to form heavier nuclei. After
about fifteen minutes, the temperature had
dropped below 400 million kelvins, and nucleo-
synthesis ended. (The heavier elements eventu-
ally formed at much later times through nuclear
fusion reactions in stars.) Throughout the early
universe, the radiation density exceeded the
matter density, but radiation density decreased
more rapidly than matter density. After several
thousand years, the two densities were equal,
and from that time on, matter has been domi-
nant.

When nucleosynthesis ended, one electron
remained for each free or bound proton in hy-
drogen and helium nuclei, but the universe was
too hot for electrons to combine with nuclei to
form neutral atoms. Free electrons are very ef-
fective at scattering photons, so the universe
was opaque to electromagnetic radiation. The
universe expanded for several hundred thou-
sand years before it was cool enough (about
3,000 kelvins) for electrons to combine with nu-
clei to form neutral atoms. When this happened,
the lack of free electrons made the universe
transparent to electromagnetic radiation, and
photons were free to travel through space. This
decoupling of matter and radiation was the
source of the cosmic microwave background ra-
diation. As the universe continued to expand, it
stretched the wavelengths and effectively
cooled the primeval “relic” radiation until it
reached the present temperature of 2.73 kel-
vins.

APPLICATIONS

The cosmological interpretation of redshifts
attributes these spectral shifts to the stretch-
ing of wavelengths of electromagnetic radia-
tion as space expands. The greater the redshift,
the more space has expanded since the electro-

magnetic radiation was emitted, and the far-
ther back in time one can observe. The Hubble
law expresses basically the same idea; the
greater the redshift, the farther away the
sources and the greater the travel time of elec-
tromagnetic radiation to reach Earth. This abil-
ity to look back in time aids our understanding
of distant objects with large redshifts. Such ob-
jects are seen as they were billions of years ago
during early stages in the evolution of the uni-
verse.

For example, quasars (quasi-stellar radio
sources) are mostly unresolved sources with
very small angular sizes having very large
redshifts and often rapid and erratic changes in
brightness. If their redshifts are cosmological (a
few astronomers dispute this assertion), then
they are very distant. This conclusion, coupled
with their apparent brightness, implies that
they are incredibly luminous. Their rapid
changes in brightness mean they are relatively
small in actual size. All of this taken together
suggests that they likely are extremely ener-
getic compact phenomena in young galaxies,
possibly supermassive black holes forming at
the centers of developing galaxies.

The cosmic microwave background radiation
is extremely uniform in all directions, but it
does have a small asymmetry, being slightly
warmer systematically in one half of the sky
compared to the other half by a maximum of
about 0.007 kelvin. This is interpreted as due to
the motion of our solar system through the
background radiation field; the temperature
difference of 0.007 kelvin in thermal radiation
corresponds to a spectral Doppler shift pro-
duced by a speed of 380 kilometers per second.
Presumably this speed is a combination of the
movements of our solar system in the Milky
Way galaxy, the Milky Way galaxy in the Local
Group of galaxies, the Local Group relative to
the Virgo supercluster of galaxies, and maybe
other motions as well.

The measured temperature of the cosmic mi-
crowave background radiation makes it possi-
ble to calculate the expected cosmic abundances
of light elements: about 74 percent (by mass) hy-
drogen, 26 percent helium, a thousandth of a
percent deuterium, and a millionth of a percent
lithium. All these match the measured abun-
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dances within the observational uncertainties.
Since no other source for deuterium production
is known, these measurements provide addi-
tional confirmation for the standard big bang
model.

The uniformity of the cosmic background ra-
diation implies thermal equilibrium through-
out the universe, even in regions so far apart
that electromagnetic radiation has not had time
to travel from one to the other. In the early
1980’s, Alan Guth proposed “inflation” as a solu-
tion to this “horizon problem.” He suggested a
very early period of rapid expansion at an expo-
nential rate, when the universe increased in
size by a factor of 1050 in 10-32 second. Before in-
flation, the universe would have been small
enough for electromagnetic radiation to travel
between all parts of it.

Uniformity also raises a “galaxy problem.”
How could galaxies and stars form in such a uni-
form universe? Fine-scale sky maps of the cos-
mic background radiation made with data from
sensitive detectors on the COBE and WMAP
spacecraft and BOOMERANG balloons show
small temperature (and hence density) varia-
tions in the early universe that could have
grown by gravity to develop into clusters and
superclusters of galaxies. The density varia-
tions probably are due to small random quan-
tum fluctuations in the very early universe.

The discovery of the W and Z particles in
1983 by Carlo Rubbia and Simon van der Meer
provided support for the electroweak theory,
which predicts the electromagnetic force and
the weak nuclear force become “unified” or in-
distinguishable from each other at tempera-
tures above about 1015 kelvins. The quark the-
ory predicts a weakening of the strong nuclear
force at even higher temperatures; grand uni-
fied theories (GUTs) propose that the strong nu-
clear force is unified with the electromagnetic
and weak nuclear forces at temperatures above
about 1027 kelvins. Theories of everything
(TOEs) go still further and suggest the unifica-
tion of gravity with the other three forces at
temperatures above about 1032 kelvins.

The high temperatures required to unify the
forces occurred shortly after the big bang, mak-
ing the very early universe a high-temperature
laboratory in which it may be possible to test

these theories. Gravity would have decoupled at
the Planck time, 10-43 second. The decoupling of
the strong nuclear force at about 1027 kelvins
would have occurred after about 10-35 second
and may have released the energy that drove
the sudden inflationary expansion of the uni-
verse. The last decoupling of the weak nuclear
and electromagnetic forces would have occurred
at 10-11 second, when the temperature had
cooled to 1015 kelvins.

CONTEXT

Several competing theories have attempted
to avoid the creation implications of the big
bang theory, but they have not been able to sus-
tain successful alternatives. One of the first was
Einstein’s early attempt to obtain a solution for
a static universe and his introduction of an arbi-
trary cosmological constant to balance gravita-
tional attraction. When it was later shown that
his field equations of general relativity without
the cosmological constant were compatible with
the observed expansion of the universe, Ein-
stein is reported by Gamow to have remarked
that the cosmological constant was the greatest
blunder of his life. It is ironic that the early era
of cosmic inflation and the recently discovered
acceleration of the expansion both involve re-
pulsive forces similar to Einstein’s original cos-
mological constant.

The most serious attempt to defeat the big
bang theory was the steady state theory of the
universe, introduced in 1948. About the same
time that Gamow and his colleagues were work-
ing out the details of a Lemaître-type explosive
origin, the British cosmologists Hermann
Bondi, Thomas Gold, and Fred Hoyle were de-
veloping an alternative—the steady state con-
tinuous creation model. It was Hoyle who coined
the term “big bang” as a derogatory name for the
Lemaître-type primordial explosion. However,
the name is short and catchy, and it was quickly
adopted by most astronomers and physicists no
matter which side (if either) they supported.

The steady state theory did not invoke a mo-
ment of creation for the entire universe but as-
sumed instead the continuous creation of new
matter throughout space at a rate that keeps
the mean density of the universe constant for all
times as the universe expands. Continuous cre-
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ation would occur so gradually that it could not
be observed until enough matter had been cre-
ated to form stars and galaxies. Such a steady
state universe would be infinite and eternal.
Ironically, it required the religious idea of cre-
ation ex nihilo (from nothing) to avoid another
religious idea of a unique creation event in the
remote past (the big bang).

Although the steady state theory provided
the main competition for the big bang theory
during the 1950’s and early 1960’s, it did not
stand the test of time. Since stars and galaxies
would form throughout space from the continu-
ous creation of new matter, young and old galax-
ies should exist side by side. This is contrary to
the evidence that galaxies all formed at about
the same time, and the galaxies that seem to be
much younger (such as quasars) are observed
only at great distances and hence at great times
in the past. The steady state theory was virtu-
ally abandoned after the 1965 discovery of the
cosmic background radiation, the relic radia-
tion predicted from the big bang fireball. Even
Hoyle, chief spokesman for the steady state the-
ory, helped work out some details of the stan-
dard model of the big bang in 1967.

One other attempt to avoid a finite age for the
universe was the idea of an oscillating universe.
If the density of matter in the universe were
large enough eventually to reverse its expan-
sion by gravitational attraction, the universe
would collapse toward a “big crunch.” The oscil-
lating universe theory proposed that another
big bang might follow each big crunch, giving
rise to a series of oscillations between succes-
sive big bangs, extending indefinitely into the
past and future. However, such speculation was
laid to rest by the discovery in the 1990’s that
the expansion of the universe is accelerating, so
no contraction seems possible.

Joseph L. Spradley and Richard R. Erickson

FURTHER READING

Barrow, John D., and Joseph Silk. The Left
Hand of Creation. New York: Basic Books,
1983. A readable account of the origin and
evolution of the expanding universe by two
astronomers with a good grasp of cosmology.
Discusses many theories and problems asso-
ciated with the big bang model, and includes

a good glossary of astrophysical terms and an
index.

Chaisson, Eric, and Steve McMillan. Astronomy
Today. 6th ed. New York: Addison-Wesley,
2008. Very well written college-level text-
book for introductory astronomy courses.
Two chapters provide a thorough description
of the big bang and the evolution of the uni-
verse afterward.

Fraknoi, Andrew, David Morrison, and Sidney
Wolff. Voyages to the Stars and Galaxies.
Belmont, Calif.: Brooks/Cole-Thomson Learn-
ing, 2006. A well-written, thorough college
textbook for introductory astronomy courses.
One chapter contains a good description of
the big bang and its aftermath.

Freedman, Roger A., and William J. Kaufmann
III. Universe. 8th ed. New York: W. H. Free-
man, 2008. College-level introductory astron-
omy textbook, thorough and well-written.
One chapter contains a good description of
the big bang and its aftermath.

Hawking, Stephen W. A Brief History of Time:
From the Big Bang to Black Holes. New York:
Bantam Books, 1988. A very popular and
readable account of the development of cos-
mology and the big bang theory. Includes a
helpful glossary and an index.

Jastrow, Robert. God and the Astronomers. New
York: Warner Books, 1978. A brief but inter-
esting history of the discovery of the expand-
ing universe and development of the big bang
theory. Contains many historical photo-
graphs of the originators of the theory and
supplements on its theological implications.

Lang, Kenneth R., and Owen Gingerich, eds. A
Source Book in Astronomy and Astrophysics,
1900-1975. Cambridge, Mass.: Harvard Uni-
versity Press, 1979. This volume contains
many of the original articles that established
the ideas of the expanding universe and the
big bang theory, with good introductory sec-
tions for each. Contributors include Einstein,
Hubble, Friedmann, Lemaître, and Gamow.
Some articles are technical, but much can be
understood by the general reader.

Schneider, Stephen E., and Thomas T. Arny.
Pathways to Astronomy. 2d ed. New York:
McGraw-Hill, 2008. Very thorough college
textbook for introductory astronomy courses.

Big Bang The Solar System

30



Divided into short units on specific topics.
Several units provide a thorough discussion
on the big bang and the evolution of the uni-
verse afterward.

Silk, Joseph. The Big Bang. Rev. ed. New York:
W. H. Freeman, 1989. A good introduction to
the standard model of the big bang theory. In-
cludes a good glossary, index, and a thirty-
five-page section on mathematical details.

Trefil, James S. The Moment of Creation: Big
Bang Physics from Before the First Millisec-
ond to the Present Universe. New York:
Charles Scribner’s Sons, 1983. A good intro-
duction to the big bang theory. Includes a dis-
cussion of grand unification and inflationary
theories.

Weinberg, Steven. The First Three Minutes.
New York: Bantam Books, 1977. An excellent
introduction to the details of the standard
model of the big bang by a leading theoretical
physicist and Nobel laureate.

See also: Cosmic Rays; Cosmology; Electro-
magnetic Radiation: Nonthermal Emissions;
Electromagnetic Radiation: Thermal Emissions;
General Relativity; Interstellar Clouds and the
Interstellar Medium; Milky Way; Novae, Burst-
ers, and X-Ray Sources; Solar System: Element
Distribution; Space-Time: Distortion by Grav-
ity; Space-Time: Mathematical Models; Stellar
Evolution; Supernovae; Universe: Evolution;
Universe: Expansion; Universe: Structure.

Brown Dwarfs
Category: The Stellar Context

Between the giant planets such as Jupiter,
in which no nuclear reactions occur, and
the small red dwarf stars, in which nuclear
reactions produce energy, objects exist
whose mass is almost great enough to have
initiated a few nuclear reactions but which
mostly just radiate the heat that nearly ig-
nited them. Known as brown dwarfs be-
cause of the feeble infrared light they emit,
the first of these was unequivocally identi-
fied only in 1995.

OVERVIEW

Brown dwarfs are defined as objects with
masses intermediate between stars and plan-
ets—not massive enough to fuse ordinary hy-
drogen nuclei (consisting of single protons, H1)
into helium in their cores as “real” stars do at
some stage, but massive enough to generate en-
ergy briefly by nuclear fusion of deuterium
(heavy hydrogen consisting of a proton and a
neutron, H2). Theoretical calculations indicate
that the upper mass limit is about 7 to 8 percent
(1

14 to 1
14 ) the Sun’s mass, or about 70 to 80 times

Jupiter’s mass; above this, ordinary hydrogen
fusion occurs. The lower mass limit is estimated
to be about 1.0 to 1.7 percent (1

100 to 1
60) the Sun’s

mass, or about 10 to 17 times Jupiter’s mass; be-
low this, no nuclear reactions of any sort can oc-
cur and the object simply is a large planet, a
“super-Jupiter.” Some astronomers prefer to re-
serve the term “star” for objects massive enough
to initiate ordinary hydrogen fusion, and these
astronomers call brown dwarfs “failed stars” or
“almost stars” or “substellar objects.”

Because of their low mass, brown dwarfs
have low temperatures by stellar standards.
Their surface temperature is 2,000 kelvins (de-
grees above absolute zero) or less. In contrast,
the Sun—by no means a very hot star—has a
surface temperature of about 6,000 kelvins.
They are called brown dwarfs because, due to
their low surface temperature, most of their
electromagnetic radiation is in the infrared part
of the spectrum; at visible wavelengths they
glow faintly with a dim, dark red color. Their di-
ameter is about 1

10 the Sun’s diameter, which
makes them about the same size as Jupiter.
Their surface area and its temperature deter-
mine their luminosity, which ranges from about
1

10 000, down to 1
1 000 000, , (10-4 to 10-6) of the Sun’s lu-

minosity.

METHODS OF STUDY

Astronomer Jill Tarter coined the name
“brown dwarf ” in 1975 for hypothetical objects
in between stars and planets. In subsequent
years, other astronomers predicted their ap-
pearance and physical properties, postulating
that our Milky Way galaxy contained many of
them because slightly more massive red dwarf
stars are so abundant.
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Tarter’s speculation touched off a search for
brown dwarfs by many of the world’s major ob-
servatories. The problems in identifying such
objects were formidable. Brown dwarfs are very
cool and faint, emitting very weak electromag-
netic radiation primarily at near-infrared wave-
lengths of a few microns (10-6 meters). Predicted
spectral signatures included absorption bands
due to water (H2O) and methane (CH4), since
such stars would be cool enough for these com-
pounds to form; in both compounds the bonds
between the hydrogen atoms and the central ox-
ygen or carbon atom absorb energy in a narrow
band of wavelengths within the near-infrared
part of the spectrum.

Even more conclusive spectral evidence is
provided by the element lithium. Small
amounts of the isotope lithium 7 (Li7) were pro-
duced in the big bang. Li7 can undergo nuclear
reaction when bombarded with a proton; its nu-
cleus splits, and two atoms of helium 4 (normal
helium, He4) are formed. This happens, how-
ever, only at the temperatures found in “real”
stars. A brown dwarf is cool enough for lithium

to be consumed only very slowly, if at all. Aspec-
trum showing an absorption feature at the
wavelength characteristic of lithium, 0.67 mi-
cron, is almost certain confirmation that the ob-
ject in question is a brown dwarf.

The first bodies to be identified as brown
dwarfs were Teide 1 in the Pleiades and Gliese
229B, part of a binary star system with the true
star Gliese 229, located in the constellation
Lepus (the Hare). Since Gliese 229’s distance
from the Earth was known, the brown dwarf’s
distance was also known: about 19 light-years.
Teide 1 is much farther away (about 400 light-
years) and harder to observe. Although Teide 1
was discussed in the research literature before
Gliese 229, it had to await final confirmation
while the identification of Gliese 229B became
fully established. In 1995 Gliese 229B was the
subject of two papers: one published in Science,
which provided methane spectral evidence, and
the other in Nature, which provided lithium
data. Because the methane absorption is so
strong, Gliese 229B is considered to be sur-
rounded by a thick methane atmosphere, some-

what like Jupiter. The lithium
absorption was the final piece
of evidence, confirming that
Gliese 229B is a brown dwarf.

Enough brown dwarfs have
now been discovered that they
have been assigned spectral
types L and T as an extension
of the existing sequence of
stellar spectral types O, B, A,
F, G, K, and M. Type M refers
to the “real” stars with the
coolest surfaces, down to about
2,000 kelvins. Type L is ap-
plied to brown dwarfs with
surface temperatures between
2,000 and 1,300 kelvins. Their
spectra are characterized by
absorption bands and lines due
to water, carbon monoxide,
metal hydrides, sodium, potas-
sium, cesium, and rubidium.
Type T refers to brown dwarfs
with temperatures from 1,300
kelvins on down (perhaps to
about 700 kelvins). Their spec-
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An artist’s conception of the brown dwarf OTS 44, about fifteen times
the size of Jupiter, at the center of a protoplanetary disk. (NASA/JPL-
Caltech)



tra are characterized by absorption bands of
water and methane. Teide 1 is an example of
type L, and Gliese 229B is an example of type T.
Our understanding of the cooling rate of brown
dwarfs is that they start out as type L, and after
no more than about 1 billion to 2 billion years
they have cooled down to type T.

CONTEXT

The actual detection of brown dwarfs after
their existence was predicted helped fill in theo-
ries about the formation of stars and planets.
Red dwarf stars (also called red main sequence
stars, of spectral type M and luminosity class V)
with masses down to about 7 or 8 percent of the
Sun’s mass are the least massive “real” stars,
slowly fusing hydrogen into helium in their

cores. Many such stars are known; they are
the most common type of star found in our so-
lar neighborhood, and presumably throughout
the Galaxy. Then there are the giant planets
like Jupiter and Saturn, with masses less than
0.1 percent of the Sun’s mass. They have nearly
the same elemental abundance as young stars
(mostly hydrogen, most of the rest helium, and
small amounts of other elements), but they lack
the mass to have generated high enough tem-
peratures by gravitational contraction to have
initiated hydrogen fusion. Theory suggested
that between red dwarf stars and giant planets
like Jupiter and Saturn there should exist a
class of intermediate objects—objects that gen-
erated substantial heat as they first contracted,
perhaps enough to fuse deuterium (heavy hy-
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The brown dwarf TWA 5B (center) is shown with the Sun on the left and Jupiter on the right for size comparison.
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drogen), but not enough to fuse protons (ordi-
nary hydrogen nuclei) into helium. The success-
ful identification of brown dwarfs and the
continuing discovery of increasing numbers of
them suggest a continuity in the mass distribu-
tion function (the number of objects as a func-
tion of mass) from stars down to planets. In fact,
brown dwarfs may outnumber ordinary stars in
the Galaxy.

Robert M. Hawthorne, Jr.
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C
Callisto
Categories: The Jovian System; Natural

Planetary Satellites

Study of Callisto, Jupiter’s outermost nat-
ural satellite, has led to insights into the
formation of the solar system, the possibili-
ties for extraterrestrial life, and the protec-
tion from comet impacts that Jupiter gives
to the inner planets of the solar system.

OVERVIEW

Callisto is the outermost of the four major
satellites of the “gas giant” planet Jupiter. It
was discovered with one of the earliest tele-
scopes by Galileo Galilei in 1610. Hence, it is of-
ten referred to as one of the Galilean satellites.
Callisto is one of the largest satellites in the so-
lar system, ranking third behind Jupiter’s
Ganymede and Saturn’s Titan. With a diameter
of 4,800 kilometers (2,985 miles), it is nearly the
size of the planet Mercury. Callisto is also tid-
ally locked to Jupiter, meaning that its “day” is
the same length as its month, 16.82 Earth days.
As a result, the same side of the satellite always
faces Jupiter, just as the Moon always presents
the same face toward Earth.

If the Galilean satellites had personalities,
Callisto would be a frail old man. Unlike the
young and vibrant Io, Callisto has neither volca-
noes nor large mountains anywhere on its sur-
face. In fact, its total lack of geological activity,
both above and below the surface, means that
its surface most likely resembles what the satel-
lite looked like during its formation. This is at
least partly due to the lack of tidal forces from
nearby Jupiter. The lack of squeezing and pull-
ing from Jupiter’s gravity reduced the heat and
energy within the satellite, leading to a rela-
tively tranquil geology. This unique surface
gives astronomers and geologists a glimpse of
not only the primordial Jovian system but also
the primordial solar system.

Callisto’s surface is twice as bright as Earth’s

moon but still much darker than the surfaces of
its Jovian siblings. The first few kilometers of
the surface layer is primarily ice, with a darker
material having leaked in at some point.
Callisto’s surface is uniformly covered in craters
and is thought to be the most cratered satellite
in the solar system. These impacts are the pri-
mary force that has shaped the planet, and
sometimes great rings appear around the im-
pact craters. The two largest features, Valhalla
and Asgard, are respectively 3,000 kilometers
(1,865 miles) and almost 1,600 kilometers
(1,000 miles) in diameter. While impacts have
been the primary force in shaping Callisto’s sur-
face, data from the Galileo space probe in the
late 1990’s showed that some minor erosion has
occurred. This erosion is thought to be carbon
dioxide sublimating through cracks in the sur-
face ice.

Along with these large impact craters, there
are numerous crater chains, or catenae. After
the 1979 Voyager flybys, the catenae were
thought to be the result of debris from asteroid
impacts. This idea was called into question after
the spectacular impact of Comet Shoemaker-
Levy 9 into Jupiter’s atmosphere during late
May, 1994. This comet had come within a spe-
cial distance from Jupiter, known as the Roche
limit, and been broken up by the force of gravity.
What was once one large comet was now a series
of fragments traveling in formation. This event
gave credibility to the idea of comets colliding
with planets and satellites and has helped to ex-
plain Callisto’s pockmarked surface.

While the surface has given scientists rela-
tively overt information about the satellite’s
past, Callisto’s interior remains shrowded in
mystery and conjecture. With a density of 1.86
grams/centimeter3, Callisto’s density is the
smallest of the major Jovian satellites. Scien-
tists at the National Aeronautics and Space Ad-
ministration (NASA) believe that Callisto is
made up of roughly equal parts rock and ice, but
the exact internal structure is unclear. Early
observations led Galileo scientists to believe
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that Callisto is undifferentiated, meaning it has
the same composition throughout.

Most rocky bodies in the solar system, such
as Earth, have multiple layers that form during
their creation. Molten materials tend to sepa-
rate out, or differentiate, due to density. Within
Earth, for instance, there is a dense core of iron
and some nickel. Moving away from the core are
different layers of decreasing density. Initial
readings from Galileo showed that this process
had not taken place in Callisto. Newer data,
from subsequent flybys, do not directly contra-
dict this hypothesis but have made planetary
scientists less certain. Further evidence for an
undifferentiated interior comes from data show-
ing that Callisto also lacks its own magnetic
field, suggesting a lack of a metallic core.

Curiously enough, however, Callisto does al-
ter Jupiter’s magnetic field within its vicinity.
Because this perturbation in the field arises
from increased conductivity within the planet,
scientists speculate that a subsurface ocean

may exist. Only an ocean with the salinity simi-
lar to Earth’s oceans could explain the readings.

Callisto also has an extremely thin atmo-
sphere composed primarily of carbon dioxide.
With a pressure millions of times lower than
Earth’s, the atmosphere appeared, based on
data from the Galileo flybys of 1998-1999, to
have formed relatively recently. These data led
scientists to believe that the atmosphere was
no more than four years old and due to a combi-
nation of processes known as photoionization
and magnetospheric sweeping. Photoionization
takes place when ultraviolet rays (the same
rays that cause sunburns) come in contact with
individual carbon dioxide (CO2) molecules; each
CO2 molecule ejects an electron, similar to the
way a solar calculator generates current. Re-
moval of an electron causes the molecule to be-
come charged. Since charges interact with mag-
netic fields, Jupiter’s enormous magnetic field
acts like a giant broom and sweeps these ionized
particles away from Callisto. Left unchecked,

this process would eventually
cause Callisto’s atmosphere to
fade away.

If the atmosphere is not tran-
sient, the carbon dioxide gas
must be replenished on a con-
tinual basis. The obvious source
of CO2 gas is Callisto’s icy sur-
face. This ice would have to be
located in a region that is per-
manently shadowed, away from
direct light and protected from
ionization. It has also been sug-
gested that much of the carbon
dioxide that exists on the satel-
lite’s surface, as well as this ten-
uous atmosphere, comes from
the comet impacts that Callisto
has sustained.

KNOWLEDGE GAINED

The vast majority of Callisto
data comes from the Voyager
flybys of the late 1970’s and
the multiple flybys of the Gali-
leo spacecraft during the late
1990’s. Before that, the satellite
was, at best, a foggy image in
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Jupiter’s pockmarked moon Callisto, as imaged from the Galileo space-
craft in 2001. (NASA/JPL/DLR)



ground-based professional tele-
scopes and a minuscule, but pre-
dictable, pinprick of light in back-
yard telescopes. Even Hubble
Space Telescope images taken in
October of 1995 showed a blurry
surface. Only uncrewed space
probes would produce the infor-
mation needed to gain further
understanding.

Both Voyagers 1 and 2, which
took images on their way to the
outer solar system, revealed a
relatively dead world, battered
by impact craters. Two decades
later, Galileo returned to focus
purely on the Jovian system. Its
more sophisticated instruments
offered higher-resolution imag-
ery, magnetometric information,
and spectroscopic information.

Galileo’s most significant dis-
covery about Callisto was the
possibility of an underground
ocean, similar to Earth’s oceans.
The discovery of water in the so-
lar system is always a major
event because it is thought to be
an essential ingredient for life. Water was al-
ready thought to exist on nearby Europa, and
great efforts were made to ensure that Galileo
would not contaminate the surface. This in-
cluded deliberately driving the probe into Jupi-
ter’s atmosphere at the conclusion of the mis-
sion. Water on Callisto was a much bigger
surprise. Could Callisto now be added to the
small, but growing, list of potentially fertile
worlds within our solar system?

The possibility of a subsurface ocean arises
from data on the local magnetic field around
Callisto. Callisto does not possess an interior
magnetic field but orbits well within the bound-
ary of Jupiter’s magnetic field. During multiple
flybys, Galileo measured this magnetic field
and detected fluxuations in its intensity. The lo-
cal magnetic environment around Callisto is
similar to an electromagnet. Whereas electro-
magnets have magnetic fields that are induced
by the flow of electrons through a looped wire,
Jupiter’s magnetosphere does the opposite, cap-

turing charged particles from the solar wind
and creating electric currents in space. Galileo’s
instruments showed that this magnetic field
was altered by increased conductivity from the
satellite itself. While surface ice would not have
any effect, the phenomenon could be explained
by a subsurface ocean with a salinity level simi-
lar to Earth’s oceans, conduction of current due
to the presence of dissolved salts. This hypothe-
sis is supported by the fact that similar data
were taken at Europa, where planetary scien-
tists are more confident that water exists below
the surface.

More controversial is the continuing debate
over Callisto’s differentiation, or lack thereof.
This controversy arose from data regarding
Callisto’s moment of inertia, a measurement of
mass that indirectly comes from a body’s rota-
tion. This is the phenomenon that controls an
ice skater’s rotation, increasing it if the arms
are brought close to the body and decreasing it
when the arms are extended outward. Plane-
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Taken in 1979 by one of the Voyager spacecraft from about 200,000 ki-
lometers, this image of Callisto shows a multiple-ring basin. (NASA/
JPL)



tary scientists take this information one step
further to determine the composition of a planet
or satellite. A moment of inertia of 0.40 would
mean that Callisto is totally undifferentiated.
Data from multiple passes by Galileo showed a
moment of just 0.38, within one standard devia-
tion of theoretical uniformity. This debate is
likely to continue for many years, until another
spacecraft is sent. Regardless of the answer, the
idea that Callisto is not as differentiated as
Ganymede, a satellite similar in size and in dis-
tance from Jupiter, hints at an interesting be-
ginning of the Jovian system. Answering the
question of Callisto’s interior will give scientists
insight into planet and satellite formation.

While its innards will remain a mystery,
Callisto’s surface has helped astromoners un-
derstand more about comets, comet impacts,
and Jupiter’s role as protector of the solar sys-

tem’s inner planets (those between it and the
Sun). Before the discovery of Comet Shoe-
maker-Levy 9, the idea of comets impacting
planets was not universally accepted. Watching
the comet slam into giant Jupiter, and the sub-
sequent “bruises” it temporarily left behind,
made the idea of cometary impacts more accept-
able. Scientists also learned that it was Jupiter
that caused the comet to split into fragments in
the first place, leading many to believe that the
gas giant has done this in the past. The fact that
crater chains exist on the Jupiter-facing hemi-
sphere of Callisto is evidence of past impacts
and further evidence that Jupiter is the vacuum
cleaner of the solar system, keeping the inner
planets safe from dangerous debris.

Finally, studying Callisto may reveal much
about the future of humankind, specifically the
possibilities of colonizing the solar system. Proj-
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The Galileo spacecraft returned data from Callisto that revealed that the Jovian moon may have a salty ocean un-
derlying its icy crust, as shown in this artist’s rendering. (NASA/JPL)



ect HOPE, or Human Outer Planet Exploration,
is a futuristic concept mission put forth by
NASA. Part of this exploration would include a
crewed mission to Jupiter, with a landing on
Callisto. Callisto is an optimal choice for a hu-
man landing for two reasons. The first is its icy
surface, which would provide both a source of
water, allowing astronauts to “live off the land,”
and an opportunity for a first-rate study of im-
pact geology. Second, Callisto’s orbit places it in
a region of low radiation from Jupiter. This re-
mote, icy outpost would make an excellent loca-
tion from which to study the Jovian system’s
past, present, and future.

CONTEXT

Callisto is a wonderful example of how taking
a second look leads to a different perception.
The Voyager images offered snapshots of Cal-
listo while racing through the solar system’s
highway. The Galileo probe effectively pulled
over and took a look around. Missions like Gali-
leo, which observed the Jovian system from late
1995 to 2003, and Cassini, which began observ-
ing Saturn in 2004, offer a chance to understand
the distant gas giant planets along with their
rocky satellites. Data from Galileo have pointed
to the possibility of water on Callisto and have
produced debates over its internal structure
and its trace of atmosphere—all from a world
previously thought dead. Callisto has shown
that every object in the solar system has a dis-
tinct and complicated personality, arising from
a mysterious past, and that we have a long way
to go when it comes to understanding our fellow
travelers around the Sun.

Michael P. Fitzgerald
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Ceres
Category: Small Bodies

Discovered in 1801, Ceres, named for the
Roman goddess of agriculture, is the larg-
est of the main-belt asteroids. For a short
time it was believed to be the eighth planet
in the solar system, but discovery of addi-
tional large main-belt asteroids influenced
astronomers to revoke its planetary status.
Discoveries of Pluto-sized objects in the
Kuiper Belt have once again brought Ceres
back into the discussion of what constitutes
the definition of a planet.

OVERVIEW

On the night of January 1, 1801, the Italian
astronomer Giuseppe Piazzi was observing the
heavens when he noted a faint object that did
not appear on his star charts. At first he thought
it might be a comet, but it did not have the typi-
cal “fuzzy” appearance associated with comets.
If not a comet, what could it be? By observing its
motion over the next several weeks, Piazzi was
able to determine that its orbital speed was
greater than that of Mars but slower than that
of Jupiter. This suggested to him that the object
must lie between the orbits of Mars and Jupiter.

Additional help came from the German
mathematician Carl Friedrich Gauss, who had
perfected a means of calculating orbital motion
based on limited observations. When he applied

his method to Piazzi’s observations, Gauss was
able to calculate where and when this mysteri-
ous object should next appear, and it did just as
he predicted. Within one year of Piazzi’s discov-
ery, Heinrich Olbers and Franz von Zach were
able to relocate Ceres and refine its 4.6 Earth-
year orbit. Later scientists were able to deter-
mine that it has a spherical shape with a 930-
kilometer diameter. In comparison to the Moon,
Ceres is one-third its size, but with only less
than 2 percent of its mass, giving it a much
lower density of 2.1 grams per cubic centimeter.

Piazzi’s observations and the calculations of
Gauss led many of the leading scientists of that
time to believe that a new planet had been dis-
covered. This conclusion seemed logical, based
on an earlier idea first suggested by Johann
Daniel Titius of Wittenberg and later champi-
oned by Johann Elert Bode. In 1792, Bode
pointed out an apparent mathematical relation-
ship between the distances of the various plan-
ets to the Sun. He suggested that the planets
were positioned at specific distances from each
other based on a mathematical ratio that would
later be referred to as Bode’s law. This worked
reasonably well for all the planets from Mercury
through Uranus, with the exception of an ap-
parent gap between Mars and Jupiter. When
Piazzi found his mystery object positioned in
this gap where Bode suggested a planet should
be, this seemed to be the observational confir-
mation of Bode’s law. Even though modern sci-
ence treats Bode’s law as more of an interesting
coincidence rather than a scientific law, it did
serve a purpose at that time and contributed to
the eventual discovery of Neptune.

Although initially proclaimed the eighth
planet in 1801, Ceres did not long retain its
planetary status. The excitement created in the
astronomical community by the discovery of
Ceres led to a systematic search of the heavens,
which centered on the plane of the ecliptic. Sci-
entists believed that many new and interesting
objects would soon be found, and they were
right. Within the next six years, three new as-
teroids—Pellas, Juno, and Vesta—were found
within the same general vicinity as Ceres. With
four minor bodies now occupying the same re-
gion of space, scientists concluded that no one
planet would fill the gap in Bode’s law. A new
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theory would have to be created to explain the
presence of so many small bodies occupying
planetary positions.

Since that time, many theories have been cre-
ated to explain the presence of the main-belt as-
teroids. One of the more popular, but incorrect,
theories described a large planet exploding and
creating a huge number of smaller bodies rang-
ing from the largest, Ceres, down to extremely
small meteoroid-sized fragments. Perhaps the
most widely accepted theory now describes a
“planet that never formed.” This theory can be
supported by the generally accepted nebular hy-
pothesis of planetary formation, which envi-
sions a final stage of accretion during which a
huge number of smaller bodies are attracted to
each other and form into a much larger object.
In the case of Ceres and the other main-belt as-
teroids, that final stage was interrupted and
they never fully accreted into a single large ob-
ject.

Beginning in the late twenti-
eth century, the study of Ceres
and its family of asteroids was
no longer regulated by the limi-
tations of Earth-based tele-
scopic observations. The Hub-
ble Space Telescope operating
well above the Earth’s atmo-
sphere revealed details never
before seen by surface-based
telescopes. In addition, modern
astronomers have the opportu-
nity to send their spacecraft-
borne instruments directly to
the asteroids to get close-up
views of their surfaces and ana-
lyze their mineralogical compo-
sitions. Several flyby spacecraft
missions have investigated a
number of smaller asteroids re-
vealing previously unimagined
surface conditions. One in par-
ticular, the NEAR Shoemaker
probe, first orbited and then ac-
tually landed on Eros, giving
scientists their first detailed
images from the surface of an
asteroid. The Japanese probe
Hayabusa is believed to have

landed on the surface of the asteroid Itokawa
and collected a sample for return to Earth. Data
returned by these missions have rewritten the
textbooks on what is known about asteroids.
The Dawn spacecraft, en route to both Ceres
and Vesta, was designed first to orbit Vesta
in 2011 and then leave orbit and go on to ren-
dezvous with and orbit Ceres in 2015. Dawn’s
mission was to collect sufficient data to help sci-
entists gain a better understanding of the condi-
tions present at the initial accretion stage of
planetary formation in the solar system.

Ceres is very different from Vesta. Studies
based on a comparison of densities and surface
reflectivity have shown that Ceres may have
what is considered to be a “wet” surface, com-
posed of water-bearing minerals, as opposed to
the “dry” surface minerals of Vesta. Some scien-
tists speculate that Ceres may have a total
amount of water locked up in its interior that
could rival that of the Earth’s surface, while
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An artist’s conception of the interior of Ceres, formerly classified as an
asteroid and now the only dwarf planet in the inner solar system.
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Vesta is more comparable to
Earth’s moon. Other Dawn ex-
periments should shed light on
the internal structure, shape,
composition, and mass of these
two primordial bodies. Scien-
tists have been able to deter-
mine that a particular class of
meteorites, the HED achon-
drites, is probably derived from
Vesta. It is believed that most
meteorites are fragments of
crustal material that was
blasted off an asteroid’s surface
during the accretion process or
from later impacts. This is
based on reflectivity studies of
minerals present on the surface
of Vesta and from radioisotope
chronology studies of the HED
meteorites. All evidence seems
to point to Vesta. No such data
exists for Ceres. This is why a
spacecraft mission to Ceres is so
important.

KNOWLEDGE GAINED

The discovery and later sci-
entific study of the asteroid
Ceres had a profound effect
both on our early view of the so-
lar system and on our subsequent understand-
ing of the origin and nature of planetary bodies.
At the time of its discovery (1801), Ceres repre-
sented another “new” object in the heavens that
was unknown to the ancient astronomers. It
had been less than fifty years since the return of
Halley’s comet (1758) had literally galvanized
the concept of gravity and its effects on motion,
and only twenty years after the discovery of
Uranus (1791). The discovery of three other as-
teroids would soon follow, but after 1807, no
other asteroid was detected until 1845.

The following year Neptune was discovered,
and astronomers had definitely moved into the
“modern era” with bigger and better telescopes,
technology that included spectroscopy and pho-
tography, and a more scientific perspective of
the universe. With Neptune recognized as the
eighth planet, the asteroids fell into their

proper place within the structure of the solar
system. The study of asteroids remained within
the domain of observational astronomers until
scientists and engineers could develop the tech-
nology to send their scientific instruments to
the planets and minor bodies. Once this hap-
pened, the outpouring of data changed our view
of the nature and origin of the planets.

To the early astronomers Ceres was only a
faint speck of light in the night sky. Today mod-
ern astronomers see it quite differently, primar-
ily as a result of the observations made by the
Hubble Space Telescope’s Advanced Camera for
Surveys. In 2005 astronomers observed Ceres
through a complete nine-hour revolution, tak-
ing 267 photographic images. From these obser-
vations astronomers were able to determine
that Ceres has a spherical shape with a diame-
ter slightly wider at the equator than at the
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Released in 2005, these six images of Ceres were captured by the Hubble
Space Telescope between December, 2003, and January, 2004. (NASA/
J. Parker et al., Southwest Research Institute)



poles. This suggests that it has a differentiated
internal structure with denser materials form-
ing a core and lighter materials closer to the sur-
face. Scientists suspect that, because Ceres’
density is much lower than Earth’s, large
amounts of water ice may exist either on the
surface of Ceres or buried within its crust. This
surmise is supported by spectral evidence for
water-bearing minerals that may be present on
the surface that are not representative of Ceres’
crystal rocks. Additional microwave studies
suggest that this surface material might be dry
clay. All considered, Ceres could turn out to be
the most Earth-like body in the solar system; it
may even be a haven for primitive forms of life.

CONTEXT

Clearly the asteroids hold many vital clues to
unraveling the mysteries surrounding the for-
mation of the planets. On the basis of their
respective sizes, densities, and chemical compo-
sitions, the planets in our solar system are di-
vided into three major groups: the terrestrial
(Earth-like) planets, the Jovian (Jupiter-like)
planets, and the dwarf planets. The third group
can be further divided into rocky objects like
Ceres and into ice bodies like Pluto. These dwarf
planets, rocky or ice, most likely represent a
fundamental primordial stage in the formation
of planets.

By studying these early remnants of plane-
tary formation, scientists can achieve a clearer
picture of their formative processes. Each group
will have its own distinctive secrets to reveal.
The rocky dwarf planets positioned between
Mars and Jupiter formed under conditions of
higher temperature, higher density, and higher
velocity than the icy worlds at the edge of the so-
lar system in the Kuiper Belt. It is believed that
at this distance from the Sun, these objects have
remained essentially unchanged over the last
4.6 billion years. In 2015, the New Horizons
spacecraft will visit Pluto and send back images
and data giving science its first close-up look at
this unknown world. In that same year the
Dawn spacecraft will orbit Ceres. Perhaps then,
with both worlds under study, science will be
able to fill in many of the gaps in our under-
standing of planetary formation.

Paul P. Sipiera
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range of readers.

See also: Comet Halley; Comet Shoemaker-
Levy 9; Comets; Dwarf Planets; Eris and
Dysnomia; Kuiper Belt; Meteorites: Achon-
drites; Meteorites: Carbonaceous Chondrites;
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the Moon and Mars; Meteors and Meteor
Showers; Oort Cloud; Planetary Classifications;
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Comet Halley
Category: Small Bodies

Halley’s comet is the brightest, most fa-
mous of the known periodic comets. Defini-
tive records of sightings go back more than
two thousand years. The comet travels
around the Sun roughly once every seventy-
six years in a highly eccentric retrograde
orbit inclined 20° to the ecliptic plane. Its
orbital period has enabled many observers
to see Halley’s comet twice during their life-
times.

OVERVIEW

For many years, the idea that comets were
“dirty snowballs” has generally been accepted
by astronomers. First proposed by Fred L.
Whipple in 1950, this was one of a number of dif-
ferent ideas about the makeup of comets. The
most popular idea was that they were “flying
sandbanks,” or collections of interstellar dust
and gas accreted as the Sun and planets periodi-
cally passed through vast clouds of interstellar
matter in their journey through the galaxy. The
Sun’s gravity then drew in the material that
eventually collected to form individual bodies.
This idea was popular during the first half of the
twentieth century and was championed by Brit-
ish astronomers R. A. Lyttleton and Fred Hoyle.
Since the middle of the nineteenth century,
meteor streams have been associated with com-
ets, and supporters of the “flying sandbank”
model of cometary nuclei suggested that the

particles within meteor streams arose from ma-
terial escaping from comets as they moved
through the solar system.

It is now widely believed that cometary nu-
clei are composed of material that condensed
from the solar nebula at the same time as did
the Sun and its planets. The European Space
Agency’s (ESA’s) and other spacecraft that in-
tercepted and studied Halley’s comet in March,
1986, detected copious amounts of carbon, ni-
trogen, and oxygen. The materials given off by
the comet signify that these objects were formed
in the outer regions of the solar system, where
the extremely low temperatures necessary for
them to solidify prevailed. Giotto revealed that
the nucleus of Halley’s comet is a tiny, irregu-
larly shaped chunk of ice coated by a layer of
very dark material measuring some 15 kilome-
ters long by 8 kilometers wide. This layer is
thought to be composed of carbon-rich com-
pounds and has a very low albedo, reflecting
merely 4 percent of incident light. This low re-
flectivity makes the nucleus of Halley’s comet
one of the darkest objects known. However, var-
ious bright spots were seen on the nucleus. A
hill-type feature was found near the terminator,
along with one resembling a crater located near
a line of vents. The vents seen on the nucleus ap-
pear to be fairly long-lived. Dust jets detected by
the Russian Vega 1 and Vega 2 probes appear to
have emanated from these vents, two of which
were also identified by Giotto. Possibly some of
the larger vents have survived successive peri-
helion passages.

Gas and dust that cause all the cometary ac-
tivity seen (including the coma and tail) ema-
nate from the nucleus via localized vents or fis-
sures in the outer dust layer. These vents cover
approximately 10 percent of the total surface
area of the nucleus. They become active when
exposed to the Sun and cease to expel material
when plunged into darkness as the nucleus ro-
tates. The force of these jets of material escap-
ing from the nucleus plays an important role in
the comet’s motion around the Sun, affecting its
orbital speed. Halley’s comet was several days
late in reaching perihelion during the last appa-
rition in 1986, a result of the jetlike effects of the
matter being expelled, as a consequence of New-
ton’s second law of motion. The late arrival of
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Halley’s comet was one of the fac-
tors examined by Swedish astron-
omer Hans Rickman, who at-
tempted to calculate the mass of
the nucleus from the amount of
ejected material. Linking the ejec-
tion rate to the delay in perihelion,
he judged the volume of the nu-
cleus to be between 50 and 130 cu-
bic kilometers. Measurements ob-
tained through spacecraft imagery,
however, revealed a volume closer
to 500 cubic kilometers. The only
conclusion was that the nucleus is
markedly porous and far less
dense than first anticipated, with
an average density of no more
than a quarter that of ice. This po-
rosity meshes with the belief that
comets formed in the outer regions
of the solar nebula, where mate-
rial coming together would remain
loosely bound rather than com-
pacting.

The fact that the nucleus of
Halley’s comet rotates is not in
doubt. What does remain unresolved is the pe-
riod of rotation. Using photographs of the comet
taken during its apparition in 1910, astrono-
mers calculated the rotation period to be 2.2
days around an axis that was fairly well aligned
with the poles of the comet’s orbit around the
Sun. Results obtained by the Giotto, Vega, and
Japanese Suisei probes appeared to support
this value. Ground-based observations carried
out during 1986, however, indicated a rotation
period of 7.4 days. This value was supported by
other ground-based observations, together with
results from the American Pioneer Venus or-
biter, which examined Halley’s comet when it
neared perihelion. Controversy ensued over
these differing values, although a possible ex-
planation has been suggested. The nucleus of
Halley’s comet could actually display both pe-
riods of rotation; one being spinning around its
axis and another the precession of the axis of
rotation. The combination of rotation and pre-
cession is still contested by certain astrono-
mers, to some extent because of the porosity of
the nucleus. Any precessional properties would

quickly disappear unless the nucleus were
fairly rigid.

Comets give off copious amounts of gas and
dust that spread out in tails across large areas
of space. Investigation of this material can re-
veal much about the composition of cometary in-
teriors. Many of the investigations carried out
by the European, Japanese, and Soviet space
probes were directed toward a survey of the ma-
terial ejected by Halley’s comet. These investi-
gations were supplemented by observations
both from ground-based astronomers and from
the American Pioneer Venus, International
Cometary Explorer (ICE), and International
Ultraviolet Explorer (IUE) spacecraft. As is the
case with the surface of Halley’s nucleus, the
dust thrown off by the comet was found to be
very dark and may have emanated from the sur-
face itself rather than the interior. Giotto and
Vega carried out analyses of the dust. They
found a mixture of different materials, includ-
ing the lighter elements oxygen, hydrogen, ni-
trogen, and carbon, and the heavier elements
silicon, iron, and magnesium. The amount of
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carbon found during the investigations coin-
cides quite well with the observed abundance of
this material elsewhere in the galaxy, indicat-
ing that comets are made of interstellar mate-
rial.

More than three-quarters of the gas ejected
from the nucleus was found to be water vapor,
which also appears to constitute more than 80
percent of the nucleus. The rate of production
varied during the interval the comet was exam-
ined by these space probes. Vega 2 found ap-
proximately 16 tons of water coming away from
the nucleus during its flyby, while Vega 1 de-
tected double that rate. These large changes are
reflected in the fact that Comet Halley’s bright-
ness sometimes varied by a factor of two or three
from night to night. The velocity of the ejected
vapor was found to be between 0.8 and 1.4 kilo-
meters per second. This was the first time that
water had been positively identified in a comet,
in spite of the fact that cometary nuclei were
widely thought to consist of a mixture of dust
and water ice. Carbon monoxide and carbon di-
oxide were also detected, although methane
was not found at all. This is strange, in that ei-
ther any methane which existed in the comet
may have been altered chemically during the
period since the formation of the comet or meth-
ane was lacking in the cloud of material from
which the comet formed. If there is methane in
Halley’s nucleus, it must constitute a very tiny
percentage of the total makeup.

Processes involved in the release of gas from
the nucleus may have played a prominent role
in the evolution of its surface. It has been sug-
gested that, as a comet approaches the Sun af-
ter spending its time in temperatures of approx-
imately 40 kelvins in the outer regions of the
Sun’s influence, warming effects of the Sun can
cause the ice within the nucleus to expand. This
would result in heat generation and release of
trapped gas. Some of this gas may collect in
pockets, which eventually explode, producing
craterlike features similar to that imaged by
Giotto.

METHODS OF STUDY

Halley’s comet is unusual (though not
unique) in that it is named for the astronomer
who first calculated its orbital path rather than

the person who discovered it. Edmond Halley
observed a bright comet in 1682, the impression
of this sighting staying with him and eventually
expanding into a deeper interest in comets. In
1705, Halley began a study of a number of
bright comets seen between 1337 and 1698.
Using methods developed by Sir Isaac Newton,
he carried out work on the orbital motions of
some twenty-four comets seen during this pe-
riod. He noticed from his results that there were
many similarities between the orbits of the com-
ets observed in 1531 and 1607 and the bright
comet he had seen in 1682. The intervals be-
tween the sightings were also roughly identical
at around seventy-six years. This led Halley to
predict that these sightings were of the same
comet, and that it would reappear in 1758.

Halley died in 1743, although astronomers
began a search for the returning comet as the
date forecast by Halley drew near. French as-
tronomer and mathematician Alexis-Claude
Clairaut, with the help of Joseph-Jérome de
Lalande and Madame Nicole Lepaute, at-
tempted to calculate its orbital path in more de-
tail. Taking into account gravitational effects of
Jupiter and Saturn, they calculated that the
comet would reach perihelion on April 13, 1759,
and published ephemerides (detailed star maps
and charts) to help astronomers with their
search. Many famous astronomers joined in, al-
though it was the amateur astronomer Johann
Georg Palitzsh from Dresden who first spotted
the comet on Christmas Day, 1758. The reap-
pearance was quickly confirmed, and the comet
was named for Halley in honor of the fact that
he had correctly predicted its return. Once a
number of observations had been obtained, a re-
vised orbit was calculated. It was found that
Clairaut’s calculated perihelion date was in er-
ror by thirty-two days. Scientists were at a loss
to explain this error, although they did not
know about the existence of the two giant plan-
ets Uranus and Neptune, which were not to be
discovered until 1781 and 1846, respectively.

Since the 1758 appearance, Halley’s comet
has been seen on three occasions: in 1835, in
1910, and in 1985-1986. Times of previous visits
of the comet have been calculated by taking into
account the gravitational effects of other bodies
of the solar system and plotting the comet’s
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orbital course backward through time. Dates
calculated for previous apparitions have been
substantiated by checking against ancient as-
tronomical records, primarily those of Chinese

astronomers. The first definite appearance of
Halley’s comet took place in 240 b.c.e., although
the 12 b.c.e. appearance is the first about which
detailed information is available. The most fa-
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The Adventurous Edmond Halley
In 1684, Edmond Halley was a young scientist who had already made a name for himself as a precocious

astronomer: He was the first to observe that the Sun rotated on an axis, during a trip to St. Helena in the
South Seas. In 1680, during his Grand Tour of Italy and France, he had observed the comet that would bear
his name. He had produced star catalogs and tidal tables, and he was trying to determine why Kepler’s laws
worked the way they did. Then, in April, his father’s disfigured corpse was discovered near a riverbank; he
had been missing for more than a month. Edmond’s attention was redirected toward a bitter battle with his
stepmother over the family estate.

Four months later, Halley was visiting Isaac Newton, who had solved the problems with Kepler’s laws
but had “misplaced” the solutions, supposedly worked out when Cambridge had been shut down during the
plague of 1665. Halley began a campaign of diplomacy to get the eccentric and overly sensitive Newton to
publish his results before someone else (Robert Hooke) derived the inverse square law and beat him to it.
This was the genesis of Newton’s Principia of 1687, published at Halley’s expense.

In the meantime, Halley was supporting himself as a clerk at the
Royal Society and working on a diverse array of projects, from deter-
mining the causes of the biblical Flood (which he unorthodoxly and dan-
gerously placed earlier than the accepted date of 4004 b.c.e.) to making
the connection between barometric pressure and altitude above sea
level. He even calculated the height of the atmosphere, at a remark-
ably accurate 45 miles. Motivated by his persistent lack of money,
Halley also designed various nautical instruments: a prototype diving
bell, a device for measuring the path of a ship, and another device for
measuring the rate of evaporation of seawater. He even prepared life-
expectancy tables that became the basis for modern life insurance. Be-
tween 1696 and 1698, he became the deputy comptroller of the Royal
Mint at Chester, a post offered him by Newton, who was then the war-
den of the Mint. Administration did not prove to be one of Halley’s many
talents, however, and Newton found himself having to defend his friend
against the Lord’s Commissioners.

In 1698, Halley set out on another expedition to the South Seas to
study the magnetic variations of the Earth’s compass. The journey was
abandoned (with the ship’s first lieutenant facing a court-martial on

their return), but Halley tried again a year later with more success. He also went on a secret mission in
1701, about which little is known, traveling to France for the Admiralty on the pretext of yet another
scientific expedition. In 1703, Halley became a member of the Council of the Royal Society in recognition of
his work, and in the same year, he was appointed to the Savilian Chair of Geometry at Oxford, where he
conducted his study of comets. It was around this time that he made the observation for which he became
famous:

Many considerations incline me to believe that the comet of 1531 observed by Apianus is the same as
that observed by Kepler and Longomontanus in 1607 and which I observed in 1682. . . . I would ven-
ture confidently to predict its return, namely in the year 1758. If this occurs there will be no further
reason to doubt that other comets ought to return also.

In 1719, on the death of John Flamsteed, Halley succeeded to the post of Astronomer Royal, a position he
held until his death in 1742. The practicality and range of his interests made him a celebrity whose achieve-
ments far exceeded those for which he is remembered today. He did not live to see his comet, which was
sighted on Christmas, 1758.

(NASA)



mous return was that of 1066, which was inter-
preted as a bad omen by the Saxons and, in par-
ticular, by Harold, the last of the Saxon kings.
William of Normandy, who viewed the appari-
tion as a good sign, invaded England, following
which Harold died at the Battle of Hastings in
October of that year. The Bayeux Tapestry de-
picts the comet suspended above Harold, who is
seen tottering on his throne as his courtiers look
on in awe and terror.

The 1531 appearance is important because it
was one of two apparitions studied by Halley
(the other being that of 1607) prior to his two de-
ductions: that these historical sightings were of
the same object, and that the comet is a regular
visitor to this region of the solar system. A com-
prehensive set of observations of the 1531 ap-
pearance was made by astronomer Peter Apian,
who published his results in 1540. The 1607 ap-
pearance was observed and recorded by many
astronomers, including Johannes Kepler. This
was the last apparition of Halley’s comet before
the introduction of the telescope.

After the comet’s reappearance in 1758 and
the discovery of Uranus in 1781, astronomers
were able to plot its orbit with even greater ac-
curacy. Long before its scheduled return in
1835, many attempts were made to calculate
the expected date of perihelion passage. The
consensus was that Halley’s comet would pass
closest to the Sun in November, 1835. The
search for the returning comet started as early
as December, 1834, almost a year before it was
due to sweep through the inner solar system.
The first sighting was not made, however, until
August 6, 1835, by Father Dumouchel and
Francisco di Vico at the Collegio Romano Obser-
vatory. Confirmation came via Friedrich Georg
Wilhelm von Struve, who saw the comet on Au-
gust 21. Perihelion occurred on November 16.

Prominent among the astronomers who stud-
ied the comet during the 1835 apparition was
Sir John Frederick Herschel, who was then
based at a temporary observatory near Cape
Town, South Africa. He was in the process of
completing the sky survey started by his father,
Sir William Herschel, and had moved to South
Africa in order to survey the southern stars that
were visually inaccessible from England. John
Herschel made his first attempt to locate the

comet in late January, 1835, although he did not
see it until October 28. The 1835 apparition was
remarkable in that much activity was seen to
occur in the comet. Prior to its temporary disap-
pearance in the Sun’s rays as it rounded the
Sun, a number of changes were observed in the
tail. These disturbances continued after its re-
appearance. The tail was seen to vary notice-
ably in length. The head also altered in appear-
ance, at times appearing almost as a point of
light, while at others taking on a nebulous form.
It was noticed that the coma expanded while un-
dergoing a reduction in brightness, eventually
becoming so dim that it merged into the sur-
rounding darkness. Herschel’s final observa-
tion of Halley’s comet in mid-May, 1836, was the
last that any astronomer made until the 1910
return. All data scientists have about the 1835
apparition are in the form of sketches and visual
descriptions. Photography had not yet made an
impact on astronomy, although the appearance
in 1910, through the use of the camera, provided
the most comprehensive and detailed study of
Halley’s comet up to that time.

The third predicted return in 1910 was
awaited eagerly by astronomers all over the
world. The interval between the 1835 and 1910
visits had been littered with numerous bright
comets, notable among which were the Great
Comet of 1843, Donati’s comet of 1858, and the
Great September Comet of 1882. The latter is
particularly significant in that it was the sub-
ject of the first successful attempt to photograph
a comet. A good image was obtained by Sir Da-
vid Gill in South Africa. Observation of Comet
Morehouse in 1908 demonstrated that a series
of photographs was an ideal means of monitor-
ing cometary structural changes. (Comet More-
house itself underwent a number of prominent
changes that, coupled with the fact that
Halley’s comet had suffered in a similar fashion
three-quarters of a century before, whetted the
appetites of astronomers who were gearing up
for the forthcoming apparition.) The prolonged
period of cometary activity following its last
visit had allowed astronomers to perfect their
observing techniques and paved the way for ob-
servations of the return of Halley’s comet.

The comet had passed aphelion in 1872, after
which it once more began its long journey to-
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ward the inner solar system. The first astrono-
mer to detect the returning visitor was astro-
physics professor Max Wolf at Heidelberg, Ger-
many. A photographic plate was exposed on the
night of September 11-12 and recorded the
comet close to its expected position. It did not
become visible to the naked eye until well into
1910. Prior to this, another bright comet made
an unexpected appearance. The Great Daylight
Comet was first spotted by diamond miners in
Transvaal, South Africa, in the early morning
sky on January 13, 1910. Confirmation of the
discovery was made four days later, and news of
this spectacular discovery was distributed to
the world’s observatories. Unlike Halley’s
comet, which was to appear later that year, the
Great Daylight Comet became a brilliant eve-
ning object for observers in the Northern Hemi-
sphere. Its tail attained a maximum length of
30º or more by the end of January. The comet be-
came so bright that it was visible to the naked
eye even in broad daylight (hence its name).

The Great Daylight Comet was widely mis-
taken for Halley’s comet by many people who
had been expecting its return at about this time,
although Halley’s comet did not put on as grand
a show. Bad weather together with the fact that
a full moon occurred at what should have been
the best time for observation meant that astron-
omers north of the equator were disappointed.
Yet, even working against these odds, they did
obtain many useful photographs and were able
to study the comet spectroscopically. The best
results, however, were obtained from observa-
tories in the Southern Hemisphere, notably at
Santiago in Chile. From mid-April to mid-May,
1910, Halley’s comet was in the same area of the
morning sky as Venus, the two objects together
forming a marvelous visual spectacle in the
constellation of Pisces. Much activity was noted
in both the nucleus and the tail of the comet.
Sequences of photographs showed marked
changes in the head, including material being
ejected from the nucleus and halos expanding
out from the nucleus. The tail also underwent
violent changes, with material being seen to
condense in various regions. On April 21, the
day following perihelion, the previously smooth
northern edge of the tail became irregular and
distorted. Material seemed to be thrown out in

various directions, and parts of the tail seemed
to be ejected into space, an event clearly visible
on photographs obtained at the time. For some
days following perihelion, a jet of material from
the nucleus seemed to be refueling the northern
section of the tail. Once this activity ceased, the
tail’s southern section increased in brightness.
A few weeks after perihelion, the two types of
cometary tail appeared, a straight and distinct
gas tail contrasting with the fainter, more dif-
fuse and curved dust tail. Halley’s comet passed
between the Sun and Earth on May 18, al-
though in spite of many attempted observa-
tions, no trace of the nucleus could be seen as
the comet transited the solar disk. This proved
that the nucleus must be tiny and the gas
around it very tenuous. During this time, it was
thought that the Earth may pass through the
tail, although there is no evidence that this ac-
tually occurred. The pronounced curve of the
tail seems to have taken it away from the Earth,
preventing a passage of the planet through it.
The closest approach of the comet to Earth was
on May 20, when the distance between the two
bodies was 21 million kilometers. For a time af-
terward, the comet became a prominent eve-
ning object for American observers, and many
useful results were obtained by astronomers at
Lick Observatory and Mount Wilson Observa-
tory in California. A number of changes in the
comet’s structure were seen, and many spectro-
scopic observations were taken. These showed
the presence of a large number of different mole-
cules in the comet, and helped astronomers to
understand more clearly its chemical constitu-
tion.

As the comet started on its journey back to
the outer regions of the solar system, it grew
steadily fainter. It was last seen when beyond
the orbit of Jupiter in a photograph taken on
June 15, 1915, on its way toward aphelion in
1948. The next return would be accompanied by
an unprecedented campaign by astronomers
and space scientists to expand their under-
standing of comets in general, and Halley’s
comet in particular.

The return of 1985-1986, the most recent to
date, provided astronomers with their best
chance yet of exploring a comet. Unlike other
bright comets, many of which appear suddenly,
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the orbital path of Halley’s comet is known with
both great precision and great accuracy. There-
fore, it was possible to plan missions by robotic
space probes to rendezvous with the comet dur-
ing its last return. For a comet rendezvous mis-
sion, the position of the comet at time of inter-
ception must be known well in advance, as was
the case with Halley’s comet. In all, five space
probes were sent to examine the comet.

Two of these were the Soviet Vega probes,
launched in December, 1984, to release balloons
into the Venusian atmosphere. Along their way,
the probes encountered Halley’s comet on
March 6 and March 9, 1986, at distances of
8,890 kilometers and 8,030 kilometers, respec-
tively. Among the equipment they carried were
cameras, infrared spectrometers, and dust-
impact detectors.

The two Japanese probes carried out their in-
vestigations from greater distances. Sakigake,
launched in January, 1985, flew by the comet on
March 11, 1986, at a distance of 6.9 million kilo-
meters. Its primary purpose was to investigate
the interaction between the solar wind and the
comet at a large distance from the comet. One of
the main aims of Suisei, launched in August,
1985, was to investigate the growth and decay of
the hydrogen corona. Suisei flew past the comet

on March 8, 1986, at a distance of 151,000 kilo-
meters.

By far the most ambitious, and most success-
ful, of the probes dispatched to Halley’s comet
was the European Giotto, named in honor of the
Italian painter Giotto di Bondone. It launched
toward the comet on July 2, 1985. Giotto was cy-
lindrical in shape, with a length of 2.85 meters
and a diameter of 1.86 meters. Its payload in-
cluded numerous dust-impact detectors, a cam-
era for imaging the nucleus and inner coma of
Halley’s comet, and a photopolarimeter for mea-
suring the brightness of the coma. Giotto flew
within 610 kilometers of the nucleus on March
14, 1986, at a speed of more than 65 kilometers
per second. Data collected by Giotto were imme-
diately transmitted back to Earth via a special
high-gain antenna mounted on the end of the
space probe facing away from the comet. Infor-
mation was received back on Earth by the 64-
meter antenna at the Parkes ground station in
Australia. At the opposite end, Giotto was
equipped with a special shield to protect it from
impacts by dust particles during its passage
through the comet’s halo.

Exploration of Halley’s comet by space
probes was a truly international effort, the im-
ages and measurements obtained by the Soviet

Vega craft helping scientists to
target Giotto precisely. From
Earth, the nucleus of a comet is
hidden from view by the material
surrounding it. Not until the
Vega images were received was
its position established and the
subsequent trajectory of Giotto
determined. During the close en-
counter, all instruments per-
formed well, although disaster
struck immediately before clos-
est approach to the nucleus. A
dust particle weighing merely
one gram impacted Giotto. This
temporarily knocked the space-
craft and its antenna out of align-
ment with Earth, and for thirty
tense minutes contact was lost.
The problem was rectified, and
contact was reestablished. After
the encounter, it was found that
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approximately half of the scientific equipment
had suffered damage, although scientists were
able to redirect the craft and put it on a course
back to Earth. Tests carried out by the Euro-
pean Space Agency in 1989 paved the way for
reactivation of Giotto, which set up a pass
within 22,000 kilometers of the Earth and
placed Giotto in a new orbit that allow it to in-
tercept another comet. On July 10, 1992, Giotto
flew close to Comet Grigg-Skjellerup, at a point
just twelve days in advance of the comet’s clos-
est passage to the Sun, a time when its activity
was approaching maximum.

CONTEXT

Although study of Halley’s comet has taught
scientists much about comets in general, there
still remains much to learn about these ghostly
visitors. Halley’s comet provides a chance to in-
vestigate the origins of the solar system.
Cometary explorations by space probes could
include rendezvous missions during which a
probe would position itself close to a cometary
nucleus for a prolonged period and perhaps
send a lander to the surface of the nucleus. The
possibilities of such a mission were being exam-
ined by the National Aeronautics and Space Ad-
ministration (NASA) at the time of Halley’s
1986 visit. Known as Comet Rendezvous and
Asteroid Flyby (CRAF), this mission would have
enabled scientists to undertake close-up explo-
ration of both asteroids and comets. Unfortu-
nately, budget cuts led to the cancellation of
CRAF. Sample return missions, by which scien-
tists can examine at first hand material plucked
from the heart of a comet, also remain a possibil-
ity. Some astronomers and scientists hope for a
mission that will carry a human crew to Halley’s
comet during its next apparition, in 2061.

More realistically in the meantime, NASA
was able to launch its Deep Space 1 probe and
demonstrate the capability of an ion propulsion
system to drive a spacecraft to effect rendezvous
with an asteroid and a comet. On September 22,
2001, Deep Space 1 flew within 2,200 kilome-
ters of Comet Borrelly, performing measure-
ments and taking high-resolution images. The
Deep Impact mission slammed a copper impac-
tor into the Comet Tempel 1 on July 4, 2005, to
expel surface material and excavate a crater on

the comet’s nucleus. The flyby portion of the
Deep Impact spacecraft observed the collision of
its impactor and analyzed material thrown up
from the formation of an impact crater on the
cometary nucleus. Then in January, 2006, the
Stardust mission returned samples to Earth
released from Comet Wild 2; those samples
were collected at a distance of 240 kilometers
from the comet’s nucleus. ESA launched the
Rosetta spacecraft in 2004 and set it on a trajec-
tory toward an encounter with the comet 67P/
Churyumov-Gerasimenko in May, 2014. Rosetta
is designed to orbit the comet and later release a
small lander named Philae to touch down on the
comet’s nucleus and perform in situ analyses of
surface materials.

Brian Jones
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Comet Shoemaker-Levy 9
Category: Small Bodies

The spectacular collision of comet Shoe-
maker-Levy 9 with Jupiter in July, 1994,
provided valuable information about com-
ets, Jupiter’s atmosphere, and the Jovian
role in diminishing potentially cataclys-
mic Earth-damaging debris in the inner
solar system.

OVERVIEW

On the night of March 24, 1993, the husband-
and-wife team of Eugene (“Gene”) and Carolyn
Shoemaker together with their colleague David
Levy were using the Schmidt telescope at
Mount Palomar Observatory in California to
take photographs in connection with a project
designed to discover near-Earth celestial ob-
jects. Gene Shoemaker, who had recently re-
tired from the U.S. Geological Survey’s As-
trogeology Research Program, which he had
established, was an expert in Earth-orbit-cross-
ing asteroids and comets. In their five years to-
gether, the Shoemaker-Levy team had already
discovered eight comets, and they were pleased
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when one of their photographs
of the sky near Jupiter revealed
what Levy called “the strangest
comet” he had ever seen. Its sev-
eral tails and bat-shaped wings
of dust reminded him of the
American Stealth Bomber. They
quickly realized that this frag-
mented comet was an important
discovery, and, three days later,
they made comet Shoemaker-
Levy 9 (SL 9) public in a circular
published by the International
Astronomical Union (IAU). Fol-
lowing tradition, the comet was
named after its discoverers,
with the number indicating it
was the ninth comet that this
team had found. Its formal
IAU name became D/1993F2, in
which the prefix “D” indicated
that it was a periodic comet that
later “disappeared,” 1993 was
the year of discovery, the suffix
“F” represented the half-month
of discovery (F = March 16-31),
and “2” meant it was the second discovery in
that half-month.

Other observers, stimulated by this an-
nouncement, returned to photographs that they
had taken before March 24 and confirmed the
discovery of the Palomar team. Using these and
other data, astronomers calculated the orbit of
the comet, which, unlike all earlier comets, or-
bited Jupiter rather than the Sun. Its highly el-
liptical orbit had an apojove (the point farthest
away from Jupiter) of nearly 50 million kilome-
ters and a period of nearly two years. Later data
helped refine this orbit and provided clues
about the comet’s early history. Like most com-
ets, it had orbited the Sun, but several decades
earlier it had been captured by Jupiter’s grav-
ity. In early July, 1992, it traveled so close to Ju-
piter, about 20,000 kilometers from the Jovian
cloud tops, that the giant planet’s powerful
gravity broke the comet into twenty-one sepa-
rate fragments, each of which collected a coma
of dust.

Following the convention established for pre-
vious fragmented comets, the twenty-one dis-

cernible pieces were labeled with letters of the
alphabet (excluding I and O), and so SL 9’s frag-
ments, which averaged a few kilometers in di-
ameter, ran from Ato W, with the brightest (and
presumably the largest) piece called Q. With the
orbit and fragments identified, astronomers
soon realized that this piecemeal comet was on a
collision course with Jupiter. For SL 9 there
would be no escape from Jovian orbit to return
to the Kuiper Belt, now believed to be the source
of Jupiter Family (JF) comets; instead, SL 9
faced extinction within sixteen months of its
discovery.

Because astronomers knew when the comet
would collide with Jupiter, they had time to or-
ganize observatories around the world, includ-
ing in such remote locations as Antarctica, to
make preparations to collect data on this un-
precedented event. Because the initial impact
would take place on the side of Jupiter hidden
from the Earth, several spacecraft would play
important roles, particularly in the earliest ob-
servations. These spacecraft included Galileo,
well on its way to study Jupiter; the Hubble
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A photo mosaic showing the comet Shoemaker-Levy 9 as it impacted
Jupiter in 1994. (JPL/NASA/STScI)



Space Telescope (HST); Ulysses, which had
been studying solar poles; the Roentgen satel-
lite (ROSAT), which had been surveying the sky
for X-ray sources; and Voyager 2, which had
been exploring the outer planets of the solar
system.

As predicted, the comet’s first fragments
slammed into the Jovian atmosphere on July
16, 1994, at a speed of about 60 kilometers/
second, or fast enough to traverse the United
States in about a minute. When Jupiter’s rota-
tion made the crash site visible to terrestrial ob-
servers, thousands of telescopes could see the
dark spots that had been created. Fragments of
SL 9 continued to collide with Jupiter over the
next 5.6 days. Because of the great excitement
created by this astronomical event, and because
the Earth had been interconnected by various
computer networks, images, observations, sci-
entific data, and personal impressions were
rapidly transmitted all over the planet. Many

others experienced the event through television
or through the many stories in magazines and
newspapers. By the time the final fragment, W,
struck Jupiter on July 22, many millions of
Earthlings had shared, in some way or other,
this unique interplanetary event.

KNOWLEDGE GAINED

The prodigious wealth of information created
by the SL 9 event had important implications
for the understanding of comets, the Jovian at-
mosphere, and the future history of Earth. As-
tronomers knew, of course, that comets could be
destroyed by collisions with the Sun, planets,
and satellites, but the data from the fragmenta-
tion and collision of SL 9 with Jupiter revealed
that its nucleus had been neither a solid body
nor a loose agglomeration of materials but
something in between. When the pieces hit Ju-
piter, spectroscopic analysis detected the pres-
ence of several elements absent from the Jovian
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The remains of Shoemaker-Levy 9 emerge after the comet’s impact with Jupiter caused it to break into twenty-one
pieces. (JPL/D. Seal, edited by CXC/M. Weiss)



atmosphere. These elements, which came from
the comet, included such nonmetals as sulfur
and silicon and such metals as iron, aluminum,
magnesium, and even lithium, hitherto unde-
tected in comets.

As expected, when the high-speed fragments
of SL 9 penetrated the Jovian atmosphere, gi-
gantic explosions and massive seismic waves re-
sulted. Fireballs created temperatures in excess
of 10,000 kelvins, which rapidly diminished to
2,000 kelvins. Collision-zone temperatures re-
mained elevated for two weeks, but, astonish-
ingly, smaller impact sites had higher tempera-
tures than larger ones. A typical fireball spread
from 15 to 100 kilometers in about 40 seconds,
and some plumes extended to an altitude of
3,000 kilometers. These explosions also pro-
duced waves that sped across the planet at
about 450 kilometers/second. These waves,
which weakened in about two hours, posed a
problem for astronomers. Disagreements devel-
oped about where they occurred (in the Jovian
stratosphere or troposphere) and how they trav-
eled (guided by a stable layer or generated by
interlayer complexities). Just as spectroscopic
analysis revealed some surprises about SL 9’s
chemical composition, so, too, certain elements
and compounds were discovered for the first
time on Jupiter: for example, diatomic sulfur
and carbon disulfide. By contrast, astronomers
had expected to find sulfur dioxide, but they did
not.

Astronomers also used other parts of the elec-
tromagnetic spectrum to gather data on the col-
lision. For example, radio emissions at a specific
wavelength (21 centimeters) were indicative of
synchrotron radiation, most likely caused by
the collision’s injecting very-high-speed elec-
trons into the Jovian magnetosphere, which
also experienced other changes after the im-
pact. Since both Jupiter and comets were known
to have water in their makeup, astronomers
were surprised by the very small amounts of
water that were detected. Perhaps the comet’s
fragments lost most of their water before the
collision, or perhaps the comet’s fragments were
destroyed before they reached the planet’s
water layer.

For many people the highlight of the event
was the creation of a series of dark spots that

scarred Jupiter’s southern hemisphere for sev-
eral weeks. Similar to the Great Red Spot, if
smaller in scale, these dark spots were the most
enduring transient features ever seen on the
planet, although some historians of science
pointed out that, in 1790, Gian Domenico Cas-
sini had reported unusual temporary marks on
Jupiter’s disk. If these had been due to a
cometary collision, then SL 9’s crash onto Jupi-
ter would not have been the unique event that
many touted it to be.

CONTEXT

Throughout its long history, the Earth has
experienced steady and numerous collisions
with interplanetary objects. The collision of the
Shoemaker-Levy 9 comet with Jupiter provided
astronomers with valuable insights into how
the collision affected Jupiter and, by analogy,
how such comets may have affected other plan-
ets, including Earth. Gene Shoemaker esti-
mated that comets had most likely caused about
a fifth of the large impact craters on Earth. Lin-
ear crater chains have been photographed on
Ganymede and Callisto, two of Jupiter’s satel-
lites, and these were probably due to cometary
collisions. Some scientists have speculated that
if SL 9 had collided with Earth instead of Jupi-
ter, a cataclysmic destruction of life would have
occurred. According to many scientists, 65 mil-
lion years ago an asteroid or comet smashed into
Central America, creating massive amounts of
atmospheric pollutants that helped to bring
about the extinction of the dinosaurs and many
other forms of life.

In the history of life on Earth other mass ex-
tinctions have occurred, and some scientists as-
sociate these with periodic comet showers. Vari-
ous theories have been put forward to explain
these periodicities—for example, Nemesis, a
companion star of our Sun, may create pertur-
bations in the Oort Cloud that lead to these re-
current invasions of comets into the solar sys-
tem. Jan Oort was the first to suggest that this
large reservoir of icy bodies might be the source
of very-long-period comets. However, SL 9’s col-
lision with Jupiter revealed something very sig-
nificant. Because of Jupiter’s powerful gravita-
tional field, it attracts many asteroids, comets,
and other interplanetary debris, resulting in
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fewer collisions of these objects with the inner
planets, especially Earth. Some have even
called Jupiter a “cosmic vacuum cleaner.” On
the other hand, estimates indicate that small
comets collide with Jupiter about once a cen-
tury, and comets comparable in size to SL 9 hit
it about once per millennium. Comet Shoe-
maker-Levy 9 certainly expanded knowledge
about the nature and properties of comets, as
well as their interactions with other members of
the solar system, but astronomers also realize
that they need to learn much more before they
will be able to make reliable predictions about
some future comet’s possibly devastating colli-
sion with Earth.

Robert J. Paradowski
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Comets
Category: Small Bodies

A comet is a minor body composed mostly
of frozen ices typically embedded with sol-
ids. Comets revolve about the Sun in highly
elliptical orbits. The Oort Cloud is a vast
cloud of cometary bodies that extends bil-
lions of kilometers out from the Sun.

OVERVIEW

Comets are familiar to nearly everyone as
majestic, starlike objects with long tails stretch-
ing across a wide band of the sky. The most fa-
mous comet, Halley’s comet, makes its periodic
return to the night skies every seventy-five
years. The word “comet” is derived from a Greek
word meaning “long-haired.” Comets were
greatly feared before the twentieth century as
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bad omens. Since then, they have been identi-
fied and cataloged as objects that come into the
inner solar system from deep space. Most of
them occupy orbits that carry them far away
from the Sun. Many comets make only a single
approach to the Sun and then never return
again, while others exist in stable, but highly el-
liptical, orbits that allow them to return after an
extended period of time.

One of the first theories advanced to explain
the makeup of comets was proposed by astrono-
mer Fred L. Whipple. Whipple suggested that
comets were dirty snowballs, essentially bodies
of water ice that incorporate dust and perhaps
volatives other than water. This remained the
primary theory through the first four decades of
the space age. Only when spacecraft began vis-
iting comets could it be put to the test.

Until the space age, comets were studied only
in visible light through optical telescopic im-
ages. The first comet to be studied using Earth-
orbital instruments, which permitted observa-
tions in the ultraviolet as well as the visible, was

the much-heralded Comet Kohoutek late in
1973 and early in 1974. Comet Kohoutek turned
out to be something of a disappointment visu-
ally from Earth, but images and data collected
by the orbiting Skylab 4 astronauts advanced
the understanding of comets.

In 1986, the European space probe Giotto
passed about 600 kilometers from Halley’s
comet as the comet made its close approach to
the Sun. The probe verified existing theories
that comets are made up of ices covered by black
dust or soil. In other words, the spacecraft con-
firmed the dirty snowball model, at least for this
comet. Using data taken by the spacecraft, sci-
entists determined that the dust is composed of
carbon, hydrogen, oxygen, and nitrogen. Other
metals have also been discovered in comets,
such as iron, calcium, nickel, potassium, copper,
and silicon. Halley’s comet was one of the dark-
est objects ever seen in the solar system; it has
virtually no albedo. Only one other major body
in the solar system, Saturn’s satellite Iapetus, is
known to be this low in albedo.
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As a comet approaches the Sun, it absorbs so-
lar radiation and becomes warmer. The main
body of the comet is called the nucleus. As the
nucleus warms, ices beneath the comet’s soil
evaporate. Because the comet has no atmo-
sphere, evaporated substances, also called
volatiles, escape into the vacuum of space. This
gaseous envelope that surrounds the comet is
called the coma. As the coma grows, it forms a
plume of vapor that carries away some of the
comet’s surface dust as well. This mixture of
evaporated volatiles and dust is carried away
from the comet by the solar wind, is ionized by
high-energy particles, and creates the spectacu-
lar tail of the comet. The comet’s tail, glowing in
the solar wind, can stream behind the comet for
millions of kilometers. Cometary nuclei consist
mostly of volatile ices and dust. That ice is
nearly all water ice, but there is also evidence of
ices composed of carbon dioxide and methane.
More elementary compounds of nitrogen, oxy-
gen, and carbon monoxide may exist as volatile
ices.

Comets are typically small bodies. Halley’s
comet is an irregular potato-shaped object, 14
by 17 kilometers. In fact, some noted that im-
ages of Halley’s comet captured during the
Giotto mission suggested that the famous comet
resembled the cartoon character Felix the Cat.
The largest known comet is Chiron, which is es-
timated to be approximately 200 kilometers in
diameter. Comets are thought to have formed as
the solar system evolved. Comets were accreted
out of material at the outer edge of the solar neb-
ula that ultimately condensed to become the
Sun and planets. Because cometary material
was fashioned at the outer edge of the solar sys-
tem, the Sun did not evaporate comets’ vola-
tiles. At the same time, the giant planets of the
solar system formed at what would become the
outer orbits of the solar system. These massive
planets encountered the newly formed comets,
and the comets that were not engulfed by the gi-
ant planets were, over the first billion years,
ejected into interstellar space by the planets’
massive gravitational fields. Not all comets met
that fate, however. Some were gently nudged
into stable orbits closer to the Sun. Others were
flung into the inner solar system, eventually im-
pacting the inner planets. There are strong rea-

sons to believe that Earth’s oceans came from
cometary ices delivered to the planet during the
early era of bombardment, but that is not uni-
versally accepted.

What remained after billions of years of plan-
etary encounters was an extraordinarily large
cloud of comets extending outward from orbits
beyond Pluto in all directions. A virtual spheri-
cally shaped cloud of comets surrounds the Sun
at a distance from 1,000 to 100,000 astronomi-
cal units (AU). This cloud, which may contain as
many as two trillion comets of all shapes and
sizes, is called the Oort Cloud. It is named for
the Dutch astronomer Jan Hendrik Oort, who
first proposed its existence in 1950. The spheri-
cally shaped Oort Cloud is not the only source of
comets in the solar system. There is a disk-
shaped source of comets that extends from
about 35 to 40 AU out from the Sun to about
1,000 AU. This source, the Kuiper Belt, was
named for the astronomer Gerard Peter Kuiper,
who theorized its possible existence in 1951.
The disk-shaped Kuiper Belt blends with the
spherical Oort Cloud at about 1,000 AU.

The Oort Cloud is the source for long-period
comets, with orbital periods of greater than two
hundred years. The Kuiper Belt is most likely
the primary source for short-period comets,
with orbital periods of less than two hundred
years, such as Halley’s comet. Comets have defi-
nite life spans, unlike planets. Each time a
comet streaks in toward the Sun, volatile gases
stream off the comet and form a beautiful
cometary tail, while also depleting the comet’s
total mass. The comet melts away with each
pass toward the Sun. When Halley’s comet
streamed past the Sun in 1986, the Giotto
spacecraft measured a loss of 40 tons of mass
per second from the comet. If the supply of com-
ets were not steadily replenished from deep
space, they would have all been lost long ago.

The Sun is one among billions of stars in the
Milky Way galaxy. In the relatively nearby re-
gion of the galaxy, there are hundreds of local
stars, which are all revolving around the galac-
tic center and are moving relative to one an-
other. Because stars are so far apart on the av-
erage, the chance of one star colliding with
another is quite low. However, the possibility of
a local star passing near to or through the Oort
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Cloud (which extends up to 100,000 AU away
from the Sun) is very high over millions of years.
It is estimated that since the solar system
formed, about five thousand stars have passed
within 100,000 AU of the Sun. If an object as
massive as another star passed close to the Oort
Cloud, it could easily cause enough gravita-
tional perturbations to direct comets in toward
the Sun.

Since the Oort Cloud is spherical, long-period
comets can appear to approach the Sun from
any point in space. Short-period comets, origi-
nating from the Kuiper Belt, always appear to
emanate from a band along the ecliptic plane
(the plane that contains the planetary orbits).
After careful study of where comets actually
originate, an analysis was made of their orbits.
It has been discovered that there are areas of
the sky that are richer in comets than others,
and other areas that appear to be practically de-
void of comets. Four different theories have
been advanced to explain the source of these
newly appearing comets. The first theory postu-

lates that the passage of stars in or near the
Oort Cloud may so affect the gravitational bal-
ance of comets that they are sent falling in to-
ward the Sun. The second theory involves
brown dwarfs, which are massive objects—
about thirty times the mass of Jupiter—that are
not quite planets and not quite stars. They do
not have enough mass to create the conditions
for thermonuclear ignition at their core. They
predominantly radiate infrared energy, and
they cannot be readily seen from Earth’s sur-
face. Current estimates approximate the num-
ber of brown dwarfs near the Sun to be sixty
times greater than that of ordinary stars. A
brown dwarf should pass through the Oort
Cloud every 7 million years. Such an object
would travel very slowly with respect to the Sun
and would gravitationally release large swarms
of comets into the solar system. These two stel-
lar mechanisms, the action of either a passing
star or a brown dwarf, are estimated to have
been the source of about one-third of the ob-
served comets.
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Facts About Selected Comets

Name (no) Period (yrs)
Perihelion

Date
Perihelion
Distance

Distance from
Sun (AU)

Borrelly (19P) 6.86 2001-09-14 1.358 3.59
Chiron (95P) 50.7 1996-02-14 8.460 13.7
Crommelin (27P) 27.89 1984-09-01 0.743 9.20
d’Arrest (6P) 6.51 2008-08-01 1.346 3.49
Encke (2P) 3.30 2003-12-28 0.340 2.21
Giacobini-Zinner (21P) 6.52 1998-11-21 0.996 3.52
Grigg-Skjellerup (26P) 5.09 1992-07-22 0.989 2.96
Hale-Bopp 4,000 1997-03-31 0.914 250
Halley (1P) 76.1 1986-02-09 0.587 17.94
Honda-Mrkos-Pajdusakova (45P) 5.29 1995-12-25 0.581 3.02
Hyakutak ~40,000 1996-05-01 0.230 ~1,165
Kohoutek (75P) 6.24 1973-12-28 1.571 3.4
Schwassmann-Wachmann 3 (73P) 5.35 2006-06-02 0.933 3.06
Tempel 1 (9P) 5.51 2005-07-07 1.497 3.12
Tempel-Tuttle (55P) 32.92 1998-02-28 0.982 10.33
West-Kohoutek-Ikemura (76P) 6.46 2000-06-01 1.596 3.45
Wild 2 (81P) 6.39 2003-09-25 1.583 3.44
Wilson-Harrington (107P) 4.30 2001-03-24 1.000 2.64
Wirtanen (46P) 5.46 2013-10-21 1.063 3.12

Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,
National Space Science Data Center.



According to the third theory, huge molecu-
lar clouds in interstellar space (much more mas-
sive than a single star) may pass at very large
distances (tens of light-years) and may cause a
release of comets through gentle perturbations
of their orbits. The final theory for the source of
newly appearing comets is galactic tidal action.
Each galaxy has a gravitational field, which
causes an attraction toward the midplane of the
galaxy of all bodies (comets and stars). As these
bodies orbit the galaxy, they are gravitationally
influenced by one another. The galactic tide is
the difference between the galactic forces acting
on the Sun and the comet. Because the force of
the galactic tide is very specific with respect to
direction, it cannot act toward the poles of the
Sun or toward the equator. Observations of
cometary tracks confirm that comets from deep
space do not seem to approach the Sun from
these segments of the celestial sphere. This
mechanism appears to explain the approach of
the majority of all long-period comets entering
the solar system from the Oort Cloud.

In the aftermath of the American
decision to be the only spacefaring
nation not to dispatch a spacecraft to
investigate Halley’s comet on its most
recent appearance in the inner solar
system, the National Aeronautics
and Space Administration (NASA)
proposed the Comet Rendezvous and
Asteroid Flyby (CRAF). CRAF was a
sister ship to the Cassini spacecraft.
Because of budget cuts, NASA was
able to save the Cassini mission, but
CRAF was canceled. If it had been
adopted, CRAF would have rendez-
voused with Comet Kopff and re-
mained in its vicinity for thirty-two
months to observe variations in that
comet’s activity during different por-
tions of its orbit. CRAF would also
have dropped penetrometers into the
comet to ascertain information about
internal structure and make chemi-
cal analyses of surface materials.

Aspects of the ambitious CRAF
concept were recycled into cheaper
comet missions such as Deep Space 1,
Stardust, and Deep Impact. Also, the

European Space Agency (ESA) developed the
Rosetta spacecraft to visit a comet.

Launched on October 24, 1998, the Deep
Space 1 spacecraft began tests of an ion propul-
sion system and autonomous navigation sys-
tem. Deep Space 1’s targets were the asteroid
Braille and Comet Borrelly. Flying by the comet
at a relatively close distance, Deep Space 1 cap-
tured images of a comet’s nucleus that had
higher resolutions than any of those captured
by the probes that had visited Halley’s comet.
Comet Borrelly was shaped much like a bowling
pin and displayed emission jets not distributed
uniformly across its irregular nucleus. Deep
Space 1 was not outfitted with debris shields,
but it survived the close encounter neverthe-
less. In time Deep Space 1 ran out of propellant,
but the mission showed that ion propulsion
could be used on a spacecraft designed to visit
multiple targets such as comets.

Stardust was launched on Feburary 7, 1999,
and directed toward Comet Wild 2, where it
opened up special sample collectors incorporat-
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A composite of images captured by Deep Space 1, about 4,800 kilo-
meters from Comet Borrelly, shows the comet’s nucleus during the
spacecraft’s September, 2001, flyby. (NASA/JPL)



ing aerogel to capture both interplanetary and
cometary dust. After the spacecraft’s encounter
with the comet on January 2, 2004, its sample
collectors were sealed for a two-year journey
back to Earth. On January 15, 2006, Stardust’s
sample collection unit safely reentered Earth’s
atmosphere and was recovered intact in Utah.

In June, 2008, researchers studying comet
26P/Grigg-Skjellerup material collected by the
Stardust spacecraft announced that they had
discovered new mineral grains. This mineral,
named brownleeite after Donald Brownlee of
the University of Washington, was a variety of
manganese silicide not previously predicted by
models of comets or the condensation of mate-
rial from the early proto-Sun’s nebula.

Deep Impact was designed as its name
clearly suggests to fly to a comet and strike it,
excavating material from deep below the sur-
face. The spacecraft launched on January 12,
2005, and its onboard navigation steered the
spacecraft toward the comet Tempel 1, released
an impactor payload made largely of copper,
and then veered out of the way to observe the re-
sulting impact of the payload on the comet. The
impactor was composed of copper, since that
was an element not expected to be found natu-
rally within the comet. The impact was ob-
served by Deep Impact itself, as
well as by the Hubble Space
Telescope, the Chandra X-Ray
Orbservatory, the Spitzer Space
Telescope, the Swift spacecraft,
and ESA’s XMM-Newton obser-
vatory and Rosetta spacecraft.
This coordinated effort permit-
ted time-evolution studies of
the plume and debris cloud cre-
ated by the high-speed impact of
the copper payload on Tempel 1.

Rosetta was launched on
March 2, 2004. This was the
European Space Agency’s sec-
ond attempt at a comet study
and incorporated both a flyby
craft and a lander named Phi-
lae. The mission was designed
to rendezvous with the comet
67P/Churyumov-Gerasimenko
in May, 2014, orbit it for many

months while mapping the surface, and observe
changes in the comet’s activity as its distance to
the Sun changed. Then the lander was sched-
uled to touch down on the comet on or about No-
vember, 2014, where it would secure itself to the
surface in the comet’s weak gravity field and
then begin studies of chemical composition and
physical characteristics of the comet’s surface.
The Rosetta mission was planned to continue
through December, 2015.

APPLICATIONS

The study of comets requires detailed knowl-
edge of the composition of the outer regions of
the solar system and the space between the last
planet and 100,000 AU outward from the Sun.
Comet studies also seek to understand complex
gravitational interactions between bodies sepa-
rated by wide distances and even gravitational
interactions between tiny comets and the entire
galaxy. Astronomers who study comets want to
learn more about their makeup, their behavior
when approaching the Sun, and the makeup
and evolution of the early solar system.

New comets approaching the Sun for the first
time have been held in deep freeze within the
Oort Cloud and are thought to be composed of
primordial material of the newly forming solar
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The Spitzer Space Telescope captured this infrared image of the
breakup of Comet 73P/Schwassman-Wachmann 3, which began to
split into pieces in 1995. (NASA/JPL-Caltech)



system. They have been tied up in the Oort
Cloud for billions of years at temperatures
barely above absolute zero. As they approach
the Sun, their internal gases begin to stream
away. Detailed study of an approaching comet’s
outgassing can inform planetary scientists
about the composition of the early solar system.
Comets and their approach have also hinted at
the existence of the elusive brown dwarfs,
thought to be one of the most common bodies of
interstellar space. Because they are so dim,
they are all but invisible from Earth. On the
other hand, because brown dwarfs are thought
to be so plentiful, the study of comets and their
orbits may give the first real clues to the for-
mer’s reality and abundance. The first serious
studies of brown dwarfs came from observations
made by the Spitzer Space Telescope, the final
member of NASA’s Great Observatory program.
Spitzer detected brown dwarfs from their infra-
red emissions.

In the early 1980’s the existence of galactic
tidal action was merely speculation. Since then,
careful study of comet orbits and their ap-
proaches to the inner solar system has favor-
ably supported the theory of galactic tides. In
the close approach of Halley’s comet by robotic

spacecraft in 1986, a wealth of information was
recovered on the shape, behavior, and composi-
tion of comets. The existence of the Oort Cloud
and the concept of gravitational interactions by
passing objects in space have led to the theory of
periodic comet showers. Such comet showers,
separated by periods of tens of millions of years,
may be responsible for certain mass extinctions
on Earth. These extinctions might be the result
of a shower of comets originating from within
the Oort Cloud, sent on their close approach to
the Sun by the close passage of a star or brown
dwarf to or through the Oort Cloud.

Samples of Comet Wild 2 were treated to
many of the contamination safeguards used
with the Apollo lunar rocks. Analyses of
Stardust’s captured comet material revealed
some surprises. Tracks in the aerogel suggested
solid materials larger than interstellar dust
grains. Silicate crystals and other mineral crys-
tals were found which required more than just
mild heating, as would have been the case if the
comet was largely composed of interstellar dust
grains. This suggested that the theory of comet
formation may need alteration. Inclusions of
vanadium nitride, titanium, molybdenum, os-
mium, ruthenium, and tungsten were found,

components that would have re-
quired high heating. Samples
also contained organic materi-
als more primitive than found
in asteroidal material, com-
pounds such as polycyclic aro-
matic hydrocarbons.

The collision of Deep Im-
pact’s copper payload was equiv-
alent to five tons of TNT. Comet
Tempel 1 increased in bright-
ness sixfold as a result of the
event. As much as between 10
and 25 million kilograms of
comet material was ejected as a
crater formed as a result of the
impact. Tempel 1 material was
much finer than had been ex-
pected, being more akin to tal-
cum powder than a sandy grain.
Data ruled out a loose aggre-
gate or highly porous model of
the comet’s structure. Indeed,
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rather unlike a dirty snowball as
proposed by Whipple, Comet Tem-
pel 1 was more like an icy dirt ball.
Seen in the ejected materials in
addition to volatiles were clays,
carbonates, sodium, and crystal-
line silicates. After this encounter
the flyby portion of the Deep Im-
pact spacecraft was redirected to a
planned encounter with Comet
Hartley 2 in 2010.

Rosetta holds the potential for
in situ analyses of comet material
if the Philae lander successfully
touches down safely, and can per-
form its chemical and physical
tests. This information will greatly
assist in determining how comets
form and how their comas and
tails develop as they travel into
the inner solar system.

CONTEXT

Humankind has always looked
to the heavens in awe and wonder,
and sometimes in fear. Perhaps no
other astronomical phenomenon
except a total solar eclipse has historically
evoked as much fear as comets. When the spec-
ter of fear is removed, however, they emerge as
strikingly beautiful objects in the sky. It was
once believed that if Earth passed through the
tail of a comet, its inhabitants would die; this
theory has been discredited. Comets are mes-
sengers from a time long past. Most are chunks
of dirty ice, locked away in the Oort Cloud for
billions of years.

Comets have been used to judge vast dis-
tances, evaluate the early composition of the so-
lar system, and even test the idea that the grav-
ity of the entire Galaxy can make a difference to
the smallest of objects in space. Comets have
been used as yardsticks to evaluate what may
be the most common type of star in the galaxy,
the brown dwarf—which ironically is one that is
difficult to observe, even in the infrared. Comets
have been called dirty snowballs. Halley’s
comet was so black that it was the darkest object
ever seen in space. Yet, from these dirty specks
of ice, planetary scientists have witnessed some

of the most spectacular light shows. Ultimately,
comets may also generate clues to some of the
most fundamental secrets about the solar sys-
tem and planets. From these tiny messengers,
planetary scientists may unlock and examine
pristine elements from the formation of the so-
lar system.

Debris from comets provides the material
that Earth passes through when annual me-
teor showers occur. For example, the Orionid
meteor shower is leftover material from Hal-
ley’s comet, the Leonids meteor shower is asso-
ciated with Comet Tempel-Tuttle, and the Per-
seid meteor shower is material from Comet
Swift-Tuttle.

Historically comets have come full circle from
being seen as omens in the heavens to be feared,
to celestial objects evoking a sense of wonder,
and to again being objects that should be feared
if they come too close and perhaps even impact
Earth. Comets represent a more troubling
threat than do asteroids, as comets are usually
discovered only when they come in past the or-
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Comet Tempel 1 in an image taken in 1998 by the Deep Impact flyby
craft. (NASA/JPL-Caltech)



bit of Jupiter. As such there is insufficient time
to mount any mitigating effort if a new comet is
determined to make a close pass or actually im-
pact the Earth. Have comets impacted the
Earth in the past? The answer is believed to be
almost certainly yes, and indeed many believe
that the majority of Earth’s water came from
comets encountering the early Earth. The Sibe-
rian Tunguska event of 1908, itself a curiosity
that has been explained by some (without any
legitimate supporting evidence) as a nuclear ex-
plosion or even the impact of an unidentified fly-
ing object, is now believed to have been the re-
sult of a comet or asteroid impact, most likely an
air burst explosion of the body. Although this
theory is not yet confirmed, it points out the po-
tential for devastation that an impacting comet
represents.

A comet collision was observed in 1994 when
the nearly two dozen pieces of the shattered
Comet Shoemaker-Levy 9 smacked into Jupi-
ter’s upper atmosphere. These pieces created
temporary changes in the gas giant’s appear-
ance, many of which were the size of the Earth,
indicating that a tremendous amount of energy
was involved in this series of collisions. The im-
pacts were recorded by the Hubble Space Tele-
scope and Galileo spacecraft; the incredible
magnitude of the disruption came as a surprise
to the scientific community.

It was believed since roughly 1950 that gravi-
tational disruption of the Sun’s Oort Cloud by a
close passage of another star was responsible
for swarms of comets heading into the inner so-
lar system, resulting in bombardment of the
planets. However, in late 2008 Hans Rickman of
Sweden’s Uppsala Astronomical Observatory
reported in Celestial Mechanics and Dynamical
Astronomy the results of an updated computer
simulation of the Oort Cloud investigated by his
research group. If correct, their model indicates
that sporadic stellar encounters, while indeed
important in generating fresh comets that head
toward the inner solar system, is not the only
mechanism for sending comets toward the plan-
ets. This model accounted for galactic gravita-
tional tidal influences on the Oort Cloud and
found that the threat from comets may be more
constant than previously believed. If correct,
the model reinforces the need to monitor the

skies for incoming comets that might be headed
our way.

Dennis Chamberland and David G. Fisher
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Coordinate Systems
Category: Scientific Methods

There are several astronomical coordinate
systems that are in common usage. In each
system, the position of an object in the sky,
or on the celestial sphere, is specified by two
angles, similar to latitude and longitude
on Earth.

OVERVIEW

An astronomical coordinate system is a way
for locating an object in the sky, or on the celes-
tial sphere, using two angles. (The celestial
sphere is an imaginary sphere of large size sur-
rounding the Earth, representing the sky as
seen from Earth.) There are several astronomi-
cal coordinate systems in common usage, and
each system is based on a reference plane and a
reference direction in that plane. In each sys-
tem, the intersection of the reference plane and
the celestial sphere is a great circle on the celes-
tial sphere defining the “equator” of the coordi-
nate system. The two “poles” of the system are
the two points on the celestial sphere each 90º
from the system’s equator. Great circles passing
through these poles intersect the equator of the
system at right angles. One of the two angular
coordinates of each coordinate system is mea-
sured from the equator of the system to the ob-
ject along the great circle passing through it and
the poles. Angles on one side of the equator are
considered positive; those on the opposite side
are negative. The other angular coordinate is
measured along the equator from the reference
direction to the intersection of the equator, with
the great circle passing through the object and
the poles. (For comparison, in the system of lati-
tude and longitude on Earth, the reference
plane is the Earth’s equatorial plane, and the
reference direction is the intersection of the
prime meridian passing through Greenwich,
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England, with the equator. Latitude is mea-
sured as the angle north or south of the equator,
and longitude is measured as the angle east or
west of the prime meridian).

Four astronomical coordinate systems are
commonly used: alt-azimuth (or horizon), equa-
torial, ecliptic, and galactic.

The alt-azimuth, or horizon, system has as
its reference plane the plane of the horizon,
which is a great circle on the celestial sphere 90°
from the zenith (the point directly over the ob-
server). Its reference direction is the north point
(the point on the horizon due north). Its lati-
tude-like coordinate, called altitude (h), is the
angle above or below the horizon (positive above
and negative below). Altitude ranges from +90°
at the zenith to –90° at the nadir (the point di-
rectly underneath the observer). The longitude-
like coordinate, called azimuth (A), is the angle
measured to the east along the horizon from the
north point. Azimuth varies from 0° due north,
to 90° due east, to 180° due south, to 270° due
west, and to 360° (equivalent to 0°) as north is
approached from the west. This system is conve-
nient for giving approximate directions to ob-
jects in the sky at any one moment from any one
location on Earth, but the altitude and azimuth
for any object are different as seen from differ-
ent locations on Earth, and they constantly
change as objects appear to move across the sky
due to the Earth’s rotation.

In the equatorial system, the reference plane
is the plane of the Earth’s equator; its intersec-
tion with the celestial sphere defines the celes-
tial equator. The extension of the Earth’s rota-
tional axis through the north and south
terrestrial (or geographic) poles intersects the
celestial sphere at the north and south celestial
poles. The reference direction is given by the
Sun’s apparent position at the moment of the
vernal equinox, when the Sun is directly above
some point on the Earth’s equator in March.
The latitude-like coordinate, called declination,
is measured as the angle north or south of the
celestial equator (positive to the north and neg-
ative to the south). Declination ranges from
+90° at the north celestial pole (the point on the
celestial sphere directly over the Earth’s north
pole) to –90° at the south celestial pole (the
point on the celestial sphere directly over the

Earth’s south pole). The longitude-like coordi-
nate, called right ascension, is measured to the
east along the celestial equator from the vernal
equinox point. Instead of specifying this angle
in degrees, right ascension is given traditionally
in hours, minutes, and seconds. Because of the
Earth’ s rotation on its axis, the sky appears to
turn through 360° in approximately 24 hours:
exactly 24 hours of sidereal time, but 23 hours,
56 minutes, and 4 seconds of mean solar time
(the difference in these two time systems is due
to the Earth’s revolution around the Sun). A full
circle of 360° around the celestial equator is de-
fined as 24 hours of right ascension. Thus 1 hour
of right ascension corresponds to 15° of arc, 1
minute of right ascension corresponds to 15 arc
minutes, and 1 second of right ascension corre-
sponds to 15 arc seconds.

This equatorial system rotates with the ap-
parent daily motion of the sky, so declination
and right ascension of most astronomical ob-
jects remain nearly constant for reasonably
short times of up to a few years. However, over
the long run, declination and right ascension
change as a result of two main factors: preces-
sion and proper motion. (Note that the Sun,
Moon, and planets appear to move through the
sky with respect to the stars, so their right as-
cension and declination noticeably change
much more rapidly, over timescales of hours to
months.) Precession is a slow change in the di-
rection of the Earth’s rotational axis, which
traces out a double-cone figure in space over ap-
proximately 25,800 years, due to the gravita-
tional pull of the Moon and Sun on the Earth’s
equatorial bulge. As a result, the positions of the
celestial poles and celestial equator do not re-
main fixed on the celestial sphere, but they shift
in a predictable way. Each of the two celestial
poles traces out a circle with an angular diame-
ter of 47° on the celestial sphere over a period of
25,800 years. Because of precession, the equi-
noxes shift westward relative to the stars so
that gradually the seasonal constellations
change. The vernal equinox (occurring in
March), now is located in Pisces, but 2,000 years
ago it was in Aries, and in about 600 years it will
shift into Aquarius. Polaris currently is the
north pole star, but at the time of the building of
the Great Pyramid in Egypt, about 5,000 years
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ago, the star Thuban in Draco was the north
pole star. In about 12,000 years, the star Vega in
Lyra will approximately mark the north celes-
tial pole. Because of precession, catalogs listing
the declination and right ascension of stars,
nebulae, galaxies, and other objects must spec-
ify the epoch (year) for which the coordinates
are rigorously correct. Corrections must be cal-
culated using standard precessional formulas
to convert the listed coordinates to other years.

The declination and right ascension of indi-
vidual stars also change due to their proper mo-
tion, which is the change in direction to a star as
seen from Earth due to the star’s actual motion
through space relative to our solar system. For
most stars, the proper motion is small enough so
that its practical effect on declination and right
ascension can be ignored, but some stars have
proper motions of several arc seconds per year
(the largest proper motion known is that of
Barnards star, 10.4 arc seconds per year), so
over timescales of decades the declination and
right ascension of these stars can change by arc
minutes. (A very long-term effect of proper mo-
tions is that over timescales of thousands of
years or more, the familiar shapes of constella-
tions slowly change.)

In the ecliptic system, the reference plane is
the plane of the Earth’s orbit around the Sun.
The term “ecliptic” is used both for the Earth’s
orbital plane and for the great circle that marks
its intersection with the celestial sphere. The
reference direction is the same as in the equato-
rial system: the apparent position of the Sun at
the moment of the vernal equinox. The term
“vernal equinox” is used both for the moment in
time in March when the Sun is directly above
some point on the Earth’s equator and for one of
the two intersections of the ecliptic and the ce-
lestial equator on the celestial sphere. (The
other intersection is called the autumnal equi-
nox and marks the Sun’s apparent position when
it is directly above some point on the Earth’s
equator in September.) The latitude-like coordi-
nate, called ecliptic latitude, is measured as the
angle north (positive) or south (negative) of the
ecliptic; it ranges from +90° to –90°. The longi-
tude-like coordinate, called ecliptic longitude, is
measured to the east along the ecliptic from the
vernal equinox point; it ranges from 0° to 360°.

This coordinate system is especially useful in
giving the position of solar-system objects. Be-
cause many solar-system objects have orbits
around the Sun that are not inclined very
greatly to the plane of the Earth’s orbit around
the Sun, such solar-system objects will be seen
near the ecliptic and thus have small ecliptic
latitudes.

The galactic coordinate system has a refer-
ence plane that is the mean plane of our galaxy,
the Milky Way (defined primarily by 21-centi-
meter, 1,400-megahertz radio observations of
neutral hydrogen, which is concentrated in the
galactic plane), and a reference direction that
points to the galactic center. The latitude-like
coordinate, called galactic latitude, is measured
as the angle north (positive) or south (negative)
of the galactic equator. The longitude-like coor-
dinate, called galactic longitude, is measured
along the galactic equator from the direction to
the galactic center (as viewed from the poition of
our solar system) toward the direction of galac-
tic rotation. It varies from 0° in the direction of
the galactic center, to 90° in the direction of gen-
eral galactic rotation, to 180° in the direction op-
posite to the galactic center (the galactic “anti-
center”), to 270° opposite to the direction of
general galactic rotation, and up to 360° as the
direction to the galactic center is approached
again. This system is useful for indicating the
location of objects relative to the Milky Way.

APPLICATIONS

The primary use of any astronomical coordi-
nate system is to specify the location of celestial
objects for observation. Most sources list the
equatorial coordinates of right ascension and
declination, together with the epoch (year) for
which the right ascension and declination are
rigorously correct. In the past, astronomers had
to calculate precessional corrections to adjust
the right ascensions and declinations to the cur-
rent date, and then calculate the angles to set
the telescope based on the time of observation.
However, now the settings of most major tele-
scopes have been computerized so that the right
ascension, declination, and listing epoch can be
input directly, and the correct settings will be
calculated automatically.

Another use for old catalogs listing right as-
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cension and declination is to determine proper
motions. The old coordinates, corrected for pre-
cession, are compared to new coordinates. Any
differences are due to the proper motions of the
objects.

In the case of an object in our solar system
(such as a planet, asteroid, or comet), often the
elements of its orbit around the Sun (such as
semimajor axis, eccentricity, inclination, or
time of perihelion passage) will be given. These
can be used to calculate the object’s ecliptic lati-
tude and longitude for a specific time and date,
and in turn these can be converted into its right
ascension and declination for that same time
and date. A list of these coordinates for a series
of dates provides an ephemeris of where to ob-
serve the object.

In the study of the structure of the Milky
Way, coordinates of galactic latitude and galac-
tic longitude often are most useful for visualiz-
ing where objects are located. Of course, galactic
coordinates can be converted to equatorial coor-
dinates of right ascension and declination for
setting telescopes to observe the objects.

CONTEXT

The earliest references to locations and mo-
tions of stars and planets can be traced back
about twenty-five hundred years, when Babylo-
nian observer-priests recorded the movement of
planets relative to the stars. In the hands of the
Greeks, the Babylonian results for periodic and
irregular celestial motions became the basis for
geometric models trying to explain the struc-
ture and motions of the universe. Ptolemy, be-
tween 296 and 272 b.c.e., measured positions for
a number of stars in terms of their angular dis-
tances above or below the celestial equator (to-
day this would be called declination), as well as
differences in their angular positions parallel to
the celestial equator (today this would be called
differences in right ascension). Around 150
b.c.e., the Greek astronomer Hipparchus com-
piled one of the first systematic star catalogs,
giving the coordinates and apparent magni-
tudes for about 850 stars.

The development of astronomical coordinate
systems was important for several practical
reasons. The most significant was that it al-
lowed for the construction of an accurate calen-

dar, which was essential for weather prediction
and agriculture. The length of the year could be
fixed, months and days could be intercalated,
and the passing of the solstices and equinoxes
could be established. In addition, astronomical
coordinate systems led to the development of ce-
lestial navigation, enabling commerce to ex-
pand to new trade areas and allowing more of
the world to be explored.

Earl G. Hoover and Richard R. Erickson
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Coronal Holes and
Coronal Mass Ejections
Category: The Sun

The corona is the outermost layer of the
Sun. It is extremely hot but so tenuous that
it is visible only when a solar eclipse blocks
the brighter photosphere. Coronal holes
are less dense regions of the corona where
coronal matter streams outward into inter-
planetary space. Coronal mass ejections oc-
cur when magnetic field lines in the solar
corona snap and eject large clumps of solar
material into interplanetary space.

OVERVIEW

The outermost layer in the Sun’s atmosphere
is the corona (which means “crown”). Gas in the
corona can reach temperatures of a few million
kelvins. This gas is very thin, however, with a
density on the order of 10−12 kilograms/meter3.
Thus, the corona is faint, so faint that it cannot
normally be seen because its feeble light is over-
whelmed by the much brighter photosphere.
The corona must be observed optically either
during a total solar eclipse or by using a
coronagraph. The latter is a disk, blocking the
photosphere, in the focal plane of the telescope.

The chromosphere is the layer of the Sun’s at-
mosphere between the photosphere and corona.
The chromosphere is only a few thousand kilo-
meters thick. The temperature of the gas in the
chromosphere is slightly higher than that in the
photosphere. In the approximately 100-kilome-
ter-thick transitional region between the chro-
mosphere and corona, the temperature rapidly
increases from about 6,000 kelvins to a few hun-
dred thousand kelvins.

The Sun is a ball of gas without anything that
could be considered a solid surface. The Sun’s
photosphere, however, is the closest the Sun has
to a surface. The photosphere is relatively
opaque and blocks our view of the solar interior,
so most photographs or observations of the solar
disk show the Sun’s photosphere. It is also the
coolest layer of the Sun. The bottom layer of the
photosphere is at a temperature of 5,800 kel-
vins. The photospheric temperature drops with
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increasing height to a temperature of about
4,500 kelvins at the top of the photosphere, be-
gins to increase in the chromosphere, and is ex-
tremely high in the corona.

Relatively cool stars are reddish in color,
while hot stars are bluish. The Sun’s corona, at
a few million kelvins, is much hotter than most
stars, so it emits most of its energy in the ex-
treme ultraviolet (the shortest ultraviolet wave-
lengths) to X-ray region of the electromagnetic
spectrum. The photosphere is not hot enough to
emit significant amounts of energy in this spec-
tral region. Fortunately for human beings,
Earth’s atmosphere blocks most extreme ultra-
violet and X radiation, so astronomers study the
Sun at these wavelengths from satellites.

Extreme ultraviolet and X-ray pictures of the
Sun show a bright corona and dark photo-
sphere, which is the reverse of optical pictures
showing a bright photosphere and much fainter
corona. Solar astronomers therefore study the
solar corona using extreme ultraviolet or X-ray
images. At these wavelengths the corona shows
structures that are not visible at optical wave-
lengths.

One common structure in the X-ray corona is
the coronal hole. On X-ray images of the Sun’s
corona, coronal holes show up as dark areas be-
cause they are regions where the corona is much
more tenuous than normal. In the coronal holes,
the corona does not show up in X rays and the
photosphere below is very dark at X-ray wave-
lengths. Gas density in the coronal holes is typi-
cally about one-tenth the density of the normal
portions of the corona. Near the north and south
poles of the Sun, coronal holes tend to be rela-
tively stable. Near the equatorial and midlati-
tude regions of the Sun, coronal holes are less
stable. Coronal hole activity varies with the
Sun’s magnetic activity cycle. Coronal holes are
therefore in some way related to the Sun’s mag-
netic field. The largest coronal holes, which are
a few hundred thousand kilometers in diame-
ter, can last for months. More typical coronal
holes are tens of thousands kilometers in diam-
eter. These smaller coronal holes typically last
only for hours rather than months.

Most of the corona contains coronal loops,
which are magnetic field structures. The solar
magnetic field lines come up from the lower lay-

ers of the Sun, loop into the corona,
then flow back down into the solar in-
terior. Charged particles, such as
protons and electrons, in strong mag-
netic fields generally travel in spiral
paths around the magnetic field
lines. The magnetic forces do not al-
low these particles to travel across
the magnetic field lines. Solar mate-
rial is a plasma in which electrons
are separated from the atomic nuclei;
it is composed of charged particles
and flows along these coronal loops.

Coronal loops do not exist in coro-
nal holes. In coronal holes the mag-
netic field lines from the Sun’s inte-
rior do not loop back into the Sun.
They extend outward into interplan-
etary space. In the coronal holes, so-
lar material moves upward from the
Sun’s lower layers along these mag-
netic field lines. Rather than falling
back down into the Sun, this mate-
rial—which is mostly protons (hydro-
gen nuclei) and electrons with occa-
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sional heavier, ionized atoms—streams
out into interplanetary space and leaves
a low-density coronal hole. Coronal
holes therefore contain solar matter
flowing into interplanetary space and
are a major source of the solar wind.

The solar wind consists of charged
particles from the Sun flowing outward
into space. Were it not continually re-
plenished from the lower layers of the
Sun, the solar wind would evaporate
the corona in about a day. A few billion
kilograms of solar material flow outward
in the solar wind every second. The Sun
permanently loses this mass. It would
seem that the Sun might quickly evapo-
rate from the cumulative effect of the co-
ronal holes and solar wind, but the Sun
is very much more massive than the
Earth. Hence, in the nearly five billion
years of its existence, the Sun has lost
less than one-tenth of 1 percent of its
mass to the outflow of the solar wind.

Coronal mass ejections occur when
coronal loops break. Normally solar material
flows along the coronal loops from the solar inte-
rior, into the corona, and back into the interior.
However, occasionally the magnetic field lines
in a coronal loop break. When this happens, the
loop more or less explodes. The solar material in
the loop is no longer confined by the magnetic
field; it shoots outward into space. These events
are called coronal mass ejections, or CMEs.

A typical CME flings about 1012 to 1013 kilo-
grams of solar material into space. Typically a
CME releases 1024 to 1025 joules of energy. Be-
cause CMEs are related to the Sun’s magnetic
field, they occur more frequently during the
maxima of the solar activity (sunspot) cycle.
CMEs happen as often as a few times a day.
When a CME is pointed toward Earth, the re-
sulting magnetic storm can severely disrupt
long-distance communications on Earth and
cause increased auroral activity.

KNOWLEDGE GAINED

In contrast to the Sun’s photosphere, the
spectrum of the Sun’s corona contains emission
lines, which form from a hot, thin gas. Many of
the emission lines in the Sun’s coronal spectrum

are lines not visible from Earth. Astronomers
originally thought these lines might be a new el-
ement, but they turned out to be what scientists
call forbidden lines. The existence of these for-
bidden lines was an early clue to the extremely
low density of the corona.

Although the corona can be studied optically
from the ground during eclipses, much of our
knowledge of the corona, coronal holes, and co-
ronal mass ejections comes from satellites, par-
ticularly those equipped to observe the Sun at
extreme ultraviolet and X-ray wavelengths as
well as optically. Such studies started in ear-
nest in the 1970’s using X-ray telescopes on the
Skylab mission. During this crewed mission, so-
lar astronomers first noticed the connection be-
tween coronal holes and the solar wind.

Other satellites have been important to un-
derstanding coronal phenomena. The Japanese
Yohkoh satellite was launched in 1991 and fell
back to Earth in 2005. Yohkoh for the first time
allowed daily images of the corona allowing so-
lar astronomers to study rapid changes in the
coronal structure. The joint European and Na-
tional Aeronautics and Space Administration
(NASA) Solar and Heliospheric Observatory,
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SOHO, mission launched in 1995,
and the NASA Transition Region
and Coronal Explorer (TRACE) mis-
sion, launched in 1998, also made
many contributions to our under-
standing of coronal and other solar
phenomena. SOHO discovered a
magnetic carpet on the Sun’s sur-
face that plays a major role in pro-
viding the energy needed to heat
the corona. TRACE takes very high-
resolution, extreme ultraviolet im-
ages of the corona. Although TRACE
can image only a small region of the
corona at one time, it does allow
very detailed studies of coronal phe-
nomena.

CONTEXT

Coronal mass ejections as well as
variations in the solar wind can af-
fect Earth, causing geomagnetic
storms. These geomagnetic storms
are often referred to as space
weather. The aurora borealis and
aurora australis, also known as the
northern and southern lights, are caused by
these geomagnetic storms. Hence they are more
likely to be visible when a coronal mass ejection
reaches Earth. Other geomagnetic effects are
less benign. Earth’s upper atmosphere expands
a little and disrupts long-distance radio commu-
nications that depend on radio waves reflecting
off the ionosphere or communication satellites.
The expanded upper atmosphere can cause
some friction on low-Earth-orbit satellites lead-
ing to orbital decay and eventually falling back
to Earth. Geomagnetic storms caused by coro-
nal mass ejections can also disrupt the electrical
power grid.

Coronal holes and coronal mass ejections are
part of the complex magnetic phenomena of the
Sun’s corona. Coronal holes seem to play a still
poorly understood role in the Sun’s magnetic ac-
tivity cycle. These phenomena do not exist in
isolation. The corona and its magnetic fields in-
teract with the Sun’s chromosphere, photo-
sphere, interior, and their magnetic fields. Via
the solar wind, originating in coronal holes,
and coronal mass ejections, the Sun’s corona

also interacts with Earth. To understand any
facet of this complex Sun-Earth system com-
pletely, astronomers need to understand all the
other facets.

Paul A. Heckert
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Cosmic Rays
Category: The Cosmological Context

High-energy cosmic rays are samples of
material from outside the solar system. El-
emental and isotopic compositions of the
cosmic rays constrain models for element
production in a variety of astrophysical
sources.

OVERVIEW

Cosmic rays are charged particles, electrons,
and positively charged ions ranging from pro-
tons to the heaviest elements, which arrive at
Earth from space. About 98 percent of cosmic
rays are positively charged nuclei, with most of
the remainder being negatively charged elec-
trons. Although some of the lowest-energy cos-
mic rays are particles emitted by the Sun, most
cosmic rays are too energetic to be confined to
the solar system and are samples of material
from other parts of the galaxy. Because cosmic
rays are charged particles, their paths from
their sources to Earth are bent by magnetic
fields in the galaxy. As a result, traditional as-
tronomy in which electromagnetic radiation in-
tercepted by a detector, such as a telescope, is
traced back in a straight line to its source is not
possible with cosmic rays. Nevertheless, cosmic
rays provide important clues to the processes
that occur in stars, supernovae, and other astro-
physical sources.

Determination of the composition of cosmic
rays permits comparison to the composition of
the Earth, lunar samples returned by the Apollo
missions, meteorites, and the Sun. This allows
processes by which elements are produced
within stars to be examined and compared to
theoretical models for nucleosynthesis.

The nucleus of each element has a unique
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charge, so methods of determining the composi-
tion of cosmic rays require a measurement of
charge on each individual cosmic-ray particle.
Generally, these techniques require two inde-
pendent measurements. The first measurement
might determine the rate at which cosmic rays
lose energy in traversing the detector. This rate
of energy loss is proportional to the square of the
charge-to-speed ratio of the particle. A second
measurement might then determine the veloc-
ity, or some other property that depends on ve-
locity, in a manner different from that for deter-
mining the rate of energy loss. From these two
measurements, the charge can be determined.

A number of innovative charge-measure-
ment detectors have been developed. These de-
tectors can be divided into three general catego-
ries: recording detectors, such as photographic
emulsions; visual detectors, such as cloud cham-
bers; and electronic detectors, such as Geiger-
Müller counters.

In the late 1940’s, groups of cosmic-ray inves-

tigators from the University of Minnesota and
the University of Rochester employed photo-
graphic emulsions carried to high altitudes by
balloons to determine the charge and energy of
the cosmic rays. High altitudes, frequently
above 27,000 meters, were required because col-
lisions between incoming cosmic rays and air
molecules can cause cosmic rays to fragment
into several lighter nuclei, thus altering their
composition. At high altitudes, the probability
of such a collision is low. Therefore, balloon de-
tectors measure the primary composition of the
particles in space. These early experiments
demonstrated that, of the nuclei in cosmic rays,
about 87 percent are hydrogen, or protons; 12
percent are helium; and the remaining 1 per-
cent are heavier nuclei. It is the composition of
these heavier nuclei that contains the clues to
the nucleosynthetic processes.

Following the initial discovery of heavy nu-
clei among cosmic rays, the emphasis in cosmic-
ray research shifted to the determination of the

charge spectrum, or relative
abundances, of each element.
Early experiments made use
of the Earth’s magnetic field
as a velocity selector. Paths
of charged particles are bent
when they encounter a mag-
netic field, so only particles
exceeding a given cutoff en-
ergy can penetrate through a
region of given magnetic field
intensity. The magnetic field
of the Earth is so strong near
the equator that only cosmic-
ray particles with velocities
very close to the speed of
light can penetrate. Thus, for
those cosmic rays detected
near the equator, the mag-
netic cutoff identifies the ve-
locity to be approximately
(just under) the speed of
light. A single measurement
of the rate of energy loss for
these particles provides a
measurement of their charge.

These early experiments
indicated the difficulty of de-
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tection of the heavy nuclei among cosmic rays. A
one-square-meter detector placed in space,
above the Earth’s atmosphere and outside the
Earth’s magnetic field, would register several
hundred non-solar protons per second and
about one-seventh that number of helium nu-
clei. However, only one or two nuclei heavier
than carbon would be measured every second,
and the detector would register a single iron nu-
cleus every fifteen seconds. To observe a single
lead nucleus would require several months of
detector operation. Cosmic-ray astrophysicists
recognized that large detectors with long expo-
sure times would be required to determine accu-
rately the composition of the heavy cosmic rays.

In 1956, Frank McDonald, a physicist at
Iowa State University, developed a combination
of two electronic detectors—a scintillation coun-
ter and a Cherenkov counter—to determine the
charge and velocity of the cosmic rays. This com-
bination of detectors provided good measure-
ments of the elemental abundances for ele-
ments up to iron. Elements heavier than iron
were so rare that their identification required a
new technique. In the mid-1960’s, Robert
Fleischer, Buford Price, and Robert Walker, re-
searchers at the General Electric Research and
Development Center, found that trails of ioniz-
ing particles were recorded within certain types
of plastics and that these trails could be re-
vealed later by etching the plastic in an appro-
priate chemical agent. They demonstrated that
if the rate at which the trail was etching as well
as the total etchable length were both mea-
sured, the charge and energy of the particle
could be determined. Balloon flights with these
plastic detectors provided information on the
composition of the heavier elements in cosmic
rays.

In the 1970’s, cosmic-ray researchers em-
ployed orbiting Earth satellites to increase the
duration of their measurements. Large plastic
detectors were flown for several months on the
National Aeronautics and Space Adminis-
tration’s (NASA’s) Skylab space station. The
IMP-7 and IMP-8 satellites, launched in 1972
and 1973, respectively, provided good measure-
ments on the isotopic composition of lighter
cosmic rays. In 1978, the third High-Energy
Astronomical Observatory (HEAO 3), carrying

a 6-square-meter electronic detector, provided
high-quality measurements of the abundances
of nuclei up to bismuth. Cosmic-ray studies con-
tinue at polar stations, with small university-
based instruments examining the space environ-
ment surrounding Earth and with national and
international spacecraft journeying throughout
the solar system.

APPLICATIONS

Astrophysicists generally believe that the
only elements present in the early universe
were hydrogen, helium, and perhaps small
amounts of lithium, beryllium, and boron. Most
of the elements now present were produced in
stellar explosions, or by nucleosynthesis in
stars. Theoretical calculations show that the
elemental and isotopic abundances produced
depend on the particular conditions of the
nucleosynthetic event. Thus, abundances of the
elements and isotopes of material from outside
Earth’s solar system might be different from
those of solar-system material, and those differ-
ences would provide clues to the differing
nucleosynthetic conditions at those sites. This
comparison requires a knowledge of the cosmic-
ray composition at the source.

The composition of the cosmic rays can be al-
tered during their journey through space to
Earth. Radioactive decay will remove those ra-
dioactive elements with short half-lives, com-
pared to the time it took for cosmic rays to reach
Earth. Collisions between cosmic rays and in-
terstellar gas will cause fragmentation of some
of cosmic rays.

Measurements of cosmic-ray composition pro-
vide clues to the “age” of cosmic rays, that is,
the duration of their journey through space. The
light nuclei—lithium, beryllium, and boron—
are much more abundant in cosmic rays than in
solar-system materials. These excess light nu-
clei are believed to have been produced by
spallation, or collisional fragmentation with in-
terstellar gas atoms. Since the abundance of in-
terstellar gas atoms is known from other astro-
nomical measurements, the amount of excess
light elements provides a measure of the dura-
tion of the cosmic-ray journey. Astrophysicists
indicate that cosmic rays currently arriving at
Earth began their journey about 10 million
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years ago. Since the solar system formed about
4.5 billion years ago, the cosmic rays may be
sampling a much younger type of material than
the solar system.

Once the age of cosmic rays is known, the
abundances of heavier elements detected at
Earth can be corrected back to the source by re-
moving the spallation contribution. Generally,
elemental composition of cosmic rays is similar
to that of the solar system, but the differences
provide clues to differences in the nucleosyn-
thetic processes.

The largest difference in the heavy element
composition is for the isotope neon 22, which is
four times more abundant relative to the other
neon isotopes in cosmic rays than in solar-
system matter. Isotopic measurements also
show excesses of magnesium 25, magnesium 26,
silicon 29, and silicon 30 in cosmic rays when

compared to solar-system matter. These latter
discrepancies could be explained if the cosmic-
ray sources were stars with initial abundances
of carbon, nitrogen, and oxygen about twice that
seen in Earth’s Sun. Nevertheless, even this al-
teration of the stellar composition cannot ex-
plain the unusually high abundance of neon 22.

Abundances of the heavier elements may
provide clues to the site of the production of cos-
mic rays. Astrophysicists have identified sev-
eral different nucleosynthetic processes. Two
major ones both proceed by the addition of
neutrons to light target nuclei. In the s-process,
the time between successive neutron capture
events is long enough that the new nucleus can
be transformed (beta decay) to a stable nucleus
before the next capture. This process occurs in
the interiors of stars. In the r-process, neutron
capture proceeds so rapidly that beta decay is
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Forms of Cosmic Radiation

Skin

Alpha rays (charged helium nuclei)

Beta rays (charged electrons)

Gamma rays, X rays (photons)

Neutrinos
(chargeless, nearly massless subatomic particles)

Metal
(0.12 cm aluminum)

Metal
(lead)

Different forms of cosmic radiation can penetrate different forms of matter: Alpha rays cannot penetrate skin; beta
rays can penetrate skin but not metal; gamma rays can penetrate both but are stopped by lead; and neutrinos,
chargeless, nearly massless particles, can penetrate even lead, making them extremely difficult to detect. Although
they interact very little with matter, neutrinos are believed to be produced in the nuclear reactions at the core of the
Sun and other stars and may constitute a large portion of the “missing mass” of the universe.



not possible between individual capture events,
leading to production of more neutron-rich ele-
ments. This process is believed to occur in ex-
plosive processes such as supernovae. Only the
r-process can produce elements heavier than
bismuth.

Since astrophysicists have suggested that
supernovae are a likely source of cosmic rays,
they would be expected to contain the r-process
elemental and isotopic abundance signatures.
The presence of elements heavier than bismuth
in cosmic rays would suggest an r-process ori-
gin. Thus far, experimental results are ambigu-
ous. Rare events, possibly attributable to ele-
ments heavier than bismuth, were reported
from balloon flights carrying photographic
emulsions and plastic detectors. However, the
HEAO 3 detected no such events. Because of the
scarcity of these heavy elements, longer-dura-
tion, large-area cosmic-ray detectors will be re-
quired to resolve the question.

Elemental and isotopic measurements on
cosmic rays indicate that their sources differ in
significant ways from the source of solar-system
material. Because of these differences, more
precise measurements of elemental and isotopic
compositions of the heavier elements are re-
quired for detailed comparisons to the nucleo-
synthetic models.

CONTEXT

Formulation of a detailed model of the
nucleosynthesis of the heavy elements by
Geoffrey Burbidge, Margaret Burbidge, Wil-
liam A. Fowler, and Fred Hoyle in 1957 pro-
vided predictions of the elemental and isoto-
pic abundances expected from the r-process and
s-process. This information, coupled with the
discovery of heavy elements in cosmic rays in
the late 1940’s, suggested comparison of cosmic-
ray composition with the predictions of the
nucleosynthetic models. Rapid advances in elec-
tronic detectors in the 1950’s made such com-
parisons possible, but the limited flight dura-
tion of high-altitude balloons restricted the
number of elements that could be measured be-
cause of the low abundance of heavy elements.
The use of Earth satellites in the 1970’s signifi-
cantly increased the duration of cosmic-ray
composition experiments. Nevertheless, even

these long-duration satellite experiments were
inadequate to answer the question of the abun-
dance of heavy elements in the cosmic rays.

Development of high-resolution electronic
detectors, permitting high-quality determina-
tions of isotopic composition, showed significant
differences between the neon, magnesium, and
silicon isotopic abundances in cosmic rays and
solar-system matter. Advances in modeling of
the nuclear processes in stellar interiors al-
lowed astrophysicists to calculate that most of
these discrepancies were consistent with stellar
nucleosynthesis, with carbon, nitrogen, and ox-
ygen abundances approximately double that of
Earth. Long-duration, large-area cosmic-ray
detectors, possibly on a space station, will be re-
quired to determine the abundances of elements
heavier than bismuth, allowing direct compari-
son of the cosmic-ray composition with that
expected for r-process nucleosynthesis in super-
novae, which are suggested as the cosmic-ray
source.

George J. Flynn
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Cosmology
Category: The Cosmological Context

Cosmology is the study of the structure and
evolution of the universe, including the
eventual development of our solar system.
It brings together many branches of astron-
omy and physics, including general rela-
tivity and high-energy particle physics.

OVERVIEW

Originally, cosmology was a branch of philos-
ophy devoted to understanding the nature of re-
ality and the origin and structure of everything
that exists. With the growth of astrophysics
during the nineteenth and twentieth centuries,
cosmology rapidly became a major area of re-
search in astronomy and physics, and its focus
narrowed to the origin and evolution of energy
and matter in the universe as a whole. Cosmol-
ogy today is concerned with the large-scale
structure of the universe, including the distri-
bution of billions of galaxies and galaxy clusters
throughout space and time. Cosmologists use
physical laws to derive mathematical models of
the early universe to within 10−43 second of
its beginning. They also extrapolate physical
processes into the distant future to predict the
future of the universe and its contents. Never-
theless, modern cosmology still retains some
philosophical qualities.

Modern cosmology has its basis in Albert
Einstein’s general theory of relativity, which he
published in 1915. In 1922, the Russian mathe-
matical physicist Alexander Alexandrovich
Friedmann derived two types of solutions to the
field equations of general relativity in which the
universe initially expands with time. In one
type (called “open”), the universe continues to
expand forever. In the other type (called

Cosmology The Solar System

78



“closed”), the universe expands to some maxi-
mum size, after which it contracts. In 1927, the
Belgian priest and cosmologist Abbé Georges
Lemaître independently derived the same two
solutions to the general relativistic field equa-
tions and went on to speculate about the cause
of the expansion; he suggested the universe be-
gan from a compact, dense initial state—the
“primeval atom”—which disintegrated and dis-
persed into all the atoms in the universe today.

Edwin P. Hubble presented observational ev-
idence that the universe actually is (or at least
appears to be) expanding, when in 1929 he pub-
lished his research that showed a linear correla-
tion between a galaxy’s distance from Earth and
the redshift of its spectrum. The cosmological
explanation for the redshift is that, as the uni-
verse expands, the wavelengths of all electro-
magnetic radiation are stretched. The color red

has the longest wavelength of all components of
visible light. When wavelengths of visible light
are stretched and shifted toward the red, they
are said to be redshifted. The use of the term
“redshift” has also been extended to refer to a
shift toward longer wavelengths in any region of
the electromagnetic spectrum.

The generally accepted cosmological theory
describing the origin and expansion of the uni-
verse is the big bang theory, which can be traced
back to the proposal by Lemaître of a com-
pact, dense initial state that somehow exploded.
The physicist George Gamow expanded on Le-
maître’s idea in the 1930’s and 1940’s, making it
physically more rigorous and incorporating new
work in nuclear physics. The name “big bang”
was coined by Fred Hoyle, one of the developers
of the rival steady state, continuous creation
theory as a derogatory term for an explosive ori-
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gin, but it rapidly caught on and was adopted by
proponents and opponents alike. By the mid- to
late 1960’s, observational evidence had elimi-
nated competing theories, and the big bang be-
came generally accepted. Throughout the re-
mainder of the twentieth century and into the
twenty-first century, the big bang has been fur-
ther modified and refined, and now it incorpo-
rates the latest work in high-energy particle
physics.

The big bang theory maintains that space,
time, energy, and matter were all created from
a primordial explosion, now dated at about 13
to 14 billion years ago. Space expanded isotro-
pically, and as it expanded, the universe cooled.
Modern physical theories can be used to trace
the development of the universe back to 10−43

second after the big bang, when the tempera-
ture was 1032 kelvins, but before that time the
theories break down. At the even higher tem-
peratures prior to that time, scientists think all
four fundamental forces of nature—gravity,
strong nuclear, weak nuclear, and electromag-
netism—were all unified as one force, indistin-
guishable from one another. As the universe ex-
panded and cooled, the forces gradually
separated from each other one by one—first
gravity, then strong nuclear, and finally weak
nuclear from electromagnetism at about 10−10

second and 1015 kelvins.
The early universe was a hot, dense “soup” of

interacting high-energy photons and subatomic
particles, with energy and mass being trans-
formed back and forth. When two photons with
enough energy collided, their energy could be
converted to mass, producing a matter-antimat-
ter pair of particles in a process called pair pro-
duction. When a particle and its antiparticle col-
lided, they mutually annihilated each other
with their mass being converted into two high-
energy gamma-ray photons.

As the universe expanded and cooled, even-
tually photons did not have enough energy to
produce any more particle-antiparticle pairs.
Thereafter, the particles and their antiparticles
collided and mutually annihilated. Since equal
numbers of particles and antiparticles had been
created, they all should have annihilated each
other and the universe today would be devoid
of matter and antimatter. Alternatively, some

segregation process might have separated the
matter and antimatter into distinct regions,
and the universe today would consist of equal
but separate concentrations of matter and anti-
matter. However, the universe today appears to
be composed almost entirely of matter through-
out. An asymmetry in the weak nuclear force
seems to provide a way for antimatter but not
matter to decay, so there was a slight excess of
matter particles by about one in a billion. By the
end of a few seconds, the temperature had
dropped to several billion kelvins, and particle
creation and annihilation had ceased. The small
excess of matter that survived is the matter of
the universe today.

Among the particles to survive were quarks.
They combined to form protons and neutrons; a
proton is two “up” quarks and one “down”
quark, while a neutron is one “up” quark and
two “down” quarks. Protons and neutrons are
the particles that make up atomic nuclei. Single
protons are hydrogen nuclei, and they combined
with neutrons to form nuclei of other light ele-
ments such as deuterium (also called heavy hy-
drogen, with one proton and one neutron), he-
lium (two protons and one or two neutrons), and
small amounts of lithium (three protons and
three or four neutrons) and beryllium (four pro-
tons and three neutrons). However, after about
fifteen minutes, the temperature had dropped
to a few hundred million kelvins, too cool for fur-
ther nucleosynthesis. Heavier nuclei would be
formed much later, in nuclear fusion reactions
in stars.

The early universe was dominated by electro-
magnetic radiation; that is, the spatial density
of electromagnetic energy was greater than the
spatial density of matter. Both densities de-
creased as the universe expanded, but the elec-
tromagnetic energy density decreased faster
than the matter density. Several thousand
years after the big bang, the electromagnetic
energy density dropped below the matter den-
sity at a time referred to as the crossover time.
After that, the universe was dominated by mat-
ter, since its density was greater.

Around 300,000 to 500,000 years after the big
bang, the temperature had dropped to about
3,000 kelvins. Electrons could then join with
protons (bare hydrogen nuclei) to form electri-
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cally neutral hydrogen atoms. Free electrons
are very effective at scattering photons, but
electrons in atoms are not able to do so. As a re-
sult, the universe changed from being very
opaque to becoming transparent to electromag-
netic radiation. Photons could now travel freely
through the universe. This was the source of the
cosmic microwave background radiation cur-
rently observed at a temperature of about 3 kel-
vins, because the wavelength of the electromag-
netic radiation has been greatly stretched
(redshifted) by the expansion of the universe.

Within the first few hundred million years,
matter clumped together by gravitational at-
traction to form protogalaxies or pregalactic
fragments, and within them further gravita-
tional clumping formed the first stars. These
protogalaxies were relatively small, but through
mergers they developed into larger systems, the
galaxies of the universe today. Galaxies range
in size from dwarfs, containing a few tens of
millions of stars, to giants, with more than ten
trillion stars. Galaxies are not distributed ran-
domly through space but are grouped into gal-
axy clusters; poor clusters contain only a few
tens of galaxies, while rich clusters have thou-
sands of members. Galaxy clusters in turn are
grouped into superclusters. Between them are
large, nearly empty regions called voids.

Within galaxies, stars form from clouds of gas
and dust called nebulae. Stars initially heat up
and begin to shine by gravitational contraction,
but this is a relatively brief stage in the life cycle
of a star. During most of their energy-producing
lives, stars generate energy by nuclear fusion
reactions in which lighter atomic nuclei are
fused into heavier nuclei with the release of en-
ergy. Stars with many times the Sun’s mass can
synthesize nuclei as heavy as iron in their inte-
riors. When they explode as Type II supernovae
at the end of their energy-producing lives, the
tremendous energy released synthesizes nuclei
heavier than iron. The explosion disperses the
elements the star formed during its life out into
space, there to enrich the nebulae from which
new generations of stars form.

It had been assumed that in the future, the
expansion of the universe will slow down, due to
the gravitational attraction between galaxies.
The only question has been how rapidly the ex-

pansion is decelerating. If the deceleration were
small, the universe would expand forever, at a
gradually decreasing rate; if the deceleration
were large enough, someday the universe would
stop expanding and begin to contract at ever-
increasing speed. Beginning in the 1990’s, as-
tronomers tried to determine how much the
universe is slowing down by measuring the ex-
pansion rate at great distances (and hence at
great times in the past) and comparing it to the
expansion rate at smaller distances (and more
recent times). Contrary to expectations, they
found the expansion rate in the past was slower
than it is now, indicating that the expansion of
the universe is accelerating. The cause for this
acceleration is unknown, but it is called “dark
energy.” If the acceleration continues, the dis-
tances between galaxy clusters will grow at
an ever-increasing rate. Eventually, all the
matter in galaxies will be processed into stars,
all the stars will use up their sources of energy
and go out, and the universe will grow cold and
dark.

METHODS OF STUDY

Cosmology is studied both theoretically and
observationally, the two complementing each
other. New observations need to be interpreted
by theories, and theories need to be confirmed
by further observations. Cosmological observa-
tions are now made over the entire electromag-
netic spectrum, from high-energy, short-wave-
length gamma rays, through X rays, ultraviolet,
visible light, infrared, microwaves, to long-
wavelength radio waves. Not all electromag-
netic radiation penetrates Earth’s atmosphere,
so parts of the electromagnetic spectrum must
be observed from satellites above Earth orbit,
above the atmosphere.

The speed at which all forms of electromag-
netic radiation travel through a vacuum is ex-
ceedingly fast but finite, being very close to
300,000 kilometers per second. Therefore, look-
ing out to greater distances means looking fur-
ther back in time. When astronomers look at
Earth’s moon, at a distance of about 400,000 ki-
lometers, they see it as it was about 1.3 seconds
earlier. When one observes the Sun, at a dis-
tance of about 150 million kilometers, it appears
as it was 8 minutes and 20 seconds earlier. The
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nearest star system outside our solar system,
the Alpha Centauri system, is at a distance of
4.3 light-years, meaning that we see that sys-
tem as it was 4.3 years ago. Distant galaxies are
billions of light-years away, so we see them as
they were billions of years ago. In this manner it
is possible to observe the early universe and its
contents by observing at larger and larger dis-
tances.

There are two primary observational anchors
in modern cosmology. The first is the Hubble
law, the relationship between galaxy redshifts
and distances, first discovered by Edwin Hub-
ble. This provides the basic observational evi-
dence that the universe is expanding. Other ex-
planations for the redshifts of galaxy spectra
have been proposed. For example, the “tired
light” hypothesis posits that photons lose en-
ergy and hence are shifted to lower frequencies
and longer wavelengths as they travel immense
distances. However, none of these alternative
explanations fits the observed data, with a min-
imum of extra assumptions, as well as the ex-
panding universe does—which explains the
redshifts of distant objects as due to the stretch-
ing of wavelengths of electromagnetic radiation
as the universe expands.

The second observational anchor in cosmol-
ogy is the cosmic microwave background (CMB)
radiation, which is the firmest observational ev-
idence supporting a big bang origin to the ex-
panding universe. It was first detected acciden-
tally by Arno A. Penzias and Robert W. Wilson
in 1965 as part of their work on a communica-
tion satellite project at AT&T’s Bell Labora-
tories in Holmdel, New Jersey. Using a large
radio horn antenna, they found a uniform mi-
crowave background signal coming from all di-
rections. It was identified by Robert Dicke and
his colleagues at Princeton University as greatly
redshifted radiation from a few hundred thou-
sand years after the big bang, the time when the
universe became transparent. Subsequent ob-
servations of it by Earth-orbiting spacecraft—
the Cosmic Background Explorer (COBE) and
the Wilkinson Microwave Anisotropy Probe
(WMAP)—and high-altitude balloons launched
in Antarctica, including Balloon Observations
of Millimetric Extragalactic Radiation and
Geomagnetics (BOOMERANG), showed that

the radiation exactly fits a blackbody spectral
curve for a temperature of 2.73 kelvins. How-
ever, it is not precisely uniform. There are tem-
perature variations of up to about 0.00001 kel-
vin over areas of the sky with an angular size of
about 1° of arc (about twice the apparent angu-
lar size of the Sun and full Moon as seen in our
sky). These temperature variations are thought
to represent slight differences in density in the
early universe that ultimately produced the
“lumpy” universe of clusters of galaxies that ob-
served today.

On the theoretical side, modern cosmology
draws primarily upon general relativity and
high-energy particle physics. Solutions to the
simplest form of the field equations of general
relativity predicted an expanding universe be-
fore it was confirmed observationally. High-
energy particle physics provides insights into
the processes that likely occurred in the high-
temperature, high-energy environment of the
early universe.

Grand unified theories (GUTs) seek to unify
the strong nuclear, weak nuclear, and electro-
magnetic forces as manifestations of a single
more fundamental force, and theories of every-
thing (TOEs) try to include gravity with the
other three forces. It is thought that this unifi-
cation, meaning the forces are indistinguish-
able from each other, occurs at extremely high
temperatures and energies, the conditions that
existed in the very early universe. Thus the very
early universe serves as a laboratory to test
such theories.

CONTEXT

The value of cosmology lies in understanding
the structure and organization of the universe,
where it came from, and how it will develop in
the future. Cosmology gives us a perspective on
our place in the universe. At the same time, cos-
mology provides a way to test the laws of physics
on a grand universal scale.

Two of the major unsolved questions in cos-
mology involve the nature of dark matter and
dark energy. There are numerous situations in
astronomy in which a study of the dynamics of a
system implies gravitational forces that far ex-
ceed what the observed mass can account for.
The deficit in observed mass was originally
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called “missing mass.” However, the dynamical
mass calculations seem reliable, so astronomers
now generally use the term “dark matter,” since
the mass really is not missing, it is just not ob-
servable in any part of the electromagnetic
spectrum. Dark matter probably includes non-
luminous ordinary matter that has not been ob-
served yet, such as small conglomerates of non-
radiating matter, black dwarfs, and black holes.
However, indications are that most dark matter
is much more exotic—completely unknown
forms of matter that do not interact with ordi-
nary matter except gravitationally. Possible
candidates include a class of particles called
WIMPs (weakly interacting massive particles)
and cosmic strings (long, thin, massive lines of
unbroken symmetry left over from the early
universe in which the strong, weak, and electro-
magnetic forces remain unified).

Dark energy, which drives the acceleration of
the expansion of the universe, is even more
enigmatic. Mathematically, it may take the
form of Einstein’s cosmological constant in the
equations derived from general relativity that
describe the expanding universe. Physically, its
nature is completely unknown.

Various observations indicate that the geom-
etry of the universe is almost precisely flat. That
means the average density of matter and energy
throughout the universe must almost exactly
equal a value called the critical density, about
10−26 kilograms per cubic meter. Observed lumi-
nous matter accounts for about 1 percent of this.
Allowing for probable nonluminous but ordi-
nary dark matter gives about 3 percent more. It
is estimated there is about 26 times more dark
matter (both ordinary and exotic) than lumi-
nous matter, so exotic dark matter accounts for
23 percent of the critical density. The total for
all forms of matter comes to about 27 percent;
thus dark energy contributes about 73 percent
of the average density of the universe. That
means approximately 96 percent of the universe
consists of dark matter and dark energy, about
which we know virtually nothing. Only about
4 percent consists of ordinary matter, both lu-
minous and nonluminous.

Another cosmological puzzle is that the uni-
verse seems “fine-tuned” for life. If the physical
laws and constants of the universe were much

different from what they are, life as we know it
would be impossible. Stars and planets would
not form, or they would not last long enough for
life, especially intelligent life, to develop. One
explanation for this fine-tuning is called the
anthropic principle: the idea that the universe
has to be the way it is, because otherwise we
would not exist to ask about such things. How-
ever, some scientists find the odds overwhelm-
ingly against the universe being the way it is
solely by chance, proposing instead that the uni-
verse in some way may have been deliberately
designed for life. To avoid the theological impli-
cations of deliberate design, other scientists
suggest that the universe is just one of many al-
ternate parallel universes, each with its own
unique set of laws and constants; human beings
occupy the one that allows the existence of life.

Workable GUTs and TOEs are needed to de-
scribe the very early universe. One theory for
unifying all four forces requires eleven dimen-
sions—the familiar three dimensions of space
and one of time, plus seven more dimensions.
The extra dimensions would be rolled up into
structures too small to detect. In some versions
of this theory, particles such as quarks and elec-
trons are really multidimensional membranes
wrapped around the extra dimensions. Multidi-
mensional membranes are also called M-branes
or just branes. It has even been suggested that
collisions between branes lead to big bangs,
with each collision and big bang creating a new
universe.

Through the 1980’s, most of the parameters
that characterize the universe and its expan-
sion were very poorly known, often with more
than a factor of two uncertainty. Since then,
new observations have dramatically narrowed
the range of uncertainty. For example, current
determinations of the Hubble constant—the
slope of the redshift-distance relation, which is
the rate at which the universe is expanding—
are generally between 65 and 75 kilometers per
second per megaparsec. (A megaparsec is a mil-
lion parsecs or 3,260,000 light-years.) These
values mean that the average speed with which
other galaxies recede from us increases by 65 to
75 kilometers per second for every million
parsecs (or 3,260,000 light-years) of distance
from us. This small range of values for the Hub-
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ble constant, together with the matter and en-
ergy density percentages (27 percent matter, 73
percent energy), yields a time back to the big
bang of 13 to 14 billion years ago.

Cosmology started as a branch of philosophy,
but it has become an integral part of astronomy
and physics. It has shifted from being primarily
a speculative, qualitative endeavor to becoming
a precise, quantitative science. Nevertheless,
many aspects of cosmology remain philosophi-
cal in scope. Cosmologists speculate whether or
not our universe is the only universe, whether
or not there are additional dimensions to the
known universe that have yet to be discovered,
and how the four principal forces of nature
might have been unified in the very early uni-
verse right after the big bang. Since humans are
part of the universe, it can be said that “we are
the universe contemplating itself.”

David Wason Hollar, Jr., and
Richard R. Erickson
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D
Dwarf Planets
Categories: Planets and Planetology; Small

Bodies

The discovery of many new bodies orbiting
the Sun beyond the orbit of formerly outer-
most Neptune—including at least one
larger than Pluto—created a crisis in as-
tronomy. It became evident that a new defi-
nition was required to distinguish these ob-
jects from traditional planets. The term
“dwarf planet” was introduced to include
planetary objects smaller than planets but
larger than asteroids, resulting in the de-
motion of Pluto from its status as a planet.

OVERVIEW

The concept of a planet has a long history,
leading to a total of nine planets in the solar sys-
tem until discoveries in the early twenty-first
century led to new definitions that excluded
Pluto. The word “planet” originates from a
Greek word meaning “wanderer” and for centu-
ries was applied to celestial objects that shifted
positions relative to the “fixed” stars. In classi-
cal antiquity, seven such objects were identified
and were associated with mythical gods: the
Sun, the Moon, Mercury, Venus, Mars, Jupiter,
and Saturn. The Latin names for the seven days
of the week were based on these seven celestial
deities. In Greek thought, the planets were be-
lieved to orbit the Earth along complex paths
determined by a combination of circles.

During the scientific revolution of the six-
teenth and seventeenth centuries, it was shown
that five of the classical planets revolve around
the Sun in elliptical orbits, along with the
Earth-Moon system. Late in the eighteenth cen-
tury, British astronomer William Herschel,
aided by his sister Caroline, discovered Uranus,
the first planet to be discovered with the aid of a
telescope. Early in the nineteenth century, Si-
cilian astronomer Giuseppe Piazzi discovered
what he thought was a new planet, smaller than

Mercury and orbiting the Sun between Mars
and Jupiter. He called it Ceres. However, when
many smaller bodies with similar orbits were
discovered in the next few decades, they were
called asteroids, and Ceres was demoted from
its status as a planet (though later reinstated
as a “dwarf planet”). The asteroids are believed
to be remnants from the formation of the solar
system.

By the middle of the nineteenth century, in-
vestigations into slight deviations in the ellipti-
cal orbit of Uranus led to the discovery of Nep-
tune by the German astronomer Johann Galle.
Using Sir Isaac Newton’s law of universal gravi-
tation, astronomers were able to determine the
masses of all but two of the eight known planets
from the motions of their satellites, with Jupiter
as the most massive, at 318 times the Earth’s
mass. Perceived deviations in the orbit of Nep-
tune led to the discovery of Pluto in 1930 by
American astronomer Clyde Tombaugh. Pluto’s
orbit differed from those of the other planets,
with its large inclination from the ecliptic plane
and its highly elliptical shape that brings it
closer to the Sun than Neptune during some 20
years of its 248-year period. It was also found to
be much smaller than the outer gas giant plan-
ets and to consist mostly of icy materials.

In 1977 Charles Kowal discovered a small,
icy planetoid orbiting the Sun between Jupiter
and Uranus, later named Chiron. In the 1990’s
several similar, cometlike objects were found
between Jupiter and Neptune and are now
called centaurs. Pluto’s status as the ninth
planet began to be suspect in 1978, when its sat-
ellite Charon was discovered and Pluto’s mass
was found to be only 0.2 percent of Earth’s mass.
That is much less than even Mercury, at 5.5 per-
cent of the mass of the Earth. Pluto’s mass was
too small to have produced deviations in Nep-
tune’s orbit, which were then found to be negli-
gible.

Then, in 1992 after a five-year search using
digital cameras and computerized analysis, Da-
vid Jewitt and Jane Luu of the Massachusetts
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Institute of Technology (MIT) discovered the
first of many similar icy objects beyond Neptune
in a region called the Kuiper Belt. Existence of
such a region had been predicted by Dutch
American astronomer Gerard Kuiper. It is simi-
lar to the asteroid belt between Mars and Jupi-
ter but about twenty times wider and populated
by icy objects rather than the rocky and metallic
bodies found in the asteroid belt. The Kuiper
Belt extends from the orbit of Neptune, between
30 and about 55 astronomical units (AU), and is
believed to contain thousands of objects larger
than 100 kilometers in diameter.

More than 130 Kuiper Belt objects (KBOs)
have been found with nearly the same 248-year
period as Pluto at about 40 AU from the Sun.

These “plutinos” complete their orbits twice
during three orbits of Neptune, referred to as a
2:3 gravitational resonance. KBOs with other
resonances, such as 3:5 and 4:7, are called
cubewanos, and a few objects are found beyond
a 1:2 resonance at 55 AU and with 330-year pe-
riods. Some objects have been found beyond 55
AU but are believed to have been scattered from
the Kuiper Belt into a region called the scat-
tered disk containing scattered disk objects
(SDOs). Planetesimal objects in these latter two
regions (KBOs and SDOs) are called trans-Nep-
tunian objects (TNOs).

Astronomers began to view Pluto as the larg-
est member of the new class of plutinos, and
some started to question its status as a planet.
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In 2003 a team from the Cali-
fornia Institute of Technol-
ogy (CalTech), working at
Mount Palomar Observatory
north of San Diego and led by
Mike Brown, discovered an
SDO at about 97 AU from the
Sun, now called Eris. When a
satellite was discovered in
2005, the mass of Eris was
found to be 27 percent larger
than that of Pluto, and a few
astronomers began to refer to
it as the tenth planet. Most
astronomers, however, rec-
ognized that many TNOs
might be larger than Pluto
and that either they would
also have to be classified as
planets or Pluto would have
to be reclassified to distin-
guish such objects from the
traditional planets.

The definition of a planet
was placed on the agenda for
the General Assembly of the
International Astronomical
Union (IAU) meeting in Au-
gust of 2006. An initial draft
proposal recommended that Pluto be retained
as a planet and that Ceres, Charon, and Eris be
added to the list of planets. This recommenda-
tion was made by astronomers who viewed both
Pluto and its satellite Charon as planets in a
double-planet system, since each body rotates
about a point located between the two. After
many objections, an alternate proposal was of-
fered by the Uruguayan astronomer Julio
Fernández, who suggested an intermediate cat-
egory for objects like Pluto, which are large
enough to be nearly round but too small to clear
their orbits of other planetesimals. The IAU ac-
cepted this proposal, and by unanimous vote it
was agreed to call these intermediate objects
“dwarf planets,” with smaller objects to be
called “small solar-system bodies.” By further
vote, it was agreed that Pluto is a dwarf planet.

These definitions as voted in Resolution 5A
by the Twenty-sixth General Assembly of the
IAU are as follows:

The IAU therefore resolves that planets and
other bodies in our Solar System, except satel-
lites, be defined into three distinct categories in
the following way:

(1) A “planet” is a celestial body that (a) is
in orbit around the Sun (b) has sufficient mass
for its self-gravity to overcome rigid body forces
so that it assumes a hydrostatic equilibrium
(nearly round) shape, and (c) has cleared the
neighbourhood around its orbit.

(2) A “dwarf planet” is a celestial body that
(a) is in orbit around the Sun (b) has sufficient
mass for its self-gravity to overcome rigid body
forces so that it assumes a hydrostatic equilib-
rium (nearly round) shape (c) has not cleared
the neighbourhood around its orbit, and (d) is
not a satellite.

(3) All other objects, except satellites, orbit-
ing the Sun shall be referred to collectively as
“small solar-system bodies.”

In three footnotes, this IAU resolution agreed
that the eight planets are Mercury, Venus,
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Earth, Mars, Jupiter, Saturn, Uranus, and
Neptune. It also agreed to establish a process
for assigning objects to the category dwarf
planet or another status. It also suggested that
small solar-system bodies include most solar
system asteroids, most TNOs, comets, and
other small bodies. In the same meeting, the
IAU announced only three members of the
dwarf planet category: Ceres, Pluto, and Eris.

KNOWLEDGE GAINED

The new definitions of planets, dwarf plan-
ets, and small solar-system bodies have helped
clarify both the nature of these objects and the
structure of the solar system, as well as stimu-
lating new research about them. The new defi-
nitions have led to new searches for dwarf plan-
ets and new research on criteria for hydrostatic
equilibrium shape (nearly round) and orbital
dominance (clearing the neighborhood).

The IAU maintains a dwarf planet watch-list
of about a dozen candidates, which keeps chang-
ing as new candidates are found and as more is
learned about the physics of existing candidates.
Current candidates include the plutinos Orcus
and Ixion, cubewanos Quaoar and Varuna, and
the SDO Sedna, all of which are similar in size
to or larger than Ceres (975 kilometers in diam-
eter) but are not yet established as round. Ob-
servations indicate that icy bodies of more than
about 400 kilometers reach hydrostatic equilib-
rium, but rocky objects with more rigid interiors
might require at least 800 kilometers. The only
other asteroid candidate seems to be Vesta, the
second largest at 530 kilometers, which appears
to be round except for a large impact crater. The
Dawn space probe, scheduled to orbit Vesta by
2011, may resolve its status. Estimates range
from forty to two hundred candidates in the
Kuiper Belt and more beyond it.

CONTEXT

The new definitions of “planet” and “dwarf
planet” highlight the increasingly complex na-
ture of the solar system as more is discovered
about it. The definitions have also, however, in-
troduced many ambiguities and criticisms.

The new definitions do incorporate accepted
theories for the evolution of the solar system
and appeal to observational criteria. As planets

formed from the dust and planetesimals of the
solar disk, their gravity attracted more matter
and they eventually dominated their orbits.
However, if planetesimals were sufficiently dis-
turbed by gravitational forces, such as those
from nearby Jupiter, they never formed planets
and remained as asteroids. Although no planets
have completely cleared their orbital neighbor-
hoods, even Mars, as the least dominant planet,
has collected more than five thousand times as
much material as that which remained in its or-
bit, while Ceres is only 0.33 times larger and
Pluto only 0.07 times larger than the remaining
material in their orbits.

Critics complained, however, that the new
definitions were arbitrary, since no planet has
completely cleared its orbit, and that the round
shape of hydrostatic equilibrium is ambiguous,
since there are various degrees of roundness.
Others voiced concerns about the demotion of
Pluto from its longtime status as a planet. Al-
though the National Aeronautics and Space Ad-
ministration (NASA) decided to accept the new
definitions, many respected astronomers, in-
cluding the director of the New Horizon mission
to Pluto, Alan Stern, remained opposed, and his
team continued to refer to Pluto as a planet. The
discussions and debates would continue at later
meetings of the IAU and as more was learned
about solar-system objects and their physics.

Joseph L. Spradley
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E
Earth-Moon Relations
Categories: Earth; Planets and Planetology

The Moon is the closest astronomical body
to the Earth, with a mass approximately
1.2 percent that of Earth. This unusually
large fraction gives the Moon significant
influence over the orbital and rotational
motion of Earth, creating tides strong
enough to have important geologic and
oceanographic effects, among them varia-
tions in the length of the day. The Moon,
along with the Sun, causes Earth’s spin
axis to precess with a period of 26,000
years.

OVERVIEW

The Moon is the most prominent astronomi-
cal body after the Sun. It is the closest astro-
nomical body to the Earth, orbiting at an aver-
age center-to-center separation of 384,000
kilometers. The Moon has a radius of 1,740 kilo-
meters; at this distance, it appears to be 0.5° in
angular width. The mass of the Moon is 3.74 ×
1022 kilograms and the density of the Moon is 3.3
grams per cubic centimeter. Earth, by contrast,
has a mass of 5.97 × 1024 kilograms and a radius
of 6,380 kilometers, giving it a density of 5.5
grams per cubic centimeter, substantially more
than that of the Moon. The lower density of the
Moon, along with its lack of a magnetic field, ar-
gues that the Moon lacks a molten metallic core
such as the Earth has.

Earth is close enough for material thrown off
of the Moon by meteorite impact (called “ejecta”)
to fall onto it. A small number of meteorites dis-
covered in desert areas or in Antarctica closely
resemble lunar rocks collected by the Apollo
astronauts and have been verified as of lunar
origin.

The Moon and Earth are gravitationally
bound. They orbit around a common point,
called the barycenter, with a period of 27.3 days.
This period is called the sidereal month and rep-

resents the time for the Earth-Moon system to
complete one rotation with respect to the stars.
The synodic month, by contrast, is 29.5 days,
the time between successive full Moons.

The Earth-Moon system is gravitationally
bound to the Sun. Hence, the barycenter orbits
the Sun in obedience to Johannes Kepler’s three
laws of planetary motion: the orbit of the
barycenter is an ellipse with the Sun at one fo-
cus; the line from the center of the Sun to the
barycenter sweeps out equal areas in equal
times; and, the cube of the radius of the
barycenter orbit is proportional to the square of
the period. The barycenter lies on a line joining
the center of Earth to the center of the Moon, at
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a point 4,680 kilometers from the
center of Earth. This distance is 73
percent of the radius of Earth. An ob-
server on Mars would see Earth dis-
placed from the ideal elliptical orbit
by as much as 3

8 of its diameter.
The motion of Earth about the

barycenter is superimposed on the el-
liptical motion of the barycenter
about the Sun in a complicated man-
ner. Earth oscillates back and forth
across the barycenter ellipse, spend-
ing half of a synodic month inside the
ellipse (toward the Sun) and the
other half outside the ellipse. Simul-
taneously, the Earth oscillates above
and below the ecliptic (the plane of
Earth’s orbit) spending half of a side-
real month above the plane and the
other half below it. These back-and-
forth and up-and-down oscillations
are not necessarily synchronous.
When the Earth is inside the ellipse,
the Moon is outside it, and vice versa.
A similar arrangement holds for the
up-and-down displacements. Absent
the Moon, the center of the Earth
would coincide with the barycenter
and the planetary motion of the
Earth would be close to the elliptical
ideal. The Earth-Moon system, on
the other hand, has one of the most complicated
motions in the solar system.

The Earth-Moon system is like an unbal-
anced dumbbell tumbling end over end about
the barycenter. The gravitational pull is the
“bar” holding the dumbbell together. The sides
of the Earth and Moon facing each other can be
referred to as the “inner” sides, and the opposite
sides of each can be referred to as the “outer”
sides. The gravitational force falls off with dis-
tance, making the gravitational pull on the in-
ner side of each body stronger than the gravita-
tional pull on the outer side. This inequality of
forces is referred to as gravitational tidal force.
Neither the Earth nor the Moon is rigid. Each is
plastic enough to change shape under the influ-
ence of the tidal force. The gravitational pull of
the Moon raises a bulge in the Earth more or
less directly under the Moon; the bulge is

matched by a similar one at a location more or
less directly opposite the Moon. The bulge in the
ocean presents itself as the familiar tides. Simi-
lar but less familiar tides exist in the atmo-
sphere and in the Earth’s crust. The rotation of
the Earth attempts to carry these bulges away
from the point directly under the Moon, result-
ing in a slight sideways component to the mu-
tual gravitational pull. This sideways pull acts
as a brake on the rotational motion of the Earth,
slowing it down and increasing the length of the
day. The increase is approximately one-thou-
sandth of a second per century, but it has been
accumulating since the creation of the Moon bil-
lions of years ago. Growth-ring counts in fossil
coral from 400 million years ago seem to indi-
cate that the year (whose length should not
change) consisted of about 400 days back then;
now a year consists of about 365 days. In other

The Solar System Earth-Moon Relations

91

The Galileo spacecraft returned separate images of Earth and its
moon that were later compiled into this montage. (NASA/JPL)



words, the length of the day has increased by
about 10 percent in the past 400 million years.

The sideways pull on the Moon is in the direc-
tion of its orbital motion around Earth. Extra
energy imparted by the pull increases the ra-
dius of the Moon’s orbit and also increases the
length of the siderial month. Since the length of
the day is increasing faster than the length of
the sidereal month, eventually the two will be-
come equal and the day and month will be the
same. At that time, the Earth will always pre-
sent the same face to the Moon, just as the Moon
always presents the same face to the Earth
today.

The rotation of the Earth gives it an oblate
shape that is thicker at the equator than
through the poles. The gravitational pull of the
Sun and Moon on this equatorial bulge acts as a

torque that causes the Earth to precess like a
top. The spin axis of the Earth currently points
toward Polaris, the pole star, but this is only an
accident of history. In 13,000 years, Vega (in the
constellation Lyra) will be the pole star.

KNOWLEDGE GAINED

The bulk of Earth-Moon interactions are
gravitational and are known from earthbound
observations. The apparent location of the Sun
in the zodiac on the first day of spring (recog-
nized as the day that the Sun rose due East and
set due West) held great cultural and religious
significance to ancient civilizations and was
monitored closely. Over the centuries, it became
clear that this location, originally in the constel-
lation Taurus, had moved to the constellation
Aries. The Greek astronomer Hipparchus dis-
covered this fact about 130 b.c.e. and from it de-
duced the 26,700-year circular motion of the
north celestial pole. In 1530, Nicolaus Coperni-
cus recognized this as due to drift of the Earth’s
rotational axis with respect to the fixed stars,
and Sir Isaac Newton in 1687 showed the phe-
nomenon to be an effect of Moon’s gravitational
influence on the Earth.

Edmond Halley in 1693 and Immanuel Kant
in 1754 used Newtonian gravitational theory to
calculate the locations, dates, and times of total
solar eclipses discussed in ancient Greek and
Roman documents. Their calculations argued
that the eclipses could not have taken place at
the dates and places recorded. The discrepan-
cies were eventually traced to changes in the
length of the day due to tidal braking.

Starting with Apollo 11, each subsequent lu-
nar landing mission (except the ill-fated Apollo
13) brought back significant amounts of lunar
rock for scientific study. Oxygen derived from
the lunar material proved to have the same ra-
tio of isotopes as oxygen found on Earth. In con-
trast, oxygen retrieved from meteorites be-
lieved to be of Martian origin had substantially
different isotopic ratios.

This discovery, in conjunction with the obser-
vation that the Moon lacks an iron core, led to
the impact theory of lunar origin. In this theory,
the young Earth and a body approximately the
size of Mars collided some 4.5 billion years ago.
The collision threw a substantial amount of the
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Earth’s crust into space, where some of the ma-
terial coalesced into the Moon, with the remain-
der falling back to Earth. Since this happened
after the bulk of the iron in the proto-Earth had
sunk into the core, the material that formed the
Moon was relatively iron-free.

CONTEXT

The combined motion of the Earth and the
Moon around their common barycenter is one of
the most complicated problems in celestial me-
chanics. Newton once referred to it as the only
problem that ever gave him a headache. Several
factors complicate the solution. The influence of
the Sun makes the problem a three-body gravi-
tational interaction rather than the simpler
two-body problem conquered by Kepler. Unlike
the two-body problem, the three-body problem

cannot be solved in closed analytic form; partic-
ular approximate solutions exist for special con-
figurations, but the Sun-Earth-Moon trio does
not conform to any of them.

The Earth and Moon are also too close for ei-
ther to be regarded as point masses. Further,
neither is purely spherical: the Earth is ellipsoi-
dal, with an equatorial bulge as a product of its
rotation; the Moon is oval as a result of a perma-
nent tidal bulge on the side facing the Earth.
The rotational period of the Moon equals its or-
bital period, so that one face perpetually faces
the Earth, but the orbit is not circular, so that
the Moon moves along the orbit at a varying
rate. This causes the side of the Moon facing the
Earth to rock back and forth, a motion known as
libration. The deviation from circularity (called
the eccentricity) is itself variable, driven by the
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gravitational pull of the Sun, so that the the ex-
tent of the libration waxes and wanes. This vari-
ation in eccentricity is called evection.

Billy R. Smith, Jr.
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Earth-Sun Relations
Categories: Earth; Planets and Planetology;

The Sun

The fundamental Earth-Sun relationship,
from which all others derive, is that the
Earth rotates on its axis as it revolves
around the Sun. The relationships between
the Earth and the Sun determine the
Earth’s “heat budget” and control life on
the planet. Earth motions also produce no-
ticeable periodic changes in the apparent
path of the Sun across the sky, perhaps
most obvious in the seasonal change in di-
rections of sunrise and sunset, and the
length of time the Sun is above the horizon.

OVERVIEW

Earth-Sun relations are the dominant con-
trols of life on Earth. The Sun is a star, and its
electromagnetic radiation warms the Earth and
supplies the energy that supports life on the
planet. Earth-Sun relations determine the
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amount, duration, and distribution of solar ra-
diation that is received by Earth. The Earth’s
rotation on its axis produces day and night, and
its revolution around the Sun and the tilt of its
rotational axis result in the seasons; these pro-
cesses serve to distribute solar radiation over
the Earth. Earth’s atmosphere and oceans in-
fluence the reflection, absorption, and transfer
of solar energy. The result of these interacting
phenomena is a “heat budget” on Earth that is
hospitable to life.

The Sun radiates electromagnetic energy
from every part of its spherical surface. Earth,
150 million kilometers away, intercepts only a
minute portion of the Sun’s radiation, about one
two-billionth. The small amount of the Sun’s en-
ergy that strikes Earth is Earth’s energizer. It
sustains life on Earth and drives weather sys-
tems and oceanic circulation. Solar energy from
the past has been preserved in the form of fossil
fuels—coal, petroleum, and natural gas.

Perhaps the most remarkable aspect of
Earth—remarkable because it is rare in our so-
lar system—is its relatively narrow range of
moderate temperatures. The adjectives “hot”
and “cold” are frequently used in describing our
weather. In relation to the temperatures that
are found elsewhere in the solar system, Earth
is always moderate, and the words “hot” and
“cold” better describe conditions on the other
planets. The mean temperature of Earth is
about 15° Celsius (59° Fahrenheit, or 288 kel-
vins); the absolute extremes recorded anywhere
on Earth are 58° Celsius (136° Fahrenheit,
or 331 kelvins) in North Africa and −89° Celsius
(−128° Fahrenheit, or 184 kelvins) in Antarc-
tica. Few inhabitants of Earth will ever experi-
ence a temperature range of much more than
60° or 70° Celsius in a lifetime. Compare these
temperatures with those of Earth’s nearest
neighbor, the Moon, where temperatures range
from about 120 to −170° Celsius (393 to 103 kel-
vins) between the day- and nightsides. Earth’s
so-called sister planet, Venus, has a surface
temperature of about 450° Celsius (723 kel-
vins). The outer planets of the solar system ex-
perience a permanent deep freeze, below −100°
Celsius (137 kelvins).

The best demonstration of the moderate na-
ture of Earth’s temperature is the presence of

the world’s oceans. Water can exist in the liquid
state only in the narrow temperature range of
0 to 100° Celsius (273 to 373 kelvins) at Earth’s
surface atmospheric pressure. Yet almost 98
percent of Earth’s water remains in the liquid
state. The polar ice caps contain 2 percent, and a
minute portion is water vapor in the atmo-
sphere at any time. Currently 71 percent of
Earth’s surface is covered by oceans of liquid
water, and it has had large oceans for much of
its existence as a planet.

The factors that cause Earth to experience
such moderate temperatures are complex and
interrelated. The Sun is the source of the en-
ergy, yet being the right distance from the Sun
cannot be the sole cause of Earth’s moderate
temperature—witness the Moon. Rather, the
explanation has to do with Earth’s atmosphere,
its oceans, and its motions relative to the Sun.

Earth’s atmosphere moderates the planet’s
temperature during both daylight and dark-
ness. During daylight, the atmosphere blocks
excessive amounts of solar radiation from
reaching Earth’s surface and thus prevents
overheating. During darkness, the atmosphere
retards the escape of heat in the form of long-
wave infrared energy back into space and thus
prevents excessive overnight cooling.

The oceans, also, have a pronounced effect on
the heat budget of Earth. Water has the highest
specific heat of any common substance. That
means more heat is needed to raise the temper-
ature of water than to raise the temperature of
most other materials. Summers and daylight
periods are kept cooler by the water’s ability to
absorb great amounts of solar energy without
the water’s temperature being raised signifi-
cantly. During winter and during darkness, the
water slowly gives up large amounts of heat
without significant cooling of the water. Thus,
the oceans act as a huge temperature buffer
and, along with the atmosphere, add a moderat-
ing effect to temperature extremes.

Another factor in moderating temperature
variations is the rate of Earth’s rotation on its
axis—one rotation in twenty-four hours. Rota-
tion causes places on Earth to be alternately
turned toward and away from the Sun, as
though it were on a rotisserie. The relatively
rapid rotation prevents places on Earth from
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overheating or overcooling. If Earth rotated sig-
nificantly more slowly, so one side were exposed
to the Sun for a much longer time, the illumi-
nated side would become considerably hotter,
while the dark side would cool down consider-
ably more. For example, the planet Mercury ro-
tates on its axis once in 58.6 Earth days, and it
revolves around the Sun in 88 days; in other
words, it makes two orbits around the Sun in
the same time it completes three rotations on its
axis. As a result, a given spot on the planet’s sur-
face is exposed to sunlight for 88 Earth days,
and then is in darkness for 88 days more. The re-
sultant temperature extremes range from about
430 to −170° Celsius (703 to 103 kelvins). Simi-
larly, a given spot on the surface of the Moon is
exposed to sunlight for a little over two Earth
weeks and then is in darkness for about two
weeks more, resulting in temperatures that
range from about 120 to minus 170° Celsius (393
to 103 kelvins) between the day and night sides.

One complete revolution, or orbit, of Earth
around the Sun defines the time unit of one
year. During a single revolution, Earth rotates
on its axis 365.25 times; therefore, there are 365
days in most calendar years, with an extra day
every fourth year (leap year). The orbit of Earth
around the Sun is an ellipse, which lies in a
plane called the ecliptic plane. The Sun is lo-
cated at one of the two foci of the ellipse; thus
the distance of Earth from the Sun varies dur-
ing the year. The point on the orbit where Earth
is closest to the Sun is called perihelion; it oc-
curs on or about January 3 each year at an
Earth-Sun distance of about 147 million kilome-
ters. The point on the orbit farthest from from
the Sun is called aphelion; it occurs on or about
July 4 each year at an Earth-Sun distance of
about 152 million kilometers.

This variation in Earth’s distance from the
Sun does alter the amount of solar radiation
that is received by Earth, but it is not the cause
of the seasons. Perihelion, when Earth is near-
est to the Sun and seemingly when Earth would
be the warmest, occurs during winter in the
Northern Hemisphere, and aphelion occurs
during the Northern Hemisphere’s summer.
Thus the distance variations are out of phase
with the seasons in the Northern Hemisphere,
but in phase with seasons in the Southern

Hemisphere. In both cases, the distance varia-
tions modify seasonal temperatures but do not
cause the seasons themselves.

The cause of the seasons is the fact that
Earth’s axis of rotation is tilted 23.5° from the
perpendicular to the ecliptic plane, which is the
plane of Earth’s orbit around the Sun. The ori-
entation in space of Earth’s rotational axis
changes only very slowly, so that during one
year (one orbit around the Sun) it remains
nearly constant in position. As Earth revolves
around the Sun, the axis in the Northern Hemi-
sphere is alternately tilted toward and away
from the Sun. When Earth’s North Pole is tilted
toward the Sun, the Northern Hemisphere re-
ceives more solar radiation than does the South-
ern Hemisphere, resulting in summer in the
Northern hemisphere and winter in the South-
ern Hemisphere. When Earth’s North Pole is
tilted away from the Sun, the opposite occurs.

At the point in the orbit when the North Pole
is tilted most directly away from the Sun, the
Sun is exactly overhead at noon at the Tropic of
Capricorn (23.5° south latitude) on Earth, and
the entire area south of the Antarctic Circle ex-
periences continuous daylight. This position in
the orbit and the moment of time when it occurs
both are referred to as the December solstice,
which occurs around December 21 each year.
For the Northern Hemisphere, it is the “winter
solstice,” but for the Southern Hemisphere, it is
the “summer solstice.” Six months later, when
the North Pole is tilted most directly toward the
Sun, the Sun is exactly overhead at noon at the
Tropic of Cancer (23.5° north latitude) on Earth,
and the entire area north of the Arctic Circle ex-
periences continuous daylight. This position in
the orbit and the moment in time when it occurs
both are known as the June solstice, which oc-
curs about June 21 each year. Approximately
halfway in between the two solstices are the two
equinoxes, occurring about March 20 or 21 and
September 22 or 23 each year. On the two equi-
noxes, the Sun is directly overhead at noon at
the Equator (0° latitude). Both Northern and
Southern Hemispheres receive equal solar radi-
ation then. On the two equinoxes, the periods of
daylight and darkness are equal all over the
Earth (equinox means “equal night”), and the
Sun rises due east and sets due west.
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Between March and September, when the
Sun is overhead as seen from north of the Equa-
tor, sunrise is north of east and sunset is north
of west for all locations that experience sunrise
and sunset on a particular date, both Northern
and Southern Hemispheres. (The places that do
not experience sunrise and sunset are those ar-
eas near the poles that are experiencing either
continuous daylight or continuous darkness on
that date.) Sunrise is farthest north of east and
sunset is farthest north of west on the June sol-
stice, after which they both begin a southward
migration. Between September and March,
when the Sun is overhead as seen from south of
the Equator, sunrise is south of east and sunset
is south of west for all places that experience
sunrise and sunset on a particular date, both
Northern and Southern Hemispheres. (Again,
the places that do not experience sunrise and
sunset are those areas near the poles that are
experiencing either continuous daylight or con-
tinuous darkness on that date.) Sunrise is far-
thest south of east and sunset farthest south of
west on the December solstice, after which they
both begin a northward migration to repeat the
pattern.

METHODS OF STUDY

The seasonal variations in the Sun’s appar-
ent daily motion across the sky were noted by
many ancient cultures. Various stone struc-
tures built hundreds to thousands of years ago
around the world—from Stonehenge on En-
gland’s Salisbury Plain to Caracol in Mexico’s
Yucatán peninsula to the Bighorn Medicine
Wheel high in Wyoming’s Bighorn Mountains
to Mystery Hill in southern New Hampshire—
display alignments pointing toward the rising
and setting points of the Sun on the solstices
and equinoxes.

More recently it has been determined that
the tilt and orientation of Earth’s rotational
axis and the eccentricity of Earth’s elliptical or-
bit change slowly and cyclically with time. The
tilt of Earth’s rotational axis relative to a per-
pendicular to the ecliptic plane (the plane of
Earth’s orbit around the Sun) now is about
23.5°, but it varies between approximately 21.5
and 24.5° over a cycle of 41,000 years. A greater
tilt results in more extreme summer and winter

climates, while a smaller tilt means summers
are not as hot and winters are not as cold.

Earth’s rotational axis also slowly wobbles
like that of a giant top, tracing out in space a
double cone over a period of 26,000 years. This
wobble is due to the gravitational pull of the
Moon and the Sun on Earth’s equatorial bulge.
At the present time, we are closest to the Sun
during northern winter and farthest away dur-
ing northern summer, but as a result of preces-
sion, in 13,000 years we will be farthest during
northern winters and closest during northern
summers, making seasons more severe in the
Northern Hemisphere but less severe in the
Southern Hemisphere.

Finally, the shape of Earth’s orbit around the
Sun slowly alternates between being more
nearly circular and slightly more elliptical over
a period of about 100,000 years due to gravita-
tional perturbations by the other planets. The
interplay of all these changes alter slightly the
solar radiation received in the Northern and
Souther Hemispheres and hence their seasonal
climate variations. The Serbian astrophysicist
Milutin Milankovi2 was the first to study the ef-
fects of these changes and link them to the mul-
tiple advances and retreats of large-scale conti-
nental glaciation in the Northern Hemisphere
during the Pleistocene epoch (the last two mil-
lion years of geologic time).

Many solar phenomena such as sunspots,
prominences, and flares vary in number and
frequency of occurrence over a period of about
eleven years (the solar activity cycle). This is
caused by changes in the Sun’s magnetic field,
which reverses direction with each solar cycle.
Long-term studies of the Sun show that the
Sun’s activity level varies over timescales of
hundreds of years, becoming more or less active.
The changes in solar activity seem to be related
to changes in Earth’s climate, as recorded in old
documents and preserved in the width of an-
nual tree rings. Very little solar activity was ob-
served during the 1600’s and 1700’s, a period
known as the Maunder minimum. During this
time, Europe and northeastern North America
were colder (the so-called Little Ice Age) and
western North America experienced prolonged
droughts. In contrast, solar activity seems to
have been unusually high from sometime in the
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1000’s until about 1250, a time known as the
Medieval Optimum (also known as the medi-
eval grand maximum) when the climate was
warmer than it is today. This time marked the
height of the Vikings’ expansion, when they es-
tablished colonies in Greenland and Newfound-
land. The colonies were abandoned or died out
when solar activity declined and the climate
turned colder.

Over still longer timescales, theories of stel-
lar evolution applied to the Sun indicate that
it has slowly increased in brightness since it
formed about 4.5 billion years ago and that it
will continue to do so for several billion years
more, until it begins to run out of hydrogen fuel
in its interior. When that happens, the Sun will
expand relatively rapidly to become a red giant
star several hundred to more than a thousand
times brighter than it is now. These changes
will greatly increase Earth’s temperature,
eventually making it uninhabitable.

Accurate measurements of the length of the
day show small, erratic changes in Earth’s rota-
tion period, but on average an Earth day is
lengthening by about 0.001 second every cen-
tury. This slowing of Earth’s rotation is due to
tidal friction. The gravitational effects of the
Moon and to a smaller extent the Sun produce
tides on Earth, which gradually retard Earth’s
rotation. To conserve angular momentum, the
Moon’s distance from Earth is slowly increas-
ing. This has been confirmed by accurately mea-
suring the out-and-back travel time of laser
beams bounced off retroreflectors left on the
Moon’s surface by the Apollo Moon landing mis-
sions. These processes will continue until, in the
distant future (at least billions of years), Earth’s
rotation will become tidally locked with the
Moon’s revolution around Earth, both taking
about 47 of our present days. However, this is
happening so slowly that the Sun probably will
become a red giant first.

Evidence of changes in Earth’s heat budget in
the past (from the recent past to the ancient
past) have come from many disciplines, includ-
ing history, geology, paleontology, climatology,
and astronomy. Satellite studies of Earth over
the past several decades have opened many new
ways to monitor present conditions and look for
predictors of possible future changes. For exam-

ple, satellite images of the oceans at various
wavelengths of the electromagnetic spectrum
are analyzed to detect any slight temperature
changes over time that may portend changes in
Earth’s climate. Sensitive satellite-borne in-
struments measure the intensity of sunlight in
remote areas. Satellite imagery also provides
an accurate record-base for changes in areas of
snow cover in polar regions.

CONTEXT

Life on Earth is profoundly dependent upon
the relationships between Earth and the Sun.
The temperature of Earth is set by a balance be-
tween Earth’s absorption of electromagnetic en-
ergy from the Sun and the subsequent reradia-
tion of that energy from Earth as heat back into
space. Life on the planet is dependent on this
balance and the moderate temperatures that
result.

Rotation influences Earth like a rotisserie,
turning the planet so as to expose all sides to the
Sun during the twenty-four-hour day for a more
even heat. The atmosphere protects Earth from
overheating by day and from overcooling at
night. Earth’s “greenhouse effect” is a result of
the atmosphere’s ability to trap solar radiation
as heat during the day and retard its escape
back into space at night, when the Sun is not
above the horizon. Earth’s heat budget is a prod-
uct of many factors, not all of which are fully un-
derstood. Intense research continues on possi-
ble causes and effects of changes in Earth’s heat
budget. Being able to predict future changes is
of prime importance so we can either prepare for
them or try to avert them.

John H. Corbet
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Earth System Science
Categories: Earth; Scientific Methods

Earth system science views the planet
Earth as a dynamic, unified system of si-
multaneous, interacting forces. In particu-
lar, Earth system science focuses on achiev-
ing a better understanding of the effects of
human interaction with the environment.

OVERVIEW

A new approach to studying the Earth’s sys-
tems views them as a set of interacting forces all
operating simultaneously rather than separate
Earth science disciplines to be studied in isola-
tion. This new and promising viewpoint came
about as a result of a growing recognition of the
interactive nature of Earth’s forces, as exerting
influences on one another, as opposed to the
idea that these forces act independently. The
Earth is a constantly changing world with dra-
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matic tectonic activity, volcanism, mountain
building, earthquakes, dynamic oceans, severe
storms, and varying climatic patterns and at-
mospheric conditions. Scientists using this “sys-
tems approach” view the Earth as a unified
whole, and instead of concentrating attention
on one component at a time, they use total
global observation methods (attempting to
model Earth as a whole) together with numeri-
cal modeling.

The Earth systems science approach was
first detailed by an Earth System Science Com-
mittee (ESSC) appointed by the Advisory Coun-
cil of the National Aeronautics and Space Ad-
ministration (NASA). In 1986, the committee
completed a three-year study of research oppor-
tunities in Earth science and recommended that
an integrated, global Earth observation and in-
formation system be adopted and in full opera-
tion by the mid-1990’s. The committee’s Over-
view Report was released on June 26 of that year.
Requests for the findings of the committee from
the National Oceanic and Atmospheric Adminis-
tration (NOAA) and the National Science Foun-
dation (NSF), along with other federal agencies,
have drawn the agencies—especially NASA,
NOAA, and NSF—into a scientific alliance. The
committee’s report outlined immediate needs in
several wide-reaching areas: scientific under-
standing of the entire Earth as a system of in-
teracting components; the ability to predict
both natural and human-induced changes in
the Earth system; strong, coordinated research
and observational programs in NASA, NOAA,
and NSF as the core of a major U.S. effort; long-
term measurements, from space and from
Earth’s surface, to describe changes as they oc-
cur and as a basis for numerical modeling; mod-
eling, research, and analysis programs to ex-
plain the functioning of individual Earth system
processes and their interactions; a sequence of
specialized space research missions focusing on
Earth systems, including the Upper Atmosphere
Research Satellite (UARS), the joint United
States/France Ocean Topography Experiment
(TOPEX/POSEIDON), the Geopotential Re-
search Mission (GRM), and an Earth-observing
system using polar-orbiting platforms planned
as part of the U.S. Space Station complex com-
bining NOAA and NASA instrumentation.

Earth system science utilizes new technolo-
gies in global observations, space science appli-
cations, computer innovations, and quantita-
tive modeling. These new tools of advanced
technology allow scientists to probe and learn
about the interactions responsible for Earth
evolution and global change. Examples of re-
search made possible by new tools are the op-
portunity to include the effects of global atmo-
spheric motions in models of ocean circulation;
the study of volcanic activity as a link between
convection in the Earth’s mantle and worldwide
atmospheric properties; and the tracing of the
global carbon cycle through the many transfor-
mations of carbon by biological organisms, at-
mospheric chemical reactions, and the weath-
ering of Earth’s solid surface and soils. In
addition, recent advances in these technologies
have had the immediate practical effect of im-
proving the quality of human life in areas such
as weather prediction, agriculture, forestry,
navigation, and ocean-resource management.

The goal of Earth system science is to obtain
a scientific understanding of the entire Earth
system on a global scale by describing how its
component parts and their interactions have
evolved, how they function, and how they may
be expected to continue to evolve on all
timescales. This evolution is influenced by hu-
man activities—for example, the depletion of
the Earth’s energy and mineral resources and
the alteration of atmospheric chemical composi-
tion—that sometimes are easily identified. The
overall long-range consequences of these hu-
man actions are difficult to predict; the changes
do not occur quickly enough for immediate rec-
ognition and, indeed, often take decades to
evolve fully. The challenge to Earth system sci-
ence is to develop the capability to predict those
changes that will occur in the twenty-first cen-
tury, both naturally and in response to human
activity. To meet this challenge, vigorous inves-
tigations are being undertaken that include
global observations, information systems built
to process global data, and existing numerical
models that already are contributing to a de-
tailed understanding of individual Earth com-
ponents and interactions. Such programs re-
quire interdisciplinary research support and
interagency cooperation.
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Observations from space, the best vantage
point from which to obtain the comprehensive
global data required to discriminate among
worldwide processes operating on both long and
short timescales, are essential to the study of
the Earth as a system. Rapid variations in at-
mospheric and ocean properties, and the global
effects of volcanic eruptions, ocean circulations,
and motions of the Earth’s crustal plates are ex-
amples of such processes. The Space Science
Board of the National Academy of Sciences rec-
ommended orbital observation as a major
method of global study; the Earth System Sci-
ence Committee accepted the recommenda-
tions and expanded on them. Of particular
value are NASA and NOAA satellites already
on station in orbit, such as the Laser Geo-
dynamics Satellites, which employ laser rang-
ing to measure motions and deformations of
Earth’s crustal plates. Weather satellites al-
ready have supplied a sizable fund of data about
the atmosphere and oceans, facilitating a good
start on numerical modeling of
weather variations. Other pro-
grams that have yielded coordi-
nated studies of specific Earth
system processes include the
Earth Radiation Budget Exper-
iment (1984), the Laser Geo-
dynamics Satellites (1976 and
1983), the Navy Remote Ocean
Sensing System (1985), and the
Upper Atmosphere Research
Satellite (1982).

In order to implement the
full measure of the Earth sys-
tem science concept, advanced
information systems are needed
to process global data and allow
analysis, interpretation, and
quantitative modeling. Also re-
quired is the implementation of
additional satellite observations
that yield ocean color imaging,
scanning radar altimeters for
surface topography, and atmo-
spheric monitors. In addition,
vigorous programs of ground-
level measurements are needed
to complement, validate, and

interpret the global observations from space.
International cooperation is essential to the
success of Earth system science; the develop-
ment of management policies and mechanisms
are required to encourage cooperation among
agencies around the globe in order to ensure the
coordination necessary for a truly worldwide
study of the Earth. A number of major interna-
tional research programs are already operating,
such as the World Climate Research Program,
sponsored by the International Council of Sci-
entific Unions and the World Meteorological Or-
ganization. To accomplish the many objectives
of these programs, the Earth System Science
Committee recommends two specific goals in
which the three major U.S. agencies—NASA,
NOAA, and NSF—must work closely together.
The first goal is to establish and develop the ad-
vanced information systems and management
structures required by Earth system science as
a cooperative venture, and the second is to build
close cooperation in programs of basic research.
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METHODS OF STUDY

The most significant tools for global observa-
tion are Earth-orbiting satellites that can pre-
cisely measure large areas of the Earth at one
time. Meteorological satellites, for example,
gather enormous amounts of data about tem-
perature, weather patterns and forces, and at-
mospheric changes and components; instru-
ments aboard these satellites can gather data
on and monitor variations of climate and storm
systems, adding to the growing fund of global in-
formation. These satellites are placed in geo-
synchronous orbit at an altitude of 35,000 kilo-
meters over the equator; at that altitude their
orbital period is the same as the Earth’s rota-
tion—one day—so they remain over the same
spot on Earth and can continuously monitor the
same region.

Earth observation satellites, working in the
infrared band of the spectrum, allow scientists
to gather imagery and information about volca-
nic activity, earthquakes, geological formations,
mineral resources, and geographic changes to
provide still another perspective on the Earth.
Orbiting the Earth from pole to pole many times
a day, they are able to make a record of large
sections of the Earth in a twenty-four-hour pe-
riod as the Earth rotates underneath the satel-
lite’s orbital path. Earth observation satellites
also carry instruments that measure tempera-
tures, record cloud cover, and monitor cata-
strophic changes.

Other satellites measure ocean dynamics
such as the temperature of large sections of seas
and oceans, wave action, ocean water content,
and relationships between water and the land it
touches. Special instruments aboard these sat-
ellites are designed to monitor ice conditions
and snowfall at sea and watch for changes in po-
lar regions.

Still other spacecraft carry radar-imaging
devices to measure precise distances and rela-
tionships between land features. The Interna-
tional Space Station has, as one of its most
important objectives, the function of a perma-
nently orbiting platform on which both humans
and unattended instruments can work over
long periods of time to monitor Earth activities
and topography. The space station will be able
to contribute large amounts of data because it

can function both as information gatherer and
processor using advanced onboard automated
equipment such as specialized computers.

Although much of the instrumentation for
Earth system science will be space-borne, much
of it also will have to be ground-based, at the
sites where data need to be gathered: near vol-
canoes, earthquakes, hurricanes, tornadoes,
and thunderstorms, for example. Such phenom-
ena must be measured on the ground to deter-
mine their effects on other Earth-surface pro-
cesses. Ground data can then be compared and
synthesized with data gathered from space to
offer a broader view.

One of the most valuable of tools is the com-
puter, for the receipt, storage, retrieval, analy-
sis, and supply of large quantities of informa-
tion. Ground-based and space-borne computers
work in conjunction with each other for the com-
parison and large-scale analysis of data, which
can be networked to any place on Earth. Com-
puters also are used to generate theoretical
models of various kinds of processes. By feeding
weather data from the past hundred years into
a computer, for example, scientists can begin to
construct long-term models of weather patterns
and global changes in climate and precipitation.
Another study method is the creation and man-
agement of global information systems into
which is fed data from countries all over the
world; all nations can retrieve data for their own
research as well as input data to add to the on-
going process of worldwide data analysis.

CONTEXT

The new methodology of Earth system sci-
ence offers the opportunity to study the Earth
from a more integrated perspective and to raise
public awareness of the human practices that
are affecting the planet. It is important that citi-
zens of the twenty-first century understand the
forces and processes that can cause global
changes because, individually and collectively,
they are contributors to those changes. Human
contributions include continued clear-cutting of
vast forest areas, thus inviting massive defores-
tation (destruction of forests); removal of pro-
tective trees and underbrush from areas adja-
cent to desert areas, thus encouraging rampant
desertification (the spread of desert conditions);
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and pollution of the atmosphere and water-
ways. Over time, these practices can slowly de-
plete Earth’s natural resources and upset the
fragile balance of nature worldwide. Human ac-
tivities can trigger events that could cause long-
term environmental damage.

Thomas W. Becker
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Earth’s Age
Category: Earth

Determining the age of the Earth is one of
the great achievements of science. Until the
eighteenth century, it was generally be-
lieved that the Earth was several thousand
years old, and all its features—including
mountains and valleys—had been pro-
duced by catastrophes such as great floods
and earthquakes. The new science of geol-
ogy gradually showed that the Earth was
billions of years old and it had taking its
form through slow, uniform processes oper-
ating over long periods of time.
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OVERVIEW

In the middle of the seventeenth century, Jo-
seph Barber Lightfoot of Cambridge University
in England penned the following words:

Heaven and Earth, center and circumference,
were made in the same instant of time, and
clouds full of water, and man was created by
the Trinity on the 26th of October, 4004 b.c.e.,
at 9 o’clock in the morning.

At the time that Lightfoot wrote those words,
this statement expressed the most informed
opinion on the age of the Earth. The year 4004
b.c.e. had been calculated by James Ussher, the
Anglican archbishop of Armagh, Ireland, by
adding up the ages of the patriarchs recorded in
the Old Testament. This was the method that
most scholars used to date the Earth, and much
effort was expended analyzing the first few
books of the Old Testament.

A little over a century later, a Scottish physi-
cian and gentleman farmer named James Hut-
ton (1726-1797) suggested that there was a
better way to determine the past history of the
Earth than by poring over biblical genealogies.
Hutton believed that processes currently oper-
ating in nature could be extrapolated back in
time to shed light on the historical development
of the Earth. This idea—that past processes are
essentially the same as present processes—is
called uniformitarianism. In 1785, he presented
his new views on geology in a paper entitled
“Theory of the Earth: Or, An Investigation of
the Laws Observable in the Composition, Disso-

lution, and Restoration of Land upon the
Globe.” Uniformitarianism became the founda-
tion of the newly developing science of geology.
Charles Lyell (1797-1875), who was born in the
year of Hutton’s death, extended these new
ideas and helped lay the foundation for what
was becoming a powerful new science. A major
argument was over the age of the Earth. Was it
really millions or billions of years old, as indi-
cated by new discoveries and theories, or was it
only a few thousand years old, as everyone had
previously believed?

According to current theories, the matter
that makes up the Earth as well as everything
else in the universe was originally created in the
big bang about 13 to 14 billion years ago. Hydro-
gen, most helium, and trace amounts of lithium
and beryllium formed in the immediate after-
math of the big bang, while the atoms of all the
other elements were formed by nuclear fusion
reactions in massive stars as they generated en-
ergy during their “lives” and then exploded as
supernovae.

About 4.5 to 4.6 billion years ago, the matter
that would become our solar system was part of
a nebula, an interstellar cloud of gas and dust,
in the disk of the Milky Way galaxy. The portion
of this nebula that would become our solar sys-
tem, called the solar nebula, began to contract
under the influence of gravity. Most of the mate-
rial in the solar nebula collapsed to the center
and formed the Sun. The planets and every-
thing else orbiting the Sun formed from the left-
over debris through condensation and accre-
tion. All this took place comparatively rapidly,

over a time period of a few tens of
millions to at most one hundred mil-
lion years.

Since the initial formation of the
Earth, many processes have been
taking place in it and on it: Unstable
atomic nuclei have radioactively de-
cayed into nuclei of other elements;
the Earth’s early rotation rate has
slowed due to friction from tides gen-
erated by the Moon and Sun; moun-
tains have risen under the influence
of global tectonics and have been
worn away by the ceaseless activi-
ties of erosion; and evolution of life
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Half-Lives of Some Unstable Isotopes
Used in Dating

Parent Isotope Daughter Product Half-Life Value

Uranium 238 Lead 206 4.5 billion years
Uranium 235 Lead 207 704 million years
Thorium 232 Lead 208 14.0 billion years
Rubidium 87 Strontium 87 48.8 billion years
Potassium 40 Argon 40 1.25 billion years
Samarium 147 Neodymium 143 106 billion years

Source: U.S. Geological Survey.



has transformed the planet, changing barren
wastelands into complex ecosystems teeming
with diverse forms of life. These various pro-
cesses have left their marks on the Earth; by
studying them, scientists have begun to recon-
struct the history of the Earth, in some cases all
the way back to the origin of the Earth about 4.5
to 4.6 billion years ago.

METHODS OF STUDY

Many scientific attempts were made during
the 1800’s to try to determine the age of the
Earth. Most involved some process that pro-
duced a noticeable change in something. By
measuring the magnitude of the change and the
rate at which it occurs, the age could be calcu-
lated. For example, suppose water is pouring
into a bucket at the rate of 1 gallon per minute.
If the bucket contains 10 gallons, one can calcu-
late that the process started 10 minutes ago.
However, the validity of that result hinges on
several assumptions, such as (1) that the rate of
water inflow has been constant, (2) that there
was no water in the bucket at the start, and

(3) that there are no holes in the bucket letting
some water drain out.

Similar problems beset the early attempts at
dating the Earth. Some of them included esti-
mating how long it would take the Earth to cool
and harden from a blob of molten rock and
metal, how long it would take to accumulate the
entire thickness of sedimentary rocks exposed
all around the world, and how long it would take
for the oceans to become as salty as they are. Be-
cause of uncertainty in the assumptions inher-
ent in these methods, the calculated ages were
not at all consistent, ranging from tens of thou-
sands to hundreds of millions of years.

Much more accurate and consistent ages for
Earth materials and events have been obtained
by radiometric dating, a technique developed
during the 1900’s. This method uses radioactive
decay, a process in which the unstable nucleus
of an atom of one element (called the parent)
spontaneously transforms into a nucleus of an-
other element (called the daughter). Although it
is impossible to say precisely when a single un-
stable parent nucleus will decay, a large num-

The Solar System Earth’s Age

105

Radioactive Decay of Uranium 238

238
92

238
92

Uranium

Thorium

Key

Total number of protons and neutrons

Number of protons

Electron emission (beta decay)

Alpha emission Stable

Protactinium

Uranium

Thorium

Radium

Radon

Polonium

Lead

Lead

Lead

Bismuth

Bismuth

Polonium

Polonium

234
90

234
91

234
92

230
90

226
88

222
86

218
84

214
82

214
83

214
84

210
82

210
83

210
84

206
82



ber will decay at a definite rate referred to as
half-life. A half-life is the period of time during
which half the parent nuclei that are present
will decay. Thus after one half-life, one-half of
the parent nuclei will have decayed and one half
will remain; after two half-lives, three-fourths
will have decayed and one-fourth will remain;
after three half-lives, seven-eighths will have
decayed and one-eighth will remain; and so on.
The decay rate or half-life appears to be con-
stant, since nothing seems to have any effect on
it. Measuring the ratio of daughter to parent in
a sample can tell how long the parent has been
decaying and thus how old the specimen is.

The nucleus of an atom is a dense packing of
particles called protons with positive electrical
charge and neutrons with no electrical charge.
All nuclei of a particular chemical element have
the same number of protons, but they can have
different numbers of neutrons. Nuclei of the
same element but with different numbers of
neutrons are called isotopes of that element and
are identified by their atomic mass number
(which is simply the total number of protons
and neutrons). For example, all carbon nuclei
have six protons. Most carbon nuclei also have
six neutrons, and this isotope is called carbon
12. Some carbon nuclei have eight neutrons,
and that isotope is called carbon 14.

The three nuclear decay processes underly-
ing geologic radiometric dating are (1) alpha de-
cay, in which the parent nucleus emits an alpha
particle, a helium nucleus of two protons and
two neutrons; (2) beta decay, in which the par-
ent nucleus emits a beta particle, an electron,
when a neutron in the parent nucleus turns into
a proton and electron; and (3) electron capture,
in which the parent nucleus captures an elec-
tron that combines with a proton in the nucleus
to form a neutron. The specific isotope decay
schemes most commonly used for geologic dat-
ing are potassium 40 to argon 40 (half-life 1.3
billion years, via electron capture), rubidium 87
to strontium 87 (half-life 47 billion years, via
beta decay), uranium 238 to lead 206 (half-life
4.5 billion years, via eight alpha and six beta de-
cays), uranium 235 to lead 207 (half-life 713
million years, via seven alpha and four beta de-
cays), and thorium 232 to lead 208 (half-life 14.1
billion years, via six alpha and four beta de-

cays). Carbon 14 decays to nitrogen 14 via beta
decay with a half-life of only 5,730 years; this is
so short that it is limited to dating only very re-
cent geologic events, although it has been very
useful for archaeological and historical dating.

Radiometric dating has been applied to thou-
sands of rock specimens from all over the Earth.
The oldest rock formation found on Earth so far
is the Acasta gneiss from near Great Slave Lake
in northern Canada, dated at 4.03 billion years.
Even older mineral grains—small crystals of
zircon dated at 4.3 to 4.4 billion years—have
been found in younger sedimentary rocks from
the Jack Hills area of western Australia. It is
difficult to find very ancient rocks on the surface
of the Earth, because most of the Earth’s sur-
face has undergone many changes since the
Earth was formed.

The currently accepted age for the Earth, 4.5
to 4.6 billion years, was obtained by radiometri-
cally dating meteorites that fell to Earth from
space. These meteorites are believed to be rem-
nants from the time when the planets, including
Earth, were forming in the early solar system.
Similar dates have been obtained from a few of
the rocks brought back by the Apollo landings
on the Moon, which is believed to have formed at
about the same time as the Earth.

CONTEXT

The problem of the age of the Earth is part of
a much larger scientific question, which exists
at the interface between the study of the Earth
and its various processes (which often have
practical benefits) and the more esoteric ques-
tion of the origin and evolution of the universe
as a whole. On the practical side, knowledge of
the Earth is necessary to predict geologic disas-
ters (such as earthquakes and volcanoes) and to
search for geologic resources (such as oil and
metallic ores). From a more esoteric point of
view, the age of the Earth is important because
it speaks to the most fundamental questions
that are asked about our place in the universe:
How old is this planet, and how was it formed?
In the century or two since advances in geologi-
cal science overthrew the seventeenth century
notion of a much younger Earth, people have
struggled with finding a new place in the uni-
verse. Proponents of “creation science” still ar-
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gue that the Earth is thousands, not billions, of
years old. Legal battles rage over the issue of
whether schools across the United States
should teach geochronology that is based on re-
ligious dogma rather than on scientific re-
search. (In contrast, in Europe this is not a con-
tentious issue, with little public questioning of
the antiquity of the Earth based on geologic evi-
dence.) While many questions remain about the
details of the formation of the Earth, two facts
seem clear: First, the Earth owes its origin to
the same processes that brought the solar sys-
tem into existence; second, those processes can
be dated with a high degree of confidence at be-
tween 4.5 and 4.6 billion years ago.

Karl Giberson
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history of the Earth and events that have
shaped it.

See also: Earth-Moon Relations; Earth-Sun
Relations; Earth System Science; Earth’s Atmo-
sphere; Earth’s Composition; Earth’s Core;
Earth’s Core-Mantle Boundary; Earth’s Crust;
Earth’s Crust-Mantle Boundary: The Moho-
rovici2 Discontinuity; Earth’s Differentiation;
Earth’s Magnetic Field: Origins; Earth’s Mag-
netic Field: Secular Variation; Earth’s Mag-
netic Field at Present; Earth’s Magnetosphere;
Earth’s Mantle; Earth’s Oceans; Earth’s Origin;
Earth’s Rotation; Earth’s Shape; Earth’s Struc-
ture; Solar System: Origins.

Earth’s Atmosphere
Category: Earth

The chemical composition of the atmo-
sphere has changed significantly over the
history of the Earth. The composition of the
atmosphere has been influenced by a num-
ber of processes, including interaction with
the solar wind; “outgassing” of volatiles
(materials that easily vaporize to form
gases) originally trapped in the Earth’s in-
terior during its formation; the geochemi-
cal cycling of carbon, nitrogen, hydrogen,
and oxygen compounds between the sur-
face, the ocean, and the atmosphere; and
the origin and evolution of life.

OVERVIEW

About 4.5 to 4.6 billion years ago, the primor-
dial solar nebula, a part of a large interstellar
cloud of gas and dust, began to contract under
the influence of gravity. This contraction led to
the formation of the Sun and the rest of the solar
system including the Earth. The primordial so-
lar nebula was composed mostly of hydrogen
gas, with a smaller amount of helium, still
smaller amounts of carbon, nitrogen, and oxy-
gen, and still smaller amounts of the rest of the
elements of the periodic table.

As the solar nebula contracted, its rotational
speed increased to conserve angular momen-

tum. Most of its mass contracted to its center,
there becoming the proto-Sun, while the re-
maining matter was spun off into an equatorial
disk. Within the disk, matter condensed from
the gaseous state into small, solid grains. Only
materials with high melting-point temperatures
could condense near the developing proto-Sun;
materials with lower melting points condensed
farther out. The small solid grains collided with
each other and stuck together in a process called
accretion that led to the growth of larger bodies
called planetesimals. Continued accretion re-
sulted in fewer but larger planetesimals that
eventually grew into protoplanets and finally
planets, such as Earth.

About the time that the newly formed Earth
was reaching its approximate present mass, it
may have acquired a temporary atmosphere of
hydrogen, helium, methane, ammonia, water
vapor, and carbon dioxide—gases that were
common in the solar nebula. However, even if
such an atmosphere had surrounded the very
young Earth, it would have been very short-
lived. The Earth’s mass was too small to have
enough gravity to retain hydrogen and helium
for long, and those gases would have quickly es-
caped into space. Ammonia and methane were
chemically unstable in the early Earth’s envi-
ronment and were readily destroyed by ultravi-
olet radiation from the young Sun. Also, as the
young Sun went through its T-Tauri phase of
evolution, very strong solar winds (the super-
sonic flow of protons and electrons from the
Sun) would have quickly stripped most of the
rest of this primitive atmosphere away.

The early Earth was heated by the intense
bombardment of remaining planetesimals and
the decay of radioactive elements, to the point
where it at least partly melted. The heating and
melting released volatiles trapped in its interior
by a process called outgassing, forming a gravi-
tationally bound atmosphere. (It is believed
that the atmospheres of Mars and Venus also
originated in this manner.) The period of exten-
sive volatile outgassing may have lasted for
many tens of millions of years. The outgassed
volatiles probably had roughly the same chemi-
cal composition as do present-day volcanic gas-
eous emissions: by volume about 80 percent
water vapor, 10 percent carbon dioxide, 5 per-
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cent sulfur dioxide, 1 percent nitrogen, and
smaller amounts of hydrogen, carbon monoxide,
sulfur, chlorine, and argon.

The water vapor that outgassed from the in-
terior soon reached its saturation point, which
is controlled by the atmospheric temperature
and pressure. Once the saturation point was
reached, the atmosphere could not hold any ad-
ditional gaseous water vapor. Any new out-
gassed water vapor that entered the atmo-
sphere would have precipitated out of the
atmosphere as rain that fell and formed the
Earth’s vast oceans. Only small amounts of
water vapor remained in the atmosphere—
ranging from a fraction of a percentage point to
several percent by volume, depending on atmo-
spheric temperature, season, and latitude.

The outgassed atmospheric carbon dioxide,
being very water-soluble, readily dissolved into
the newly formed oceans and formed carbonic
acid. In the oceans, carbonic acid formed ions of

hydrogen, bicarbonate, and carbonate. The car-
bonate ions reacted with ions of calcium and
magnesium in the ocean water, forming carbon-
ate rocks, which precipitated out of the ocean
and accumulated as seafloor carbonate sedi-
ments. Most of the outgassed atmospheric car-
bon dioxide formed carbonates, leaving only
trace amounts of gaseous carbon dioxide in the
atmosphere (about 0.035 percent by volume).

Sulfur dioxide, the third most abundant com-
ponent of volatile outgassing, was chemically
transformed into other sulfur compounds and
sulfates in the atmosphere. Eventually, the sul-
fates formed atmospheric aerosols and diffused
out of the atmosphere onto the surface.

The fourth most abundant outgassed compo-
nent, nitrogen, is chemically inert in the atmo-
sphere and thus was not chemically trans-
formed, as was sulfur dioxide. Unlike carbon
dioxide, nitrogen is relatively insoluble in water
and, unlike water vapor, does not condense out
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of the atmosphere. For these reasons, nitrogen
remained in the atmosphere to become its major
constituent (now 78.08 percent by volume). In
this way, volatile outgassing led to the forma-
tion of the Earth’s atmosphere, oceans, and car-
bonate rocks.

The molecules of nitrogen, carbon dioxide,
and water vapor in the early atmosphere were
acted upon by solar ultraviolet radiation and at-
mospheric lightning. In the process, molecules
of formaldehyde and hydrogen cyanide could
have been chemically synthesized, which would
have precipitated and diffused out of the atmo-
sphere into the oceans. In the oceans, the form-
aldehyde and hydrogen cyanide may have
entered into polymerization reactions that
eventually led to the chemical synthesis of
amino acids, the building blocks of living sys-
tems. The synthesis of amino acids from nitro-

gen, carbon dioxide, and water vapor in the
atmosphere and ocean is called chemical evolu-
tion. Chemical evolution preceded and provided
the material for biological evolution.

There is chemical trace evidence for the exis-
tence of microbial living organisms on the Earth
by about 3.8 billion years ago; the oldest known
simple fossils are at least 3.5 billion years old.
These earliest living organisms were anaerobic
since there was no free oxygen in the atmo-
sphere and oceans. Photosynthesis evolved in
one or more of these early microbial groups,
such as cyanobacteria. In photosynthesis, the
organism utilizes water vapor and carbon diox-
ide in the presence of sunlight and chlorophyll
to form carbohydrates, used by the organism for
food. In the process of photosynthesis, oxygen is
given off as a metabolic by-product. The produc-
tion of oxygen by photosynthesis was a major

event on the Earth and transformed
the composition and chemistry of the
early atmosphere. As a result of pho-
tosynthetic production, oxygen built
up to become the second most abun-
dant constituent of the atmosphere
(now 20.9 percent by volume).

The evolution of atmospheric oxy-
gen had very important implications
for the evolution of life. The presence
and buildup of oxygen led to the evo-
lution of respiration, which replaced
fermentation as the energy produc-
tion mechanism in living systems.
Accompanying and directly controlled
by the buildup of atmospheric oxygen
was the origin and evolution of atmo-
spheric ozone, which is chemically
formed from oxygen. The production
of atmospheric ozone resulted in
shielding the Earth’s surface from
biologically lethal solar ultraviolet
wavelengths between about 200 and
300 nanometers. Prior to the evolu-
tion of the atmospheric ozone layer,
early life was restricted to a depth
of at least several meters below the
ocean surface. At this depth, the
ocean water offered shielding from
solar ultraviolet radiation. The de-
velopment of the atmospheric ozone
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layer and its consequent shielding of the Earth’s
surface permitted early life to leave the safety of
the oceans and go ashore for the first time in the
history of the planet. Theoretical computer cal-
culations indicate that atmospheric ozone pro-
vided sufficient shielding from biologically le-
thal ultraviolet radiation for the colonization of
the land once oxygen reached about one-tenth of
its present atmospheric level.

Mercury, Venus, and Mars formed in a fash-
ion similar to Earth, but they developed very
differently because of their masses and dis-
tances from the Sun. They all experienced a
period of heating, partial melting, and volatile
outgassing of the same gases that led to the for-
mation of the Earth’s atmosphere. However,
Mercury’s distance from the Sun is so close (re-
sulting in high temperatures) that its relatively
weak gravity (due to its small mass) was unable
to retain more than a thin trace of gases, and
thus today it has virtually no atmosphere. In
the case of Venus and Mars, the important dif-

ference is that the outgassed water vapor never
existed in the form of liquid water on the sur-
faces of those two planets.

Because of Venus’s closer distance to the Sun
(108 million kilometers versus 150 million kilo-
meters for Earth), its lower atmosphere was too
hot to permit the outgassed water vapor to con-
dense out of the atmosphere. Thus, the out-
gassed water vapor remained in gaseous form in
the atmosphere and, over geological time, was
broken apart by solar ultraviolet radiation to
form hydrogen and oxygen. The very light hy-
drogen gas quickly escaped from the atmo-
sphere of Venus, and the heavier oxygen com-
bined with surface minerals to form a highly
oxidized surface. In the absence of liquid water
on the surface of Venus, the outgassed carbon
dioxide remained in the atmosphere and built
up to become the overwhelming constituent of
the atmosphere of Venus (about 96 percent by
volume). The outgassed nitrogen accumulated
to comprise only about 4 percent by volume of
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the atmosphere of Venus. This carbon dioxide
and nitrogen atmosphere is very massive—it
produces an atmospheric pressure at the sur-
face of the Venus about ninety times the surface
pressure of Earth’s atmosphere. If the out-
gassed carbon dioxide in the atmosphere of
Earth had not left via dissolution in the oceans
and resultant carbonate rock formation, the
Earth’s surface atmospheric pressure would be
about seventy times greater than at present,
with carbon dioxide comprising about 98-99

percent of the atmosphere and nitrogen about 1-
2 percent. Thus, the atmosphere of Earth would
closely resemble that of Venus. The thick car-
bon dioxide atmosphere of Venus causes a very
significant greenhouse temperature enhance-
ment, giving the lower atmosphere and surface
of Venus a temperature of about 750 kelvins
(about 477° Celsius), which is hot enough to
melt lead. For comparison, the average surface
temperature of Earth is only about 288 kelvins
(about 15° Celsius).

Like Venus, Mars has an atmosphere
composed primarily of carbon dioxide
(about 95 percent by volume) and nitrogen
(about 3 percent by volume). Because of
Mars’s greater distance from the Sun (228
million kilometers versus 150 million kilo-
meters for Earth), the temperature of the
surface of Mars was too low to support the
presence of liquid water. There may be
very large quantities of outgassed water in
the form of ice or permafrost below the sur-
face of Mars. In the absence of liquid
water, the outgassed carbon dioxide re-
mained in the atmosphere. The atmo-
spheric pressure at the surface of Mars,
however, is only about 7 millibars (the av-
erage surface atmospheric pressure on
Earth is 1,013 millibars). The smaller
mass of the atmosphere of Mars compared
to the atmosphere of Venus and Earth may
be attributable to the smaller mass of
Mars and, therefore, the smaller mass of
volatiles trapped in the interior of Mars
during its formation. In addition, it ap-
pears that the amount of gases trapped in
the interiors of Venus, Earth, and Mars
during their formation decreased with in-
creasing distance from the Sun. Venus ap-
pears to have trapped the greatest amount
of gases and was the most volatile-rich
planet, Earth trapped the next greatest
amount, and Mars trapped the smallest
amount.

The atmospheres of the outer planets—
Jupiter, Saturn, Uranus, and Neptune—
all contain appreciable quantities of hy-
drogen and helium, along with methane
and ammonia. It is believed that the atmo-
spheres of these planets, unlike the atmo-
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spheres of the terrestrial planets Venus, Earth,
and Mars, are captured remnants of the primor-
dial solar nebula. Because of the outer planets’
large masses and their great distance from the
Sun resulting in their very low temperatures,
hydrogen, helium, methane, and ammonia are
stable and long-lived constituents of their atmo-
spheres.

METHODS OF STUDY

Information about the origin, early history,
and evolution of the Earth’s atmosphere comes
from a variety of sources. Information on the or-
igin of Earth and other planets is based on theo-
retical computer simulations. These computer
models simulate the collapse of the primordial
solar nebula and the formation of the planets.
Astronomical observations of what appear to be
equatorial disks and the possible formation of
planetary systems around young stars have
provided new insights into the computer model-
ing of this phenomenon. Information about the
origin, early history, and evolution of the atmo-
sphere is based on theoretical computer models
of volatile outgassing and the geochemical cy-
cling and photochemistry of the outgassed
volatiles. The process of chemical evolution—
which led to the synthesis of organic molecules
of increasing complexity, the precursors of the
first living systems on the early Earth—is stud-
ied in laboratory experiments. In these experi-
ments, mixtures of gases simulating the Earth’s
early atmosphere are energized by ultraviolet
radiation, electrical discharges, or heated rocks,
simulations of energy sources available on the
early Earth. The resulting products are ana-
lyzed by chemical techniques.

One of the parameters affecting atmospheric
photochemical reactions, chemical evolution,
and the origin of life was the flux of solar ultra-
violet radiation incident on the early Earth. As-
tronomical measurements of the ultraviolet
emissions from young, sunlike stars have pro-
vided important information about ultraviolet
emissions from the young Sun during the very
early history of the atmosphere.

Geological and paleontological studies of the
oldest rocks and the earliest fossil records have
provided important information on the evolu-
tion of the atmosphere and the transition from

an oxygen-deficient to an oxygen-sufficient at-
mosphere. Studies of the biogeochemical cycling
of the elements have provided important in-
sights into the later evolution of the atmo-
sphere. Thus, studies of the origin and evolution
of the atmosphere are based on a broad cross-
section of the sciences, involving astronomy, ge-
ology, geochemistry, geophysics, and biology as
well as atmospheric chemistry.

CONTEXT

Studies of the origin and evolution of the at-
mosphere have provided new insights into the
processes and parameters responsible for global
change. Understanding the history of the atmo-
sphere provides insight into its future. Today,
atmospheric changes being studied for their
possible long-term effects include the buildup of
greenhouse gases like carbon dioxide and the
depletion of ozone in the stratosphere. The
study of the evolution of the atmosphere has
provided new insights into the biogeochemical
cycling of elements between the atmosphere,
biosphere, land, and ocean. Understanding this
cycling is a key to understanding environmen-
tal problems and possible remedies. Studies of
the origin and evolution of the atmosphere have
also provided new insights into the origin of life
and the possibility of life outside the Earth.

Joel S. Levine
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lar system and several sections on the origins
of planetary atmospheres.

Schopf, J. William, ed. Earth’s Earliest Bio-
sphere: Its Origin and Evolution. Princeton,
N.J.: Princeton University Press, 1984. A
comprehensive group of papers on such sub-
jects as the early Earth, the oldest rocks, the
origin of life, early life, and microfossils. Chap-
ters address the oldest known rock record,
prebiotic organic syntheses and the origin of
life, Precambrian organic geochemistry, the
transition from fermentation to anoxygenic
photosynthesis, the development of an aero-
bic environment, and early microfossils.
Technical.

Tarbuck, Edward J., and Frederick K. Lutgens.
Earth: An Introduction to Physical Geology.
Illustrated by Dennis Tasa. 9th ed. Upper
Saddle River, N.J.: Pearson Prentice Hall,
2008. This college-level textbook for intro-
ductory geology courses is well written and
fully illustrated, with a chapter on the origin
and historical development of the Earth and
its atmosphere.

See also: Auroras; Earth-Sun Relations; Earth’s
Origin; Earth’s Rotation; Earth’s Shape; Earth’s
Structure; Eclipses; Greenhouse Effect; Plane-
tary Atmospheres; Van Allen Radiation Belts.
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Earth’s Composition
Category: Earth

The Earth consists of a metallic core sur-
rounded by a rocky mantle, which in turn
is surrounded by a thin, rocky crust. Much
of the crust is covered by an ocean of liq-
uid, salty water. Surrounding it all is the
Earth’s atmosphere. Of the rocky and me-
tallic material at or below the surface, only
the crust, and in a few locales samples of
mantle, are available for direct laboratory
study. The composition of most of the
Earth’s interior is inferred by indirect
means, primarily from the study of meteor-
ites.

OVERVIEW

About 4.5 to 4.6 billion years ago, the solar
system was formed from a cloud of gas and dust
called the solar nebula. The cloud contracted
gravitationally, with most of it forming the Sun.
The planets and other objects that today orbit
the Sun formed by condensation and accretion
in an equatorial disk that developed around the
early proto-Sun. Small, solid grains condensed
from the gas as it cooled. As the grains in the
equatorial disk orbited the proto-Sun, they col-
lided and stuck together, accreting into small
bodies called planetesimals. As the planetes-
imals collided and grew into protoplanets, their
gravitational fields increased, so they swept up
more material in the equatorial disk. The inner-
most planets—Mercury, Venus, Earth, and
Mars—were formed mainly from dense metals
and rocks, while the outer planets—Jupiter,
Saturn, Uranus, and Neptune—were formed
mostly of gases and volatile ices. During or
shortly after Earth’s accretion, differentiation
occurred; the denser metals, such as iron and
nickel, sank to the core of the early Earth, while
the less dense rocky material rose to the outer
portions of the planet.

Samples of the Earth’s crust are readily
available. Geologic processes have brought
samples from the upper part of the mantle to the
Earth’s surface in certain locales. Most of the
Earth’s interior is inaccessible to direct study,
but meteorites offer clues to its composition.

Most meteorites are remnants of the earliest
period of planetary formation. They are classi-
fied into three main groups based on composi-
tion: stony meteorites, stony-iron meteorites,
and iron meteorites. Stony meteorites comprise
the most abundant group and are composed of
silica-associated, or lithophile, elements such as
those found in the Earth’s crustal materials.
Stony-iron meteorites are composed of roughly
equal parts of rock (typically the mineral olivine)
suspended in a matrix of iron. Iron meteorites
are composed of iron (about 80 to 90 percent)
along with siderophile elements such as nickel.

Iron meteorites are particularly suggestive
to scientists when they attempt to model the
composition of the Earth’s core. The average
density of the entire Earth is about 5.5 grams
per cubic centimeter, while the average density
of crustal rocks is only about 2.7 grams per cubic
centimeter for continental crust and 3.0 grams
per cubic centimeter for oceanic crust. This sim-
ple comparison indicates that the core must be
substantially denser than the average for the
entire Earth, and the only reasonably abundant
element with about the right density is iron.

The core has two parts: a solid inner core,
with a radius of 1,300 kilometers and a density
of about 12 to 13 grams per cubic centimeter,
and a molten outer core, 2,200 kilometers thick,
with a density of about 10 grams per cubic centi-
meter. The inner core is mostly iron and nickel
under high pressure (to make it solid), while the
molten outer core probably contains, besides
iron and nickel, lighter elements such as sulfur,
silicon, oxygen, carbon, and hydrogen. As a
whole, the core comprises about one-sixth of the
Earth’s volume and about one-third of the
Earth’s mass.

Almost all the remaining two-thirds of the
Earth’s mass is contained in the mantle, mak-
ing the mass of the crust, oceans, and atmo-
sphere insignificant in comparison. The mantle
is rich in dense, ultramafic rocks such as
peridotite, composed mostly of the minerals ol-
ivine and pyroxene.

Shortly after (or perhaps during) the initial
condensation of grains and their accretion into
planetesimals and protoplanets, the Earth’s
thermal history began through the process of
radioactive decay. During this early thermal
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period, radioactive nuclides (atoms of specific
isotopes) decayed, producing substantial heat
that led to at least partial melting. Much of the
heating is attributable to the decay of potas-
sium 40 and short half-life elements such as
aluminum 26. After as little as perhaps 100,000
years, the planet separated into the iron-nickel
core and magnesium-iron-silicate lower mantle.
Over a longer timescale (probably more than
ten million years but no more than a few hun-
dred million), the high-volatility compounds
(such as lead, mercury, thallium, bismuth,
water in hydrated silicates, carbon-based or-
ganic compounds, and the noble gases) all mi-
grated to the surface, where the material was
outgassed or melted into magmas in a continu-
ous period of crustal reprocessing that lasted for
several hundred million years.

Separated into three main layers—the core,
mantle, and crust—the Earth is an active body,
its internal heat far from exhausted. The com-
plexity of the chemical composition increases
with each successive outward layer. This gener-
alized model gives a framework for examining
the relationships of Earth materials.

Earth’s wide range of pressure and tempera-
ture regimes helps explain why several thou-
sand distinct minerals and numerous rock
types composed of different combinations of
minerals have been recognized in samples of
the crust and upper mantle. Sampling a variety
of crustal rocks leads to a determination of
elemental abundance in the crust. By mass,
approximately one-half of the crust is oxygen

and approximately one-fourth is silicon.
These two elements, plus aluminum,
iron, calcium, sodium, potassium, and
magnesium, make up more than 99 per-
cent of the Earth’s crust. Silicon and ox-
ygen combine to form the silicon-oxygen
tetrahedron, consisting of a single sili-
con atom surrounded by four oxygen
atoms evenly spaced around it three-
dimensionally at the corners of a tetra-
hedron. This silicon-oxygen tetrahedron
joined to additional tetrahedra and/or
atoms of other elements forms the class
of minerals called silicates, by far and
away the most common minerals in the
crust.

As ultramafic magmas cool, successive min-
erals crystallize and settle out via reaction se-
ries. As the temperature drops in the melt zone,
a discontinuous series (a set of discrete reac-
tions) can occur. Magnetite, an oxide of iron and
titanium, is the first to settle out, at about
1,400° Celsius (1,700 kelvins). Olivine, a silicate
mineral with a crystal lattice structure of indi-
vidual silicon-oxygen tetrahedra joined to-
gether by other ions (commonly iron and mag-
nesium) and a density between 3.2 and 4.4
grams per cubic centimeter, is the next to crys-
tallize out of the melt. Then comes pyroxene, a
silicate mineral with its silicon-oxygen tetrahe-
dra connected in long single chains and a den-
sity of 3.2 to 3.6 grams per cubic centimeter. As
temperatures in the magma drop to near 1,000°
Celsius (1,300 kelvins), the next to crystallize is
amphibole, a silicate mineral with its silicon-
oxygen tetrahedra joined in long double chains
and a still lower density of 2.9 to 3.2 grams per
cubic centimeter. As the cooling progresses, the
lattice structures increase in complexity with
biotite mica, with its silicon-oxygen tetrahedra
joined in planar sheets. Paralleling this discon-
tinuous series of reactions is the continuous re-
action series of plagioclase feldspar. It has a full
three-dimensional lattice of silicon-oxygen tet-
rahedra, and it varies continuously from being
calcium-rich at high temperatures of crystalli-
zation to sodium-rich at lower temperatures.
Finally, at still lower temperatures down to
about 1,000 kelvins (700° Celsius), come potas-
sium feldspar, muscovite mica, and quartz.
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Chemical Composition of Earth’s Crust
Element Weight (%) Volume (%)

Oxygen (O) 46.59 94.24
Silicon (Si) 27.72 0.51
Aluminum (Al) 8.13 0.44
Iron (Fe) 5.01 0.37
Calcium (Ca) 3.63 1.04
Sodium (Na) 2.85 1.21
Potassium (K) 2.60 1.88
Magnesium (Mg) 2.09 0.28
Titanium (Ti) 0.62 0.03
Hydrogen (H) 0.14 —



With this information, one can start to hy-
pothesize about how the crust and its ocean bas-
ins and continents evolved. The oldest Earth
materials yet identified are zircon crystals, pos-
sibly dating back 4.4 billion years, found in the
Jack Hills area of Australia, while the oldest
known continental rocks—the Acasta gneiss
from the Northwest Territories of Canada—are
about 4 billion years old, and they were meta-
morphosed from earlier igneous rocks. This
means that within a few hundred million years
after the initial formation of the Earth through
condensation, accretion, and differentiation,
the first crustal rocks of the Archean eon
formed. They probably were composed of oliv-
ine, pyroxene, and anorthite (calcium-rich
plagioclase feldspar), which crystallized out of
basaltic magmas that rose to the surface and
cooled and hardened. The
early crust, which may have
been similar to the anor-
thosite that makes up much
of the ancient highlands
on Earth’s moon, formed a
sheet that was fractured
into pieces and subjected to
heating through radioactive
decay. Differentiation led to
the formation of thicker gra-
nitic regions surrounded by
the thinner basaltic crust.
This was the beginning stage
in the development of today’s
crust, which consists of two
main types: the denser, thin-
ner, mafic or basaltic oceanic
crust and the less dense,
thicker, felsic or granitic
continental crust. The onset
of plate tectonics moved the
early continental fragments,
causing them to collide and
weld themselves together
into continental shields in
episodes of mountain-build-
ing, called orogenies.

The Earth’s original in-
ventory of gases appears to
have been lost very early in
its history, to be replaced

with a secondary atmosphere through volcanic
outgassing and perhaps impacts of volatile-rich
cometary nuclei and carbonaceous chrondrite
meteorites. Extensive volcanic activity and high
surface temperatures gradually diminished un-
til the hydrosphere (water cycle) was estab-
lished and oceans appeared.

Life on Earth existed at least 3.5 billion
years ago, as evidenced by microfossils similar
to modern cyanobacteria (blue-green algae).
With the oceans growing in volume and salinity
and the development of oxygen-releasing life-
forms, Earth’s geochemistry became more com-
plex. By the beginning of the Paleozoic era,
about 540 million years ago, the oxygen content
of the atmosphere had reached 1 percent of its
present level. Life-forms significantly shaped
the Earth’s chemical composition. Multicelled
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Primary Rocks and Minerals in Earth’s Crust

Rocks
% Volume

of Crust Minerals
% Volume

of Crust

Sedimentary Quartz 12
Sands 1.7 Alkali feldspar 12
Clays and shales 4.2 Plagioclase 39
Carbonates (including Micas 5
salt-bearing deposits) 2.0 Amphiboles 5

Pyroxenes 11
Igneous Olivines 3
Granites 10.4 Clay minerals (and
Granodiorites, diorites 11.2 chlorites) 4.6
Syenites 0.4 Calcite (and aragonite) 1.5
Basalts, gabbros, Dolomite 0.5
amphibolites, eclogites 42.5 Magnetite  (and

Dunites, peridotites 0.2 titanomagnetite) 1.5
Others (garnets, kyanite,

Metamorphic andalusite, sillimanite,
Gneisses 21.4 apatite, etc.) 4.9
Schists 5.1
Marbles 0.9 Totals

Quartz and feldspars 63
Totals Pyroxene and olivine 14
Sedimentary 7.9 Hydrated silicates 14.6
Igneous 64.7 Carbonates 2.0
Metamorphic 27.4 Others 6.4

Source: Michael H. Carr et al., The Geology of the Terrestrial Planets, NASA SP-469,
1984. Data are from A. B. Ronov and A. A. Yaroshevsky, “Chemical Composition
of the Earth’s Crust,” American Geophysical Union Monograph 13.



animals in the oceans scrubbed carbon dioxide
from the atmosphere and locked it up in the
carbonate rocks, forming biochemically pre-
cipitated limestones. By the latter part of Pa-
leozoic era, about 300 million years ago, coal
formed as a result of the first land forests be-

ing periodically inundated by ocean transgres-
sions.

METHODS OF STUDY

Perhaps no other Earth science is as specula-
tive as that of early Earth history and the geo-
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Typical Composition of Rocks That Compose Much of the
Earth’s Mantle or Crust
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SiO2
(silicon oxide) 45.0 49.0 59.0 65.0 50.0 58.0 67.0 95.0 5.0
TiO2
(titanium oxide) 0.4 1.8 0.7 0.6 3.0 0.7 0.6 0.2 0.1
Al2O3
(aluminum oxide) 8.7 15.0 17.0 16.0 14.0 16.0 14.0 1.0 0.8
Fe2O3
(ferric iron oxide) 1.4 2.4 3.0 1.3 2.0 4.0 1.5 0.4 0.2
FeO
(ferrous iron oxide) 7.5 8.0 3.3 3.0 11.0 2.5 3.5 0.2 0.3
MnO
(manganese oxide) 0.15 0.15 0.13 0.1 0.2 0.1 0.1 — 0.05
MgO
(magnesium oxide) 28.0 8.0 3.5 2.0 6.0 2.5 2.0 0.1 8.0
CaO
(calcium oxide) 7.0 11.0 6.4 4.0 9.0 3.0 2.5 1.5 43.0
Na2O
(sodium oxide) 0.8 2.6 3.7 3.5 2.8 1.0 2.9 0.1 0.05
K2O
(potassium oxide) 0.04 0.2 1.9 2.3 1.0 3.5 2.0 0.2 0.3
Volatiles
(water or carbon dioxide) 1.0 1.0 1.0 2.0 1.0 8.0 2.0 1.0 42.0

Note: Compositions are given as weight percentages of the element oxide in the entire rock.



chemical evolution of the Earth. Some of the
major challenges confronting Earth scientists
are questions about how the Earth’s crust
formed and when plate tectonic movement be-
gan. It is generally accepted by most Earth sci-
entists that heat flow was substantially greater
and hence crustal formation occurred more rap-
idly in Archean times. Despite the problems of
extrapolating back to a time when the first solid
rocks were forming, the established models are
based on some solid lines of evidence.

In 1873, American geologist James D. Dana
made one of the initial advances in the study of
the Earth’s internal chemical composition when
he suggested that analogies could be drawn
from the study of meteorites. Geochemists
studying meteorites today have derived radio-
metric dates of 4.4 to 4.6 billion years for many
of them—corresponding to the initial epoch of
condensation and accretion in the solar nebula.
Because meteorite types approximate the ele-
mental distribution in the Earth, they are valu-
able samples of what the Earth formed from.

Geophysicists use seismic waves from earth-
quakes to study the structure of the Earth’s in-
terior. Variations in speed as the waves pass
through the Earth, and reflection and refraction
of them at internal boundaries, have revealed a
differentiated Earth with a very dense metallic
core, a less dense rocky mantle, and an even less
dense rocky crust “floating” on top. The well-
established theory of plate tectonics holds that
the crust and upper mantle together form rigid
lithospheric plates that are moving, driven by
slow convection currents in the mantle.

The drive to study Archean rocks was partly
fueled by the United States Apollo missions to
the Moon, which returned rocks of comparable
age from the lunar surface. Interest in Archean
crustal evolution was further aroused by the
discovery of Archean lavas called komatiites
around greenstone belts (which are agglomera-
tions of Archean basaltic, andesitic, and rhyolitic
volcanics, along with their sediments derived by
weathering and erosion). Komatiites are ultra-
mafic lavas that formed at temperatures greater
than about 1,100° Celsius (1,400 kelvins) and
may be fragments of the first crust. Work by
field geologists in regions with exposed Archean
rocks found successively older granitic rocks—

3.8 billion years in western Greenland, 3.9 bil-
lion years in Antarctica, and 4.0 billion years in
Canada’s Northwest Territories. Even older de-
trital zircons with radiometric ages between
3.8 and 4.4 billion years were discovered in
somewhat younger sedimentary rocks in west-
ern Australia. The zircon find is significant be-
cause it sets an approximate birth date for early
continental crust, as zircon is a reasonably com-
mon though minor constituent of granitic igne-
ous rocks. The Australian zircons probably
formed in early continental igneous rocks and
then were eroded, transported, and deposited
with other sediments in the sandstones in
which they were found.

Geochemists have refined their study of
these ancient rocks with more sophisticated
methods to determine isotope ratios in them. In-
struments common in geochemical laboratories
today use X-ray diffraction and gamma-ray
spectral analysis to determine which isotopes
are present. Isotope ratios in rocks are of partic-
ular interest to geochemists because they pro-
vide clues as to chemical cycles in nature. The
equilibria of these cycles, as indicated by the iso-
tope ratios, offer insights into volcanic, oceanic,
biological, and atmospheric cycles and condi-
tions in the past.

CONTEXT

Perhaps no other area of scientific study is as
intriguing and controversial as that of the ori-
gin and evolution of the Earth. Geochemists and
geophysicists have been at the forefront of the
quest to understand the Earth’s present geology
in terms of its past. Before the 1960’s, little was
known of the Earth’s history during early Pre-
cambrian times. This lack is significant when
one considers that the Precambrian comprises
about eight-ninths of the geologic timescale.

It is likely that improved techniques used to
analyze rocks and minerals in the laboratory
will continue to provide a better understanding
of the formation of the Earth’s crustal materials
and the evolution of moving lithospheric plates.
Radiometric dating and isotope analysis will
help unravel the relationships between the
greenstone belts and granulite-gneiss associa-
tions that typify Archean formations on all con-
tinents.
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Studying features and materials on other so-
lar system bodies will also lead to a better un-
derstanding of the early Earth and its evolu-
tion. Similarities and differences in Earth’s
early history are expected to be revealed by fu-
ture space probes to the Moon, Mars, Venus,
Mercury, and asteroids.

David M. Schlom
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Earth’s Core
Category: Earth

The core is the Earth’s densest, hottest re-
gion. The thermal energy released by the
core’s continuous cooling stirs the overly-
ing mantle into slow, convective motions
that drive plate tectonics and hence are
ultimately responsible for moving conti-
nents, building mountains, fueling volca-
noes, and producing earthquakes.

OVERVIEW

The Earth’s core extends from a depth of
about 2,900 kilometers down to the center of the
Earth, 6,378 kilometers below the surface at the
equator. The outer part of the core is molten,
while the central, inner part is solid. Ambient
pressures inside the core range from about 1.4
million to 3.6 million atmospheres, tempera-
tures range from about 4,300 to 5,800 kelvins,
and densities range from about 10 to 13 grams
per cubic centimeter. Being about twice as
dense as the rest of the planet, the core contains
one-third of the Earth’s mass but occupies a
mere one-sixth of its volume.

Surrounding the core is the mantle. The
boundary between the solid mantle and the un-
derlying molten outer core is the core-mantle
boundary (CMB), a surface that demarcates the
most fundamental compositional discontinuity
in the Earth’s interior. Below it, the core is
mostly made of iron-nickel alloys. Above it, and
all the way to the surface, the mantle and over-
lying crust are made mostly of silicates (the
most abundant group of rock-forming miner-
als). The core has lower seismic-wave transmis-
sion speeds and higher densities than the man-
tle, a consequence of it having a different
chemical composition. The molten outer core
probably contains about 80 to 90 percent (by
mass) iron-nickel alloys with a 20 to 10 percent
mix of sulfur, silicon, oxygen, and maybe even
hydrogen. The solid inner core contains less of
each of the lighter elements and may be almost
entirely iron-nickel alloys that solidified out
from the molten outer core. The boundary be-
tween the molten outer core and the solid inner
core is known as the inner core boundary (ICB);

it appears sharp to seismic waves, which easily
reflect off it. The entire core must be a good elec-
trical and thermal conductor because of its me-
tallic composition. The mantle, in contrast, is
composed mainly of crystalline silicate miner-
als of magnesium and iron, and therefore is a
good electrical and thermal insulator.

This sharp contrast in physical properties is
the end product of the way in which the Earth
evolved thermally, gravitationally, and chemi-
cally. The Earth formed by the accretion of
planetesimals about 4.5 billion years ago along
with the rest of the solar system. As the early
Earth was slowly heated by radioactivity, the
iron in it suddenly melted and sank by gravity
toward the center in a cataclysmic “iron catas-
trophe,” forming the core; silicate minerals were
left behind to form the mantle and crust. Calcu-
lations show that iron sinking to the core must
have released great amounts of energy that
would have heated and at least partially melted
the entire Earth. Cooling of the outer parts pro-
ceeded rapidly by convection, but the silicate
mantle created a thermal barrier for the iron-
rich core, which, not being able to cool down as
readily, remained molten. The inner core then
began to form at the center, where the pressure
was greatest and solidification was (barely) pos-
sible.

The most tangible consequence of the exis-
tence of an electrically conducting, fluid outer
core is the presence of the Earth’s magnetic
field, which has existed for at least 3.5 billion
years with a strength not very different from
what it has today. There can be no permanently
magnetized substances deep inside the Earth.
Magnetic materials lose their magnetism as
their temperature increases above the Curie
temperature (around 800 kelvins for most mag-
netic substances), and the interior below a
depth of about 30 kilometers is at temperatures
well above the Curie point. The process that
generates and maintains the geomagnetic field
is attributed to a self-exciting dynamo mecha-
nism—that is, an electromagnetic induction
process that transforms the motions of the con-
ducting fluid into electric currents, which in
turn induce a magnetic field that strengthens
the existing field. In order for the system to get
started, at least a small magnetic field (perhaps
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a weak primordial interplanetary field) needs to
be present to initiate the generation of electric
currents that induce a stronger magnetic field.
The increased magnetic field in turn induces
stronger currents, which further strengthen the
field, and so on. As the magnetic field increases
beyond a certain point, it begins to affect the
fluid flow through the mechanical Lorentz
force, which is induced in a conductor as it
moves across a magnetic field. The stronger the
magnetic field, the stronger the Lorentz force
becomes and the more it tends to modify the mo-
tion of the fluid so as to oppose the growth of the
magnetic field. The result is a self-regulating
mechanism which, over time, attains a steady
state.

Asource of energy is required to maintain the
fluid flow in the molten outer core that produces
the electrical currents that induce the magnetic
field. One possibility is that the necessary en-
ergy to maintain the flow is provided by the
growth of the solid inner core as it is fed by the
crystallization of iron from the molten outer

core. This process could provide enough gravita-
tional energy to keep the core hot throughout,
thus driving convection in the molten outer core
both thermally and compositionally.

A most extraordinary feature of the core-
generated magnetic field is that over the past
few hundred million years at least, it has re-
versed its polarity with irregular frequency, the
intervals between reversals varying from less
than 100,000 to more than 10 million years. (For
convenience, the present orientation of the field
is considered normal.) Some igneous rocks and
some sedimentary rocks, if they contain iron-
bearing mineral grains, can acquire and pre-
serve the magnetism that exists at the time and
place where they form. Therefore, rocks formed
throughout geologic time have recorded the al-
ternating pattern of normal and reversed Earth
magnetism. This sequence of magnetic rever-
sals contains clues to the core’s nature.

Geophysicists are eager to determine whether
the outer core is vigorously convecting as a con-
sequence of the inner core’s growth. If that were

the case, convection would
be delivering a large flow
of heat to the mantle,
whose low thermal con-
ductivity would create a
barrier to the outward
flow of the heat. As a re-
sult, the local temperature
gradient at the base of the
mantle would probably be
very high, so that a layer
there would be gravita-
tionally unstable. From
this layer, thermal inho-
mogeneities would rise
through the mantle in the
form of plumes of buoyant,
hot, lower-mantle mate-
rial. Several such plumes
might reach the upper
mantle or set the entire
mantle into convection.
These convection currents
would be responsible for
the motion of the tectonic
plates on the Earth’s sur-
face and, consequently, for
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the drifting of continents, the uplifting of moun-
tain ranges, the formation of oceanic basins,
and the occurrence of volcanic eruptions and
earthquakes. These observable effects of plate
tectonics thus are linked to the internal cooling
of the Earth and the growth of the inner core.

METHODS OF STUDY

Knowledge of the structure, physical proper-
ties, and composition of the core is entirely
based on indirect evidence gathered mostly
from analyzing seismic waves, studying the
Earth’s gravitational and magnetic fields, and
conducting laboratory experiments on the be-
havior of rocks and minerals at high pressures
and temperatures. The first evidence for the ex-
istence of the core was presented in a paper sug-
gestively titled “The Constitution of the Interior
of the Earth, as Revealed by Earthquakes,” pub-
lished in 1906 by Richard D. Oldham, of the geo-
logical survey of India. Thirty years later, Inge
Lehmann, from the Copenhagen seismological
observatory, presented seismic evidence for the
existence of the inner core. In the past few de-
cades, with the advent of high-speed computers
and technological advances in seismometry,
seismologists have developed increasingly sen-
sitive instrumentation to record seismic waves
worldwide and sophisticated mathematical
techniques that allow them to construct models
of the core that explain the observed data.

Seismic waves provide the most important
data about the core. Earthquakes and explo-
sions generate elastic body waves that propa-
gate throughout the Earth. These seismic
waves penetrate deep into the Earth and, after
being reflected or transmitted, travel back to
the surface to be recorded at seismic stations
around the world. The most direct information
that seismic or elastic waves carry is their
travel time. Knowing the time it takes for elas-
tic waves to traverse some region of the Earth’s
interior allows the calculation of their speed of
propagation in that region. The speed of seismic
waves strongly depends on the density and ri-
gidity of the material through which they prop-
agate, so estimates of the mechanical properties
of the Earth’s interior can be derived from seis-
mic travel time analyses. Seismic waves that
propagate through the interior of the Earth are

of two types: compressional waves (also called
primary or P waves) and transverse shear
waves (also called secondary or S waves).
Compressional waves produce volume changes
in the medium they travel through; shear waves
produce shape distortion without volume
change. If the medium has some rigidity (that
is, if it is solid), both P and S waves can propa-
gate through it. If the medium has no rigidity
(that is, if it is liquid or gaseous), it offers no re-
sistance to a change in shape, so S waves cannot
propagate through it, although P waves can.

S waves are not transmitted through the
outer core. Therefore, the outer core material
has no rigidity, but behaves as a fluid would.
Similar observations suggest that the inner
core is solid. However, the actual rigidity of the
inner core is very difficult to estimate since
shear waves inside the inner core are isolated
from the mantle by the outer core and can only
travel through it as P waves converted from S
waves at the inner core boundary. Neverthe-
less, when the whole Earth is set into vibration
by a very large earthquake, the average rigidity
of the inner core can be estimated by comparing
the observed frequencies of oscillation with
those theoretically computed for models of the
Earth that include a solid inner core. Model
studies have indicated that the inner core is in-
deed solid, because a totally liquid core model
does not satisfy the observations.

The average speed of P waves through the en-
tire Earth is about 10 kilometers per second,
whereas the P-wave speed in the rocks accessi-
ble to measurement at the Earth’s surface is
about 4 to 5 kilometers per second. The speed
of S waves is a little more than half that of
P waves in solids and is zero in perfect fluids.
The P-wave speed drops abruptly across the
core-mantle boundary, from 13.7 kilometers per
second at the base of the mantle to 8.06 kilome-
ters per second at the top of the core. From this
point down, the speed steadily increases to
10.35 kilometers per second at the inner core
boundary, where it jumps discontinuously to
11.03 kilometers per second at the top of the in-
ner core. From there to the center of the Earth,
the P-wave speed increases slowly to reach 11.3
kilometers per second. The S-wave speed in-
creases from zero at the inner core boundary to
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around 3.6 kilometers per second at the Earth’s
center. The core’s density abruptly increases
from 5,500 kilograms per cubic meter at the
base of the mantle to nearly 10,000 kilograms
per cubic meter at the top of the core. From
there, the density increases slowly to nearly
13,100 kilograms per cubic meter at the Earth’s
center. For comparison, the density of mercury
at room temperature and ambient pressure is
13,600 kilograms per cubic meter.

The theory that the core is mostly iron is con-
sistent with iron being cosmically more abun-
dant than other heavy elements and with the
high electrical conductivity the core needs in or-
der to generate the Earth’s magnetic field. The
fluidity of the outer core has been demonstrated
by measurements not only of seismic wave
transmission but also of the oscillation period of
gravitational waves in the core excited by the
lunisolar tides. The existence of a sustained
magnetic field is also consistent with a fluid
outer core.

Seismic data can probe the inner core only
partially from the Earth’s surface, unless the
source of the seismic waves and the receivers
are located antipodally to each other. Such an
arrangement allows scientists to measure seis-
mic waves that have penetrated the center of
the Earth.

New views of the Earth’s interior are pro-
duced, sometimes unexpectedly, by the analy-
ses of data collected by satellite missions. Data
from orbiting satellites that measure tiny varia-
tions of the Earth’s gravitational field, com-
bined with computer-aided seismic tomography
of the Earth’s interior, have revealed large-
density anomalies at the base of the mantle and
a large relief of more than 2 kilometers along
the core-mantle boundary.

Seismic tomography uses earthquake-gener-
ated waves that penetrate the interior in a mul-
titude of directions to map its three-dimen-
sional structure, just as computerized medical
tomography uses multiple X-ray images to cre-
ate a three-dimensional view of internal organs
of the body. Essential to the success of these
studies is installation of dense networks of seis-
mic sensors all over the surface of the Earth;
this installation, however, would be very expen-
sive.

CONTEXT

Any study of the Earth provides insight into
the nature and future of the planet and, conse-
quently, the future of humankind. A more com-
plete understanding of how the Earth’s core
works could result in predictions of the geomag-
netic field’s activity for years to come, including
perhaps an upcoming magnetic reversal. Ac-
cording to the best estimates, a reversal does
not occur instantaneously, but takes at least a
few thousand years. That means that during a
reversal, there is a time interval of very weak or
even zero field intensity. Under such conditions,
the magnetic shielding that prevents highly en-
ergetic charged particles of the solar wind from
reaching the Earth’s surface would disappear,
leaving the surface directly exposed to intense
particle radiation that could directly be poten-
tially lethal, or that could at least lead to in-
creased cancers and genetic mutations.

The inner core has not yet been thoroughly
explored with seismic waves. One reason is that
it is the most remote region of the Earth and
therefore the most difficult to study; another is
that it is hidden beneath the “seismic noise” cre-
ated by the crust, mantle, and outer core. The
inner core, however, holds the key to the under-
standing of the Earth’s early history and its sub-
sequent development as a planet. It would be
possible in principle to investigate the inner
core in more detail by deploying an array of
highly sensitive seismic sensors antipodal to a
seismically active region. However, despite the
wealth of unique data that could be obtained
from such an experiment, it would be a very ex-
pensive endeavor.

J. A. Rial
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portant results of the investigation of the
core and mantle. For readers with some
knowledge of mathematics, the book includes
brief derivations of important formulas, sep-

Earth’s Core The Solar System

124



arated by “boxes” from the main text. In-
cludes anecdotal descriptions of great scien-
tific discoveries along with personal views of
the history and development of seismology.

Fowler, C. M. R. The Solid Earth: An Introduc-
tion to Global Geophysics. 2d ed. New York:
Cambridge University Press, 2004. An up-
dated version of a widely used textbook for in-
troductory geophysics courses. Designed for
students with some knowledge of physics and
calculus.

Jacobs, J. A. The Earth’s Core. 2d ed. New York:
Academic Press, 1987. A highly technical
text, but perhaps the best reference for a de-
tailed description of the most accepted core
models. The tables—which give the numeri-
cal values of the density, temperature, rigid-
ity, and wave velocity distributions within
the Earth—are of interest to anyone wanting
a quantitative description of the core. A long
list of research articles is included.

Tarbuck, Edward J., and Frederick K. Lutgens.
Earth: An Introduction to Physical Geology.
Illustrated by Dennis Tasa. 9th ed. Upper
Saddle River, N.J.: Pearson Prentice Hall,
2008. This college-level textbook for intro-
ductory geology courses is well written and il-
lustrated. There is a very good chapter on the
Earth’s interior.

Van der Pluijm, Ben, and Stephen Marshak.
Earth’s Structure. 2d ed. New York: W. W.
Norton, 2003. An introductory text on struc-
tural geology and tectonics. Designed for un-
dergraduate students.

Vogel, Shawna. Naked Earth: The New Geo-
physics. New York: Plume, 1996. Covers geo-
physics research and theories since 1960.
Includes information about Pangaea, the
supercontinent cycle, and the reversals of the
Earth’s magnetic field. For general audi-
ences.
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Earth’s Core-Mantle
Boundary
Category: Earth

The core-mantle boundary is a pronounced
discontinuity separating the outer core
from the mantle of the Earth. It is a chemi-
cal and mineralogical as well as a thermal
and mechanical boundary. The topogra-
phy of the core-mantle boundary is believed
to be controlled by the dynamic processes in
the mantle and the outer core.

OVERVIEW

The core-mantle boundary (CMB) is a promi-
nent discontinuity within the Earth. It is lo-
cated at a radius of about 3,500 kilometers and a
depth below the surface of about 2,900 kilome-
ters. The mantle above the boundary is largely
solid, of relatively low temperature, and pri-
marily composed of silicate minerals rich in
magnesium and iron. The outer core below the
boundary is liquid, of higher temperature, and
composed of dense materials such as iron-nickel
oxides and iron-nickel sulfide alloys. This
boundary separates two dynamic systems: one
operating in the mantle as hot spots and convec-
tion cells, the other in the outer core consisting
of convection currents and eddies of the core
fluid. The motions of the core fluid appear to be
responsible for the Earth’s magnetic field.

The lowermost part of the mantle, labeled the
D″ (pronounced “dee double prime”) layer, is
called the core-mantle transition zone. It is ap-
proximately 200-300 kilometers thick and is lo-
cated just above the CMB. Seismic waves from
earthquakes and explosives detonated at or
near the surface show significant speed varia-
tions within the D″ layer over lateral or horizon-
tal distances of 1,000 kilometers or more. Longi-
tudinal (or compressional) P waves travel faster
in the portions of this layer that are located be-
low North America, China, the eastern part of
the Indian Ocean, and off the Pacific coast of
Chile; P waves travel more slowly in the D″
layer below the southern part of Africa, the New
Hebrides Islands, the South Pacific Ocean, and
the Argentine Basin. Similar variations in
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speed have also been observed for transverse (or
shear) S waves, which travel faster in this layer
under the American continents, Asia, the north-
ern Indian and Pacific oceans, and Antarctica,
and more slowly under the Central and South
Pacific Ocean, the Atlantic Ocean, most of Af-
rica, and the southern part of the Indian Ocean.
These speed variations in the D″ layer appear to
continue upward in the mantle and may be re-
lated to the thermally induced convection cur-
rents and hot spots in the mantle.

Improvements in instrumentation have en-
abled scientists to simulate in the laboratory
the physical and chemical conditions of the
lower mantle and the outermost core. The lower
mantle is thought to be composed primarily of
magnesium-iron silicates with the compact
perovskite crystal structure. Some aluminum-
calcium silicates and magnesium-iron oxides
may also be present, but their relative abun-
dance is not known. Laboratory measurement
of the melting point of perovskite lead to esti-
mates of the temperature of the D″ layer vary-
ing from 3,300 to 4,300 kelvins. Similar studies
of outer core materials, which are primarily
iron-nickel sulfides and iron-nickel oxides, indi-
cate that the temperature of the outermost core
is at least 4,300 kelvins. Thus, the temperature
increases by about 1,000 kelvins through the D″
layer, resulting in partial melting of some min-
erals, thereby making the zone soft with anoma-
lous characteristics.

Seismologists studying the core-mantle
boundary (CMB) by means of reflected waves
from the core have long been frustrated by the
strong scatter of the reflected amplitudes. Ama-
jor part of this scatter is believed to be the result
of vertical undulations of the core-mantle
boundary. The lateral extent of these undula-
tions is of the order of thousands of kilometers.
The elevation of the boundary may change by as
much as 5 to 8 kilometers above or below its nor-
mal depth. Topographic highs of the CMB have
been observed beneath the Indian Ocean, the
Pacific Ocean, and the Atlantic Ocean (particu-
larly in the North Atlantic). The CMB is de-
pressed below the Tonga-Karmadec islands, the
China-Japan region, Central Africa, and off the
west coast of South America. Because most of
these areas are associated with the subduction

of oceanic plates, the structure of the CMB is
thought to be caused by the dynamic processes
in the mantle, which may be related to the con-
vection processes in the outer core. Subduction
of a lithospheric plate is associated with down-
welling convective flow in the mantle. When the
convective flow reaches the core boundary, it de-
presses the CMB into the hot, liquid core. Core
fluids may partially invade the “topographic
low” of the CMB, altering the chemical composi-
tion of the D″ layer. Similarly, beneath an
upwelling zone of mantle flow, liquid core mate-
rial may be “sucked” up into the mantle, creat-
ing a topographic high of the CMB. At the topo-
graphic “lows” of the CMB, mantle material is
subjected to the higher temperatures of the
outer core and may melt; it then recrystallizes
at the topographic “highs” of the CMB. Thus,
the overall effect is to smooth the CMB, which is
continually disturbed by the convective circula-
tions in the mantle. With heat dissipation in the
mantle, the outer core slowly cools and the core
materials crystallize and underplate the man-
tle. Therefore the outer core slowly shrinks with
time, and the CMB gets deeper.

The D″ core-mantle transition zone and core-
mantle boundary are not only a compositional
boundary but also a thermal boundary, where
the temperature increases by at least 1000 kel-
vins. Thermal coupling between the mantle and
the outer core, however, may change laterally,
resulting in a variable heat flow across the
boundary. Although no consensus has been
reached among scientists, it is possible that the
mantle dynamics are at least partially responsi-
ble for controlling the heat flow.

The Earth behaves like a large magnet. The
magnetic field of the Earth—the geomagnetic
field—undergoes changes known as secular
variations. The origin of the geomagnetic field
appears to be related to motions of the outer
core fluid. Studies suggest that the deep mantle
and the outer core play a significant role in
shaping the secular variations. Upwellings in
the outer core material are associated with the
hotter and seismically slower regions of the D″
zone; downwellings are associated with the
colder and seismically faster regions in D″. Cold
regions in the mantle transmit greater amounts
of heat from the outer core, thereby setting up
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mantle circulations. The topography of the
CMB is controlled by the circulations in the
mantle as well as in the outer core. The topo-
graphic relief of the CMB may also set up a lat-
eral temperature gradient which may be re-
sponsible for the secular variation of the
magnetic field.

METHODS OF STUDY

Various subdisciplines of geophysics contrib-
ute to investigating the nature and the struc-
ture of the core-mantle boundary (CMB) and
the D″ core-mantle transition layer. They in-
clude, among others, seismology, geodesy, geo-
dynamics, high-temperature and high-pressure
mineral physics, geothermometry, and geomag-
netism. Seismology has been the most impor-
tant among all these subdisciplines and has
contributed most of the information about the
Earth’s interior.

Seismology deals with earthquakes and the
propagation of earthquake waves through the
Earth. Whenever an earthquake occurs, differ-
ent types of seismic waves are generated. Sur-
face waves travel along the Earth’s surface, and
longitudinal (or compressional) P waves and
transverse (or shear) S waves travel through
the interior of the Earth. It is often helpful to vi-

sualize the direction of travel of P
and S waves as rays originating from
an earthquake focus, or hypocen-
ter, and radiating in all directions
through the Earth. Because of the in-
creased rigidity and incompressibil-
ity of rocks downward, the speeds of
these waves increase with depth. As
a result, the downgoing seismic rays
(except for vertical or near-vertical
rays) are curved back toward the sur-
face. The seismographic stations that
are farther away from the epicenter
record seismic waves that penetrate
through the deeper layers in the
Earth.

The outer core has no rigidity,
since it is liquid. Consequently, P
waves slow down abruptly as they
cross the CMB, from 13.5 to 8.5 kilo-
meters per second, and they are
sharply refracted or bent. S waves do

not propagate through liquids, so they stop at
the CMB. As a result, there are shadow zones
beyond about 11,000 kilometers from the epi-
center where neither P nor S direct waves are
detected at the ground surface. The presence of
liquid outer core was discovered through the ex-
istence of the shadow zones and the absence of
core-transmitted S waves.

Seismic waves emerging at steep angles from
the hypocenter encounter the CMB. Part of the
incident energy is reflected back from the
boundary, and the rest is refracted through the
outer core. P waves can be reflected back as P
and as S waves, designated as PcP and PcS
waves (or phases) respectively. Similarly, S
waves reflected back from the CMB as P and
S waves are designated as ScP or ScS waves.
These core-reflected phases have been impor-
tant in the study of the nature, shape, and depth
of the CMB. Because S waves cannot travel
through liquids, the refracted energy in the
outer core propagates in the form of P waves.
These refracted P waves are designated as K
phases. Thus PKP is a wave that travels from
the hypocenter in the mantle as a P wave, prop-
agates as a K (that is, P) in the outer core, and
reemerges in the mantle as a P wave. Similarly,
SKS and other combinations, such as PKS and
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SKP, are often observed in the seismic records.
A joint study of the core-reflected phases (for ex-
ample, PcP) and the core-refracted phases (for
example, PKP) is often important in resolving
the depths and topography of the CMB. Seismic
rays incident at a large angle on the CMB are
diffracted. Study of these diffracted waves pro-
vides important information on the D″ zone
above the CMB. Using the waveform modeling
techniques, scientists are determining the
thickness and fine structures of the D″ zone.

Another important tool is seismic tomogra-
phy. It utilizes the same principle used in com-
puted tomography (CT) scan X rays of humans.
In a CT scan, the X-ray source and imager are
rotated around the body and a large number of
X-ray images are recorded. A computer pro-
cesses these images and forms a three-dimen-
sional image of the internal organs of the sub-
ject. The seismological data collected worldwide
can similarly be processed to form a three-
dimensional image of the Earth’s interior. Seis-
mic tomography provides valuable information
on the CMB as well as the Earth’s mantle.

A large earthquake sets the Earth vibrating
like a bell. If the Earth were perfectly spherical
with uniform layering, it would produce a pure
tone, vibrating at a preferred frequency. Depar-
tures from the spherical shape of the Earth, as
well as depth-related discontinuities, produce
additional tones involving distortions of the
Earth. Thus, recordings of these various modes
of the Earth’s vibrations, known as free oscilla-
tions, can furnish information about the shape
of the CMB.

Satellite measurements of the Earth’s grav-
ity field and the geodetic observations of the
geoid can also provide information on the CMB.
Theoretical models of the Earth’s interior, par-
ticularly the mantle, the D″ zone, and the CMB,
can be constructed to match observed geoidal
undulations and gravity anomalies. It appears
that a 2- to 3-kilometer variation in elevation of
the CMB can explain 90 percent of the observed
large-scale gravity anomalies. Astronomic ob-
servations of the Earth’s wobble also furnish ad-
ditional constraints on the shape of the CMB.
The Earth has an equatorial bulge caused by its
rotation. The Moon pulls at the bulge and at-
tempts to align it along the orbital plane of the

Moon, generating a wobble, or a nutational mo-
tion, of the Earth’s axis. (This motion is similar
to the wobble of a spinning top or a gyroscope.)
Deformation of the CMB produces certain irreg-
ularities in the nutational motion. Studies of
these irregularities indicate that the undula-
tions of the CMB are less than 1 kilometer in
height.

Major developments in instrumentation
have made it possible to simulate in the labora-
tory the temperature and pressure conditions of
the deep mantle. Scientists can now study how
the crystal structures of minerals change with
increased temperature and pressure. Measure-
ments of the electrical properties of rocks under
high pressure, and possible alloying of iron by
sulfur and oxygen that may occur in the outer
core, are also being studied. These investiga-
tions are important for complete understanding
of the mineral compositions, structure, temper-
ature, and pressure environment of the Earth’s
deep interior.

CONTEXT

Scientists from various geophysical subdisci-
plines have made a concerted effort to investi-
gate the structure and nature of the CMB and
the deep interior of the Earth because it is im-
portant from several perspectives. The CMB is
believed to be associated with deep mantle
plumes, the mantle convection currents that
drive the lithospheric plates and may be respon-
sible for secular variations of the geomagnetic
field. As the most pronounced discontinuity
within the Earth, the undulations at the CMB
may also cause regional gravity anomalies and
can affect the transmission of seismic waves.
The transmission effects of seismic waves cross-
ing the CMB provide information about the ge-
ometry and the physical and chemical proper-
ties of materials at the CMB, as well as in the
mantle above and the outer and inner core be-
low. Furthermore, because core-reflected phases
travel along vertical or near-vertical paths in
the mantle, they are often utilized to study het-
erogeneity and seismic behavior in the mantle.
Knowledge of the nature of the CMB is neces-
sary to determine these mantle characteristics.

A committee on Studies of the Earth’s Deep
Interior (SEDI), under the joint auspices of the
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International Union of Geodesy and Geophysics
(IUGG) and the American Geophysical Union
(AGU), facilitates international exchange of sci-
entific information about the Earth’s interior.
In addition, special sessions on the Earth’s deep
interior are held at most AGU meetings.

D. K. Chowdhury
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Earth’s Crust
Category: Earth

The crust is the outermost layer of the
Earth. The dynamic changes involved in
the creation and destruction of crustal rock
also fuel volcanoes, cause earthquakes,
concentrate mineral deposits, and liberate
gases and water that form the atmosphere
and ocean.

OVERVIEW

The crust of the Earth is the outermost layer
of the Earth. It is distinct from the region of rock
lying beneath it, called the mantle, in that the
rocks that comprise the crust have different
compositions and a lower density. Continental
crust is composed mostly of granitic rocks with
densities around 2.7 grams per cubic centime-
ter, and oceanic crust is composed mostly of ba-
saltic rocks with densities around 3.0 grams per
cubic centimeter. In contrast, rocks from the up-
per mantle have densities around 3.3 grams per
cubic centimeter, and probably are composed
mostly of peridotite.

The rocks of the Earth’s crust are quite var-
ied. They can be classified as belonging to one of
three broad groups, depending on how they
formed: igneous, sedimentary, and metamor-
phic. These three groups are parts of what is re-
ferred to as the rock cycle, which depicts the way
in which rocks from each of these groups can
provide the raw material to form rocks in any
other group.

Igneous rocks are formed by cooling and crys-
tallization from molten material called lava (if
on the surface) or magma (if below the surface).
Igneous rocks that cool and harden on the sur-
face are said to be extrusive, and those that cool
and harden below the surface are said to be in-
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trusive. Intrusive igneous rocks cool more
slowly and thus usually contain larger mineral
crystals (large enough to be seen with the un-
aided eye). Extrusive igneous rocks cool more
rapidly and thus either contain smaller, micro-
scopic mineral crystals or are glassy, containing
no crystals at all. Some common igneous rocks
are granite and gabbro (intrusive) and rhyolite,
basalt, and obsidian (extrusive).

Sedimentary rocks are formed from sedi-

ment, the remnants of other rocks that were
weathered and eroded when exposed at the sur-
face. Weathering processes may be chemical
(such as dissolving in water or acid, or being oxi-
dized by oxygen from the atmosphere) or physi-
cal (such as being broken apart when water in
cracks freezes and expands, or roots grow into
cracks). Sediment can be transported by various
agents (such as moving water or blowing wind)
and is ultimately deposited in layers. The sedi-
ment may then be compacted and cemented,
forming sedimentary rock. Some common sedi-
mentary rocks include sandstone, shale, and
limestone.

Metamorphic rocks are formed from other
rocks that have been subjected to pressures and
temperatures high enough to change the crys-
talline structure of the minerals in the rock (but
not high enough to melt the rock). Such changes
often occur in the deeper parts of the crust,
where the temperature and pressure are greater
(around 400 to 1,200° Celsius, and 3,000 to
15,000 atmospheres). Some common metamor-
phic rocks are slate, schist, gneiss, and marble.

The boundary between the crust and the
mantle is known as the Mohorovici2 discontinu-
ity or simply the Moho. The depth of the Moho,
and thus the thickness of the crust, varies
widely. The crust is thickest under the conti-
nents, averaging about 40 kilometers and
reaching a maximum of 70 kilometers beneath
young high mountain chains such as the Hima-
layas. Under the ocean basins, the crustal thick-
ness averages only about 7 kilometers.

The crust and uppermost mantle (down to a
depth of about 100 kilometers) constitute the
rigid lithosphere, which is divided into a num-
ber of separate blocks called plates. These
plates are slowly moving, driven by slow convec-
tive motions in the soft, plastic part of the man-
tle called the asthenosphere, which is directly
beneath the lithosphere.

The crust is constantly being created, de-
formed, and destroyed by processes at plate
boundaries. There are three types of boundaries
between plates: divergent, where plates are
pulled apart; convergent, where plates collide;
and transform or side-slip, where plates slide
horizontally past each other. Divergent plate
boundaries, where plates move apart, are
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marked by the ocean ridge-rift system where
new ocean basin crust is produced by hot
upwelling magma. The Mid-Atlantic Ridge (lo-
cated in the Atlantic Ocean about midway be-
tween North and South America to the west and
Europe and Africa to the east) and the Red Sea
(between Africa and Arabia) are examples of di-
vergent boundaries. Convergent plate bound-
aries, where plates come together, can be di-
vided into three subtypes, depending on the
nature of the plate (oceanic or continental) on
each side of the boundary: oceanic-oceanic, oce-
anic-continental, and continental-continental.
At oceanic-oceanic and oceanic-continental con-
vergent boundaries, subduction occurs. Sub-
duction is a process in which an oceanic plate
descends back down into the mantle. Subduc-
tion zones are marked by deep-sea trenches that
are located where oceanic plates bend down into

the mantle, there to be heated and remelted,
fueling chains of volcanoes parallel to the trench.
The Mariana Trench in the western Pacific and
the Peru-Chile Trench along the west coast of
South America are examples of oceanic-oceanic
and oceanic-continental convergent boundaries
respectively. At continental-continental conver-
gent boundaries, neither plate subducts, but in-
stead crumple and buckle along the collision
zone forming high mountain ranges like the Hi-
malayas between India and the rest of Asia. At
transform or side-slip plate boundaries, two
plates slide horizontally past each other. The
San Andreas fault in California is a classic ex-
ample of a transform plate boundary.

New ocean basin crust forms at the ocean
ridge-rift system, which is located along diver-
gent plate boundaries. As the existing litho-
spheric plates are pulled apart, probably by
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very slow lateral flow in the underlying as-
thenosphere, upwelling magma fills the gap. It
cools and hardens, producing the igneous rocks
basalt and gabbro, which add new bands of oce-
anic crust to the plates. The newly formed oce-
anic crust spreads away from the ocean ridge-
rift in a process known as seafloor spreading.
The age of oceanic crust increases systemati-
cally with distance from the ocean ridge-rift sys-
tem. The oldest known seafloor crust, about 180
million years old, is found in the western Pa-
cific. Apparently in that sort of time frame or
less, oceanic crust reaches a subduction zone
and is recycled back into the mantle. In con-
trast, many continental rocks are several hun-
dred million years old, and the oldest continen-
tal rocks found so far, from the Northwest
Territories of Canada, are about 4 billion years
old, almost as old as the 4.5 billion-year age of
the Earth.

Continental crust does not subduct. It re-
mains on or near the surface and is recycled
there through the processes and stages of the
rock cycle. It is initially created along subduc-
tion zones where oceanic crust is consumed. As
the lithospheric plate descends back down into
the mantle, it is heated. Eventually, differential
melting occurs; the minerals with lower melting
temperatures melt and rise as molten blobs of
magma, either cooling and hardening below the
surface as igneous intrusions or erupting at the
surface as volcanoes. These igneous intrusions
and volcanoes are composed of granite, rhyolite,
and similar igneous rocks that are less dense
than the basalts and gabbros of oceanic crust.
They form continental crust, which, because of
its lower density, does not subduct but remains
at the surface. When two continental plates col-
lide, they crumple and weld themselves to-
gether, forming a high mountain range with
roots that extend downward, increasing crustal
thickness there. Thus, continents grow with
time by two processes occurring along their
edges: volcanism near subduction zones and ac-
cretion. Continents also can be broken apart
when rifts develop in them, like the East Afri-
can Rift. If the rift continues to grow, eventually
it becomes a long narrow arm of the ocean,
called a linear sea, like the Red Sea between Af-
rica and Arabia.

The crust is thickest under young mountain
belts, called orogenic belts, piling upward and
sinking downward simultaneously to form a
thick wedge of rock. In this sense, it is much like
a buoyant iceberg, floating with the majority of
its mass below the water. The buoyancy of the
less dense crustal rocks floating on the more
dense mantle rocks is known as isostasy or
flotational equilibrium. Just as the iceberg
must reach a flotational level by displacing a
volume of water equal to its mass, so must the
lighter crustal rocks displace a volume of denser
mantle rocks to reach their buoyancy level.
Thus the thickest crust is found under the high-
est mountainous regions because they have
such deep roots, while the thinnest crust is
found under ocean basins.

Toward the center of continental landmasses
are large areas of old rocks known as cratons.
The ages of rocks found in the cratons range
from about 600 million to as much as 4 billion
years. The cratons have been free of deforma-
tion and mountain-building for at least the last
600 million years. Consequently, their surfaces
tend to be relatively flat as a result of surface
processes such as weathering and erosion act-
ing on the exposed rocks over geologically long
periods of time. Cratons have long and complex
histories. Over large areas of them, highly de-
formed rocks from the deep roots of ancient
mountain regions are exposed, and in other re-
gions the ancient mountain roots are covered by
more recent layers of sedimentary rocks.

METHODS OF STUDY

Seismic waves created by both earthquakes
and artificial explosions are used to probe the
interior of the Earth, including its top layer, the
crust. One type of seismic wave that travels
through the Earth is a longitudinal compres-
sional wave called a P wave (for primary wave);
this type of wave is analogous to an acoustic
or sound wave, alternately compressing and
stretching the material it travels through. The
density, rigidity, and compressibility of the ma-
terial determine the wave speed in it. P waves
travel at speeds between about 2 and 6 kilome-
ters per second near the surface, because of the
wide range of compositions of surface rocks as
well as the presence of open space and fluids
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within them. (For comparison, sound waves
travel at about 0.3 kilometers per second
through the lower atmosphere.) P-wave speed
reaches about 6 to 7 kilometers per second in the
lower crust just above the Moho. It has been
found in the laboratory that metamorphic
rocks known as granulites, which can form
when basalts and gabbros are subjected to the
pressures and temperatures of the lower crust,
have P-wave speeds in the proper range. Fur-
thermore, granulites are similar to some rock
samples brought to the surface in volcanic pipes
that are thought to have originated in the lower
crust.

The thickness of continental crust has been
determined by the study of seismic waves that
are reflected off the Moho, as well as those that

refracted by it. The increase in density and the
resulting increase in speed of seismic waves
when they cross the Moho from crust to mantle
cause their wave path to bend or refract. Waves
that cross the Moho at what is termed the criti-
cal angle will travel along right beneath the
Moho and be refracted back to the surface at the
same angle. By Snell’s law of refraction, the sine
of the critical angle equals the ratio between the
crust and mantle speeds. The travel time of
these refracted seismic waves from their source
till they are recorded on a seismograph is deter-
mined by the crust and mantle speeds, and the
thickness of the crust. Using critically refracted
P waves, thicknesses have been estimated for
much of the crust. It is possible to check the
crustal thickness determined from critically re-
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fracted waves by using reflected waves. This
has been applied with particular success in con-
tinental areas with artificial acoustic wave
sources such as explosives and vibrator trucks.

CONTEXT

The Earth’s crust is in a state of dynamic evo-
lution, with rock materials being created, de-
formed, and destroyed. This dynamic evolution
of the crust is brought about by the movement of
large lithospheric plates composed of the crust
and upper mantle, up to 100 kilometers thick.
Processes at plate boundaries can produce vol-
canism and earthquakes.

Volcanic activity over the billions of years of
the Earth’s existence has provided the water
vapor and other gases necessary to form the
oceans and atmosphere by the release of gases
trapped in lavas that reach the surface. An un-
derstanding of volcanoes, including how, why,
and where they occur, requires an understand-
ing of the Earth’s crust and crustal dynamics. It
is especially important in the areas with active
volcanoes to be able to assess the hazards they
pose.

Plate motion also produces earthquakes
where two plates rub against each other. Usu-
ally the strongest occur at transform plate
boundaries and at subduction zones along con-
vergent boundaries. Eventually, knowledge of
how crustal rocks change and respond before
impending earthquakes may allow their predic-
tion.

Exploration for important economic minerals
is guided by knowledge about the evolution and
composition of the crust. The concentration of
valuable metal deposits, such as gold and cop-
per, occurs during volcanic activity at ocean
ridge sites where new oceanic crustal rocks are
being created. Consequently, exploration ef-
forts for such metallic ores can be directed to-
ward identifying ancient ridge site locations.
The formation of continental sedimentary rocks
in the Gulf of Mexico traps organic materials
that will be turned into oil and natural gas.
Looking for similar types of sedimentary rocks
in ancient crustal environments aids in the
search for petroleum and natural gas.

David S. Brumbaugh,
revised by Richard R. Erickson
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Earth’s Crust-Mantle
Boundary: The
Mohorovi5i6 Discontinuity
Category: Earth

The Mohorovici2 discontinuity, or Moho
(the boundary between the crust and man-
tle), was discovered in 1909 through the ob-
servation of an abrupt change in the speed
of seismic waves traveling below the sur-
face of the Earth. Its discovery was among
the first evidence for the now-famous “on-
ion” model of the layers of the earth, but
many of its fundamental properties are
still not well understood.

OVERVIEW

On October 8, 1909, Central Europe was
struck by a large earthquake centered in Cro-
atia, near the village of Papuspsko. Andrija
Mohorovici2, director of the Meteorological Ob-
servatory at the nearby University of Zagreb,
collected data on the quake and its aftershocks.

In the seismic records from stations at interme-
diate distances from the epicenter of the quake,
he identified two sets of seismic P (longitudinal,
or compressional) and S (transverse, or shear)
waves, one set arriving at the recording stations
sooner than the second. He correctly inter-
preted the first set of seismic waves to arrive
as having traveled deeper and hence faster
through material that had a higher density (and
possibly different composition) than the crust
material through which the shallower and
slower second set of waves had passed. Just as
light waves moving from water or glass into air
bend or refract because of a sudden increase in
speed, so also these seismic waves changed
speed and refracted at some boundary, then
traveled just under the boundary between these
layers for some distance before being refracted
again back into the lower-density layer and
traveling through it to the surface. This bound-
ary, now known to divide the crust from the
mantle, was later named after its discoverer,
but the somewhat unwieldy title Mohorovici2
discontinuity commonly is shortened to Moho.
Similar seismic boundaries have since been dis-
covered between the mantle and outer core, and
between the inner and outer cores.

The thickness of the crust, and hence the
depth of the Moho, varies from 3 kilometers at
mid-ocean ridges to 70 kilometers under young,
high mountain ranges created by continental
collisions, such as the Himalayas. It is impor-
tant to note that the Moho does not mark the
bottom of the tectonic plates; each plate is made
of the crust and the uppermost mantle welded
together to form the rigid lithosphere, which
moves over the mantle’s plastic layer known as
the asthenosphere.

Since its discovery, the Moho has been the
subject of intense scrutiny by geophysicists be-
cause it is the closest boundary to the Earth’s
surface and hence the easiest to study. One of
the first debates was whether the Moho repre-
sented a transition between rock layers of dif-
ferent chemical composition or between rock
layers of similar composition but different min-
eral and crystalline structure (phase changes
caused by changes in temperature and pres-
sure). Since the 1960’s, the former model has
been that favored by most geologists, although
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some alternate models based on phase transi-
tions still exist. The crust appears to be com-
posed mainly of basaltic rocks in ocean floors
and granitic rocks in continents, while the up-
per mantle is largely made of peridotite. This
model is supported by the study and comparison
of continental rocks, ophiolite complexes (which
are slices of former ocean floor thrust above sea
level), and xenoliths (which are pieces of the
lower crust and upper mantle brought up to the
surface by volcanic activity).

Worldwide studies of seismic data have
added considerably to our understanding of the
Moho. Seismic refraction data have been gath-
ered not only from earthquakes but also from
nuclear weapons testing and other under-
ground explosions. Seismic reflection meth-
ods—which generate seismic waves by means of
a near-surface explosion or truck-mounted vi-
brator—have also been widely used. These
waves travel down through the crust, reflect off
the Moho, and travel back to the surface, like
light waves bouncing off a mirror. The out-and-
back travel time can be used to determine the
depth of the boundary, similar to the way a bat
emits sounds that echo off obstacles in its path.
Studies at some locations have also detected a
change in the electrical conductivity of rocks
near the Moho.

While this broad array of experimental data
would suggest that the Moho is well defined, the

opposite is actually the case. The problem is
that the transition depths determined by these
different methods often disagree. Therefore, the
classic or seismic Moho (defined as the refrac-
tion transition, where the velocity of P waves
jumps to 7.6 kilometers per second) may differ
from the reflection boundary, the electrical con-
ductivity boundary, and most important, from
the rock-type or petrologic boundary, which is
usually regarded as the true crust-mantle
boundary. Compounding this problem is the
fact that the seismic Moho is absent in some lo-
cations, with the velocity of the P waves only
gradually increasing with depth. Taken to-
gether, these studies led to a questioning of the
early model of the Moho as a thin, sharp, well-
defined boundary in favor of a transition layer of
definite thickness (perhaps several kilometers),
over which the composition of the rocks changes.
The Moho also has a complex, multilayered
structure in regions of complex tectonic history.
These observations have led geologists to view
the Moho as a dynamic entity that evolves over
time, in terms of both its petrology and its physi-
cal structure and substructures.

KNOWLEDGE GAINED

Although these generalizations about the na-
ture of the Moho are fairly well established, the
details of the structure and creation of the Moho
are less well understood. Due to the difference
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in ocean crust and continental crust in terms of
composition, thickness, and tectonic interac-
tions, detailed studies of the Moho are usually
divided into either oceanic or continental. In ad-
dition, the problem of understanding these fun-
damental processes is so complex that many
researchers in this area utilize seismic and
petrological data to model the Moho in a single
geographic region rather than attempt to make
a unified model of the entire Moho.

More is known about the oceanic Moho than
its continental counterpart, largely thanks to
studies of ophiolite complexes. Distributed
worldwide, these samples of former (ancient)
oceanic crust and upper mantle allow for direct
study of the chemical and mineral composition
of the rocks. Coupled with seismic refraction
and reflection data, they paint a reasonably
clear picture of the oceanic Moho and its history.
Its structure is complex, with interlocking lay-
ers ranging in composition from mafic (basaltic)
at the top to ultramafic at the bottom, finally
merging with the peridotite of the mantle. The
total thickness of the oceanic Moho layer ranges
from 0 to 3 kilometers. Oceanic Moho is created
from the same source as oceanic crust, namely
the upwelling of magma at mid-ocean ridges
such as the Mid-Atlantic Ridge (which is cur-
rently increasing the width of the Atlantic

Ocean). It forms rather quickly in geologic
terms, within a few thousand years, and after
initial creation it is not significantly modified.

The continental Moho is much less well un-
derstood. Petrologic information can be gath-
ered from xenoliths and exposed samples of the
crust-mantle boundary uplifted by tectonic
forces, although the latter must be used with
caution, since such rocks have been changed by
the same forces that lifted them to the surface.
These tectonic forces, such as continental colli-
sions, along with the much longer time frame
covered by continental crust samples, lead to a
greater complexity in the data. Because of the
greater age of the continental rocks, the prob-
lem of how the Moho forms in continental re-
gions is central to our understanding of how the
early Earth differentiated into layers in the first
place.

At least four hypotheses have been suggested
for how the continental Moho forms. In the relic
Moho model, the continental Moho is the relic of
the oceanic Moho, surviving the assembly pro-
cesses (such as continental collisions and accre-
tion of terranes along the coast) that build the
continents. How this might occur without se-
verely disrupting the Moho is unclear, espe-
cially given the fact that the crust itself is cer-
tainly changed in this process. The magmatic
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underplating hypothesis suggests that as conti-
nents assemble, new Moho material is added
beneath them in a process similar to that which
creates sills, horizontal intrusions of magma
sandwiched between rock layers. In this model,
the Moho would be younger than the continen-
tal crust, since it is created after the crustal ma-
terial is set into place.

These first two hypotheses rely on igneous
processes, while the final two hypotheses sug-
gest the continental Moho consists of “reworked”
rocks. In the metamorphic/metasomatic front
model, the Moho is created by additional meta-
morphism of rocks of the lower crust and/or the
upper mantle. Finally, the regional décollement
hypothesis posits that the Moho forms as the
crust and mantle physically decouple at struc-
turally weak zones, especially under high tem-
peratures.

It should be noted that this list is not sug-
gested as being complete, and all four processes
may occur in different geographical areas, de-
pending on the particular geological conditions
present. This conclusion has been suggested by
researchers working on the Canadian LITHO-
PROBE program as a result of their study of the
subsurface geology of North America. Therefore,
it may be that there is no single explanation for
the creation and evolution of the continental
Moho, and the geologic history of each geograph-
ical region must be interpreted to develop a sen-
sible model of its Moho structure and evolution.

CONTEXT

All methods described so far to study the
Moho have relied on indirect testing, with the
exception of samples of ophiolites and xenoliths.
However, as previously mentioned, relying on
these samples as truly representative of the
Moho in general is unwise, since they may have
been severely modified by tectonic forces. The
most reliable rock sample would obviously be
one obtained directly from the current Moho
through drilling. However, given the great
depths involved and the resulting technological
difficulties, no direct Moho sample has yet been
obtained, despite a number of programs de-
signed to do so.

The most infamous such project was dubbed
Project Mohole, proposed to the National Sci-

ence Foundation in 1957 and funded until 1966.
This three-stage project completed only its first
phase, experimental drilling off the coasts of
California and Mexico, before it was canceled by
Congress (after a series of bureaucratic and fi-
nancial problems). Despite the failure of the
project, geologists remained committed to large-
scale drilling projects in the ocean floor, leading
to a series of ongoing projects such as the Deep
Sea Drilling Project and Ocean Drilling Proj-
ect. Although individual projects have reached
depths of more than a kilometer, identifiable
Moho samples have yet to be obtained, in keep-
ing with the problems of identifying the seismic
Moho with the petrological crust-mantle bound-
ary and the complex nature of the Moho in gen-
eral.

Therefore, nearly a century after the discov-
ery of the Moho, its secrets continue to intrigue
geologists. Despite the gaps in our understand-
ing of the terrestrial crust-mantle boundary,
planetary geologists are currently applying ter-
restrial methods and models to its neighbors in
space. For example, lunar data suggest that the
Moon’s Moho lies about 30 to 70 kilometers be-
neath its surface, being shallowest beneath the
maria. Models of Martian structure suggest
that its Moho may lie between 6 and 100 kilome-
ters beneath its surface. Such studies add to our
understanding of the geologic evolution of these
rocky worlds and how their evolution is similar
to, yet differs from, that of Earth.

Kristine Larsen
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Earth’s Differentiation
Category: Earth

Earth’s differentiation refers to the separa-
tion of matter in the early Earth into “lay-
ers” or zones with different chemical com-
positions and physical properties, during
or shortly after its formation about 4.5 to
4.6 billion years ago. The structure that de-
veloped consists of a metallic core sur-
rounded by a rocky mantle overlain by a
thin, rocky crust.

OVERVIEW

The Earth consists of nearly spherical con-
centric layers arranged according to density.
The core, composed mainly of metals like iron
and nickel, is the central part of the Earth. Its
radius is about 3,400 kilometers, and its density
ranges between about 10 to 13 grams per cubic
centimeter. The crust is the outermost layer at
the surface of the Earth. This layer is very thin,
its thickness ranging from as little 5 kilometers
under ocean basins to as much as 70 kilometers
under young, high mountain ranges. The aver-
age density of continental crust is about 2.7
grams per cubic centimeter, while ocean basin
crust is somewhat denser, at about 3.0 grams
per cubic centimeter.

The most common minerals in the crust
are the silicates, which have as their basic
crystal lattice structure the silicon-oxygen tet-
rahedron (one silicon atom surrounded three-
dimensionally by four evenly spaced oxygen at-
oms). These tetrahedra combine with atoms of
many other elements, especially aluminum,
iron, calcium, sodium, potassium, and magne-
sium, to form the large class of minerals called
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silicates. Between the crust and the core is the
mantle, which is rocky like the crust, but com-
posed of denser silicate minerals with larger
percentages of iron and magnesium. The man-
tle is about 2,900 kilometers thick, and ranges
in density from about 3.3 grams per cubic centi-
meter at its top, just below the crust, to about
5.6 grams per cubic centimeter at its base, just
above the core.

Earth and the other planets in the solar sys-
tem formed about the same time the Sun did,
approximately 4.5 to 4.6 billion years ago.
Planet formation occurred by condensation of
solid dust grains in the solar nebula, followed by
accretion of those solid grains to form planetesi-

mals that grew in size through continued accre-
tion. There are two major models of how this
condensation and accretion occurred: homoge-
neous accretion and inhomogeneous or heterog-
enous accretion.

If cooling of the solar nebula and the result-
ing condensation occurred faster than accre-
tion, the material swept up in the accretion
process would have been well mixed in its com-
position. The early Earth would have been ho-
mogeneous, or undifferentiated, composed of
random grains of metal alloys, oxides, silicates,
and carbonaceous materials throughout. Dur-
ing or shortly after accretion, the early Earth
became hot enough to at least partially melt.
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Dense blobs of molten metals like iron and
nickel sank to the center to form the core,
while less dense silicate and oxide miner-
als remained to form the mantle. The ma-
terial near the surface also melted, be-
coming a magma ocean a few hundred
kilometers deep. When it cooled and hard-
ened, it formed a thin crust of basaltic sili-
cate minerals probably similar to today’s
ocean basin crust. Radioactive elements
such as uranium and thorium are rela-
tively abundant in the crust because of
their tendency to combine with low-density
crustal minerals.

In order for this homogeneous accretion
model to be correct, there must have been
some processes that heated the early
Earth enough to at least partially melt.
Several likely processes have been pro-
posed. First, radioactive isotopes were
much more common in the early Earth be-
cause they had not yet had time to decay;
radioactive decay of these isotopes would
have produced much heat. This heat
source has greatly decreased through time
as the isotopes with short half-lives have
decayed, but it is still probably the major
source maintaining Earth’s internal heat
today. Second, as planetesimals continued
to collide with the proto-Earth, their ki-
netic energy (energy of motion) was con-
verted on impact into heat energy. Third,
heat is produced by gravitational compres-
sion. As more and more material was
added to Earth, progressively greater tem-
peratures were generated in the interior.
Furthermore, as Earth grew larger in size,
it tended to insulate itself, raising the in-
ternal temperature by trapping interior
heat and impeding its outward flow. The
homogeneous accretion model requires
that the combined effects of all these pro-
cess raised the interior temperature of
Earth enough to cause at least partial
melting. Once that occurred, dense lumps
of metal began to sink toward the center.
In doing so, they converted gravitational
potential energy into more heat, leading to
more melting, more sinking, even more
heating, and so on, quickly becoming a
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Earth’s Differentiation:
Homogeneous Accretion Theory
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Homogeneous accretion theory states that the Earth formed
by randomly sweeping up debris (meteors, dust) in its orbit
around the Sun. (1) This process, which occurred about 4.6
billion years ago, caused the debris to be added on (accreted)
to the early Earth in a sort of “snowball” effect that made the
Earth progressively larger and still undifferentiated, or ho-
mogeneous. (2) Gravitational compression, increasing tem-
peratures in the interior, initiated differentiation, as iron,
nickel, and other denser elements sank to the core. (3) The
result was that lighter elements rose to the surface to form
the crust, and elements of intermediate density stayed be-
tween, forming today’s core, mantle, and crust.



runaway collapse of a metallic core. So much
heat would have been produced by the collapse
that the entire core and probably much of the
mantle would have been molten.

However, some computer models of the early
Earth indicate that not enough heat would have
been generated internally to result in partial
melting. An alternative to this possible heating
problem of homogeneous accretion is provided
by the heterogeneous or inhomogeneous accre-
tion model. If accretion occurred faster than
cooling of the solar nebula and the resulting
condensation, then the material swept up in the
accretion process would have varied with time.
The first to condense and accrete would be the
materials with higher melting points, like metal
alloys and oxides, forming metal-rich cores.
Later as the temperature in the solar nebula
dropped further, silicate minerals would con-
dense and be swept up, forming rocky mantles
around the metallic cores, and eventually even
less dense rocky crusts at the surface.

In this heterogeneous or inhomogeneous ac-
cretion model, differentiation occurred during
accretion as a result of changes in what had con-
densed and was ready to be picked up. Instead
of accreting as an originally homogeneous body,
which then became layered as denser material
sank and less dense material rose through melt-
ing, Earth would have accreted its layers in se-
quence.

In spite of their differences, the two models
agree on a number of major points about Earth’s
formation, the most basic being that the Earth
originated from condensation and accretion in a
large cloud of dust and debris around the early
Sun about 4.5 to 4.6 billion years ago. The mod-
els also agree that differentiation began very
early in Earth’s history, either as part of the ac-
cretion process (in the inhomogeneous accretion
model) or within the first few tens of millions of
years (in the homogeneous accretion model). A
primitive crust must have developed within the
first few hundred million years. Zircon crystals
possibly dating back to 4.4 billion years ago
have been found in somewhat younger rocks in
Australia’s Jack Hills region, and the oldest
known definitely continental rocks—the Acasta
gneiss from Canada’s Northwest Territories—
date back to 4 billion years ago.

Whichever of the two models is correct, the
differentiation of the Earth did not end with the
formation of the core, mantle, and crust. The
early crust almost certainly consisted mainly of
mafic and ultramafic rocks, which are composed
of relatively dense silicate minerals rich in iron
and magnesium. Today, there are two distinct
types of crust: continental crust, composed
mainly of granitic or felsic rocks with an aver-
age density of about 2.7 grams per cubic centi-
meter, and oceanic crust, composed mostly of
basaltic or mafic rocks with an average density
of about 3.0 grams per cubic centimeter. The dif-
ferentiation of crustal material is thought to be
the result of plate tectonic processes that pre-
sumably have been occurring ever since the first
primitive crust was formed. The motion of the
tectonic plates and the crustal differentiation
that accompanies it are thought to be driven by
slow convection currents in the mantle.

Rocks from oceanic crust underlying the
ocean basins are mainly basaltic or mafic, con-
sisting mostly of minerals that are not quite as
rich in iron and magnesium and thus not as
dense as ultramafic rocks, although they are
denser than granitic rocks. The separation of
mafic from ultramafic material presumably
takes place at the ocean ridge-rift system lo-
cated along divergent plate boundaries. As the
tectonic plates spread apart, mafic material
rises to produce new basaltic oceanic crust
while the ultramafic material remains in the
mantle.

Rocks from continental crust are mainly gra-
nitic or felsic, consisting primarily of less dense
silicate minerals rich in potassium and sodium.
The separation of granitic continental rocks
from basaltic oceanic crust is thought to be the
result of subduction, which occurs at convergent
plate boundaries, where an oceanic plate de-
scends (or subducts) under another plate, either
oceanic or continental. As the subducting oce-
anic plate descends back into the mantle, it is
heated and differentially melted. The minerals
that preferentially melt are those with lower
melting temperatures. These are mostly the
lower density silicate minerals common in gra-
nitic rocks. They rise as molten blobs of magma
and produce the granitic rocks of continental
crust, either erupting through the surface as
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volcanoes, or cooling and hardening below the
surface in magma chambers. The bulk of the
oceanic crust, consisting of mafic rocks, returns
into the mantle.

The early Earth along with the other planets
was heavily bombarded by planetesimals in the
latter stages of accretion, and this bombard-
ment may have contributed to the formation of
early continents. Large impacts would have
melted the early crust and upper mantle.
Denser minerals would have sunk while less
dense minerals would have risen during cooling
and crystallization, possibly forming a granitic
continental “nucleus” around which additional
continental material was added later by sub-
duction.

Whether large impacts contributed to early
continent formation or not, the amount of conti-
nental crust has continued to increase with
time, as new continental crust is produced at
subduction zones, and once formed, generally
remains continental crust (although it can
change from one rock type to another). In con-
trast, oceanic crust is continually recycled, be-
ing produced at the ocean ridge/rift system and
consumed at subduction zones.

METHODS OF STUDY

It is not possible to study directly the differ-
entiation of the Earth because it occurred at
least 4 billion years ago. Most of our current the-
ories and models are based on inferences from
indirect methods of study. Some tentative clues
about the first stages of condensation and accre-
tion are provided by the protoplanetary disks
(or proplyds) that have been discovered around
very young stars.

Most meteorites are remnants from the early
solar system and thus yield more evidence
about the condensation and accretion processes
that occurred then. Meteorites are divided into
three main groups based on composition: stony
meteorites, iron meteorites, and stony-iron me-
teorites. A subgroup of stony meteorites are the
chondrites, which consist of glassy spherules
called chondrules embedded in a mixture of
small grains of various silicate minerals and
metal alloys and sometimes carbonaceous com-
pounds. These meteorites are thought to be rel-
atively unaltered samples of the accretion pro-

cess. Another subgroup of stony meteorites are
the achondrites, which lack chondrules and in-
stead show evidence of heating and melting fol-
lowed by cooling and crystallization. The iron
meteorites, composed mostly of iron and nickel,
appear to have formed under extremely high
temperatures and pressures such as exist in
planetary cores. The achondrites and the iron
meteorites are thought to have originated from
early planetesimals or protoplanets that under-
went differentiation into rocky mantles and me-
tallic cores before they were shattered by colli-
sions in the early solar system. The stony-iron
meteorites, consisting of intermixed rocky and
metallic parts, may be pieces of planetesimals
or protoplanets that only partially differenti-
ated before they were broken up by collisions.

Laboratory studies used to model differentia-
tion show that iron and nickel will separate
from silicate minerals at an early stage, and
thus would be available to form a metallic core.

The next major group to separate are the sili-
cate minerals olivine and pyroxene; rich in iron
and magnesium, they form the ultramafic rock
peridotite, which is thought to be a major con-
stituent of the mantle. Laboratory studies of
peridotite also indicate how oceanic and conti-
nental crust would differentiate from it. As
peridotite rises up from the mantle at divergent
plate boundaries, the pressure and tempera-
ture of the magma’s environment begin to de-
crease dramatically. Ultramafic material re-
mains in the mantle, while mafic material rises
to become new basaltic oceanic crust. At conver-
gent plate boundaries where subduction is oc-
curring, the basaltic oceanic crust is pushed un-
derneath the other plate back into the mantle,
where it heats and partially melts. Laboratory
studies show that its partial melting creates
magmas that rise, cool, and harden into miner-
als found in granitic continental crust.

The structure and physical properties of
Earth’s interior are revealed by seismic waves
from earthquakes that pass through Earth. Two
types of body waves that travel through the
body or interior of Earth are generated. P waves
(or primary waves, so named because they
travel faster and arrive first) oscillate back and
forth in the direction of travel and will go
through solid or liquid material. S waves (or sec-
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ondary waves, so named because they travel
more slowly and arrive second) oscillate at right
angles to the direction of travel and will go only
through solids but not through liquids. S waves
are not received at locations on the opposite side
of Earth from an earthquake. This “S-wave
shadow zone” indicates that Earth has a core
that is composed of molten material. On the
other hand, P waves are received on the oppo-
site side of the Earth, but they arrive sooner
than they would if the entire core were molten,
indicating that the inner part of the core is solid,
while only the outer core is molten. Using rec-
ords of the arrival times of P and S waves at seis-
mic stations around the globe, scientists can de-
termine the speeds of P and S waves as they
travel through different parts of Earth’s inte-
rior, and the speeds (together with knowledge of
whether the material is solid or molten) reveal
that the density increases with depth. Studying
how and where the seismic waves are reflected
or refracted indicates the depth of the bound-
aries between the crust and mantle, the mantle
and outer core, and the outer core and inner
core.

CONTEXT

The events and processes involved in Earth’s
differentiation shaped the Earth we now in-
habit. The better those events and processes are
understood, the better we will understand the
planet as it is today.

Ores are rocks that are naturally enriched in
some desirable mineral resource through differ-
entiation. Many common rocks contain trace
amounts of usable minerals, but they are pres-
ent in such small quantities that it is not eco-
nomical to try to extract them. Knowledge of dif-
ferentiation processes can aid in locating ore
bodies that are economical to mine.

Most earthquakes are produced by plate mo-
tion. The processes that formed the mantle and
crust established the pattern of plate tectonics.
Knowledge of plate tectonics and the differenti-
ation occurring as part of it adds to our knowl-
edge of how and where earthquakes occur.

Studies of Earth’s differentiation can be ex-
tended to better understand the formation and
someday possibly to utilize the resources of
other solar-system objects. The other terrestrial

planets—Mercury, Venus, and Mars, and also
Earth’s moon—underwent planetary differenti-
ation at about the same time as did Earth. The
asteroids are remnants of the planetesimals
that never formed large planets. All these ob-
jects probably are rich in useful materials that
we may someday have the technology to re-
trieve.

Earth’s differentiation is not yet complete.
The crust continues to evolve due to plate tec-
tonics. Physiochemical changes continue to oc-
cur in the core and mantle as the interior slowly
cools. Extrapolating these processes and com-
paring Earth to planets that have or have not
undergone similar processes makes it possible
to draw conclusions regarding the long-term fu-
ture of Earth.

Michael L. McKinney
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Earth’s Magnetic Field:
Origins
Category: Earth

The Earth has a dipole magnetic field that
is roughly aligned with its rotational axis.
A dynamo effect in the Earth’s molten outer
core is the most likely source of most of the
magnetic field.

OVERVIEW

The Earth’s magnetic field is primarily a di-
pole field, meaning it has two well-defined mag-
netic poles, called “north” and “south” (the pre-
fix “di” comes from a Greek term for “two”). This

is the type of field produced by a bar magnet or
an electric current flowing in a wire loop. The
Earth’s iron core once was thought to act like a
giant bar magnet, possibly due to a remanent
field frozen in place from some primordial mag-
netic field that existed when our solar system
was forming. Now, however, electrical currents
produced by fluid motions in the molten outer
part of the Earth’s iron core are theorized to be
the source of the magnetic field. This conclusion
is based on models of the Earth’s interior struc-
ture and variations in the magnetic field over
both historic and geologic timescales.

The ultimate source of any magnetic field is
the movement of electric charges. Wires carry-
ing electric currents, for example, have mag-
netic fields around them because of the electric
charges (electrons) moving through the wires.
The electrons surrounding the nucleus of an
atom are moving, and this produces a minute
magnetic field. In a magnet, the atoms are
aligned in such a way that these small fields add
together to produce the larger field of the mag-
net. The conclusion, therefore, is that electric
currents within the Earth produce its magnetic
field through a process referred to as the
geodynamo.

To determine the Earth’s interior structure,
seismic waves from earthquakes act as probes
as they pass through the Earth. They reveal
that the Earth’s interior consists of three major
zones or layers: the crust, mantle, and core. The
crust and underlying mantle are composed
mainly of rocky material, which is a good electri-
cal insulator. The innermost region, the core, is
composed of metals, most probably iron with a
small percentage of nickel and an even smaller
percentage of other elements, and thus it is a
good electrical conductor. The inner core (out to
a radius of about 1,300 kilometers) is solid, but
the outer core (from 1,300 to about 3,500 kilo-
meters radius) is molten.

The temperature of the solid inner core is es-
timated to be about 5,800 kelvins. Heat flowing
outward through the outer molten core sets up
convection currents, in which hotter, less dense
fluid rises. When it transfers its heat to the
overlying mantle, the fluid cools, becomes
denser, and sinks. The convection may also be
partly driven chemically. If iron crystallizes at
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the bottom of the molten outer core to add to the
solid inner core, the remaining fluid contains
less iron and so is less dense, augmenting the
thermally driven upward motion. Simple con-
vection currents are deflected by the Earth’s ro-
tation in a process called the Coriolis effect.
Computer models of the outer molten core that
incorporate both convection and rotation show
that the fluid moves in a number of spiral-
ing columns aligned roughly parallel with the
Earth’s rotational axis.

All that is needed to “jump start” the geo-
dynamo is a weak background magnetic field,
perhaps provided by the solar wind or a rem-
anent primordial field. As the metallic fluid
moves through the background field, electrical
currents are induced that in turn generate their

own magnetic fields. This produces a positive
feedback that reinforces the electrical currents
and the overall magnetic field. The approximate
alignment of the fluid’s spiral motion with the
rotational axis produces a dipole field with the
magnetic poles near the rotational poles. The
energy to produce the stronger magnetic field
comes from the motion of convection and rota-
tion. This process does not continue generating
an ever-increasing field; it levels off since it be-
comes harder to generate an even stronger field
as the field strength increases.

The geodynamo process explains many fea-
tures of the Earth’s magnetic field. Although
the magnetic poles apparently remain close to
the rotational poles, there is a shift in the posi-
tion of the magnetic poles and changes in the
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field strength over periods of years to centuries;
this could be caused by changes in the convec-
tion currents within the molten outer core.

Furthermore, paleomagnetic studies indi-
cate that the Earth’s magnetic field has re-
versed polarity at irregular intervals many
times in the geologic past, the last reversal oc-
curring about 700,000 years ago. The geody-
namo process is unstable over long periods of
time and can decay and regrow with changed
polarity. Geologists have constructed models of
dynamos that are simple versions of the
geodynamo, and when set in operation, these
models display changes in the field’s intensity
and polarity. The geodynamo explains the ori-
gin of about 90 to 95 percent of the Earth’s mag-
netic field; the rest probably comes from fields
associated with magnetic minerals in the
Earth’s crust, more complicated irregularities
in the convective motions of the molten outer
core, and external sources such as the solar
wind interacting with the Earth’s ionosphere.

METHODS OF STUDY

The Earth’s magnetic field is generated in its
interior. Aclue to the composition of the interior
is provided by the Earth’s average density. Di-
viding the Earth’s mass by its volume shows the
average density to be about 5.5 times the den-
sity of water. Common rocks from the surface
are about 3 times denser than water. Therefore
a portion of the Earth’s interior must be much
denser than surface rocks in order to yield the
average value. Only metals have the required
density, but some metals, such as aluminum,
are too low in density, and others, such as ura-
nium, are too high. Still others, such as gold and
silver, are close to the required density but are
too rare. Iron is a good candidate, since it has
the right density and is fairly abundant.

The Earth’s interior structure can be probed
using seismic waves produced by earthquakes.
Body waves from the earthquake travel through
the Earth’s interior. Their speed and direction
of travel are determined by the density and elas-
tic properties of the material through which they
are traveling. The waves also are reflected off
boundaries between different layers. When the
transmitted and reflected waves reach the sur-
face, they are recorded on seismographs. Analy-

sis of the seismograms obtained at seismic sta-
tions all around the globe reveals that the Earth
has three main zones or layers: the surface
crust, the mantle, and the central core. One type
of body waves, called S waves, are transverse
waves that can travel only through solids, not
liquids. Their presence or absence recorded on
seismograms reveals which parts of the interior
are solid or liquid. The crust and mantle are
solid (except for isolated pockets of molten ma-
terial called magma). The inner part of the core
also is solid, but the outer core is molten.

Models of the Earth’s interior that combine
chemical composition estimates with seismic-
wave data indicate that the crust and mantle
are composed of rocky material, while the core
(both molten outer and solid inner parts) is
mostly iron, with some nickel and other ele-
ments. The composition and pressure from these
models can be used to calculate the melting-
point temperature as a function of depth. The
mechanical properties of the layers (whether
solid or liquid, as indicated by seismic waves) can
then be used to determine whether the actual
temperature is below or above the calculated
melting-point temperature. Anchored by mea-
surements of heat flow at the surface and the in-
crease of temperature with depth recorded in
mines and wells, the geotherm—a graph of ac-
tual temperature versus depth—can be drawn.
This is how the temperature of the Earth’s core,
about 5,800 kelvins, is determined, showing that
there is enough heat energy to drive the convec-
tion necessary for the geodynamo process.

Remanent magnetism, the evidence of past
magnetic fields preserved in some igneous and
sedimentary rocks, can be measured with vari-
ous types of magnetometers. These data, to-
gether with records of changes in the Earth’s
magnetic field during historic times, show how
the field varies in strength and orientation and
has even reversed polarity many times in the
past.

CONTEXT

The geodynamo mechanism that generates
the Earth’s magnetic field also can explain the
presence or absence of magnetic fields for other
planets, their moons, and the Sun. Mars and
Earth’s moon have extremely weak magnetic
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fields, probably because their iron cores are so
small, and they may have cooled to the point
that their iron cores are no longer molten so con-
vection cannot occur. Venus also has an ex-
tremely weak field; although it is nearly the
same size and mass as Earth and probably has a
similar internal structure with a molten outer
core, it rotates very slowly.

Mercury has a magnetic field about an order
of magnitude stronger than the fields of Venus,
Mars, and the Moon, but about two orders of
magnitude weaker than the field of the Earth;
although Mercury rotates slowly, its relatively
large iron core might still have a molten convec-
tive zone. Jupiter’s magnetic field is more than
ten times stronger than Earth’s, and Saturn’s is
about two-thirds as strong as Earth’s; their
fields are probably due to convection occurring
in the liquid metallic hydrogen in their interiors
(Jupiter has much more than Saturn) and their
rapid rotation. Jupiter’s moons Europa and
Ganymede also have small magnetic fields,
probably due to convection in electrically con-
ductive salty oceans beneath their icy crusts.
The Sun has a strong magnetic field that re-
verses polarity every eleven years; it is pro-
duced by the movement of ionized gas in the
convection zone of the Sun’s interior.

Stephen J. Shulik
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Earth’s Magnetic Field:
Secular Variation
Category: Earth

At every point on the Earth, its magnetic field
has a direction, as indicated by a compass
needle free to pivot three-dimensionally,
and an intensity or strength. The direction
and intensity of the magnetic field change
over timescales of years to millennia, a phe-
nomenon known as secular variation. Over
longer geologic timescales of tens of thou-
sands to millions of years, the Earth’s field
reverses polarity, a phenomenon called
geomagnetic reversal.

OVERVIEW

Secular variation of the Earth’s magnetic
field refers to changes in the field’s direction
and intensity, a phenomenon manifested every-
where on the Earth’s surface. Its most obvious
effect is a gradual shift in the direction which an
ordinary compass needle points. It also is seen
in changes of inclination, the angle at which a
magnetic needle suspended by its center tilts
below the horizontal, as well as variations in the
field intensity or strength. These changes ap-
pear to be noncyclic and occur over timescales of
years to millennia.

The direction of the Earth’s magnetic field at
any point is specified by two angles called decli-
nation and inclination. The north end of a mag-
netic compass needle points approximately to
the north, but not exactly. The angle between
geographic or true north (defined by the Earth’s
north rotational pole) and magnetic north origi-
nally was called magnetic variation, but now is
called declination. It was first noticed around
the twelfth century, when it was thought to be
caused by abnormalities in the compass nee-
dle’s magnetization or suspension. However, by
the early sixteenth century, Europeans had ac-
cepted declination as a phenomenon of the
Earth’s magnetism. Inclination, the downward
tilt of a compass needle free to pivot three-
dimensionally, was also discovered during that
century. Hence William Gilbert could write in
1600 of both declination and inclination as nat-
ural features of the Earth’s magnetism.
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By the early sixteenth century, Europeans
had noticed that the declination varies from
place to place (and this helped convince them
that declination was a feature of the Earth’s
field and not due to flaws in their compasses).
The discovery arose in the practices of naviga-
tion, chart making, and crafting of magnetic
compasses—all activities connected with explo-
ration. Perhaps Christopher Columbus, and
certainly Sebastian Cabot, noted that while
compass needles pointed east of north near Eu-
rope, they pointed west of north in the New
World.

All three measures of the magnetic field—
declination, inclination, and intensity—vary
over the entire planet. These variations are
most easily depicted with maps on which curved
lines connect points that have the same value of
one of these three parameters. For example,
maps that display curved lines of equal mag-
netic declination are called isogonic maps. The
first such printed map was produced in about
1701 by Edmond Halley of comet fame. Initially
it was hoped that isogonic maps could be used to
determine longitude by compass. Maps similar
to isogonic maps but displaying lines of equal in-
clination or equal intensity also can be drawn.

Meanwhile, Henry Gellibrand announced in
1635 that declination changes over time as well
as space. He found that the magnetic declina-
tion for London had shifted from 11.3° east of
north in 1580 to 4.1° east of north in 1634. Later
investigators discovered that the inclination
and the intensity of the magnetic field also grad-
ually change. For example, between 1700 and
1900, the inclination at London decreased from
about 75° to 67°. Currently the overall intensity
of the dipole field is decreasing at the rate of
about 6 percent per century. If the field were to
continue to decrease at this rate, it would drop
to zero in about sixteen hundred years.

The agonic line is the “line of zero declina-
tion,” along which compass needles point ex-
actly toward geographic or true north. One as-
pect of secular variation has been the westward
drift of the agonic line. This drift can be depicted
on maps; just as one can map the magnetic pa-
rameters, one can also map how these parame-
ters change, by drawing curved lines connecting
points that change at the same rate. For exam-

ple, all points where the declination is shifting
westward at 10° per century would be connected
together. These charts, known as isoporic
charts, came into wide use in the mid-twentieth
century. Areas of most rapid change are called
isoporic foci. These isoporic foci are drifting
westward, just as the agonic line is. While this
westward drift has been a persistent feature of
secular variation since Gellibrand, first pointed
it out, some evidence exists for eastward drifts
during prehistoric times.

Geologic evidence of ancient magnetic fields
preserved in some igneous and sedimentary
rocks shows that the geomagnetic field has re-
versed polarity many times over intervals of
tens of thousands to millions of years. These
geomagnetic reversals have played a major role
in plate tectonics. They provide evidence of
seafloor spreading and can be used to determine
its rate. They indicate the locations of conti-
nents in the geologic past and thus can be used
to trace continental drift.

The geomagnetic field and its secular
changes traditionally have been attributed to
the Earth’s interior. Thus theories of the source
of the field and the causes of its secular varia-
tion are necessarily indirect and extremely di-
verse, given the inaccessibility of the interior for
direct study. About four hundred years ago,
Gilbert suggested that the Earth behaves as if it
had a bar magnet or magnetic dipole of extraor-
dinary intensity at its center. In 1674, Robert
Hooke asserted that the magnetic dipole axis of
the Earth is tilted about 10° from the axis of ro-
tation and that the dipole axis rotates westward
around the rotational axis every 370 years. In
1683, Halley proposed that a double dipole pat-
tern with four magnetic poles provided a better
fit to worldwide declination data than just two
magnetic poles, and in 1692, he suggested that
his four poles could explain secular variation.
Two of these poles he assigned to the Earth’s
outer crust and the other two to a central nu-
cleus, which rotated slightly more slowly than
the crust, on the same axis. The crustal mag-
netic poles were fixed in place, and as the nu-
cleus, rotating a bit more slowly, drifted slowly
westward relative to the crust, so did its mag-
netic poles. This explained, he thought, the drift
of the agonic line. Theories that the core is per-
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manently magnetized were later ruled out
when models of the Earth’s interior showed that
it is too hot; its temperature is above the Curie
temperature of all known permanently magne-
tized materials. The Curie temperature (or Cu-
rie point) is the temperature above which a ma-
terial is no longer permanently magnetic.

It is known that moving electrical charges
generate magnetic fields. In particular, an elec-
tric current flowing around a wire loop produces
a magnetic dipole field through the center of the
loop. During the nineteenth and twentieth cen-
turies, theories were developed that attributed
the magnetic field and its secular variations to
electric currents in the Earth’s interior. One hy-
pothesis was that the rotation of the Earth’s
iron core carried the charges with it, and this
motion generated the field. This theory reached
its highest state of development around 1950 in
work by Patrick M. S. Blackett, but since then it
has gradually lost favor. An alternative hypoth-
esis is that the flow of molten metal in the inte-
rior carries the charge that generates the field.
First introduced in rudimentary form in the
nineteenth century, this theory became increas-
ingly sophisticated with the investigations of
Walter Elsasser beginning in 1939 and Sir Ed-
ward Crisp Bullard starting in 1948. Elsasser

proposed that the combination of the movement
of molten metal and the simultaneous flow of
electricity in it produced both the Earth’s main
dipole field and its secular variations. This dy-
namo was driven, he suggested, by the heat gen-
erated by the decay of radioactive materials in
the interior. Convection of hotter, less dense
materials upward and of colder, denser materi-
als downward, he said, produced the dynamo.

There now is general agreement that the geo-
magnetic field and its secular variation are the
result of fluid motions in the molten outer part
of the Earth’s metallic core. Various models
have been developed to show that convective
motion in the molten outer core, modified by the
Coriolis effect due to the Earth’s rotation, can
produce the observed field and its secular varia-
tions. Metals are good electrical conductors be-
cause electrons can move easily through metals.
The molten metal of the outer core, as it moves
through the magnetic field, makes electrons in
the metal move, inducing electric currents in
the metal that in turn generate the magnetic
field. Thus the geodynamo is self-sustaining,
but it is not a perpetual motion machine; it
needs an energy source to drive the motion. The
geodynamo does not create its magnetic field
from nothing; rather, it converts some other
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form of energy into magnetic energy. The two
most probable energy sources to drive the con-
vection and generate the field are heat from the
decay of radioactive materials and the crystalli-
zation and settling of iron (and other dense met-
als) to the solid inner core.

In the end, one must remember that models
of the geodynamo and its energy sources are
tentative. Many debates are still waged over the
details of the geodynamo and how it produces
secular variation. This area of geophysical the-
ory is a most active and challenging one, and it
is in rapid flux.

METHODS OF STUDY

The simplest way to detect secular variation
is to observe the changing declination of a mag-
netic compass over some decades; until the
twentieth century, that was the only way. All
the instruments employed by famous investiga-
tors of geomagnetism, from Gilbert in 1600 to
Carl Friedrich Gauss in the 1830’s, used adap-
tations of the compass to measure the magnetic
parameters and their changes. Among other
goals, these scientists aimed to measure these
elements more accurately, so as to reveal secu-
lar change in shorter time intervals. During the
twentieth century, however, there was a sus-
tained trend to replace traditional magnetic
needle instruments with ones based on other
applications of electromagnetic principles.

Around 1900, research-quality Earth induc-
tors were developed to replace the dip needle
and circle in measuring inclination. The idea be-
hind this first of the new electrically based geo-
magnetic instruments is simple. Rotate a coil of
wire about its own diameter in a magnetic field.
If the rotational axis differs from the direction of
that field, an electric current is induced in the
coil, but if the axis coincides with the field, the
current will cease. This “null” method now is
used to measure inclination more accurately
and easily.

The Earth inductor was followed in the
1930’s by the flux-gate magnetometer. This in-
strument is based on a high-permeability alloy,
that is, one that magnetizes readily. Around
two cores of such material are wound two coils of
wire, in opposite directions, that carry the same
alternating current, so that the same reversing

magnetic field is produced in both cores, but
180° out of phase. When placed in the Earth’s
field, the changes in the magnetic fields of these
two cores do not cancel out, and this changes the
current flowing in the coil around each core by
different amounts. The net current is related to
the component of the Earth’s magnetic element
in the direction the magnetometer is pointing.
When, however, this magnetometer is oriented
parallel to the Earth’s field, no current is pro-
duced. The flux-gate magnetometer has seen
wide use in aerial geomagnetic surveys.

Other generations of magnetic instruments
have appeared since the flux-gate. Some of the
most useful are proton precession magnetome-
ters, rubidium vapor magnetometers, and super-
conducting magnetometers. These devices take
advantage of principles of quantum physics.
Some of them, like the proton precession instru-
ment, measure only the total intensity of the
Earth’s field. Others, like the superconducting
magnetometer, are directional. Both types are
many times more sensitive than older instru-
ments and also perform much faster.

Magnetic surveys have been an essential
part of the method of studying secular varia-
tion. All over the world, teams of observers have
established “repeat stations,” or places for care-
ful observation of the magnetic field parameters
at various time intervals. Magnetic surveys
have been greatly facilitated not only by the
new instruments mentioned above but also by
the way those instruments are used. Surveys
are now often conducted very quickly with in-
struments carried by airplanes and satellites
(such as MAGSAT). Data that once took decades
to gather are now collected in months. More-
over, the extensive calculations needed to ana-
lyze global data have been greatly accelerated
by computers. Worldwide magnetic charts are
produced much more frequently now than in
1900, and the study of secular variation is thus
much more detailed.

Equally impressive changes have been
wrought by the use of geomagnetic methods to
study the magnetic properties of rocks. Igneous
and sedimentary rocks that contain iron grains
can record the Earth’s magnetic field at the time
they formed. The phenomenon is called rema-
nent magnetism or paleomagnetism. Until the
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development in the middle of the twentieth cen-
tury of techniques for measuring remanent
magnetism in rocks, secular variation studies
were limited to data obtained by direct measure-
ment of the Earth’s field during historic times.
Little was known of the magnetic field before
1600. Past phenomena that have been revealed
by these methods include reversals of the mag-
netic field polarity and geomagnetic excursions.

The study of geomagnetism has come a long
way with the rapid development of new instru-
ments and methods. No longer is the purpose re-
stricted to just a description of the main field
and its variations. With the new sensitivity and
portability made possible by electronics, geo-
magnetic secular variation has become a useful
tool in many diverse scientific endeavors, such
as archaeological dating of artifacts, magneto-
stratigraphic dating of sediments, determining
rates of seafloor spreading, and tracing conti-
nental drift, in addition to the traditional ef-
fort to understand processes occurring in the
Earth’s core.

CONTEXT

Most people are familiar with the magnetic
compass, and many know at least roughly how
to use it. Two activities which demand close at-
tention to magnetic declination and its secular
variation are reading topographic maps and
navigating at sea.

In the margin of topographic maps, there
usually are arrows which point to true north
and magnetic north. With this declination infor-
mation, one can relate directions on the map to
compass readings in the field. In areas where
the secular variation of declination occurs rap-
idly, it is also necessary to know when declina-
tion readings were last measured and the rate of
their change. For example, near Tay River in
the Canadian Yukon, the declination was listed
as 33°, 25 arc minutes, east of north in 1979 and
decreasing at 3.3 arc minutes per year. Thus, if
the secular variation there continued at that
rate, in a century the declination would change
by 5°, 30 arc minutes, to 27°, 55 arc minutes east
of north. Secular variations cannot be predicted
reliably over so long a period, however, and
maps are therefore updated regularly in mag-
netic surveys.

Information regarding declination at sea and
especially near the coast is of even greater im-
portance. Every ship is sometimes beset by fog,
and thus an essential bit of navigational data is
the present declination. Up-to-date charts are,
again, the best means to avoid dealing with sec-
ular variation. As the date of the magnetic decli-
nation recedes into the past, however, reliable
information concerning its secular change be-
comes more important.

The deep interior of the Earth is inaccessible
to direct study. Thus scientists must watch
closely for clues received at the Earth’s surface
about the conditions and processes in the inte-
rior. Magnetic secular variation is one of the
ways information can be obtained about the
geodynamo. The geomagnetic changes occur-
ring over geologic time have been preserved in
some igneous rocks as they cooled and some sed-
imentary as they settled polarity reversals of
the Earth’s main magnetic field. This remanent
magnetism or paleomagnetism records what
the field was like in the past. Such data gath-
ered around the world from rocks of various
ages reveal that the geomagnetic field has re-
versed its polarity many times in the geologic
past. These geomagnetic reversals typically oc-
cur at intervals of tens of thousands to millions
of years; the last one happened about 700,000
years ago. The geomagnetic reversals can be
tied in to the chronology of the Earth and are an
important element in plate tectonics.

Gregory A. Good
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Earth’s Magnetic Field at
Present
Category: Earth

The study of the Earth’s magnetic field is
important from both academic and practi-
cal perspectives. The Earth is the only
planet of the inner solar system with a
strong magnetic field, and this provides
clues about the formation of the Earth and
the other inner planets. The Earth’s mag-
netic field deflects and traps high-energy
charged particles, providing a shield to
protect life. It can disrupt modern commu-
nication and electrical systems, but it also
can point to the location of ore deposits.

OVERVIEW

The study of the Earth’s magnetic field is a
branch of geophysics, which combines geology
and physics to investigate various physical
characteristics of the Earth. The ultimate
source of any magnetic field is moving electrical
charge, such as an electric current flowing in a
wire. Approximately 90 to 95 percent of the
Earth’s magnetic field is thought to be produced
by electrical currents in the Earth’s molten me-
tallic outer core, a mechanism referred to as the
geodynamo.

The Earth’s field is predominantly a dipole
field, meaning it has two magnetic poles; the
prefix “di” is derived from the Greek word mean-
ing “two.” This is the type of field produced by a
bar magnet or an electric current flowing in a
wire loop. By definition, the north pole of a bar
magnet is the end that points northward on
Earth at the present time. Since like magnetic
poles repel and unlike magnetic poles attract,
that means the Earth’s magnetic south pole is
located in the Northern Hemisphere, and the
Earth’s magnetic north pole is located in the
Southern Hemisphere. Magnetic field lines are
a way of visualizing the direction of a magnetic
field, and by convention they point in the direc-
tion the north pole of a bar magnet would point.
Magnetic field lines leave the Earth’s surface in
the Southern Hemisphere, arc over the Earth,
and reenter the Earth in the Northern Hemi-
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sphere. The magnetic poles are the two places
where the field lines leave and enter the Earth’s
surface precisely vertically.

The pole in the Northern Hemisphere is
called the north magnetic pole (but remember it
is a magnetic south pole), and the pole in the
Southern Hemisphere is called the south mag-
netic pole (although it is a magnetic north pole).
At first this may seem confusing, but note
the distinction in terminology: the geographic
hemisphere that the pole is in comes before the
words “Magnetic Pole,” while the type of pole
comes between words “magnetic” and “pole.”
The field’s strength is about 0.6 gauss (a unit of
magnetic induction) at the magnetic poles and
about 0.3 gauss at the magnetic equator, where
the field lines are horizontal. (For comparison, a
small bar magnet has a field strength of about
1 gauss.) The difference in strength is due to
the field lines bunching together at the mag-
netic poles and spreading apart at the magnetic
equator.

The magnetic poles are not located at the geo-
graphic or rotational poles of the Earth, which
are the two points where the rotational axis of
the Earth intersects the sur-
face. Currently, near the be-
ginning of the twenty-first
century, the north magnetic
pole is located in the Arctic
Ocean north of Canada and
west of Greenland, approxi-
mately 900 kilometers from
the geographic North Pole.
The south magnetic pole is
located in the ocean between
Antarctica and Australia, ap-
proximately 2,900 kilometers
from the geographic South
Pole. Notice that the mag-
netic poles are not symmetri-
cally located in relation to
the rotational poles.

The magnetic poles also
are not stationary; rather,
they wander around the po-
lar regions at varying speeds
of up to tens of kilometers per
year. Since the early 1900’s,
the north magnetic pole has

moved roughly north-northwest about 1,300 ki-
lometers, while the south magnetic pole has
moved from Antarctica northward out into the
ocean toward Australia. Because the geody-
namo, the theoretical source of the Earth’s mag-
netic field, is driven partly by the Earth’s rota-
tion, it is presumed that over long periods of
time, the positions of the two magnetic poles av-
erage out to roughly the locations of the geo-
graphic poles. In addition, measurements of the
field’s strength since the mid-nineteenth cen-
tury indicate that it is decreasing at a rate of
about 6 percent per century. Archaeomagnetic
evidence indicates the field was approximately
twice as strong two millennia ago, and before
that, around 3,500 b.c.e., it was only about one-
half the present strength.

These changes in direction and strength over
timescales of years to millennia are called secu-
lar variations. They are thought to be due to
changes in the geodynamo operating in the
Earth’s molten outer core. Considering its past
behavior, scientists cannot predict what the
magnetic field will do in the future. It may con-
tinue to decrease, or it may increase. If it were to
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continue decreasing at the present rate, the
field would drop to zero in about 1,600 years.
This might lead to a magnetic reversal, in which
the field re-forms but with its polarity reversed.
Paleomagnetic measurements of past magnetic
fields preserved in some rocks indicate this has
occurred many times in the geologic past, the
last time about 700,000 years ago.

The Earth’s magnetic field also exhibits
small, rapid changes in direction and strength
over periods of hours to days, due to a variety of
external effects. For example, the gravitational
fields of the Sun and Moon distort the atmo-
sphere of the Earth, in the same manner as
ocean tides. Movement of electrically charged
particles in the atmosphere produces a weak
contribution to the magnetic field that changes
with the relative positions of the Sun and Moon.

The Sun continually blows electrons, pro-
tons, and other electrically charged particles
outward from its surface at speeds of hundreds
of kilometers per second, a phenomenon known
as the solar wind. When these charged particles
encounter the Earth’s magnetic field, they in-
teract with it, producing a boundary called the
magnetopause. Inside the magnetopause is the
magnetosphere, the region in which the Earth’s
magnetic field is dominant. The solar wind
changes the shape of the Earth’s field. The side
facing the Sun is pushed in toward the Earth by
the solar wind so that the magnetopause is
about 60,000 kilometers, or 10 Earth radii, from
the Earth, while the field pointing away from
the Sun is elongated into a magnetic tail that
can extend farther than the orbit of the Moon.

Some of the solar wind particles, particularly
electrons and protons, are trapped by the
Earth’s magnetic field. These form the Van Al-
len belts, which were discovered in 1958 by Dr.
James Van Allen while analyzing data from a
charged particle detector he had placed aboard
Explorer 1, the first successful U.S. satellite.
The inner belt is a torus about 3,000 kilometers
above the magnetic equator; the outer belt is a
larger torus about 14,000 kilometers above the
magnetic equator.

The number of sunspots increases and de-
creases over a cycle of eleven years. Sunspots
are just one of the more obvious manifestations
of solar magnetic activity, and the Sun reverses

magnetic polarity with each eleven-year cycle.
During times of maximum solar activity, solar
flares are most likely to erupt from its surface.
These flares eject large numbers of highly ener-
getic, electrically charged particles out into the
solar system. If they encounter the Earth’s mag-
netic field, they can produce magnetic storms
that cause wild variations in the Earth’s field.
This in turn can disrupt modern communica-
tion and electrical distribution networks. It is at
these times, when the Sun is most active, that
auroras (the northern and southern lights) are
most common. Increased numbers of charged
particles from the Sun are deflected by the
Earth’s magnetic field and enter the Earth’s up-
per atmosphere near the magnetic poles, where
they excite air molecules, causing them to glow.

Lightning is a very rapid electrical discharge
in the atmosphere; electrical charges can flow
from the ground to clouds, from clouds to the
ground, or from cloud to cloud. Locally, this
strong but brief electrical current produces a
very large increase and then decrease in the
background field strength.

Magnetic anomalies distort the dipole shape
of the main field. Some of these anomalies prob-
ably result from more complicated flow patterns
in the molten outer core, while others probably
are associated with rock units that are rich in
iron. Two of the strongest known are located
near Kursk, Russia, and in northern Manitoba,
Canada. Running parallel to the ocean ridge-
rift system are bands or strips of seafloor with
alternate normal and reversed magnetic polar-
ity that enhance or weaken the present field
over them. The strips preserve a record of the
Earth’s past magnetic field, frozen into the igne-
ous rocks (mainly basalt and gabbro) that cooled
from lava that oozed out along the ridge-rift,
and then was pushed away from the ridge-rift as
new lava oozed out. This provides evidence of
magnetic field reversals in the geologic past and
support for the concept of seafloor spreading
(one of the key parts of plate tectonics). Small
anomalies can even result from man-made iron
objects.

METHODS OF STUDY

The orientation of the magnetic field at any
point on Earth is specified by two angles called
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declination and inclination. Declination is the
angle between true north (the direction of the
geographic or rotational north pole) and the
horizontal component of the magnetic field line
at that point. Thus declination is the angle be-
tween true north and the direction an ordinary
compass needle points. Inclination is the angle
between a horizontal line and the downward tilt
of the magnetic field line at that point. Inclina-
tions are downward (positive) in the northern
hemisphere and upward (negative) in the
Southern Hemisphere. The magnetic poles are
located where the inclination is 90°, specifically
90° down (positive) for the pole in the Northern
Hemisphere and 90° up (negative) for the pole
in the Southern Hemisphere. The magnetic
equator is located where the inclination is 0°.

Around the world, 130 permanent magnetic
observatories have been established to record
any changes in the magnetic field. It was at ob-
servatories in London and Paris that secular
variations of the field were first recognized in the
1600’s. Early observatories could measure only
the declination and inclination of the field. Decli-
nation was measured with a compasslike device
and inclination with a magnetized rod balanced
so that it could pivot freely in a vertical plane.

Magnetometers for the measurement of mag-
netic field intensity were first developed in the
mid-1800’s, and a number of different types are
in use today. In conjunction with the magnetic
observatories on the ground, some satellites
carry magnetometers for the measurement of
the field from orbit, and they provide readings
for virtually the entire globe.

Portable magnetometers can detect local
field anomalies due to things under the surface.
Geologists use them to prospect for magnetic
iron ore deposits, and archaeologists use them
to search for buried iron artifacts.

CONTEXT

When magnetic storms occur, modern com-
munication and electrical distribution net-
works can be disrupted. Also on these occasions,
auroras are more likely to occur and be seen
over larger areas. The magnetic field interacts
with electrically charged particles and prevents
many of them from reaching the Earth’s sur-
face. It is possible that a decrease in the field

would lead to more particles reaching the sur-
face, perhaps producing greater numbers of ge-
netic mutations or cancers. Changes in the field
strength have been suggested as a cause of some
of the mass extinctions that have occurred in
the geologic past.

Stephen J. Shulik
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Earth’s Magnetosphere
Category: Earth

The Earth’s magnetosphere is the region
around the Earth in which the geomag-
netic field is stronger than the interplane-
tary magnetic field. The outer boundary of
the magnetosphere is termed the magneto-
pause. The flow of charged particles from
the Sun, called the solar wind, pushes in
the magnetopause on the side of the Earth
facing the Sun in a bow shock effect and
drags it out into a long magnetotail on the
side facing away from the Sun. The Earth’s
magnetic field interacts with the charged
particles of cosmic rays as well as those em-
anating from the Sun, protecting life from
their harmful effects.

OVERVIEW

The magnetic field at Earth’s surface has
been used in navigation for centuries. However,
studying the extent and behavior of the geomag-
netic field out in space around Earth became
possible only with the dawn of the space age.
The launch on January 31, 1958, of Explorer 1,
the first successful U.S. satellite, brought a
completely unexpected discovery. Belts of elec-
trically charged particles circling Earth and
trapped by Earth’s magnetic field were detected
by James Van Allen when he analyzed the sig-
nals sent back from a Geiger counter he had
placed on board the satellite. These belts were
named the Van Allen radiation belts in his
honor. Since Explorer 1, myriad spacecraft have
explored Earth’s magnetosphere, measuring
the field’s strength and direction, the numbers
and energies of the charged particles in it, and
its interaction with the solar wind and inter-
planetary magnetic field.
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The magnetic field near Earth is basically a
dipole field, the type of field produced by a bar
magnet or an electric current flowing in a wire
loop. It is as if a bar magnet were inside Earth,
tilted about 10° to 15° with respect to the axis of
rotation and offset from Earth’s center several
hundred kilometers toward the Pacific Ocean.
The north pole of this hypothetical magnet actu-
ally is located in the Southern Hemisphere and
is called the south magnetic pole; the south pole
of the magnet is located in the Northern Hemi-
sphere and is called the north magnetic pole.
The north magnetic pole (actually a magnetic
south pole) is located north of Canada and west
of Greenland about 8° away from the geographic
or rotational north pole, and the south magnetic
pole (actually a magnetic north pole) is located
off the coast of Antarctica in the direction of
Australia about 26° from the geographic or rota-
tional south pole. This somewhat confusing sit-
uation and terminology is because opposite
poles attract, and by definition a magnet’s north
and south poles are the north-seeking and
south-seeking ends of the magnet used as a
compass.

Although imagining a bar magnet inside
Earth is an easy way to visualize the geomag-
netic field, this cannot be the actual situation,
since Earth’s interior is much too hot for any
material to be permanently magnetic. Instead,
the source of the geomagnetic field and mag-

netosphere is thought to be fluid motions and
electric currents in Earth’s molten metallic
outer core, in what is termed the geodynamo
process.

With increasing distance from Earth, the
geomagnetic field lines become distorted from
those of a simple bar magnet by the solar wind—
the flow of electrically charged particles blown
from the Sun’s surface out into interplanetary
space. The flow of charged particles carries the
solar magnetic field, which becomes the inter-
planetary magnetic field. The solar wind pushes
back the geomagnetic field lines on the side of
Earth facing the Sun and stretches them out
into a magnetotail of nearly parallel field lines
on the side away from the Sun. The boundary
where the geomagnetic field equals the solar/
interplanetary magnetic field is called the
magnetopause; inside it is Earth’s magneto-
sphere, where the geomagnetic field dominates.
The magnetosphere typically extends out to
about 65,000 kilometers on the side of Earth fac-
ing the Sun and up to millions of kilometers in
the magnetotail pointing away from the Sun.

Where the rapidly moving charged particles
of the solar wind encounter the magnetosphere,
their speed abruptly decreases and their den-
sity abruptly increases, forming a shock wave
called a bow shock, analogous to the water-wave
pattern around the bow of a rapidly moving
boat. Most of the particles in the solar wind flow
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past Earth around this bow shock and drag the
magnetosphere out into its long magnetotail.
The magnetopause and its accompanying bow
shock fit around Earth like a sock with a golf
ball in its toe.

Some of Earth’s field lines originating near a
magnetic pole extend through the magneto-
pause into the magnetosheath, the region be-
tween the magnetopause and the bow shock.
These field lines form the polar cusps or clefts
where they pass through the magnetopause. It
is along these field lines that some of the
charged particles in the solar wind can enter
Earth’s magnetosphere through the polar cusps.

The magnetic field lines that exit the surface
in one hemisphere and bend around Earth and
reenter the surface in the other hemisphere are
called closed field lines. Those that do not re-
turn but extend through a polar cusp into the
magnetosheath or continue out into the mag-
netotail are called open field lines. At the mag-
netic poles, the boundary between the open field
lines and the closed field lines is called the
auroral oval. Because the auroral oval is the di-
viding line between closed field lines where par-
ticles may be trapped and open field lines where
trapping is impossible, it is where the energetic
charged particles of the solar wind can enter
Earth’s atmosphere and produce auroras. Space-
craft images have shown that the auroras are
fairly continuous phenomena around the auroral
ovals. Charged particles also can escape through
the auroral ovals; in particular, streams con-
sisting mainly of helium ions—the polar wind—
flow out to distant regions of the magneto-
sphere.

Along the central plane of the magnetotail
runs a flattened plasma sheet of ions (atoms
that have lost one or more electrons) and elec-
trons, separating the magnetic field lines origi-
nating from Earth’s north and south magnetic
poles. Currents flow crosswise in the plasma
sheet and maintain the magnetic field separa-
tion. At great distances from Earth, the mag-
netotail may sometimes undergo a magnetic
field line reconnection or collapse. This releases
a large amount of stored magnetic field energy,
which in turn accelerates the charged particles
in the magnetosphere. Such an event is called
a geomagnetic substorm. During a substorm,

high-energy electrons enter the atmosphere
near the auroral oval, producing particularly
strong auroras and disrupting the ionosphere
and long-range radio communications, which
are reflected by the ionosphere. At these times,
ring currents flow around the magnetic equator
at a distance from Earth of about 12,500 kilome-
ters. Magnetometers on the ground can mea-
sure changes in the magnetosphere produced by
these currents.

At times of increased solar activity, near the
maximum of the solar sunspot cycle, solar flares
send out strong bursts of charged particles in
the solar wind, which can strongly compress the
magnetosphere on the Sun side of Earth and
collapse the magnetotail on the far side. Then
the magnetopause may shrink to within 12,000
kilometers of Earth. When that occurs, geosyn-
chronous satellites orbiting at a distance of
about 40,000 kilometers (where the satellite
revolution period equals Earth’s rotation pe-
riod) enter the magnetosheath and become sub-
ject to interactions with solar wind particles,
causing the satellites to charge suddenly to high
voltages. Some communications satellites have
been disabled or have had their signals dis-
rupted by internal sparks at such times.

When charged particles such as electrons or
ions move in a magnetic field, they follow cork-
screw paths around the magnetic field lines. As
a charged particle corkscrews around a mag-
netic field line, the angle its path makes with
the field line (its “pitch angle”) increases as it
moves into regions of greater magnetic field
strengths, until it is moving in a circle perpen-
dicular to the field line and can go no farther in
the direction of the field. It has reached its “mir-
ror point” and must now return in the direction
from which it came.

The field lines of a magnetic dipole reach out
from regions of high field strength near one pole
to regions of weaker intensity at the magnetic
equator, and then return to regions of high field
strength near the opposite pole. Consequently,
a particle corkscrewing around one of these field
lines will be mirrored near one magnetic pole,
travel back to the vicinity of the other pole and
be mirrored again, and so on. High-energy par-
ticles can reach farther in toward the pole than
low-energy particles, and they may even enter
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the atmosphere, producing the beautiful auro-
ras, or northern and southern lights. Less ener-
getic particles are trapped on the magnetic field
lines outside the atmosphere, and they can only
escape by colliding with other particles or by
slowly moving across field lines in response to
electric fields or changing magnetic fields. As
Earth rotates, these trapped particles swing
around with the rotating magnetic field.

KNOWLEDGE GAINED

Earth’s magnetosphere is made up of Earth’s
magnetic field and the charged particles con-
trolled by it. The magnetosphere and magnetic
field can change over hours, days, or years in re-
sponse to currents of charged particles and the
surrounding interplanetary magnetic field.

Earth has two invisible belts of trapped ener-
getic particles, the Van Allen belts. They were
discovered by James Van Allen in 1958 using
data from the first successful U.S. satellite, Ex-
plorer 1. The inner belt, which extends from
1,000 to 5,000 kilometers above the equator, is
kidney-shaped in cross section and contains
mainly high-energy protons. The outer belt,
15,000 to 25,000 kilometers from Earth, is
crescent-shaped in cross section and contains
mainly high-energy electrons. Because the
charged particles are trapped in the magnetic
field, they cannot easily leave the belts. They
pose a danger to astronauts or sensitive elec-
tronic equipment orbiting for long periods
within the Van Allen belts.

CONTEXT

It is important to understand the processes
that occur in Earth’s magnetosphere because
they strongly affect conditions on Earth. Only
since the space age began have the structure
and processes of Earth’s magnetosphere been
subject to study.

Earth’s magnetosphere performs the vital
function of shielding living things from the pos-
sibly harmful effects of high-energy charged
particles, such as cosmic rays and those that
come from the Sun. When space travelers leave
the protection of the magnetosphere, they must
be shielded against charged particles, espe-
cially the intense bursts of them emitted in so-
lar flares. Furthermore, strong solar flares may

disrupt the magnetosphere, damaging or dis-
abling Earth-orbiting satellites, long-distance
radio communications, and electricity distribu-
tion networks.

At times in Earth’s history when its magnetic
field became very weak and reversed direction,
living things may have been subjected to an in-
tense flux of high energy charged particles, from
cosmic rays and solar flare ejections, which
could have led to increased rates of cancer and
genetic mutation. Genetic mutations can be
both good and bad. Although most mutations
are deleterious (and even deadly), some are ben-
eficial and convey an evolutionary advantage.
Therefore, those times when the geomagnetic
field was weak or absent may have contributed
to mass extinctions or rapid evolution.

Some theorists propose that changes in the
number of charged particles entering Earth’s
atmosphere, or changes in the solar/interplane-
tary magnetic field as it interacts with Earth’s
magnetic field, may influence the weather on
Earth. Perhaps, they suggest, auroral currents
modify polar air currents, leading to periods of
drought or increased precipitation in different
regions on Earth.

Dale C. Ferguson
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Earth’s Mantle
Category: Earth

The mantle is the part of the Earth’s inte-
rior that lies between the crust and the
outer core. It is composed of rocks that are
of greater density than those of the crust.
The mantle generally is solid, except for
pockets of molten magma, but it contains a
layer called the asthenosphere where the
actual temperature is so close to the melt-
ing point that the rock there is in a plastic
state. It is upon this layer that the Earth’s
lithospheric plates ride.

OVERVIEW

The mantle is the portion of the interior of the
Earth that extends from the base of the crust to
the boundary with the outer core. This distance
is approximately 2,900 kilometers, roughly 45
percent of the radius of the Earth. Since the
thickness of the Earth’s crust is not uniform, the
distance from the ground surface to the upper
boundary of the mantle, called the Mohorovici2
discontinuity or simply Moho for short, varies
significantly. The thickness of the crust in conti-
nental areas averages approximately 40 kilo-
meters and reaches as much as 70 kilometers
under young high mountain ranges, while in the
ocean basins the crust is only about 5 to 7 kilo-
meters thick.
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Evidence for layers of different density
within the Earth was first found in 1909 by the
Croatian seismologist Andrija Mohorovici2, us-
ing seismic waves from earthquakes. Studying
an earthquake that had occurred in Yugoslavia,
he discovered that seismographs located a few
hundred kilometers from the epicenter of the
quake had recorded two sets of seismic waves.
He correctly deduced that one set had traveled
directly from the quake, while the other set had
been refracted at a boundary somewhere below
the surface where there was an abrupt change
in seismic-wave speed. At stations nearer the
quake, the direct set of waves arrived first, but
at more distant stations, the refracted set of
waves arrived first. This meant the speeds be-
low the boundary were faster than those above;
from the arrival times of the refracted waves,
Mohorovici2 was able to determine their speeds
below the boundary. From the speeds above and
below the boundary and the arrival times of
both sets of waves, he could calculate the dis-
tance from the surface to the boundary, which
has become known as the Mohorovici2 disconti-
nuity (or just Moho for short) in his honor. This
discontinuity is taken to be the boundary be-
tween the crust above and the mantle below.

During the mid-1960’s, a project to drill down
through the Earth’s crust to sample the mantle
below the Moho was begun. The undertaking
was appropriately named Project Mohole. Be-
cause of technical difficulties and cost overruns,
the project was abandoned. However, we know
of locations where mantle rocks have been
brought to the surface by various geologic pro-
cesses, so, in effect, we have been provided with
free samples. The rock peridotite, composed
mostly of the silicate minerals olivine and
pyroxene, seems to represent the general com-
position of the mantle. Another likely mantle
rock is eclogite, which might transform into ba-
salt in the crust as pressure drops with reduced
depth. A third type of mantle rock is kimberlite,
which occurs in pipe-shaped deposits and is
mined extensively for diamonds. Diamonds are
a high-pressure form of carbon that originate in
the mantle at depths between 100 and 200 kilo-
meters and then are carried to the surface in
kimberlite pipes.

The greatest source of information on the

physical nature of the mantle comes from the
study of seismic waves. Seismic wave speeds
gradually increase through the upper mantle
down to a certain depth and then decrease a bit
in what is called the low-velocity zone, first
identified by Beno Gutenberg in 1926. This low-
velocity zone begins about 100 kilometers below
continents, but as little as 20 kilometers below
ocean ridge-rifts. It is thought this decrease in
wave speed is due to a decrease in the rigidity of
the rock. From the top of the low-velocity zone
down to depths of about 400 kilometers, the rock
is likely to be close to (but not quite at) its melt-
ing point, so the rock exhibits plastic behavior.
This means it is solid, but deformable, and it is
capable of flowing or oozing very slowly. This
plastic zone is called the asthenosphere.

Above the asthenosphere is the rigid litho-
sphere, made up of the crust and very top part of
the mantle. According to plate tectonic theory,
the lithosphere is divided into a number of
blocks called tectonic plates. These plates float
on the underlying plastic asthenosphere.

Beneath the asthenosphere, wave speed be-
gins to increase again. At depths of about 410
and 660 kilometers, sharp increases in seismic
wave speed occur, representing abrupt in-
creases in density. The pressure at 410 kilome-
ters depth is sufficient to collapse the crystal
structure of the mineral olivine into the more
compact and denser mineral spinel. The even
greater pressure at 660 kilometers depth con-
verts the crystal structures of both spinel and
pyroxene into the even denser mineral perov-
skite. Below 660 kilometers, the wave speeds
gradually increase down to the boundary with
the outer core. (Below this boundary, down in
the outer core, primary, or P, waves slow down
considerably, and secondary, or S, waves disap-
pear, indicating the outer core is molten.) As a
result of the increase in pressure with depth,
the density increases from about 3.3 grams per
cubic centimeter at the top of the mantle to
about 5.6 grams per cubic centimeter at its base.

A critical component of modern plate tectonic
theory is the heat flow that drives the motion of
the plates. The Earth’s interior was heated dur-
ing its formation about 4.5 billion years ago, but
it remains hot today mainly due to the decay of
radioactive elements. It is thought that this
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heat causes rock in the mantle to slowly flow,
rising where it is hotter and less dense, and
sinking where it is cooler and denser. It is not
known whether this is due to an organized sys-
tem of convection cells or to an irregular pattern
of rising mantle plumes and descending litho-
spheric plates. The lithospheric plates are car-
ried on the asthenosphere as it flows laterally
from areas of upward movement to areas of
downward movement.

It has been known since the nineteenth cen-
tury that the age of the Hawaiian islands in-
creases from southeast to northwest. In the
1960’s, when plate tectonic theory was being de-
veloped, it was postulated that these volcanic is-
lands recorded the movement of the seafloor over
a hot spot or rising mantle plume. Lava from the
hot spot is extruded out onto the seafloor, even-
tually building up to break the surface of the
ocean and form a volcanic island. As the Pacific
plate moves slowly toward the northwest, the
newly created island is carried away from the
hot spot, its volcano becomes extinct, and an-
other volcanic island starts to form, creating the
Hawaiian island chain. Another such hot spot is
located under Yellowstone National Park and
fuels all of its geothermal activity.

METHODS OF STUDY

Although the Earth’s mantle cannot be di-
rectly observed, samples from it have been
brought to the surface by geologic processes,
and they can be studied in the laboratory to de-
termine chemical composition and physical
properties. However, the primary method for
studying the mantle is by analyzing seismic
waves generated by an earthquake or an explo-
sion. Some seismic waves travel along the sur-
face of the Earth. They are called L waves (L
standing for “long” because of their long wave-
lengths); they do not travel far, but they cause
most of the destructive shaking in an earth-
quake. Other seismic waves are called body
waves because they travel through the body of
the Earth, and these are the ones that are used
as probes of the Earth’s interior. There are two
types of body waves: P (for primary) waves
travel faster and arrive at seismic stations first,
while S (for secondary) waves travel more
slowly and arrive second. P waves are longitudi-
nal compression waves, similar to sound waves
in that they oscillate in the direction of propaga-
tion, alternately compressing and extending the
material through which they travel. Like sound
waves, P waves can travel through any kind of
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material—solid, liquid, or gas. S waves are
transverse shear waves that oscillate from side
to side, perpendicular to the direction of propa-
gation. They will travel only through rigid ma-
terials, meaning they will travel only through
solids, not liquids or gases.

S waves travel through the entire mantle (ex-
cept for isolated pockets of molten rock called
magma chambers), and this indicates the entire
mantle is solid (except for the magma cham-
bers). The speeds of both P and S waves gener-
ally increase with depth throughout the mantle,
due to the increase in density with depth. The
exception is in the low-velocity zone that begins
at a depth of between about 20 and 100 kilome-
ters. There both P and S waves slow down, not
because of a change in density or composition,
but rather because of a change in rigidity. In the
low-velocity zone or asthenosphere, the temper-
ature is close to the melting point, so the rocks,
although solid and not molten, are soft and de-
formable, and capable of slow flow at rates of up
to a few centimeters per year.

Seismic tomography uses seismic waves to
construct images of the Earth’s interior the
same way computerized axial tomography
(CAT) scans use X rays to construct images of
internal organs for medical diagnoses. A CAT
scan is a composite image of X rays of the body
taken from a number of different directions,
computer-assembled to show slices through the
body; these slices can be stacked to produce a
three-dimensional view of the internal organs.
In a similar fashion, seismic stations all around
the world provide data on waves that have trav-
eled through the Earth in many different direc-
tions. When such seismic records are computer
analyzed and combined, slices through the
Earth and three-dimensional representations
of the Earth’s interior structure can be pro-
duced.

CONTEXT

Processes occurring in the Earth’s mantle af-
fect the Earth’s surface. The role of the mantle is
essential in understanding plate tectonics and
the phenomena associated with it, such as
earthquakes, volcanic activity, seafloor spread-
ing, the movement of continents, and the loca-
tion of mineral resources. The tectonic plates of

the rigid lithosphere ride on the plastic rock of
the asthenosphere in the mantle. Most earth-
quakes and volcanism occur along the bound-
aries between the plates, where the plates di-
verge, converge, or move sideways past each
other.

For example, Southern California is prone to
earthquakes because it is located along the
boundary between the North American plate
and the Pacific plate; as the Pacific plate slides
to the northwest past the North American plate
at the rate of several centimeters per year, sud-
den slipping of the rocks along the boundary
produces earthquakes. At convergent bound-
aries where one plate slides back down into the
mantle in a process called subduction, earth-
quakes and volcanism are common. The sub-
ducting plate rubs against the other plate as it
descends under it, producing earthquakes. As it
descends to greater depths with hotter temper-
atures, the minerals in it with lower melting
temperatures differentially melt and rise as
molten blobs of magma; if they erupt at the sur-
face, they fuel volcanic activity. The volcanoes
and earthquakes of Japan, the Philippines, the
Andes Mountains along the west coast of South
America, and the Cascade Mountains of the
northwestern United States all are due to the
subduction of one plate under another.

The mechanism that causes the movement of
the lithosphere upon the asthenosphere is heat.
Hot rock slowly rises from deep in the mantle,
gives up its heat while moving laterally, and
then sinks back down. This “conveyor belt” mo-
tion in the mantle moves the lithospheric plates
above.

Processes occurring along plate boundaries
as well as at isolated hot spots or mantle plumes
can concentrate mineral resources into econom-
ically important deposits. Understanding these
processes and being able to recognize where
they occurred in the past are important in locat-
ing such valuable deposits.

David W. Maguire
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Earth’s magnetic field. For general audi-
ences.

Weiner, Jonathan. Planet Earth. New York:
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See also: Earth’s Composition; Earth’s Core;
Earth’s Core-Mantle Boundary; Earth’s Crust;
Earth’s Crust-Mantle Boundary: The Mohoro-
vici2 Discontinuity; Earth’s Differentiation;
Earth’s Oceans; Earth’s Origin; Earth’s Struc-
ture; Planetary Tectonics.

Earth’s Oceans
Category: Earth

Earth’s ocean water was derived by out-
gassing from hydrated minerals bound up
during the formation of the Earth. Subse-
quent evolution of the water primarily in-
volved ions from continental and oceanic
bottom sediments dissolving in the fluid
medium to yield the basic saltiness charac-
teristic of Earth’s oceans.

OVERVIEW

Of all the planets in the solar system, Earth
stands out as basically a watery world, distin-
guished from the other planets by large quanti-
ties of liquid water. In all, Earth has about 1.36
billion cubic kilometers of water, and 97.2 per-
cent is stored in the oceans. The remaining 2.8
percent of Earth’s water not in the oceans is ap-
portioned among ice (77 percent of the total re-
maining water) and continental and atmo-
spheric waters. The ice itself, now principally in
the Arctic-Greenland area (1.72 million square
kilometers, up to 3,200 meters thick) and the
Antarctic area (12 million square kilometers, up
to 4,000 meters thick), has effects ranging from
climate control to providing habitats for living
organisms to being a reservoir for water that,
when added to or removed from the oceans in
the past, has caused sea level to rise or fall more
than 100 meters.

Ocean water is salty because it contains dis-
solved minerals; with a salinity of 35,000 parts
per million, there is enough dissolved salt to
cover the entire surface of the Earth to a depth
of about 50 meters. This salty solution is com-
posed primarily of sodium and chlorine ions (to-
gether constituting about 86 percent of the ions
by weight), along with ions of magnesium, cal-
cium, potassium, and sulfate and carbonate
groups. Seawater is slightly basic, with a pH of 8
for the hydrogen-ion concentration.

The problem of the oceans’ origin is twofold:
(1) the primordial origin of the water itself and
(2) the origin and rate of addition of the ions that
make the oceans salty. The database for solving
these problems includes the chemistry of water,
the amounts and types of runoff delivered by
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rivers into the sea, and the composition of volca-
nic gases, geysers, and other vents opening to
the surface, since the oceans and atmosphere
are linked in origin.

Numerous sources for the Earth’s water have
been proposed, and the problem has not been re-
solved completely. Possible sources include the
primordial solar nebula, the solar wind acting
over time, delivery or impact degassing by bod-
ies colliding with the Earth, and outgassing
from the planetary interior. Processes control-
ling water on Earth involve rates, amounts, and
types of outgassing, modes of planetary forma-
tion, possible chemical reactions providing
water, loss rates of gases to space, and, finally,
internal feedback mechanisms such as changes
in Earth’s albedo (reflectivity), temperature, al-
teration of materials, and other factors not
clearly understood.

The solar wind as a primary source can be
eliminated for several reasons. The basic con-
stituents, protons, may help
form water in the atmosphere
by reactions with oxygen, but
all evidence points to no free
oxygen in the primordial at-
mosphere. The geologic record
shows the presence of liquid
water at least 4 billion years
ago, but Earth was substan-
tially devoid of free oxygen
then.

Colliding bodies would be
from two primary sources: me-
teorites and comets. The basic
composition of cometary nuclei,
consisting of water ice, various
ions, metals, organic molecules,
and dust grains, would supply
enough water, provided that gi-
gantic numbers of cometary ob-
jects struck the Earth during
the first half-billion years of
history. No conclusive evidence
for such happenings is avail-
able at present, although a the-
ory that Earth is still being
bombarded incessantly by small
comets containing large quanti-
ties of water is supported by the

detection of diffuse ice balls entering the atmo-
sphere in the 1990’s. Meteoritic impact, particu-
larly during the early stages after final plane-
tary accretion, would definitely add water to the
crust via two mechanisms. Carbonaceous chon-
drites, the oldest and most primitive meteor-
ites, contain abundant volatiles, such as water,
chemically bound in various minerals. Addi-
tional water, trapped in crustal and mantle
rocks since Earth’s accretion and differentia-
tion, would have been released during impacts,
especially by large impacting objects. It has
been calculated that such impact degassing
could have released 1022 kilograms of volatiles,
quite close to the currently estimated value of
4 × 1021 kilograms for the Earth as a whole.
Remnants of such ancient astroblemes are lack-
ing, however, because of subsequent erosion,
filling in by molten lava, or shifting of the conti-
nental masses over 4 billion years.

The most widely accepted origin for the

The Solar System Earth’s Oceans

167

This image of Earth’s Western Hemisphere, compiled from images gath-
ered by NASA’s SeaWiFS instrument, shows our planet as a world dom-
inated by water. (NASA/GSFC/SeaWiFS Project/GeoEye, Scientific Vi-
sualization Studio)



oceans and atmosphere com-
bines the features of the pri-
mordial solar nebula and
slow outgassing from within
the solidifying Earth. Origi-
nal water would have been
combined with silicate min-
erals and metallic materials
during the planetary accre-
tion process, the hydration
assisted by the heating of the
Earth due to infalling bodies
and the decay of radioactive
elements. Such wet silicates
appear to be able to hold
large quantities of bound
water for indefinitely long
periods of time. The primor-
dial Earth, believed to have
accreted cold, trapped wa-
ter molecules. If Earth had
started too hot, all the miner-
als would have been dehy-
drated, and if too cold, no
water would have been re-
leased; a delicate balance of
temperature must have been
achieved. Further, the vola-
tiles forming the atmosphere
must have outgassed first, in order to provide an
insulating blanket under which water could
form a liquid phase.

A secondary problem deals with how swiftly
the fluids outgassed, either all at once, as many
individual events, or in a continuous fashion.
Most studies suggest the continuous mode of
emission, with greatest reliance on data from
currently active sources, such as volcanoes, un-
dersea vents, and associated features. Fuma-
roles, at temperatures of 500-600° Celsius (800-
900 kelvins), emit copious quantities of water,
sulfur gases, and other molecules. These struc-
tures grade gradually into geysers and hot
spots, areas where water is moved crustward
from great depths. Magmatic melts rising in
volcanoes release water and other gases directly
to the surface. In Hawaii, for example, the
Halemaumau Pit, the most active vent on the
volcano Kilauea, emits 68 percent water vapor,
13 percent carbon dioxide, and 8 percent nitro-

gen, with the rest mostly sulfurous gases. Simi-
lar values are found for ocean-ridge-axis black
and white smokers, where hydrothermal accre-
tions result in spectacular deposits of minerals
falling out of solution from the emerging hot
mantle waters. Detailed studies show that
water is trapped in the altered minerals within
the basaltic crust of the oceanic plates, 5 percent
of the rocks (by weight) in the upper 2 to 3 kilo-
meters being water and hydroxide ions. Free
water is known to be extremely buoyant, rising
in the crust along shallow dipping faults. Bound
water, subducted to great depths, would be ex-
pected to cook, moving upward as the rock den-
sity lessens and then acting as a further cata-
lyst for melting the surrounding rocks.

In the Earth’s earliest stage, the primordial
atmosphere was released, only to vanish from
the Earth because of overheating. In the second
stage, gases were released from molten rocks,
with a surface temperature of 300° Celsius (600
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kelvins), providing 70 percent water and large
quantities of carbon dioxide and nitrogen. In
stage three, the atmosphere and oceans gradu-
ally changed as a result of volcanoes and weath-
ering action; more and more water was depos-
ited as liquid as the temperature fell. Then the
atmosphere added oxygen either by thermal
dissociation of water molecules, photochemical
breakdown of high-altitude water, or photosyn-
thetic conversion of carbon dioxide to oxygen in
plants.

The saltiness of the oceans can be accounted
for by the extreme dielectric constant of water,
essentially ensuring that ocean water does not
remain chemically pure. Geologic evidence
shows the general composition of seawater to be
similar over time, the content stability attribut-
able to the continuous seawater-sediment inter-
face. John Verhoogen has shown that only 0.7
percent of the ocean has been added since the
Paleozoic era, primarily from lava materials.
The saltiness is a product of acidic gases from
the volcanoes (hydrochloric, sulfuric, and car-
bonic acids) acting to leach ions out of the com-
mon silicate rocks. Paleontological studies indi-
cate the change in ions must have been
extremely slow, as demonstrated by the narrow
tolerance of organisms then alive, such as cor-
als, echinoderms, brachiopods, and radiolar-
ians. Present river ion concentrations differ
drastically from the ocean’s values, however, in-
dicating a different atmospheric environment
in the past. Robert M. Garrels and Fred T. Mac-
kenzie have divided ocean history into three pe-
riods. In the earliest, until 3.5 billion years ago,
water and volcanic acid emissions actively at-
tacked the crust, leaching out ions and leaving
residues of alumina and silicates. The next pe-
riod, from 3.5 to 1.5 billion years ago, saw slow
continuous chemical action attacking the sedi-
mentary rocks, adding silica and ferrous ions.
Period three, from 1.5 billion years ago onward,
added ions until seawater composition reached
apparent equilibrium with a mixture of cal-
cite, potassium-feldspars, illite-montmorillonite
clays, and chlorite.

Because the composition of ocean water has
remained similar over much of geologic time,
generally output must equal input of ions, so
geochemical “sinks” must balance geochemical

sources. Calcite (calcium carbonate) and silica
(silicon dioxide) are removed by marine organ-
isms to form skeletons and shells. Metals are
dropped from seawater as newly formed min-
eral clays, oxides, sulfides, zeolites, and as al-
teration products at the hot-water basaltic
ridges. Sulfur is removed as heavy-metal sul-
fides precipitating in anaerobic environments,
while salts are moved in pore waters trapped in
sediments. Residence times for many of the ions
have been determined: for example, sodium cy-
cles in 210 million years, magnesium in 22 mil-
lion, calcium in 1 million, and silicon in 40,000.
With such effective removal systems, it is truly
a measure of the geochemical resistivity of the
Earth’s oceans to change that allows the compo-
sition to remain so stable for 4 billion years.

METHODS OF STUDY

Numerous avenues of approach have been
used to investigate the ocean and its ions, in-
cluding geological, chemical, and physical
means. Geology has supplied basic data on the
types and makeup of rocks from the earliest so-
lidified materials to present depositional forma-
tions. Use of the petrographic microscope, in-
volving thin sections of rocks seen under
polarized light, allows the identification of min-
erals, providing quantity measurements of
water attached to the minerals themselves.
Paleontological studies of fossil organisms and
paleosoils indicate the range of ions in the sea at
diverse geologic periods, both by the ions them-
selves left in the deposited soils and rocks and
through studies of the tolerance ranges for simi-
lar, twentieth century organisms. Such stud-
ies—along with sedimentological investiga-
tions of rates and types of river depositions,
dissolved ion concentrations, and runoff rates
for falling rain—provide determinants for com-
paring ion concentrations with those in the past
for continentally derived materials.

Chemical analysis reveals the various ions
present in seawater and rocks via two principal
methods. The mass spectrometer identifies
types and quantities of ions present by use of a
magnetic field to accelerate the charged ions
along curved paths, the curvature of the paths
based on the weight and charge of the ions. Col-
lection at the end of the paths provides pure

The Solar System Earth’s Oceans

169



samples of the different ions present. For solid
samples, electron beam probes analyze an area
only one micron in diameter. The electrons,
fired at the sample, cause characteristic X rays
to be emitted. The energies of the X rays iden-
tify the elements or compounds present in the
sample.

Solubility studies provide residence times.
Similar laboratory projects, testing the ability
of water to dissolve and hold ions in solution, ar-
gue for a primordial Earth atmosphere that was
essentially neutral or mildly reducing in na-
ture. Such reduction characteristics are based
on studies of the composition of Earth, supple-
mented by the composition of Venus and Mars
as revealed by various “lander missions.”

Missions in interplanetary space have also
provided chemical compositions for meteoritic

gases, cometary tails and nuclei, and the mixing
ratios for noble gases, important for determin-
ing the origin of the solar system. Analysis of ra-
dioactive isotopes such as helium 3, an isotope
of mantle origin, has allowed geophysicists to
treat the Earth’s mantle as a major elemental
source and sink for the various geochemical cy-
cles.

Laboratory analysis reaches two other areas.
Petrographic studies of returned lunar rocks re-
veal that the Moon is devoid of water, lacking
even hydroxyl ions. This discovery helps elimi-
nate the solar wind and meteoritic impact as
major factors in forming Earth’s oceans. Fur-
thermore, high-temperature, high-pressure
metallurgical and chemical studies indicate
that molten granite, at temperatures of 900°
Celsius (1200 kelvins) and under 1,000 atmo-
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spheres of pressure, will hold 6 percent water by
weight, while basalt holds 4 percent. Based on
geochemical calculations of the amounts of
magma in the planet and lavas extruded over
the first billion years, all the ocean’s waters can
be accounted for, particularly if parts of the
fluid, as steam under pressure, are a result of
oxidation of deep-seated hydrogen deposits
trapped within or combined with mantle rocks.

CONTEXT

Water is a ubiquitous and by far the most im-
portant molecule on Earth. All living organisms
require it as a basic component of cellular struc-
ture and for numerous functions inside the
body. The origin of Earth’s water is highly sig-
nificant, because the very presence of water
may have set the scheme for all subsequent evo-
lution, both geological and biological, on the
planet. During the formation of the solar sys-
tem, the accretion of various materials trapped
water by hydration. Tied to the minerals, the
water molecules were released through out-
gassing by volcanoes and other vents acting as
pressure escape valves for the molten interior of
the Earth. The water and other volatile gases
that were released formed the atmosphere and
subsequent oceans. A vital interchange was es-
tablished between the ground and the atmo-
sphere, one replenishing elements and com-
pounds as they were lost through geochemical
sinks in the normal course of history. Water, at
first in the atmosphere, then as liquid seas,
apparently helped to mediate the greenhouse
effect, a mechanism which, if allowed to act un-
hindered, would have trapped infrared radia-
tion from the Sun and overheated the early
Earth. Such actions would have given the Earth
the characteristics of the planet Venus: enor-
mously hot and totally inhospitable for life’s oc-
currence.

The outgassed water, settling as rain, also
played the dominant role in shaping the land-
forms of Earth. As a mechanism for fluidization
of rocks, it controls to a large extent the motions
of magmas, helping them rise to the surface. As
a weathering agent, water, in the forms of rain,
snow, and ice, carves away the landscape, re-
moving elements, as ions, to the sea. In that lo-
cation, these elements became usable by early

organisms for fulfilling their biological needs,
such as home building or metabolism. Water
acts as a transport mechanism, a mixing agent,
and ultimately a removal tool for maintaining a
delicate ionic concentration range within the
ocean itself. Evaporating seawater, falling as
rain, breaks up rocks and forms soils with nutri-
ents available for land-based plant life, and it
provides the freshwater so necessary to non-
ocean-dwelling organisms. Without the initial
interplay of water on Earth, our planet, instead
of being the home of countless billions of crea-
tures, would undoubtedly be a desolate ball, re-
volving forever around the Sun as an improba-
ble abode of life.

Arthur L. Alt
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Earth’s Origin
Categories: Earth; The Solar System as a

Whole

The Earth’s early formation, its subse-
quent internal differentiation, its active
plate tectonics, and its external weathering
have left little substantive evidence of its
origin intact for direct study. Much about
the materials and formative processes in-
volved in the planet’s origin can be de-
duced, however, from seismology, geomag-
netics, and the study of meteorites and
comets.

OVERVIEW

In order to understand the origins of the
Earth, it is necessary to be aware of the sources
of the materials from which it is made. The mat-
ter from which the Earth and the entire uni-
verse is made was created in the big bang, about
13 to 14 billion years ago. The processes that oc-
curred in the first few minutes after the big
bang produced all the hydrogen and most of the
helium in the universe today; trace amounts of
lithium and beryllium also were formed.

Later, after stars formed, they produced all
the other chemical elements through nuclear
fusion reactions, also called nucleosynthesis.
For most of their lives, stars generate the en-
ergy to shine by fusing lighter atomic nuclei to-
gether to make heavier atomic nuclei. This re-
quires high temperatures and densities, the
conditions that exist in the interiors of stars.
The first step is the fusion of four hydrogen nu-
clei into one helium nucleus. The next step is the
fusion of three helium nuclei into one carbon nu-
cleus, maybe adding a fourth helium to produce
oxygen. This is the end of energy generation and
nucleosynthesis for a Sun-like star before it
puffs off its outer layers as a planetary nebula,
and the exposed core cools and fades to end its
life as a white dwarf and ultimately as a black
dwarf. (Note that planetary nebulae have noth-
ing to do with planets or the formation of plan-
ets. The name dates back to the 1700’s, when,
viewed through telescopes of that time, they
looked fuzzy, like nebulae, and round, like
planets).

More massive stars have a more spectacular
demise. After carbon and oxygen have formed,
further fusion reactions continue to form
heavier elements up to iron. The production of
elements even heavier than iron does not gener-
ate energy but requires the input of energy. The
iron core collapses, and the outer layers collapse
on top of it and then rebound, tearing the star
apart in a supernova explosion. The tremen-
dous energy released in a supernova permits
the formation of the rest of the chemical ele-
ments. The chemical elements produced during
the star’s life and death are dispersed by the su-
pernova explosion into interstellar space, there
to enrich clouds of gas called nebulae (contain-
ing mostly hydrogen and some helium) in the
heavier chemical elements.

The Sun, planets, and other bodies of the so-
lar system formed as the result of the gravita-
tional contraction of part of such a nebula about
4.5 to 4.6 billion years ago. The portion that
would become the solar system, called the solar
nebula, initially was perhaps about a light-year
(about 9.5 trillion kilometers) across and was
composed of about 74 percent hydrogen, about
24 percent helium, and about 2 percent all the
other chemical elements. The exact mechanism
responsible for the initiation of the solar neb-
ula’s contraction is still speculative. It may have
involved the compression of the nebula as it
passed through a spiral arm density wave as the
nebula orbited the center of our galaxy, the
Milky Way. It may have been triggered by a
shock wave propagating through the nebula
when a nearby massive star went supernova. It
is generally agreed that once started, gravita-
tional effects within the solar nebula kept the
process going.

Any initial slow rotation of the solar nebula
increased its speed with the contraction of the
nebula to conserve angular momentum. (The
same effect is seen on spinning figure skaters,
whose rotational speed increases as they bring
their arms close to their bodies.) The increase in
rotational speed caused the nebula first to be-
come oblate and eventually to form a flattened
equatorial disk. Most of the solar nebula’s mass
concentrated at the center of the disk, forming
the proto-Sun, which grew hotter by gravita-
tional contraction.
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As the proto-Sun formed at the center, frac-
tional condensation began—a process in which
gaseous matter solidifies into small, sand-sized
grains only in regions where the ambient tem-
perature is below the material’s melting point.
Only metallic grains of iron and nickel con-
densed close to the proto-Sun. Farther out,
where the temperature was lower, they were
joined by grains of silicate minerals. Still far-
ther out, various ices of water, carbon dioxide,
methane, and ammonia could condense. These
solid grains collided with one another and stuck
together in a process called accretion, forming
planetesimals that grew in size. Within a time
span of a few tens of millions to perhaps one
hundred million years, the largest planetes-
imals grew into protoplanets, while the smaller
ones became the many satellites and other mi-
nor members of the solar system.

As the protoplanets continued to grow, their
gravitational influence grew as well. They could
attract greater amounts of disk material, thus
accelerating their growth while at the same
time sweeping the surrounding interplanetary
space clean. Solar radiation could then pene-
trate the space between the Sun and the plan-
ets, bringing light and heat to their still-evolv-
ing surfaces. It was during this time that the
planets started to evolve in different ways. The
third planet from the Sun, Earth, and its inner
solar system neighbors (Mercury, Venus, and
Mars) had relatively weak gravitational fields,
which, coupled with their now high surface tem-
peratures and exposure to the solar wind,
caused them to lose significant amounts of the
lighter gases. This first atmosphere, probably
consisting of hydrogen, helium, methane, am-
monia, carbon dioxide, and water vapor (gases
common in the solar nebula), escaped from the
inner planets and was blown away into the
outer solar system. The outer planets, Jupiter
and beyond—because of their colder tempera-
tures, their greater masses, and consequently
the lessened influence of the solar wind—were
not so affected. As a result, they became the low-
density gas/liquid/ice “giant” planets with small,
rocky/metallic cores.

As the accretion process drew to a close, the
Earth (along with the other inner planets) was
subjected to a final intense bombardment of im-

pacting planetesimals. As each colliding object
struck the Earth’s surface, its energy of motion
was converted into heat energy. Furthermore,
radioactivity levels were much higher in the
very early Earth, since many of the radioactive
elements with shorter half-lives had not yet de-
cayed. As the Earth grew larger in size, it
tended to insulate itself, making it more diffi-
cult for the energy released by radioactive decay
in its interior to reach its surface and escape. All
of these effects served to increase the early
Earth’s temperature to the point that it at least
partially melted, allowing chemical differentia-
tion and the development of the Earth’s layered
internal structure. Molten blobs of heavy met-
als like iron and nickel sank to the center, form-
ing the iron-rich core. Less dense silicate and
oxide minerals remained behind, forming the
mantle. The surface also melted, forming a
magma ocean perhaps a few hundred kilome-
ters deep. Eventually the surface cooled and
hardened into a thin, primitive basaltic crust,
probably similar to present-day ocean-floor
crust.

At the same time, outgassing released gases
trapped in the interior at a prodigious pace, pro-
ducing the Earth’s second atmosphere, proba-
bly consisting mostly of water vapor, carbon di-
oxide, and sulfur dioxide, with smaller amounts
of nitrogen, hydrogen sulfide, and other gases,
but no free oxygen. (Outgassing continues today
through volcanoes, fissures, and fumaroles, but
at a much reduced rate.)

As the Earth cooled, water vapor in the atmo-
sphere condensed, formed clouds, and fell as
rain, forming the first streams and oceans. Due
to the abundant carbon dioxide along with sul-
fur dioxide and hydrogen sulfide in the atmo-
sphere, this early rain was highly acidic, result-
ing in rapid chemical weathering of surface
rocks. The weathering products were carried by
streams into the oceans, rapidly increasing
their salinity. By about 4 billion years ago, the
oceans had reached nearly their present volume
and degree of saltiness. Large amounts of car-
bon dioxide from the atmosphere dissolved in
the oceans, combined with other dissolved ma-
terials, and precipitated out as sediment
(mostly as the mineral calcite, as calcium car-
bonate). As other gases were removed from the
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atmosphere, nitrogen remained, eventually be-
coming the major atmospheric constituent.

Probably by about 3.8 billion years ago, the
first life appeared. Organic molecules, includ-
ing amino acids, may have formed in the Earth’s
early atmosphere and oceans with solar ultravi-
olet light, lightning, or deep-sea hydrothermal
vents providing the needed energy input, or
they may have been delivered to the Earth’s
surface by impacts of comets, asteroids, and me-
teoroids. The earliest living organisms were an-
aerobic (able to survive without oxygen), since
there was no free oxygen in the atmosphere and
oceans. Then cyanobacteria and possibly other
early organisms developed photosynthesis, us-
ing sunlight to turn water and carbon dioxide
into sugars for food. This reaction released free
oxygen into the oceans and atmosphere, and life
evolved to utilize it to extract energy from food.

Thus the Earth was transformed from its for-
mative stages to what it is today, a place where
life thrives, where rocks are formed and weath-
ered on the surface, and where a dynamic inte-
rior drives tectonic processes.

METHODS OF STUDY

Much of what is known about the origins of
the Earth is derived by studying meteorites and
comets as well as from seismology and geo-
magnetics. Meteorites and comets are unal-
tered or little-altered examples of early solar-
system materials, providing information on the
composition of and processes that occurred in
the early solar nebula and the various types of
bodies that formed from it. Seismology and
geomagnetics give researchers clues about the
internal structure of the planet.

Meteorites are extraterrestrial pieces of rock
or metal that survived their fall through the
Earth’s atmosphere. The combined total compo-
sition of all meteorites is probably representa-
tive of the rocky and metallic material from
which the inner planets—Mercury, Venus,
Earth, and Mars—formed. Comets provide evi-
dence of the more volatile components of the
early solar system. They are composed of vari-
ous “dirty” ices, indicative of materials blown
out from the inner solar system by the solar
wind but not before a portion was incorporated
into the accreting planetesimals.

Data obtained from seismology (the study of
the transmission of earthquake shock waves
through the Earth) led to the discovery that the
Earth’s interior is divided into several distinct
layers or zones. Observations of a change in
speed of seismic waves near the Earth’s surface
led to the discovery of the Mohorovici2 (Moho)
discontinuity, the boundary between the crust
and mantle. A low seismic velocity zone is now
recognized in the upper mantle below the Moho
and is used to define the lower boundary of the
Earth’s rigid lithosphere and the top of the
“plastic,” deformable asthenosphere. Another
seismic discontinuity 2,900 kilometers below
the surface delineates where the solid mantle is
separated from the molten outer core. Later
seismic work revealed the existence of a solid in-
ner core.

Studies of the magnetic field of the Earth also
give support to the zonal nature of the planet’s
interior. Hypotheses concerning the generation
of the magnetic field within the Earth assume
an iron-nickel-rich core (not unlike the iron-
nickel meteorites) with a solid interior sur-
rounded by a molten outer part. This combina-
tion could produce an electric dynamo that
could sustain a magnetic field.

All these disciplines provide evidence of the
Earth’s formation in the early solar nebula. As
more data are obtained, the picture of the
Earth’s origin becomes clearer and more re-
fined.

CONTEXT

An understanding of the Earth’s origin has
many practical benefits. For example, the gene-
sis of ore bodies is invaluable to prospecting for
new resources. By knowing the products of vari-
ous processes in the past, one is better able to
predict human impact on present environ-
ments. Planetary engineering can use such in-
formation for the modification or preservation
of conditions on the Earth, and maybe someday
on other planets such as Mars. Meteorite size
and shape studies were employed by space engi-
neers in designing reentry vehicles and in
studying their aerodynamic properties. The-
ories about material behavior in zero-gravity
conditions similar to those in the solar nebula
have led to experiments on manufacturing tech-
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niques in Earth orbit that are impossible to con-
duct on the Earth’s surface.

Bruce D. Dod
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Earth’s Rotation
Category: Earth

The rotation of the Earth results in the
days and nights that provide the daily
rhythm of life. Rotation causes the Earth to
be flattened at the poles and to bulge at the
equator. It also produces the Coriolis force,
which influences the circulation of the at-
mosphere and oceans.

OVERVIEW

The spinning of the Earth on its polar axis is
called rotation. The ancient Greeks considered
the Earth to be a motionless body in the center
of a geocentric (Earth-centered) universe. An
exception was Heracleides (fourth century
b.c.e.), who thought that the Earth did rotate. In
general, the Greeks reasoned that, in their ex-
perience, if the Earth moved, they would feel
some effects of it. Later, the work of Nicolaus
Copernicus, Galileo Galilei, Johannes Kepler,
and Sir Isaac Newton resulted in the paradigm
shift to a heliocentric (Sun-centered) system in
which the Earth was a planet simultaneously
rotating on an axis while revolving around the
Sun. The Earth rotates from west to east, thus
making the Sun, Moon, planets, and stars ap-
pear to move from east to west across the sky.
We commonly refer to the Sun, Moon, planets,
and stars as rising and setting because it ap-
pears that they all are moving around the
Earth, when in fact the Earth is rotating on its
axis while revolving around the Sun.

The Earth’s axis of rotation is inclined 23.5°
from the perpendicular to the ecliptic (the plane
of the Earth’s orbit around the Sun); thus the
axis of the Earth makes an angle of 66.5° to
the plane of the ecliptic. The inclination causes
the seasons (and the seasonal variation in the
length of day and night) as the Earth orbits the
Sun during the course of a year. When either
the Northern or Southern Hemisphere of Earth
is tilted toward the Sun, the period of daylight is
longer and night is shorter in that hemisphere.
The longer duration of daylight, coupled with
the Sun’s rays striking that hemisphere more
nearly head-on, results in summer in that hemi-
sphere. Conversely, when either hemisphere is
tilted away from the Sun, the duration of day-
light is shorter and night is longer, the Sun’s
rays strike that hemisphere more obliquely,
and that hemisphere experiences winter.

Because of rotation, a point on the Earth’s
equator moves 1,674 kilometers per hour; the
speed decreases to 1,450 kilometers per hour at
30° north or south latitude, and to 837 kilome-
ters per hour at 60° north or south latitude. The
Earth’s rotation defines the unit of time called
the “day.” Aday is defined as the interval of time
between successive passages of a meridian, or
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line of longitude from the North to South Pole,
under a reference object (for example, the Sun
or a star). A day with reference to the Sun is
called a solar day, and a day with reference to
the stars is called a sidereal day. Because of the
Earth’s orbital motion around the Sun in one
year, the Sun appears to move eastward rela-
tive to the stars approximately one degree per
day. This makes the solar day approximately
four minutes longer than the sidereal day, since
the Earth must rotate a little bit farther to com-
plete one rotation relative to the Sun as com-
pared to the stars.

The Earth’s orbit around the Sun is slightly
elliptical, and the Earth’s orbital speed varies
with its distance from the Sun, being fastest
when Earth is closest to the Sun (perihelion),
around January 3, and slowest when Earth is
farthest from the Sun (aphelion), around July 4.
This means the Sun’s apparent motion relative
to the stars varies during the year, being great-
est when the Earth’s orbital speed is fastest at
perihelion and smallest when the Earth’s or-
bital speed is slowest at aphelion. Thus the
length of the solar day as measured by a sundial
(called the apparent solar day) varies slightly
during the year. The length of the apparent so-
lar day averaged over a year is called the mean
solar day, and mean solar time is the basis for
the 24-hour day (of 86,400 seconds) kept by
clocks. (The sidereal day is 23 hours, 56 min-
utes, and 4.091 seconds long.)

Because of rotation, the Earth is flattened in
the polar regions and bulges at the equator,
thus making it slightly ellipsoidal, an oblate
spheroid. The equatorial radius is 6,378 kilome-
ters, while the polar radius is 6,357 kilometers.
Thus a point on the equator is 21 kilometers far-
ther from the center of the Earth than either
pole is. Because the Earth is slightly flattened,
the length of a degree of latitude changes from
109.92 kilometers at the equator to 111.04 kilo-
meters at the poles. Also, because a point on the
equator is farther from the center of the Earth
and its rotational speed is faster, the effect of
gravity is reduced there compared to other
points on Earth. Thus an object at the equator
weighs less, about 1 pound in 200, compared to
the same object at either pole.

The Coriolis force or effect, named after a

nineteenth century French engineer who stud-
ied this phenomenon, is caused by the Earth’s
rotation. It is an apparent force that affects free-
moving bodies (such as wind, water, or mis-
siles). For example, a fired projectile will veer to
the right relative to the Earth’s surface in the
Northern Hemisphere, and to the left in the
Southern Hemisphere. Precisely on the equator
itself, free-moving objects are not deflected, but
as they move north or south of the equator, the
deflection becomes more pronounced.

The Coriolis effect is responsible for the
global prevailing wind belts. Warm air near the
equator rises and flows toward the poles. Cooled
at higher altitude, the air descends around 30°
north and south latitudes and spreads out both
toward the equator and the poles. Air flowing to-
ward the equator is deflected westward in both
hemispheres, producing the easterly trade
winds of the tropics. Air flowing toward the
poles is deflected eastward in both hemi-
spheres, producing the westerly winds of tem-
perate latitudes. The Coriolis effect determines
the direction wind blows around local high and
low pressure systems in the atmosphere. Air
moves outward from high pressure systems and
inward toward low pressure systems. In the
northern hemisphere, the moving air veers to-
ward the right, setting up clockwise rotation
around atmospheric highs and counterclock-
wise rotation around atmospheric lows. In the
southern hemisphere, the moving air veers left,
setting up counterclockwise rotation around
highs and clockwise rotation around lows. This
effect is especially noticeable in hurricanes (also
called typhoons), which are regions of extremely
low atmospheric pressure. The Coriolis force
also influences ocean currents, which in turn af-
fect the climate of coasts they flow along. The
ocean currents of the Northern Hemisphere
tend to flow clockwise, while those of the South-
ern Hemisphere flow counterclockwise. Wit-
ness the Gulf Stream of the north Atlantic and
the Japanese (Alaskan) current of the north Pa-
cific, always turning to the right, while the
south Atlantic flow is to the left.

Overall, the rotation of the Earth is slowing
down, and the length of the day is increasing by
milliseconds per century. The decrease in rota-
tional speed is primarily a result of the tidal fric-
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tion caused by the gravitational pull of the
Moon and to a lesser extent the Sun. Evidence
for a lengthening day during geologic history
comes from the study of fossils. Clams, corals,
and some other marine invertebrates add a mi-
croscopically thin layer of new shell material
each day, and the thickness varies seasonally
throughout the year. Counting the daily growth
lines in an annual set in well-preserved fossils
yields the number of days in a year. Since the
length of a year (the period of the Earth’s orbit
around the Sun) presumably has not changed,
the length of a day in past geologic times can be
determined. During the early Cambrian period
(540 million years ago), there were 424 days in a

year, and thus each day was about 20 hours, 40
minutes long. In the late Devonian period (365
million years ago), a year consisted of 410 days,
each about 21 hours, 23 minutes long. At the be-
ginning of the Permian period (290 million
years ago), a year was down to 390 days, each
about 22 hours, 29 minutes long.

As Earth’s rotation slows in response to the
Moon’s tidal drag, the Earth’s rotational angu-
lar momentum is transferred to the Moon,
which increases the Moon’s orbital angular mo-
mentum around the Earth, causing the Moon to
move outward, away from Earth. This in turn
increases the Moon’s orbital period around
Earth. This will continue until Earth’s rotation
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on its axis is tidally synchronized with the
Moon’s revolution around Earth, both Earth
and Moon keeping the same side facing each
other. To conserve angular momentum, the
Moon’s distance and orbital period will increase
to 549,000 kilometers (341,000 miles) and 46.7
of Earth’s present days. Thus Earth’s sidereal
rotation period will be 46.7 days, and the mean
solar day (time from noon to noon) will be 53.5 of
Earth’s present days. Since the length of the
year will be unaffected, there will be only 6.8 so-
lar days in a year.

Currently Earth’s day is lengthening by an
average of about 2 × 10−5 seconds each year, but
the rate is quite erratic and sometimes even
speeds up a bit. If this current average slow-
down rate is extrapolated into the future, it will
take 2 × 1011 years for Earth and Moon to be-
come tidally locked. Alternatively, laser rang-
ing (using retroreflectors left on the Moon’s sur-
face by the Apollo Moon landings) shows that
the Moon currently is moving away from Earth
at 3.8 centimeters per year. Extrapolating this
rate into the future, it will take 4 × 109 years for
the Moon to reach its final distance. The dis-
agreement of these two time estimates indi-
cates that the rates of slowdown of Earth’s rota-
tion and the increase in the Moon’s distance
probably will not remain constant, and the time
to achieve Earth-Moon tidal lock is probably at
least billions of years. However, before this can
occur, the Sun probably will expand and become
a red giant first.

Numerous detailed studies show that, super-
imposed on the systematic long-term slowdown,
Earth’s rotation has numerous small random
changes. The reasons for these variations in-
clude transfer of angular momentum between
different parts of the Earth’s interior; transfer
of angular momentum between the atmo-
sphere, the oceans, and the Earth’s surface;
movement of air masses and changes in wind
patterns; growth or shrinkage of polar ice caps;
volcanic activity; earthquakes; and plate tec-
tonic movements. The timescales for the vari-
ous effects on the Earth’s rotation vary, from
short-term to long-term, and from systematic
seasonal to erratic. It is evident from many
studies that the Earth’s rotational speed has
varied throughout geologic time and continues

to change on a daily, weekly, monthly, seasonal,
yearly, and even longer-term basis.

Currently the Earth’s axis of rotation points
toward Polaris, Earth’s present North Star.
However, the Earth’s axis slowly changes direc-
tion in space in a process called precession. Re-
call the Earth has an equatorial bulge, and it is
tilted about 23.5° from the ecliptic, the plane of
the Earth’s orbit around the Sun. The torque ex-
erted by the gravitational pull of the Moon and
the Sun on the Earth’s equatorial bulge trying
to make it line up with the ecliptic plane causes
the Earth’s axis to slowly precess, like the axis
of a tilted spinning toy top. This precession
causes the Earth’s axis to trace out in space a
double cone (two cones joined at their vertices)
with a vertex angle of 47° (twice the 23.5° axial
tilt). The Earth’s axis slowly shifts direction
about 50 arc seconds per year, and it takes about
26,000 years for a complete precession cycle. As
the axis points to different parts of the sky in re-
sponse to precession, stars other than Polaris
have served and will serve as north stars. Also,
in about 13,000 years (half the precessional cy-
cle), the constellations seen during specific
months on Earth will be “shifted” by six months,
so that those constellations now seen during
June (for example) will be seen during Decem-
ber, and so on. Consequently, the astronomical
coordinate system of right ascension and decli-
nation slowly and systematically changes during
the precessional cycle. Catalogs listing those co-
ordinates for stars, nebulae, galaxies, and other
celestial bodies must specify the epoch (year) for
which the listed coordinates are rigorously cor-
rect. To point a telescope at some desired object
some other year requires calculating preces-
sional corrections to the listed coordinates.

Superimposed upon the precessional motion
are two other motions. One of these is a small os-
cillating motion called nutation, which has a
semiamplitude of 9.2 seconds of arc and a period
of 18.6 years. This motion is associated with the
periodic variation in the orientation of the
Moon’s orbital plane around the Earth with the
Earth’s orbital plane around the Sun. The other
motion, called Chandler’s wobble, has two oscil-
lations. One of the oscillations, the Chandler
component, with a period of twelve months, is a
result of meteorological effects associated with
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seasonal changes in air masses. The second os-
cillation of the Chandler wobble, the 14.2-
month component, is caused by shifts in the
Earth’s interior mass. Thus the changing direc-
tion of the Earth’s rotational axis is not smooth
but “wiggly” or “wobbly.”

METHODS OF STUDY

Sundials were first used to mark the passage
of the apparent solar day, as the shadow of the
gnomon (stick) moved across the face of the dial.
In 1671, the French astronomer Jean Richer
made time measurements with a pendulum
clock both in Paris (49° north) and in Cayenne,
French Guiana (5° north) and compared the
two. In French Guiana, the clock “lost” 2.5 min-
utes per day compared to Paris. He attributed
this loss to a decrease in effective gravitational
pull toward the equator due to the Earth’s rota-
tion; the practical consequence was that pendu-
lum clocks needed to have the length of their
pendula adjusted according to latitude to be
able to keep accurate time.

In 1851, the French physicist Jean-Bernard-
Léon Foucault hung a 25-kilogram iron ball
with a 60-meter-long wire from the dome of the
Panthéon in Paris, with a pin at the bottom of
the ball to make marks in a smooth layer of sand
underneath. After only a few minutes, the trac-
ings in the sand showed that the plane of the
ball’s swing slowly rotated clockwise as seen
from above. Foucault explained this as a demon-
stration of the Earth’s rotation, which moved
the attachment point on the dome and the sand
on the floor, while the pendulum tried to main-
tain the plane of its swing in the same direction.
In the 1950’s, atomic clocks began to be used to
measure time accurately over long periods.
When time kept by these clocks was compared
to time determined by the rotation of the Earth,
small variations in the Earth’s rotation were
found.

Newer techniques used to determine length
of day and polar motion involve the use of satel-
lites and lasers. One method, called lunar laser
ranging (LLR), involves the emission of light
pulses from a laser on Earth to reflectors left on
the Moon by Apollo and Soviet spacecraft. The
returning pulses of light are received by a tele-
scope. The total travel time is calculated to de-

termine the Earth-to-Moon distance. By observ-
ing the time the Moon takes to cross a meridian
during successive passages, this method has
provided very good length-of-day measure-
ments. Another technique involves the use of
the Laser Geodynamics Satellite (Lageos). This
satellite is covered by prisms that reflect light
from pulsed lasers on Earth. Again, the re-
turned beam is received by a telescope and the
round-trip travel time is used to infer the one-
way distance from the Earth to the satellite.
This method, which includes a network of sta-
tions on Earth, can provide insight into yearly
movement of crustal plates, which is believed to
cause variations in the Earth’s rotation. A very
accurate technique known as very-long baseline
interferometry (VLBI) is also being used to plot
continental drift as well as variations in Earth’s
rotation and the position of the poles. In this
method, radio signals from space (typically from
quasars) are received by two radio antennas
and are tape-recorded. The tapes are compared,
and the difference between the arrival times of
the signals at the two radio antennas is used
to calculate the distance between the two. If
the distance between the two antennas has
changed, the crustal plates have moved.

CONTEXT

The spinning of the Earth on its polar axis
once every twenty-four hours is very much a
part of the daily rhythm of life. Among the pri-
mary ways Earth’s rotation is felt by and gov-
erns life are its impact on our day, on gravita-
tional pull, and on the atmosphere. Earth’s
rotation gives us a daily time reference by the
passage of days and nights. The spinning of the
Earth on its polar axis causes the Earth to bulge
at the equator and to be flattened in the polar
areas. Because of this phenomenon, the dis-
tance to the center of the Earth varies with lati-
tude, and as a result the effective gravitational
pull on objects on the Earth’s surface also var-
ies—objects weigh slightly less at the equator
than in the polar regions of the world. The
Coriolis effect, an apparent force caused by the
rotation of the Earth, causes free-moving bodies
to be deflected to the right in the Northern
Hemisphere and to the left in the Southern
Hemisphere. It governs the direction of winds
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as they flow in or out of pressure systems, estab-
lishing the wind belts of the world. The Coriolis
force also affects the flow of ocean currents, and
these patterns help to alter climates along the
coasts of continents.

Roberto Garza
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Earth’s Shape
Category: Earth

It has been known for centuries that Earth
is not a perfect sphere. The diameter of the
planet is greater at the equator than it is
from pole to pole. This oblateness is the re-
sult of Earth’s daily rotation on its axis.
Even smaller irregularities in shape have
been measured by Earth-orbiting satel-
lites.

OVERVIEW

The discovery that Earth is not a perfect
sphere dates to the seventeenth century, when
measurements of the distance corresponding to
one degree of latitude were found to increase
systematically from the equator toward both
poles. Because of Earth’s oblateness, one degree
of latitude has a length of 110.6 kilometers at
the equator and 111.7 kilometers at the poles.

Besides rotation, other forces imposed upon
Earth affect the shape of the planet, a prime ex-
ample being Earth tides. The oceans of the
world generally have two tidal bulges, or re-
gions where the ocean surface is relatively high,
caused primarily by the gravitational attraction
of the Moon and to a lesser extent by the Sun.
When the Sun, Moon, and Earth all are on a
straight line (the Sun and Moon either on the
same side or opposite sides of the Earth), the
oceans display the highest high tides and lowest
low tides (spring tides), as the tidal effects of the
Sun and Moon reinforce each other. When the
line from the Earth to the Moon makes a right
angle to the line from the Earth to the Sun, the
tidal effects of the Sun and Moon partially can-
cel out, and the high tides are not very high and
the low tides are not very low (neap tides). Not
only does the water of the oceans rise and fall
because of tides, but so too the surface of the
“solid” Earth rises and falls very slightly due to
the same tidal forces imposed by the Moon and
the Sun. This periodically varying distortion is
so slight as to render accurate measurements of
it quite difficult.

A view of Earth from satellite distance in
space would, to the naked eye, suggest that the
planet is a perfect sphere, yet measurements re-

veal that it is not. All planets (including Earth),
along with the larger satellites and asteroids,
are essentially spheroidal, while smaller objects
are not. Sufficiently small solid objects (such as
books, boulders, and bones) can maintain any
arbitrary shape because of the strength of the
material of which they are composed. However,
sufficiently large objects (even if solid) have in-
ternal forces due to their self-gravity that are
strong enough to overwhelm the strength of
whatever material composes them, and they
pull themselves into spherical shapes. The criti-
cal “threshold” size depends on the density and
strength of the solid material, but for the three
types of solids (ices, silicate minerals, and met-
als, mainly iron) most common in the solar sys-
tem, the threshold is approximately the same:
on the order of a few hundred kilometers.

Rotation (spinning on an axis) makes a large
object depart from being spherical. The Earth’s
rotational period, measured in a quasi-inertial
frame based on distant stars and galaxies, is 23
hours, 56 minutes, and 4 seconds. As a result of
this rotation, a point on the Earth’s equator
moves with a speed of 1,674 kilometers per
hour, a point at 30° north or south latitude
moves 1,450 kilometers per hour, and a point at
60° north or south latitude moves 837 kilome-
ters per hour. The increase in rotational speed
toward the equator makes the equator bulge
outward, transforming a spherical shape into
an oblate spheroid. The Earth’s equatorial di-
ameter is 12,756 kilometers, while its polar di-
ameter is 12,714 kilometers. Its oblateness is
defined as the difference in diameters divided
by the equatorial diameter, which gives a value
of 0.00336 or about one part in 298.

A comparison of the planets in the solar sys-
tem shows that rotation plays a dominant role
in determining oblateness. Mercury and Venus,
each with very slow rotation, have no discern-
ible oblateness and are essentially spherical.
Jupiter and Saturn rotate the fastest, and both
are noticeably oblate as seen in telescopes and
spacecraft images. However, there are other
factors. For example, Saturn rotates slightly
more slowly than Jupiter, and Mars rotates
slightly more slowly than Earth; yet Saturn is
more oblate than Jupiter (about one part in 10
compared to one part in 15), and Mars is more
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oblate than Earth (about one part in 200 com-
pared to one part in 300). These “discrepancies”
probably are due to the distribution of mass
throughout the planet and the rigidity of the
material composing the different parts of the
planet.

METHODS OF STUDY

Measurements of small departures from an
oblate spheroid shape became possible with the
advent of the space age and the development of
twentieth century instrumentation. Perturba-
tions in the orbits of Earth-orbiting satellites
show that the Earth’s mass is not distributed as
it would be were it a simple oblate spheroid.
Some of the earliest data indicated that the
Earth is slightly pear-shaped, with small bulges
of up to about 100 meters near the North Pole
and in a band south of the equator. More re-
cently, satellite-mounted radar altimeters have
been able to map continuously the topography
of the ocean surface to an accuracy of a few cen-
timeters by bouncing radar signals off the

water. With wave crests and troughs averaged
out, ocean surfaces show small but significant
deviations from a smooth oblate spheroid that
reflect the topography of the seafloor under-
neath. Major seamounts and suboceanic ridges
are clearly marked by regions of higher ocean
surface above. Likewise, the major deep-sea
trenches, as are common around the rim of the
Pacific Ocean, are marked by troughs in the
ocean surface above. This phenomenon is due to
small variations in the acceleration of gravity.
In the case of a seamount or ridge, there is a con-
centration of mass (the rock composing the fea-
ture), so gravity there is a bit stronger and at-
tracts more water over it. In contrast, there is a
deficit of mass in a trench, so gravity there is
slightly weaker and attracts less water over it.

CONTEXT

The passing of geologic time has brought
changes in the phenomena that control Earth’s
shape. The distance from the Earth to the Moon
was less than at present, and Earth rotated
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faster in the past. These two differences would
have produced larger and stronger tides, and a
larger equatorial bulge. It is interesting to spec-
ulate as to what effects those changes might
have had on ancient dynamic processes. Today,
Earth’s inhabitants suffer little effect from the
planet’s distortion. It cannot be observed with
the naked eye, and it does not appear to play a
role in weather patterns and climate.

However, one practical, though small, conse-
quence of the Earth’s shape is the variation of
the effective gravitational acceleration with lat-
itude. Due to Earth’s equatorial bulge, which is
the result of Earth’s daily rotation on its axis,
the effective gravitational acceleration, and
hence the weight of objects, is slightly less at the
equator than at either pole. Because of the
equatorial bulge, objects at sea level at the
equator are about 21 kilometers farther from
the center of Earth than if they were at sea level
at either pole. This alone reduces the gravita-
tional acceleration at the equator by about 0.15
percent compared to the value at either pole.
The effective gravitational acceleration at the
equator is further reduced directly by Earth’s
rotation, since some of the gravitational acceler-
ation that would otherwise exist is used to pro-
vide the centripetal acceleration needed to
make objects follow the curved paths that keep
them in contact with Earth’s surface as Earth
rotates. This reduces the effective gravity at the
equator by about 0.35 percent. Combining the
two effects, the gravitational acceleration var-
ies from 9.832 meters per second squared at ei-
ther pole to 9.780 meters per second squared at
the equator, or about 0.5 percent. As a result,
weight at the equator is reduced by about 0.5
percent compared to weight at either pole, so an
object weighing 200 pounds at either pole
weighs about 1 pound less at the equator.

John W. Foster
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Earth’s Structure
Category: Earth

Processes that occur in the interior of the
Earth have profound effects upon the sur-
face of the Earth and its human popula-
tion. The results of such processes include
earthquakes, volcanic activity, and the
shielding of life-forms from solar radia-
tion.

OVERVIEW

A simple demonstration that the Earth’s in-
terior is different from its surface is to compare
the Earth’s average density, calculated by di-
viding its mass by its volume, with the density
of typical rocks from the surface. The average
density is about 5.5 grams per cubic centimeter,
while the density of typical surface rocks is be-
tween about 2.7 and 3.0 grams per cubic centi-
meter. This means that part of the interior must
be composed of much denser material than sur-
face rocks.

Evidence that the interior is differentiated
into “layers” of various thicknesses, composi-
tions, and mechanical properties comes primar-
ily from analyzing the seismic waves produced
by earthquakes that travel through the Earth.
The thinnest layer is the outermost one known
as the crust. The crust varies in thickness from
about 5 kilometers under parts of the ocean bas-
ins up to about 70 kilometers under the highest
mountain ranges of the continents. The crust is
composed of a number of different rock types,
but there are systematic differences between
the crust of continents and that of ocean basins;
continental crust is generally granitic (similar
to granite), while oceanic crust is generally ba-
saltic (similar to basalt). Both granite and ba-
salt are igneous rocks, meaning that they cooled
and hardened from hot molten material, and
both are composed of silicate minerals.

However, the silicate minerals in basalt
(such as pyroxene, olivine, and calcium-rich
plagioclase feldspar) are comparatively rich in
iron, magnesium, and calcium, giving them a
generally dark color and slightly greater den-
sity (about 3.0 grams per cubic centimeter),
while the silicate minerals in granite (such as

quartz, potassium feldspar, and various micas)
are poorer in iron, magnesium, and calcium,
making them generally lighter in color and
slightly lower in density (about 2.7 grams per
cubic centimeter). Note that this distinction
does not hold completely: Basalt and similar
rocks can be found on continents, and sediments
weathered from granite and similar rocks can
be found in ocean basins.

The base of the crust is marked by a bound-
ary known as the Mohorovici2 discontinuity, or
Moho. It represents a change in density of the
rock above and below it. Rocks just below the
Moho are slightly denser, about 3.3 grams per
cubic centimeter, than either continental or oce-
anic crustal rocks. The rocks below the Moho
probably are peridotite. Peridotite, composed
mostly of olivine and pyroxene, is similar to ba-
salt, but it is richer still in iron and magnesium.
Peridotite is thought to represent the general
composition of the layer underlying the crust,
called the mantle. The mantle comprises the
bulk of the Earth, representing about 80 per-
cent by volume.

In the upper mantle, at depths starting about
100 kilometers beneath the surface and extend-
ing down to about 410 kilometers, is a zone of less
rigid and more plastic, perhaps even partially
melted, material called the asthenosphere. The
crust and the part of the mantle above the as-
thenosphere, acting as a rigid unit, are known
collectively as the lithosphere. The change to
plastic behavior in the asthenosphere occurs be-
cause temperatures there are close to the melt-
ing point of peridotite. Although temperature
continues to increase below the asthenosphere,
the greater pressures at greater depths are high
enough to keep the rock from melting.

The asthenosphere is thought to play an im-
portant role in movements of the lithosphere
above. According to the theory of plate tectonics,
the lithosphere is divided into a number of
plates about 100 kilometers thick that are in
constant motion at speeds of up to several centi-
meters per year, driven by hot convection cur-
rents of material moving slowly in the plastic
asthenosphere. The hot material rises along di-
vergent plate boundaries marked at the surface
by the volcanic ridge-rift system that extends
through the ocean basins around the globe. The
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slowly moving convection currents in the as-
thenosphere then move laterally away from the
ridge-rifts, carrying the lithospheric plates
above away from the ridge-rifts. As it moves lat-
erally, the asthenosphere cools, becoming denser
and sinking back downward. The sites where
the convection currents sink are places where
lithospheric plates with ocean crust on top dive
into the mantle in a process called subduction.
At these sites, marked at the surface by
trenches in the ocean basin floor, crustal rocks
may be carried into the upper mantle to depths
as great as 700 kilometers. Below this level, the
rock may simply be too dense for the litho-
spheric plates to penetrate.

There are two lower boundaries within the
mantle. At 410 and 660 kilometers below the
surface, abrupt increases in density occur. Al-
though one might suspect a change in composi-
tion to account for the jump in density, labora-
tory studies of rocks under pressure suggest an
alternative explanation. The primary mineral
in peridotite is olivine. The pressures at 410 ki-
lometers and again at 660 kilometers collapse
the crystalline structure and produce denser
minerals with the same iron and magnesium
silicate composition. At the pressure existing at
410 kilometers, olivine converts to the denser
mineral called spinel, and at the even higher
pressure at 660 kilometers, both spinel and
pyroxene collapse to yet a denser mineral
known as perovskite. Thus the changes occur-
ring in the mantle to produce the asthenosphere
and the discontinuities at 410 and 660 kilome-
ters are not changes in composition but instead
changes in physical properties caused by tem-
perature and pressure. The density increases
from about 3.3 grams per cubic centimeter at
the top of the mantle to about 5.6 grams per cu-
bic centimeter at its base.

The next layer beneath the mantle is the
outer core. This layer begins at a depth of about
2,900 kilometers beneath the surface and con-
tinues to a depth of 5,100 kilometers. There is a
large density increase across the core-mantle
boundary, from 5.6 grams per cubic centimeter
at the base of the mantle to about 10 grams per
cubic centimeter at the top of the core. Iron is
the only reasonably abundant element that
would have the required density at the tremen-

dous pressure of millions of atmospheres at
these depths. However, pure iron would give too
high a density, so iron mixed with about 15 per-
cent nickel, sulfur, silicon, and possibly oxygen
and even hydrogen has been suggested. At the
pressures and temperatures that must exist in
the outer core, iron alloys would be in a molten
state. Complex currents of metallic iron alloy,
generated in the fluid outer core by convection
and the Earth’s rotation, give rise to the Earth’s
main magnetic field through a geodynamo pro-
cess.

The core-mantle boundary represents a com-
position change from the silicate minerals of the
lower mantle to the metals of the core. The
boundary is a sharp one, but whether it is
smooth and spherical in shape or irregular with
“hills” or “peaks” on its surface is not known.
There is some evidence from seismology that
the lower mantle within 100 kilometers of the
core boundary is a transition zone with a change
of properties. It may consist of a mix of mantle
and core material that is less rigid than the
mantle rocks above it.

The innermost layer of the Earth’s interior is
the inner core. This region has a radius of about
1,300 kilometers where there is a boundary
with the outer core. Increasing pressure at
these depths requires that the iron of the inner
core is solid. It is thought the solid inner core
continues to grow in size as iron in the molten
outer core crystallizes as Earth slowly cools. Be-
cause the solid inner core is separated from the
mantle by the molten outer core, it can rotate in-
dependently. Seismic studies suggest that the
inner core rotates slightly faster than the man-
tle and crust.

METHODS OF STUDY

Much of what is known about the structure of
the Earth’s interior comes from the analysis of
seismic waves generated by earthquakes or by
explosives detonated at or just below the surface.
After passing through the Earth, the wave vibra-
tions are recorded on seismographs located all
around the world, revealing information about
the part of the interior they traveled through.

The seismic waves that pass through the in-
terior are called body waves, because they prop-
agate through the body of the Earth and not
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along the surface. Body waves are of two va-
rieties: primary (or P) waves, and secondary (or
S waves). P waves are the same as acoustic or
sound waves. They cause the material they tra-
verse to move back and forth in the direction of
wave travel, alternately stretching and com-
pressing it. Like ordinary sound waves, P waves
can travel through any sort of material—solid,
liquid, or gas. S waves are transverse waves,
which move material along the wave path from
side to side. Consequently they can travel only
through rigid, that is, solid, material; S waves
cannot travel through liquids or gases.

Both P waves and S waves cross the astheno-
sphere of the upper mantle, but with reduced

speed (that is why the upper mantle is some-
times called the low-velocity zone), suggesting
lower rigidity but not a liquid state, since S
waves do propagate through it. Therefore, it
seems that the asthenosphere is a solid but
plastic region, able to ooze and flow very slowly.

At the core-mantle boundary, P waves
abruptly slow down by almost a factor of 2 as
they enter the outer core, and S waves disap-
pear, indicating the material of the outer core
has no rigidity. Since gases cannot exist at the
conditions of the outer core, the material of this
region must be a liquid.

Other locations in the interior are marked by
increased speeds for both P waves and S waves.
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There is a sharp increase in speed at the Moho-
rovici2 discontinuity at the base of the crust.
The P-wave speed jumps from about 6 kilome-
ters per second above the Moho to around 8 kilo-
meters per second below it, while the S-wave
speed jumps from about 4 to 5 kilometers per
second.

Below the asthenosphere, both P-wave and
S-wave speeds gradually increase to a depth of
about 410 kilometers, at which point both
sharply increase. Laboratory studies indicate
that the increase in density when olivine col-
lapses to form spinel accounts for the increased
speeds at this depth. At a depth of around 660
kilometers, a second abrupt increase in both
wave speeds occurs, here caused by a second col-
lapse to produce the yet denser mineral perov-
skite. The speeds for this part of the mantle
match those obtained in the laboratories from
waves passing through perovskite samples
placed under the kinds of pressures found at
660 kilometers. A final increase in speed is ob-
served when P waves pass the outer to inner
core boundary. This is due to a phase transition
from liquid iron in the outer core to solid iron in
the inner core. Such a phase transition is sup-
ported by the probable reappearance of S waves
in the inner core.

Another way in which the existence of struc-
tural boundaries within the Earth can be shown
from an analysis of seismic waves is to examine
the way the waves reflect and/or refract when
they encounter the boundaries. What the waves
do depends on the angle at which they approach
the boundary, as well as on the properties of ma-
terials on both sides of the boundary. P waves
are reflected off the Moho, the core-mantle
boundary, and the inner-outer core boundary,
providing clear evidence that there are sharp
boundaries between the crust and mantle, the
mantle and outer core, and the outer and inner
cores. Waves have also been detected reflecting
off the 660-kilometer discontinuity.

Refraction or bending of waves yields further
evidence. As P waves cross the mantle-core
boundary, they are refracted toward the center
of the Earth because their speed is less in the
molten outer core. This deflection of P waves
passing through the outer core leaves a gap
stretching around the Earth in the form of a

band extending from 100° to 140° from the epi-
center of the earthquake. This gap is known as
the P-wave shadow zone because no P waves
reach the surface in this band.

Advances in computer science have allowed
the identification of even subtler details about
the Earth’s interior. Computerized tomography
is a technique used in medicine, in which X rays
from all directions are analyzed in a computer to
give a three-dimensional picture of the internal
organs of the human body. Seismic tomography
is an analogous approach that uses seismic
waves that travel from earthquakes to seismo-
graphs around the world to map the Earth’s in-
terior. This technique includes both P and S
body waves traveling through the interior as
well as surface waves traveling along the sur-
face of the Earth. By looking at the travel times
of the different waves, scientists are able to
compare speeds along different paths. Such an
approach has resulted in maps of slow and fast
regions of the mantle that probably represent
less rigid (warmer) and more rigid (cooler) re-
gions.

CONTEXT

The interior of the Earth has profound effects
on the surface. The interior acts as a complex
heat engine that is the driving force behind
plate tectonics, resulting in the formation and
evolution of oceanic and continental crust. In
the process, earthquakes and volcanic activity
occur that create hazards for the human popula-
tion on the Earth’s surface. Complete accep-
tance of the plate tectonic theory could not have
occurred without the discovery of the astheno-
sphere, which makes the movement of the litho-
spheric plates plausible.

It is fortunate that the Earth has a magnetic
field. Without it, the age of discovery and explo-
ration would not have been possible, for naviga-
tion by magnetic compasses allowed voyages
across uncharted oceans. It is now theorized
that the Earth’s magnetic field is generated in
the molten metallic outer core by the geody-
namo process. An important effect of the core-
generated magnetic field is the changes it has
undergone through time. In particular, at
rather irregular intervals of geologic time, the
magnetic poles reverse polarity; during such re-
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versals, the magnetic field decreases in strength.
Since the magnetic field shields life-forms on
the Earth’s surface from charged particles emit-
ted by the Sun, there is some concern that such
field weakenings during polar reversals could
result in more cancers and genetic mutations.
Some scientists suspect that polar reversals
might be at least partly responsible for some of
the mass extinctions that have occurred in the
geologic past, as well as periods of rapid evolu-
tion. Thus, the surface of the Earth as well as
the life-forms on it depend upon and are
strongly affected by processes occurring within
the Earth’s interior.

David S. Brumbaugh
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Eclipses
Categories: Earth; The Solar System as a

Whole

Eclipses, occultations, and transits occur
when three celestial bodies line up, causing
the middle body to block the path of light
between those on the two ends. In particu-
lar, solar and lunar eclipses witnessed
from Earth are spectacular phenomena
that have been objects of awe, study, and
speculation since ancient times. Once they
were understood, they became powerful
tools of science used to investigate topics as
diverse as geodesy and general relativity.

OVERVIEW

Eclipses of the Sun and Moon are impressive
events. They have captivated people since be-
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fore recorded history and
continue to excite us today.
Once considered great omens
or portents, they have be-
come among the most power-
ful means with which science
tests theories in a remark-
able variety of areas.

A lunar eclipse (or eclipse
of the Moon) occurs when the
Moon passes through the
shadow of the Earth. For this
to happen, the Moon must be
on the side of the Earth oppo-
site the Sun, at the time when
the Moon’s phase is full. A so-
lar eclipse (or eclipse of the
Sun) occurs when the Moon
passes between the Earth
and the Sun, blocking all or
part of the Sun as seen from
Earth. For this to happen, the
Moon’s phase must be new.

Not every full or new Moon results in an
eclipse, since the orbit of the Moon lies in a
plane tilted about 5° to the ecliptic plane, the
plane containing Earth’s orbit around the Sun
and in which the Earth and the Sun always lie.
Unless a full or new Moon occurs when the
Moon is very close to crossing the ecliptic plane,
the Earth’s shadow will miss the Moon (at full
Moon) or the Moon’s shadow will miss the Earth
(at new Moon), and no eclipse will take place.
This condition has been known and used to pre-
dict eclipses since ancient times and is the
source of the name of the ecliptic plane.

A lunar eclipse is visible from all points on
Earth where the Moon is above the horizon. It
may be either umbral or penumbral. During an
umbral lunar eclipse, at least part of the Moon
passes through the Earth’s umbra, the dark in-
ner shadow in which the Earth blocks light com-
ing from all parts of the Sun. If the entire Moon
passes through the umbra, it is called a total
lunar eclipse; if only part of the Moon passes
through the umbra, it is called a partial lunar
eclipse. During a penumbral lunar eclipse, the
entire Moon misses the umbra and passes only
through the Earth’s penumbra, a region of par-
tial shadow surrounding the umbra in which

Earth cuts off light from some but not all parts
of the Sun. An observer on the Moon during a
penumbral lunar eclipse would see part of the
Sun covered by the Earth and part of the Sun ex-
tending beyond the edge of the Earth.

The Moon is dimmed slightly while in the
penumbra, but it does not darken appreciably
unless it enters the umbra. When the Moon en-
ters the umbra, the previously bright surface of
the full Moon darkens to a much dimmer red-
dish glow, illuminated only by sunlight that has
been refracted and scattered around the Earth
by Earth’s atmosphere. The brightness and
color of this illumination can vary markedly
from one umbral lunar eclipse to another (from
orangish red to a dull reddish brown to a ghostly
brownish gray), depending on the atmospheric
conditions on Earth. Occasionally, some areas
of the Moon will seem less illuminated than
others.

A total lunar eclipse can last several hours.
From the time the Moon begins to enter the um-
bra, it takes about an hour for the eclipse to be-
come total. Totality can last for nearly two
hours, with another hour required for the Moon
to leave the umbra entirely. The limb (or edge)
of the Moon nearest the observer’s eastern hori-
zon enters the Earth’s shadow first, and at the
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end of the eclipse it is this limb that brightens
first.

Solar eclipses are somewhat more complex.
By coincidence, the Sun and the Moon both have
nearly the same apparent size or angular diam-
eter—about one-half degree of arc—as viewed
from Earth. The Sun’s actual diameter is about
400 times larger than the Moon’s, but the Sun is
also about 400 times farther away from the
Earth than the Moon is. Because the orbit of the
Moon around the Earth and the orbit of the
Earth-Moon system around the Sun are both
slightly elliptical, the apparent (angular) size of
the Moon and Sun varies as seen from the
Earth. On average, the angular diameter of the
Moon, 0.518°, is slightly less than the angular
diameter of the Sun, 0.533°, as seen from Earth.

However, when the Moon is at perigee (its clos-
est approach to Earth), its angular diameter in-
creases to 0.548°. When the Earth is at perihe-
lion (its closest approach to the Sun), the Sun’s
angular diameter increases to 0.542°. Thus,
when the Moon is near perigee, its angular size
always exceeds that of the Sun, and if a solar
eclipse occurs then, the Moon can completely
cover the Sun.

The Moon’s umbra is conical in shape, with
its base at the Moon and narrowing to its apex
(or tip) as it nears Earth. If the Moon is near
perigee, the apex of its umbra will fall inside the
Earth, and observers in the region of the Earth’s
surface within the umbra will see the silhouette
of the Moon completely cover the Sun’s visible
surface (its photosphere); this is called a total
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solar eclipse. The region of the Earth’s surface
within the umbra at any moment is quite small,
never more than a few hundred kilometers
across. Due to the orbital motion of the Moon
around the Earth and the Earth’s rotation on its
axis, its umbra sweeps a path (the eclipse track)
thousands of miles long across the Earth’s sur-
face from west to east at speeds always exceed-
ing 1,700 kilometers per hour relative to the
Earth’s surface. The maximum duration possi-
ble for totality is about seven and a half min-
utes, although the complete eclipse, including
the partial phases at the beginning and end as
the Moon slowly covers and then uncovers the
Sun, may take more than four hours.

Because the Moon’s average angular size is
slightly smaller than the Sun’s average angular
size, the tip of the Moon’s umbra will not always
reach the Earth’s surface during a solar eclipse.
If this is the case, the Moon will not completely
cover the Sun’s photosphere. When the Moon is
centered on the Sun, a narrow ring, or annulus,
of the Sun’s bright photosphere remains visible
around the Moon’s silhouette. This is called an
“annular solar eclipse.” Annular solar eclipses
are about 20 percent more frequent than total
solar eclipses.

Beyond the region of the Earth’s surface in
which a total or annular solar eclipse is seen,
there is an area thousands of kilometers wide
inside the Moon’s penumbra. Within this area,
the silhouette of the Moon covers part but not all
of the Sun’s photosphere. This is called a partial
solar eclipse.

Occultations and transits are phenomena
similar to eclipses in which the apparent angu-
lar size of the body in front is substantially
larger or smaller than the apparent angular
size of the body in back. An apparently large
body moving in front of an apparently smaller
one is called an occultation. The Moon fre-
quently occults bright stars, which are seen to
wink out instantly when they pass behind the
limb of the Moon. The Moon also occasionally oc-
cults planets, and planets are seen to occult
their satellites and stars. (Actually, other plan-
ets can both occult and eclipse their satellites as
seen from Earth. The distinction between the
two phenomena is that the satellite moving be-
hind the planet is an occultation, while the sat-

ellite passing through the planet’s shadow is an
eclipse. The two events are not necessarily pre-
cisely coincident in time, because the planet’s
shadow cone will not be directly behind the
planet as seen from Earth unless the planet
is on the side of the Earth almost exactly oppo-
site the Sun.) The Sun also occults objects, but
because of the Sun’s brightness, such solar
occultations cannot be seen at visible wave-
lengths; however, they have been observed at
radio wavelengths when the object being oc-
culted is a source of radio emission. An appar-
ently small body moving in front of an appar-
ently larger one is called a transit. On rare
occasions it is possible to witness from Earth the
transit of the planets Venus or Mercury across
the Sun. When this happens, the planet appears
like a small, black dot moving across the face of
the Sun. Transits of satellites and their shad-
ows across their parent planets also can be ob-
served.

Another, related phenomenon is that of
eclipsing binary stars. Some of the stars seen in
the sky are in fact pairs of stars orbiting about
one another. If the Earth lies near the plane of
their mutual orbit, the combined light of the
system is seen to vary in brightness as the stars
alternately block each other from Earth’s view.
By observing these variations in brightness, as-
tronomers can determine some of the character-
istics of the individual stars (such as relative
sizes and surface temperatures) and study their
interactions.

METHODS OF STUDY

Ancient peoples, who used astronomical ob-
servations to keep track of planting seasons and
the like, usually imputed magical or spiritual
significance to eclipses and consequently tried
to predict them. They did this by watching the
changing position of the Moon against the back-
ground of the stars and by recording patterns in
the recurrence of eclipses.

A lunar, or synodic, month is the period from
one new Moon to the next, about 29.53 days. The
draconic month is the time required for the
Moon to complete one cycle of crossing and
recrossing the ecliptic plane (from south to
north and from north to south), about 27.21
days. The coincidence of these two cycles pro-
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duces eclipses, so the pattern of eclipses starts
again when the two cycles return to the same
relative matchup. This happens every 223 lunar
months (equaling 6,585.32 days or 242 draconic
months or a little more than 18 years), in a re-
peating pattern called the saros cycle. The cycle
lasts 18 years and 11.32 or 10.32 days, depend-
ing on whether 4 or 5 leap years occur during
that time. The extra third of a day (or about 8
hours) means that eclipses 223 lunar months
apart, although similar in overall geometry,
will occur about 120° farther west in longitude
because of the Earth’s rotation. After three such
saros cycles, about 56 years and 1 month,
eclipses repeat in nearly the same part of the
Earth again.

These cycles, at least as they applied to lunar
eclipses, were known to Babylonian astrono-
mers by around the eighth century b.c.e. and
may have been known to some peoples long be-
fore that (based on disputed interpretations of a
circle of fifty-six pits around the neolithic monu-
ment at Stonehenge in England). Knowledge of
these cycles enabled the Babylonians to predict
the relative motions of the Sun and Moon in the
sky. The saros cycle was of limited use in pre-
dicting solar eclipses, because the path of total-
ity is so narrow. Very precise knowledge of the
relative motions of the bodies involved was re-

quired. This was not possible before Sir Isaac
Newton developed his laws of motion and grav-
ity along with the calculus in the seventeenth
century. One of the first tests he applied to his
new methods was the calculation of the orbit of
the Moon.

Centuries of refinement, both of mathemati-
cal methods and of measurements of the posi-
tions of the Moon, Earth, and Sun relative to one
another, were necessary to achieve modern ac-
curacy in eclipse predictions. Astronomers can
now calculate eclipses, including exact times
and paths of totality, many years into the future
with almost total precision. However, even
these calculations are limited by residual uncer-
tainties in the motions of the bodies involved
when extrapolations hundreds of years in the
past or future are attempted. With three bodies
gravitationally interacting, no exact solution
for the orbits is possible, although modern ap-
proximation methods are very good. Further-
more, the rate of rotation of the Earth has var-
ied over time and continues gradually to slow,
complicating the calculation of eclipse times
and locations far back into the past or far for-
ward into the future.

A total solar eclipse is perhaps the most spec-
tacular natural event that can be seen. During a
total solar eclipse, the Moon appears as a dark
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disk that slowly moves across
and covers the bright disk of
the Sun. Just before the Sun is
completely covered, the re-
maining bright crescent nar-
rows until it becomes a chain
of bright spots along the edge
of the Moon. These spots,
called Bailys beads, represent
a last glimpse of the Sun’s
photosphere between moun-
tains at the edge of the Moon.
Then for a few seconds, the
Sun’s chromosphere (a thin
layer of transparent gas above
the photosphere) can be seen
as a red fringe along the lead-
ing edge of the Moon. At about
this time, rapidly moving
shadow bands, striations of
light and dark a few centime-
ters across, can be seen rip-
pling across the ground and
along walls. These are be-
lieved to be due to atmospheric
refraction. The sky turns dark
during totality, but not com-
pletely dark; some light is
scattered into the umbra from
outside the region of totality.
The darkness at totality produces uneasiness
among some animals, and birds are sometimes
seen to go to roost, as at sunset. The solar co-
rona, the Sun’s outer atmosphere of hot ionized
gases, is seen as a glowing white halo around
the dark silhouette of the Moon. Smaller, fiery
red solar prominences are often observed
around the edge of the Moon. As totality ends,
the shadow bands, chromosphere, and Baily’s
beads can be seen briefly again.

It is important never to look directly or
through optical instruments such as telescopes,
binoculars, or camera viewfinders at the un-
eclipsed or partially eclipsed Sun without using
suitable filters manufactured for this purpose.
Common sunglasses are insufficient to prevent
severe, painful, and permanent eye injuries,
which can occur nearly instantaneously. How-
ever, during totality, when the Moon completely
covers the Sun’s photosphere and only the co-

rona is visible, no filter is needed. Furthermore,
no filters are needed to watch lunar eclipses. A
telescope or at least binoculars generally are
needed to enlarge the view of most occultations
and transits.

CONTEXT

Eclipses, occultations, and transits have
been powerful tools to derive useful informa-
tion, to make new discoveries, and to test and
confirm various theories and predictions. One of
the oldest such uses can be traced back to the
ancient Greeks. They understood how lunar
and solar eclipses occurred, and the circular
outline of the Earth’s shadow seen on the Moon
during lunar eclipses was cited by Aristotle
(384-322 b.c.e.) and other Greek philosophers as
evidence that the Earth must be spherical.

In 1675, the Danish astronomer Ole Rømer
was studying the orbital motion of Jupiter’s four
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largest moons (its Galilean satellites) by care-
fully timing their eclipses in Jupiter’s shadow.
He discovered that the eclipses occurred later
than expected when Earth and Jupiter were far-
ther apart and earlier than expected when
Earth and Jupiter were closer. He realized that
this phenomenon could be explained if light did
not travel instantaneously but took time (about
16.6 minutes by his measurements) to cross the
Earth’s orbit (a distance of 2 astronomical
units). Since the length of the astronomical unit
was not known accurately then, he never actu-
ally calculated the speed of light in “everyday”
type units, but this was the first demonstration
that light traveled at a finite speed.

Eclipses of the satellites of Jupiter, as well as
much less frequent lunar and solar eclipses,
helped seafarers find their location at sea and
map the Earth. Although latitudes can be deter-
mined easily by measurements of the maximum
altitude above the horizon reached by the Sun in
the daytime or specific stars at night, longitudes
cannot be determined astronomically without a
time reference. Pendulum clocks did not run ac-
curately at sea because of the motion of the ship,
but the calculated times of eclipses provided the
necessary time reference and permitted reliable
navigation and the construction of accurate
maps.

Solar eclipses have helped resolve some of
the most important questions in science. They
provided an infrequent opportunity for observ-
ing some of the Sun’s features—such as its co-
rona, chromosphere, and prominences—which,
before the development of modern instruments,
were otherwise hidden most of the time by the
brightness of the Sun. The element helium
(from Helios, the Greek Sun god) was first dis-
covered in the flash spectrum of the chromo-
sphere during a total solar eclipse in 1868.

An observational test of general relativity
was carried out first during the 1919 total solar
eclipse. In 1915, Albert Einstein had published
his then-controversial general theory of relativ-
ity. One of its predictions was that light passing
by a massive object, such as the Sun, would be
deflected by gravity. By photographing the star
field around the totally eclipsed Sun and com-
paring the apparent positions of the stars near
the edge of the Sun to a photograph of the same

star field when the Sun was in a different part of
the sky, astronomers verified this prediction of
general relativity. It has been confirmed repeat-
edly at several total solar eclipses since then.
Radio interferometry observations of a shift in
the position of quasar 3C273 when it is occulted
by the Sun have provided even more accurate
confirmation.

In 1977, astronomers observed the occulta-
tion of a star by the planet Uranus to study its
atmosphere by the way it absorbed light from
the star. They were surprised when the star
faded and brightened several times before and
after being occulted by Uranus itself. This was
attributed to a set of rings around Uranus, and
was the first discovery of rings around a planet
other than Saturn.

Firman D. King,
revised by Richard R. Erickson
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Electromagnetic Radiation:
Nonthermal Emissions
Category: The Cosmological Context

Objects emit light in many ways. Different
conditions cause different forms of light to
be emitted. Understanding the different
forms of light emission can help in under-
standing the conditions where the light is
emitted by studying the light itself.

OVERVIEW

Electromagnetic radiation is the name given
to the phenomenon of waves of coupled electric
and magnetic fields. Visible light is one form of
electromagnetic radiation. Other forms, such as
radio waves and X rays, are different solely in
the frequency at which they oscillate and their
wavelengths. The energy of electromagnetic ra-
diation is linearly proportional to the frequency
of the radiation. Different physical processes
produce different forms of radiation. Among the
most commonly produced electromagnetic radi-
ation is thermal radiation (sometimes called
blackbody radiation). Thermal radiation is pro-
duced by the molecular motion of anything that
is not at absolute zero temperature. A plot of in-
tensity versus wavelength for thermal radia-
tion produces a well-defined characteristic spec-
tral profile. However, there are many other
physical processes that produce electromag-
netic radiation other than through thermal
means.

One of the most common forms of nonthermal
electromagnetic radiation is emission spectra.
When an electron in an atom jumps from a
higher-energy state to a lower one, it emits elec-
tromagnetic radiation. The particular wave-
length of radiation emitted depends on just the
energy states in which the electron started and
finished its transition. The greater the energy
difference, the higher the frequency and the
shorter the wavelength of radiation. Different
atoms have very specific permitted energy lev-
els for their electrons, and therefore they emit
only specific radiative wavelengths. This is un-
like thermal radiation, which is continuous
across many wavelengths. All atoms of a partic-
ular chemical element have the same possible
energy levels, so they will all have the same pos-
sible spectral line emissions, or spectral “signa-
ture” or profile. Thus, analysis of the spectral
lines emitted by an object can be used to deter-
mine its chemical composition.

Another form of electromagnetic radiation
emission that is similar to the emission spectra
from electron transitions occurs through elec-
tron spin-flip transitions. Electrons have a
small angular momentum, called the spin of the
electron. This gives the electron a small mag-
netic moment. If that magnetic moment is
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aligned with that of the atomic nucleus, then
the atom has more energy than if it were aligned
in the opposite direction. Therefore, if the elec-
tron flips its spin, the atom must emit a photon
of light having energy equal to the difference in
energy between the two states. One of the most
important examples of this type of transition is
the spin flip of hydrogen, which produces elec-
tromagnetic radiation with a characteristic
wavelength of 21 centimeters.

Electromagnetic radiation comes from
changing electric and magnetic fields, so any
motion by a charged particle can produce elec-
tromagnetic radiation. In particular, certain
types of electromagnetic radiation are produced
from accelerated charges. One example of this
type of radiation is synchrotron radiation. Ac-
celeration is change in velocity. That change
can be from speeding up or slowing down, or it
can be from a change in direction of the velocity.
When objects move around in circular or other
curved paths, they change direction even if they
do not change speed. If these objects are charged
particles, then this curved motion results in the
emission of electromagnetic radiation. This ra-
diation is called curvature radiation or cyclo-
tron radiation. However, if the charged parti-
cles are moving at or near the speed of light, the
radiation is called synchrotron radiation and it
takes on special properties. The synchrotron ra-

diation is beamed along the path of the elec-
trons, which amplifies its intensity, and it is po-
larized (meaning that the electric fields of the
various electromagnetic waves are aligned). A
spectrum of synchrotron radiation shows a drop
in intensity with frequency, making an easily
recognized spectral profile. A common source of
synchrotron radiation is electrons or other
charged particles moving in a magnetic field.
Jupiter’s magnetosphere emits synchrotron ra-
diation.

Another form of radiation produced by accel-
erated electrical charges is Bremsstrahlung ra-
diation. The name comes from the German
meaning “braking radiation” because it is pro-
duced when fast-moving charged particles
abruptly slow down. Technically, the term
Bremsstrahlung radiation can be applied to any
radiation emitted by an accelerating charged
particle, including synchrotron radiation; how-
ever, in practice the term is frequently limited
to cases where the particles slow down (nega-
tive acceleration). Bremsstrahlung radiation
can be generated, for example, during solar
flares. Energy released in the flare event can ac-
celerate electrons near the surface of the Sun to
almost the speed of light. The electrons then in-
teract with the outer layers of the Sun to slow
down, producing a burst of X rays from the
Bremsstrahlung radiation of their deceleration.
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Like synchrotron radiation, Bremsstrahlung
radiation has a spectral profile that decreases in
intensity with increasing radiation frequency.

Another form of nonthermal emission is
Cherenkov radiation, which is also produced by
ultrafast charged particles. Nothing can travel
faster than light in a vacuum. However, light
travels more slowly through a medium than
through a vacuum. When a charged particle
moving near the speed of light enters a medium
in which the speed of light is slower than the
particle, the changing electromagnetic fields
produced by the particle’s motion augment each
other to produce electromagnetic radiation
moving in the same general direction as the par-
ticle’s motion. The particle slows as a result.
While this sounds much like Bremsstrahlung
radiation, the physical process is different.
High-energy cosmic rays produce Cherenkov
radiation when they enter Earth’s atmosphere.

Yet another nonthermal source of radiation
is light amplification by stimulated emission of
radiation (laser). An excited atom can be stimu-
lated to emit radiation by the passage of a pho-
ton of light having the same wavelength as the
light that would be emitted if the atom’s elec-
tron were spontaneously to go from a high en-
ergy level to a lower one. The stimulated radia-
tion is in the same direction and in phase with
the stimulating radiation, amplifying its inten-
sity. The atmosphere of Mars is capable of
lasing infrared light. Laser light is character-
ized by the light’s being coherent; that is, all of
the light is the same wavelength, moving paral-
lel and in phase.

Pair annihilation can provide yet another
form of nonthermal electromagnetic radiation.
All particles of matter have a corresponding
particle of antimatter. When a matter particle
comes together with its antiparticle, the parti-
cle and the antiparticle annihilate each other.
The combined mass of the particle and the anti-
particle is converted into energy through Ein-
stein’s famous relationship E = mc2. The energy
is realized by a pair of photons, or particles of
electromagnetic radiation, moving in opposite
directions from the annihilation site. The en-
ergy of the particles, and hence their wave-
length and frequency, is determined by the
mass of the particle and the antiparticle.

KNOWLEDGE GAINED

Electromagnetic radiation is produced in
many different ways. The type of radiation pro-
duced is determined by the physical process pro-
ducing the radiation. Measurement of that radi-
ation and its characteristics can then be used to
understand the source of the radiation.

For astronomers, one of the most important
forms of electromagnetic radiation is the emis-
sion from electron transitions between energy
levels in an atom or molecule. In fact, the elec-
tromagnetic spectrum produced by a collection
of atoms or molecules doing this is simply called
its emission spectrum. The emission spectrum
of a body can be used to determine its chemical
composition. Furthermore, if the electrons are
in a low energy level, light shining on the body
can excite electrons to higher energy levels.
Only light having energy equal to the energy
difference between energy levels can be ab-
sorbed. Thus, only certain wavelengths of light
can be absorbed. These wavelengths are the
same as those given off in emission spectra.
Therefore, studies of the light absorbed and not
reflected can also be used to determine chemical
composition of a body.

The 21-centimeter radiation can be used to
detect the presence of hydrogen atoms in space.
Synchrotron radiation can be used to probe the
magnetospheres of planets. Bremsstrahlung
radiation is important in studies of planetary
atmospheres and the Sun. Cherenkov tele-
scopes have been constructed on Earth to study
the nature of cosmic rays. Studies of the las-
ing properties of planetary atmospheres also
lead to better understandings of those atmo-
spheres.

Though some is visible light, much of the
nonthermal electromagnetic radiation is in
forms other than as visual light. Thus, studies
of nonthermal radiation use techniques from all
areas of astronomy: optical, radio, X-ray, infra-
red, and ultraviolet astronomy. In fact, many
forms of this radiation could not be studied at all
until astronomers had developed the tools to
study nonoptical wavelengths of light. Now that
it is possible to study all of these wavelengths
and the character of many forms of nonthermal
radiation is understood, our understanding of
the universe has greatly improved.
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CONTEXT

Astronomers study objects that are very far
away. Unlike most other scientists, astrono-
mers do not have the luxury of being able to
have the object of their study in a laboratory set-
ting, but rather have to look at it from afar. This
means primarily studying the electromagnetic
radiation of the objects. While robotic spacecraft
are capable of conducting studies in situ on the
surface of a world, only a very few planets have
been probed in this manner. Other spacecraft
have flown by planets or even been placed into
orbit around those planets. However, even most
of these spacecraft have conducted their studies
using electromagnetic radiation. Understand-
ing the nature of this radiation and how it is cre-
ated can lead to a far greater understanding of
the bodies that are producing that radiation.

Every object that is not at absolute zero tem-
perature emits thermal radiation, and study of
the thermal radiation emitted by a body is very
important to understanding it. However, far
more information can be gleaned from studies of
the nonthermal radiation emitted. The tools
and techniques of doing so have become among
the most important tools in the astronomer’s ar-
senal for understanding celestial bodies.

Raymond D. Benge, Jr.

FURTHER READING

Asimov, Isaac. Understanding Physics. London:
Allen & Unwin, 1967. A quite old but still
very good book that introduces the basic con-
cepts of electromagnetism for the nonscien-
tist. Even though it is dated, it does an ex-
cellent job of covering the basic principles
without mathematics. Widely available in li-
braries.

Caroll, Bradley W., and Dale A. Ostlie. An Intro-
duction to Modern Astrophysics. 2d ed. San
Francisco: Pearson Addison-Wesley, 2007. A
textbook designed for undergraduate astron-
omy majors. The book gives an excellent ex-
planation of the uses of the information
gained by studies of thermal and nonthermal
radiation. A knowledge of calculus is as-
sumed.

Freedman, Roger A., and William J. Kaufmann
III. Universe. 8th ed. New York: W. H. Free-
man, 2008. An excellent and thorough intro-
ductory college astronomy textbook. An en-
tire chapter is spent on the nature of light
(electromagnetic radiation), including emis-
sion and absorption spectra. Later chapters
discuss synchrotron radiation.

Robinson, Keith. Spectroscopy: The Key to the
Stars—Reading the Lines in Stellar Spectra.
New York: Springer, 2007. Written for the se-
rious layperson and amateur astronomer,
this book does a good job of explaining spec-
troscopy. Prior knowledge of the physics in-
volved is not necessary to follow the text.

Rybicki, George B., and Alan P. Lightman. Ra-
diative Processes in Astrophysics. New York:
Wiley, 1979. An advanced book aimed pri-
marily at upper-division undergraduate stu-
dents or first-year graduate students; how-
ever, anyone with a firm grasp of physics and
mathematics can follow it. The book is a num-
ber of years old, but the basic processes that
produce thermal and nonthermal radiation
have been understood since before the book
was written.

Verschuur, Gerrit L. The Invisible Universe:
The Story of Radio Astronomy. 2d ed. New
York: Springer, 2006. Awell-illustrated work
for the layperson, with many photographs.
The book does not deal directly with a de-
scription of nonthermal electromagnetic ra-
diation, but it does show how 21-centimeter
and similar forms of nonthermal radiation
are used in radio astronomy.

See also: Big Bang; Cosmic Rays; Cosmology;
Electromagnetic Radiation: Thermal Emis-
sions; General Relativity; Greenhouse Effect;
Interstellar Clouds and the Interstellar Me-
dium; Milky Way; Novae, Bursters, and X-Ray
Sources; Optical Astronomy; Radio Astronomy;
Space-Time: Distortion by Gravity; Space-Time:
Mathematical Models; Telescopes: Space-
Based; Universe: Evolution; Universe: Expan-
sion; Universe: Structure.
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Electromagnetic Radiation:
Thermal Emissions
Category: The Cosmological Context

Electromagnetic radiation emitted from
the surface of an object provides valuable
information regarding the physical state of
the object. Whenever the temperature of the
object is above absolute zero, the intensity
of the radiation emitted and its distribu-
tion with wavelength—its thermal spec-
trum—largely depend only on the absolute
temperature of the object. Thus, the tem-
perature of an object can be determined
from its thermal emissions.

OVERVIEW

An isolated atom or ion possesses a unique
set of discrete, quantized energy levels. Transi-
tions from a higher energy level to a lower one
result in the emission of a photon of electromag-
netic radiation whose wavelength depends on
the difference in energy between the two levels.
Specifically, Ephoton = Ehigher − Elower = hc/λ, where
h is Planck’s constant, c is the speed of light in a
vacuum, and λ is the wavelength of the photon
emitted. The inverse process, involving the ab-
sorption of a photon of the same wavelength,
will cause the atom or ion to transition from the
lower energy state to the higher one. Thus, if an
atom or ion is excited to one of its high energy
states by a collision with some other atom or by
absorbing radiation, cascading down to lower
energy states produces emissions of photons of
various specific wavelengths corresponding to
the energy gaps between pair combinations of
energy levels. This emission (or absorption)
spectrum identifies the atom or ion involved in
the process.

A discrete spectrum, however, can be quite
complex, because it depends not only on the
temperature and chemical composition of the
object but also on its density, the local gravity
field, the object’s speed, and whether all parts
are in thermal equilibrium. When atoms crowd
together at high density, however—as in a solid,
a liquid, or even a gas in the interior of a star—
the energy levels of each atom or ion shift from

their isolated configuration. The resulting
smearing of energy levels relative to their iso-
lated configuration permits a continuum of
transitions where formerly only discrete transi-
tions existed. If the material is dense enough, no
restrictions exist as to which wavelengths can
be emitted or absorbed. The electromagnetic ra-
diation emitted in this case is called thermal ra-
diation. In an idealized case where the composi-
tion and surface texture of the object can be
neglected, the electromagnetic radiation emit-
ted is also referred to as blackbody radiation.
The shape and characteristics of the resulting
spectrum depend only on the temperature of the
object emitting the radiation.

Experimental investigations in the last quar-
ter of the nineteenth century showed that the
thermal spectrum of a hot object is character-
ized by relatively low-intensity emissions at
short wavelengths, a rapid rise in intensity
peaking at some intermediate wavelength, fol-
lowed by a gradual diminishing in intensity
at longer wavelengths. Furthermore, Wilhelm
Wien, by applying the laws of thermodynamics
to electromagnetic radiation, showed in 1893
that the wavelength at which the peak in the
thermal spectrum appears depends on the tem-
perature of the object according to the relation
λpeak = b/T, where T is the absolute temperature
of the object and b is a constant whose value
is 2.898 × 10−3 meter kelvin. (Max Planck later
showed that b is itself constituted from other
fundamental constants of nature.)

In 1879, Joyef Stefan used the experimental
measurements of thermal spectra to deduce an
expression giving the irradiance, the total en-
ergy radiated per unit time interval by a
blackbody per unit area of the emitting surface,
as a function of the object’s temperature. In
1884, Ludwig Boltzmann provided the theoreti-
cal framework for the expression, which came to
be known as the Stefan-Boltzmann law. This re-
lation linking the irradiance with temperature,
R = σT4, contains a new constant σ whose value
is 5.67 × 10−8 joule/second/meter2/kelvin4 and in-
dicates that the amount of energy radiated by a
blackbody increases rapidly with temperature.
Like the constant b, σ too was later shown to be
composed of fundamental constants of nature.

By 1900 Max Planck had synthesized the
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prior experimental and theoretical information
with his quantum hypothesis to deduce the pre-
cise relation that describes the blackbody spec-
trum of an object. The intensity I(λ,T) of light
emitted at a wavelength λ by a blackbody at
temperature T is given as

I(λ,T) = 2hc2/[λ5(ehc/λkT − 1)]

a relation known as Planck’s law. The constant
k is Boltzmann’s constant. Though these rela-
tions strictly apply only to blackbodies, many
objects, to varying degree, approximate black-
bodies, especially if their temperatures are very
high or very low.

Tracing an object’s thermal spectrum in-
volves measuring the intensity of light through
different filters that transmit electromagnetic
radiation in relatively small bands of wave-
lengths. Modern technologies permit the fabri-
cation of filters and detectors for any region of
the electromagnetic spectrum. Typically, how-
ever, measuring the intensity of thermal emis-
sions in only three or four wavelength bands
suffices to determine the shape of an object’s
thermal spectrum and therefore estimate its
temperature. Because the Earth’s atmosphere
itself filters incoming electromagnetic radia-
tion, intensity measurements in parts of the in-
frared and radio regions and nearly all mea-
surements at wavelengths shorter than the
violet are best made from satellites in space out-
side the atmosphere. The solar system contains
objects that produce phenomena in a wide range
of temperature.

The Sun, the hottest object in the solar sys-
tem, generates enormous amounts of energy by
means of nuclear reactions. Its hot, dense inte-
rior produces a spectrum which is nearly
blackbody. Highly energetic phenomena in the
Sun’s photosphere, chromospheres, and corona
superimpose nonthermal features on the
blackbody spectrum, however. The planets, too,
are sources of thermal emissions, not only be-
cause of their warmth in absorbing and then
reemitting solar radiation, but also because of
the residual radiating energy left over from
their formation and internal heat generated by
the decay of radioactive nuclei. Scattered
throughout the solar system, dust fills much of

the space between planets and is plentiful in its
outer regions. Far from the Sun, the tempera-
ture of the dust falls to just a few tens of degrees
above absolute zero, resulting in thermal emis-
sions in the far-infrared region of the spectrum.
Detecting thermal emissions from cold objects
presents a challenge, however. In order to pre-
vent the thermal emissions from the detector it-
self from overwhelming the signal from the ob-
ject studied, the detector with its electronics
must be cooled to temperatures very near abso-
lute zero.

KNOWLEDGE GAINED

Thermal spectra provide a wealth of funda-
mental information regarding objects in the so-
lar system. The Sun’s spectrum is particularly
informative. From satellite observations out-
side the complicating effects of Earth’s atmo-
sphere, the wavelength of the peak intensity is
approximately 470 nanometers. Wien’s law in-
dicates that the corresponding temperature of
the visible portion of the Sun, its photosphere, is
6,170 kelvins. Another estimate of the Sun’s
temperature may be obtained from the Stefan-
Boltzmann law, which links the irradiance of
the Sun to its temperature. From satellite mea-
surements outside Earth’s atmosphere, 1,368
watts of electromagnetic power are delivered to
each square meter of detector surface. Because
the distance to the Sun is known, the total
power output of the Sun can be computed to
be 3.85 × 1026 watts, and from its size, the
irradiance is determined to be 6.34 × 107 watts/
meter2. The Stefan-Boltzmann law implies
that the Sun’s temperature is 5,780 kelvins.
The temperatures determined by these two
methods differ because the Sun is not a perfect
blackbody. Nonthermal absorption features
created by atoms and ions in its atmosphere re-
move energy from one part of the spectrum, and
that energy reappears in other parts, thus pro-
ducing a spectrum slightly distorted from that
of a blackbody.

A combination of both Wien’s law and the
Stefan-Boltzmann law yields an equilibrium
temperature profile within the solar system il-
luminated by the central Sun. Thus, objects far-
ther from the Sun capture less of the Sun’s radi-
ant energy, are cooler than objects nearer the
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Sun, and so possess thermal spectra whose peak
wavelengths are longer than objects nearer the
Sun. As an example of an application of this
principle, the location of the majority of the dust
in the solar system can be deduced. Visual ob-
servations from Earth have long recognized
that the zodiacal light was likely due to dust ly-
ing in the plane of the ecliptic. Infrared satellite
observations of the dust indicate that the peak
in the thermal spectrum of the dust occurs at
approximately 12 microns (1 micron = 10−6 me-
ters). The 12-micron peak in the thermal spec-
trum of the dust in the solar system corresponds
to a distance of 4.0 × 1011 meters, or about 2.7
AU (one astronomical unit, or AU, being the
mean distance between Earth and the Sun), a
location at the inner region of the asteroid belt.
Most likely, collisions among objects within the
asteroid belt generate the observed dust.

CONTEXT

An idealized blackbody spectrum quite
closely mimics the spectrum of thermal electro-
magnetic radiation produced by a real object for
the corresponding temperature. In this case,
the wealth of theoretical results associated with
blackbody radiation can be used to tease out in-
formation from the object under study. Within
our solar system, images of rocky worlds taken
through two or three filters in different parts of
their thermal spectra produce a composite im-
age that displays the distribution of minerals on
their surfaces. In some instances, such a com-
posite image identifies the minerals without
having to retrieve a sample. This helps plane-
tary scientists understand the relation between
the mineralogy and the landforms, providing
valuable clues as to the processes that produced
the visible landscape. In other cases, thermal
emission images of the surface of a planet, satel-
lite, or asteroid serve as an important prelude to
identifying the best target areas for a landing
and site exploration, as in the case of many mis-
sions to the Moon and Mars.

The same information gleaned from the ther-
mal spectra of objects within the solar system
can be retrieved from a study of the spectra of
objects and systems throughout the cosmos.
Dust around young stars sometimes points to
the formation of new solar systems beyond our

own. Finally, the universe itself announces it-
self in subtle, omnipresent thermal emissions
corresponding to a blackbody at a temperature
of 2.725 kelvins, the radiation left over from the
hot, dense creation of the cosmos 13.7 billion
years ago.

Anthony J. Nicastro

FURTHER READING

Beiser, Arthur. Concepts of Modern Physics. 6th
ed. New York: McGraw-Hill, 2002. An excel-
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theories to understand this phenomenon.
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spectra, are linked. Other parts of the book
show applications to the solar system and the
cosmos.
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Around Stars. Bristol: Institute of Physics
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tions of satellite and airborne spectrometry.
Gives an extensive account of data collection
and interpretation of images of geological
and agricultural regions. Focuses primarily
on terrestrial applications.

Zeilik, Michael, and Stephen A. Gregory. Intro-
ductory Astronomy and Astrophysics. 4th ed.
Fort Worth, Tex.: Saunders College Pub-
lishing, 1998. A college-level text that pro-
vides broad coverage of astronomy and as-
trophysics. Results from an early cursory
coverage of thermal radiation are used
throughout an examination of the solar sys-
tem. Later in-depth coverage of electromag-
netic thermal and nonthermal radiation
forms the basis for studying objects and phe-
nomena across the cosmos. Makes heavy use
of algebra and trigonometry.

See also: Big Bang; Cosmic Rays; Cosmology;
Electromagnetic Radiation: Nonthermal Emis-
sions; General Relativity; Greenhouse Effect;
Interstellar Clouds and the Interstellar Me-
dium; Milky Way; Novae, Bursters, and X-Ray
Sources; Optical Astronomy; Radio Astronomy;
Space-Time: Distortion by Gravity; Space-Time:
Mathematical Models; Telescopes: Space-
Based; Universe: Evolution; Universe: Expan-
sion; Universe: Structure.

Enceladus
Categories: Natural Planetary Satellites; The

Saturnian System

Enceladus is the brightest of the satellites
located within the rings of Saturn. It has
much in common with what scientists ex-
pected to find on comets, especially water
ice. However, it appears to have been
formed more than four billion years ago as
a spinning mass of soft material.

OVERVIEW

Enceladus was discovered on August 28,
1789, by William Herschel. Its orbit around Sat-
urn has a semimajor axis of 237,948 kilometers
and an eccentricity of 0.0047, with a period of

118,386.82 seconds (nearly 33 hours). The orbit
is inclined at 0.019° to Saturn’s equator and lo-
cated inside the E ring around Saturn. This
places Enceladus at roughly 4 Saturn radii, lo-
cated between the orbits of the moons Mimas
and Tethys, which are about one Saturn radius
on either side. Its rotation is synchronous and
has no axis tilt, so that the same hemisphere al-
ways faces Saturn. It is nearly spherical, with a
mean diameter of 504.2 kilometers, being a
slightly flattened ellipsoid with dimensions of
513.2 kilometers along the orbit radius pointed
at Saturn, 502.8 kilometers along the orbit
path, and 496.6 kilometers between the north
and south poles.

It is the sixth-largest moon of Saturn. It has a
mass of 1.08022 × 1020 kilograms, and the mean
density is approximately 1,609 kilograms per
cubic meter. The value of acceleration due to
gravity at the surface on the equator is 0.111
meter/second2. The escape velocity at the sur-
face is 0.238 kilometer/second, neglecting atmo-
spheric drag. Enceladus has very high Bond
albedo of 0.99 and geometric albedo of 1.375, the
highest among the satellites embedded in the
Saturnian rings, indicating strong reflection.
Its apparent magnitude from Earth is 11.7.

Enceladus is tidally locked in synchronous
orbit around Saturn, meaning that the hemi-
sphere with the higher density always faces
Saturn. Looking into the sky from the Saturn-
facing side, the planet would occupy roughly 30°
of the sky and appear to be spinning in roughly
the same position at all times. From the side
hidden from Saturn, the Sun would appear very
small, rising and setting in roughly 17 hours
as Enceladus completed half an orbit around
Saturn.

The orbital eccentricity of Enceladus is at-
tributed to a resonance with the satellite Dione,
with Enceladus completing two orbits for each
orbit by Dione. This resonance may also drive
the tidal heating of Enceladus. The shape of
Enceladus is very close to that of an equilib-
rium-flattened ellipsoid, hydrostatically bal-
anced by gravity and spin, which is the shape
that an object would have in space if it were
composed of homogeneous and fluid material.
However, simulations of orbital evolution and
the tidal locking suggest some variation in its
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internal density. The higher aver-
age density than that of water in-
dicates denser material, possibly
silicates, inside Enceladus.

Most of the data about the sur-
face and orbital environment of
Enceladus come from close flyby
observations by the Voyager and
Cassini spacecraft. The Voyager
mission revealed evidence of a
complex thermal history of En-
celadus and showed several prov-
inces with distinct geographical
features. Short periods of intense
heating and geological activity ap-
pear to have been separated by
long periods of inactivity. Surface
features include long, narrow de-
pressions (fossae), ridges with cliffs
of several hundred meters (dorsa),
plains (plantia), long, parallel can-
yons (sulci), and craters. The ter-
rain of the northern latitudes ap-
pears to be more than 4.2 billion
years old, with more than one
crater every 5 square kilometers,
most of them bowl-shaped. Some
craters are as large as 35 kilome-
ters in diameter, while the majority are very
small, less than a meter in diameter. The equa-
torial plains, named the Sarandib Plantia, show
striations and folding, with about one crater ev-
ery 70 square kilometers. Craters in these youn-
ger regions show viscous relaxation, indicating
mechanisms for melting or distortion of the sur-
face.

The ridged and grooved plains of the
Samarkand Sulcus, at 55° to 65° south latitude,
are 100,000 to 500,000 years old, and the frac-
tured regions south of that show few if any crat-
ers. The Cassini orbiter approached the south
polar region of Enceladus to within 168 kilome-
ters on July 14, 2005, taking images with a reso-
lution of 4 meters per pixel. House-sized boul-
ders believed to be made of ice littered the polar
landscape, but craters were nearly absent. A set
of parallel “tiger-stripe” fractures, roughly 500
meters deep, 2 kilometers wide, and 130 kilome-
ters long, are flanked by 100-meter high ridges.
Temperature is as high as 175 kelvins. South of

55° south latitude, a chain of fractures and
ridges circumscribes the moon. Some fractures
intersect and overlay others. Scientists associ-
ate these fractures and ridges with the flatten-
ing and extension due to gravitational interac-
tions with Saturn and other moons.

The Cassini flyby of Enceladus in 2005 re-
vealed a water-rich plume ejecting as narrow
jets from vents in the tiger-stripe sulci of the
south polar region. The fine sizes of the particles
in the plume, which freeze to ice or sublimate
soon after ejection, suggest that the plume origi-
nates in a subsurface body of liquid water. Some
of the water jets reach exit speeds of 600 meters
per second, well above the 238 meters per sec-
ond needed to escape the gravity of Enceladus.
The mass flow rate of the plume is on the order
of 100 kilograms per second, comparable to that
of air through a modern supersonic jet fighter
engine. Much of this mass may initially escape
Enceladus into the ring around Saturn and may
be the origin of the mass in the E ring of Saturn.
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The smooth, young surface of Enceladus is seen in this October, 2008,
image from the Cassini spacecraft. (NASA/JPL/Space Science Insti-
tute)



Enceladus also captures mass as snow falling to
the surface from the E ring. Some scientists
think that less than 1 percent of the mass in the
plume can escape into the E ring. Numbers cited
in different papers vary greatly on this subject.

Cassini approached to within 52 kilometers
of the southern middle latitudes on March 12,
2008, in its E3 close approach, then dropped be-
hind Enceladus in its orbit. It grazed the edge of
the plume, which trails the satellite like the tail
of a comet. The density of these portions of the
plume had been predetermined from Earth by
observing the dimming of starlight as the plume
crossed in front of a star with an ultraviolet im-
aging spectrograph (UVIS). Roughly 70 seconds
after closest approach, the craft was 250 kilome-
ters above the surface, when the onboard ion
and neutral mass spectrometer (INMS) encoun-
tered a peak particle density of nearly 10 mil-
lion particles per cubic centimeter. This was
still in the outer edge of the plume. The sharply
defined plume edge provides further strong evi-
dence that the plume comes out as a supersonic
jet, as opposed to a diffuse subsonic plume

caused by friction heating of ice due to the tidal
stresses at the fractures. Measured gas density
was twenty times higher than that predicted
based on thermal expansion.

KNOWLEDGE GAINED

Data from the INMS suggest that the plume
contains, beyond nearly pure water (ice), signif-
icant amounts (ranging from 1 to 10 percent) of
carbon dioxide, methane, and other organic
molecules, both simple and complex. There was
a strong signal from something of molecular
weight near 28, but there is debate over
whether this substance is nitrogen (per the
INMS data) or carbon monoxide (per the
Cassini plasma spectrometer data). The values
were similar to those predicted for many comet
tails. The organic molecules detected include
acetylene (C2H2), ethane (C2H6), hydrogen cya-
nide HCN, formaldehyde (H2CO), propyne
(C3H4), propane (C3H8), and acetonitrile (C2H3N).
The cosmic dust analyzer instrument on the
craft did not succeed in capturing the particle
sizes. The Cassini plasma spectrometer (CAPS),
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An artist’s conception of the surface of Enceladus, showing one of the moon’s ice geysers and Saturn in the back-
ground. (NASA)



which measures ions, detected much larger par-
ticles as well, on the order of nanograms. If
these were ice particles, they may have been as
large as 0.01 to 0.1 millimeter in diameter, com-
parable to the particle sizes calculated from sur-
face observation data of the south polar terrain.
CAPS also detected positively and negatively
charged ions, segregated in different regions of
the plume.

Enceladus has no measurable internal mag-
netic field, but it has a significant influence on
the magnetosphere of Saturn, strongly deflect-
ing magnetic lines. This is now attributed to the
water plume. Ions accelerated to energy levels
of 20 kilo-electron volts by Saturn’s strong mag-
netic field collide with the molecules in the
plume, breaking them up into atoms and ioniz-
ing them. These fresh ions are again accelerated
by the magnetic field, and, in turn, Enceladus
substantially deflects the magnetic field lines of
Saturn. Scientists also associate clouds of oxy-
gen and hydrogen observed around Saturn with
the atoms and ions generated when the water
molecules in the plume from Enceladus collide
with high-energy ions in the E ring.

Enceladus shows a trace atmosphere with
surface pressure varying significantly in spatial
location and perhaps in time, composed of about
90 percent water vapor, 4 percent nitrogen, 3.2
percent carbon dioxide, and 1.7 percent meth-
ane. Surface temperature varies from 32.9 to
145 kelvins, with a mean of 75 kelvins. The sur-
face appears to be covered in clean water ice, ac-
counting for the high reflectivity. The atmo-
sphere is hypothesized to be an expanding,
supersonic neutral gas cloud emanating from
the surface after molecules are “sputtered” from
the surface by collisions with high-energy ions.

In late 2008, presentations given at the
American Geophysical Union meeting in San
Francisco revealed that data from Cassini’s ob-
servations of Encedalus strongly indicated that
the satellite’s surface displays action similar to
the action of Earth’s ocean floor, where new
crustal material emerges from slits in the crust.
Cassini imaging team leader Carolyn Porco pro-
posed that liquid water was present on En-
celadus’s surface and that that surface splits
and spreads apart. On Earth, molten rock rising
up from deep in the planet causes the crustal

spreading, whereas on Enceladus the surface
spreading originates with upwelling of liquid,
presumably water. Evidence suggested that the
Tiger Stripes formations near the satellite’s
south pole are akin to the mid-ocean ridges
found on the Earth’s seafloor. Close flybys of
that region resulted in more data on eruptions
of water through vents in the Tiger Stripes for-
mation. Combined with evidence of crustal
spreading, these data have revealed Enceladus
to be a surprisingly active world.

CONTEXT

The presence of water ice in a low-gravity
body within seven years’ travel time of Earth ex-
cited planners of deep space missions, since
water is an excellent future propellant. The dis-
covery of high-speed water jets from the south
polar region provides strong evidence of liquid
water below the surface, and continuing tec-
tonic processes. Complex organic molecules dis-
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Enceladus’s “tiger stripes” are visible in this Cassini
image from 2008. (NASA/JPL)



covered in the jet plume fuel speculation about
precursors of life. Enceladus is one of three
known planetary bodies in the solar system (be-
sides Earth and the Jovian satellite Io) that has
an internal heat made visible by remote sens-
ing. The relations between Enceladus and the
E ring, the magnetosphere, and clouds of oxy-
gen and hydrogen around Saturn are subjects of
intense study.

The similarity between Enceladus and comets
has raised questions about the origin and evolu-
tion of the solar system. Comets were thought to
have originated far outside the orbit of Pluto, in-
dependently of the planets, while the planetary
satellites formed from the same cloud as the
Sun and planets. However, Enceladus appears
to have nearly pure water ice, as predicted for
comets. How such a large, nearly spherical com-
etary body could have been captured in an orbit
so close to Saturn is an unanswered question.
Narayanan M. Komerath and David G. Fisher

FURTHER READING

Benna, M., and W. Kasprzak. “Modeling of the
Interaction of Enceladus with the Magneto-
sphere of Saturn.” Lunar and Planetary Sci-
ence 38 (2007). Discusses results of different
numerical models of the magnetosphere in-
teraction and the atmosphere of Enceladus,
comparing against the results from the
Cassini instruments.

Khurana, K. K., M. K. Dougherty, C. T. Russell,
and J. S. Leisner. “Mass Loading of Saturn’s
Magnetosphere Near Enceladus.” Journal of
Geophysical Research 112, A08203, doi:10
.1029/2006JA012110, 2007. Reports on mod-
eling of magnetic field data on the interaction
between Saturn’s magnetosphere and En-
celadus. Gives results on mass pickup and
current generated.

Porco, C. C., et al. “Cassini Encounters Encela-
dus: Background and the Discovery of a
South Polar Hot Spot.” Science 311 (March
10, 2006): 1401-1405. Discusses the initial
discovery of the relatively warm regions near
the south pole of Enceladus.

Verbiscer, A., R. French, M. Showalter, and
Paul Helfenstein. “Enceladus: Cosmic Graf-
fiti Artist Caught in the Act.” Science 315
(February 9, 2007). Discusses the albedo of

Enceladus compared to the albedos of other
moons of Saturn.

Wilson, D., et al. “Cassini Observes the Active
South Pole of Enceladus.” Science 311 (March
10, 2006): 1393-1401. Presents images and
discusses the reasoning regarding the fea-
tures around the south pole of Enceladus,
based on the Cassini spacecraft’s close ap-
proaches in 2005. Also discusses how shape
and size considerations are used to form hy-
potheses on the evolution of Enceladus.

See also: Callisto; Eris and Dysnomia; Europa;
Ganymede; Iapetus; Io; Jupiter’s Satellites;
Planetary Satellites; Saturn’s Satellites; Titan;
Triton.

Eris and Dysnomia
Category: Small Bodies

The scattered disk object Eris is the largest
dwarf planet and the most distant solar-
system object astronomers have identified.
Observation of Eris so far has revealed only
one satellite, Dysnomia. Eris was initially
hailed as a possible tenth planet when dis-
covered in 2005, but debate within the as-
tronomical community regarding what
constitutes a planet led the International
Astronomical Union to categorize it as a
dwarf planet.

OVERVIEW

Eris, formally designated (136199) Eris, is
the largest of the known trans-Neptunian ob-
jects. As of 2009, only one satellite, Dysnomia,
had been found in orbit around Eris. The most
distant solar-system object observed to date,
Eris is classified as a scattered disk object. De-
spite its remoteness, it can be viewed with pow-
erful amateur equipment. At aphelion, Eris lies
beyond the outermost region of the Kuiper Belt;
at perihelion, it passes within the range of Nep-
tune’s influence. As of 2009, Eris was one of only
three known plutoids (the others are Pluto and
Makemake) and four known dwarf planets (the
three plutoids plus Ceres). Eris is larger than
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Pluto, its orbital period is more than twice
Pluto’s, and at aphelion it is roughly three times
farther from the Sun than Pluto.

Researchers have calculated Eris’s orbit us-
ing archival data collected before the dwarf
planet’s discovery. Once Eris was identified in
2005, the bright, slow-moving object was easy to
spot in images going back to 1989. Eris takes
557 years to travel around the Sun, following a
highly elliptical path with a semimajor axis, or
mean orbital radius, of 67.9 astronomical units
(AU), or more than 10 billion kilometers. When
Eris was discovered, it was near its aphelion of
97.5 AU (more than 14.5 billion kilometers)
from the Sun. It will reach perihelion at 38.2 AU
(more than 5.7 billion kilometers) in the mid-
twenty-third century. For the most part, the or-
bit of Eris is typical of a scattered disk object.
However, Eris’s orbital inclination is an atypi-

cally high 44° from the solar system’s orbital
plane. The inclination and period of Eris’s rota-
tion have yet to be ascertained, although it is
currently thought that a day on Eris is about
eight hours long.

Images from the Hubble Space Telescope in-
dicate that Eris has a diameter of roughly 2,400
kilometers, making it slightly larger than Pluto.
Spitzer Space Telescope observations suggest
that Eris’s diameter may be as great as 2,600 ki-
lometers. Calculations based on Keck Observa-
tory and Hubble Space Telescope observations
of Dysnomia’s orbit around the dwarf planet in-
dicate that Eris has a mass of 1.66 × 1022 kilo-
grams, or 3.66 × 1022 pounds (27 percent greater
than Pluto’s) and a bulk density of 2.3 grams per
cubic centimeter (0.83 pound per cubic inch).

Using Eris’s density, researchers have deter-
mined that the dwarf planet’s interior is most

The Solar System Eris and Dysnomia

209

An artist’s view of dwarf planet Eris and its satellite Dysnomia, based on data from the Hubble Space Telescope.
(NASA/ESA/Adolph Schaller for STScI)



likely similar to Pluto’s—that is, about half rock
and half ice. Where Pluto’s surface appears red-
dish and partly rocky, however, Eris has a uni-
form, highly reflective, almost gray surface.
Near-infrared images obtained at the Gemini
North Observatory in Hawaii indicate that this
surface is predominantly frozen methane. In
Pluto’s case, darker surface hues are attributed
to tholins, reddish-brown breakdown products
formed when methane and similar organic com-
pounds are subjected to solar ultraviolet irra-
diation. Where tholin deposits make Pluto’s
surface darker, the albedo is lower and the tem-
perature higher. Methane ice melts away from
these comparatively warm patches. By con-
trast, methane ice appears to envelop Eris in a
bright, near-uniform coating. This suggests not
only that Eris remains cold enough that its
methane stays in a frozen state but also that
there may be a subsurface source of methane
that replenishes Eris’s surface coating of meth-
ane ice and covers up whatever tholins are de-
posited.

As Eris moves from aphelion to perihelion, its
temperature increases from its current value of
30 kelvins (−243° Celsius) to 56 kelvins (−217°
Celsius). It is possible that, when Eris ap-
proaches the Sun, some of its surface ices be-
come warm enough to sublimate and form a thin
atmosphere. Whatever gases do not escape the
atmosphere freeze once again as the dwarf
planet moves toward aphelion.

To date, only one satellite has been observed
in orbit around Eris: Dysnomia, known techni-
cally as (136199) Eris I. Hubble Space Telescope
and Keck Observatory data indicate that
Dysnomia is roughly 150 kilometers in diame-
ter. It takes about 16 days for Dysnomia to com-
plete its near-circular orbit around Eris at a dis-
tance of approximately 37,000 kilometers. The
small satellite is believed to be composed
largely of frozen water.

Astronomers Mike E. Brown of the California
Institute of Technology, Chad A. Trujillo of
Gemini Observatory, and David Rabinowitz of
Yale University discovered Eris through an on-
going survey conducted at Palomar Observa-
tory in southern California using the Samuel
Oschin telescope. Images taken on the night of
October 21, 2003, showed the large, bright ob-

ject traveling slowly across the sky. Its move-
ment was slow enough, in fact, that Eris went
undetected when the images were first ana-
lyzed. The researchers’ discovery in November,
2003, of Sedna, another large and slow-moving
trans-Neptunian object, led them to adjust their
detection scheme and reanalyze their survey
data. On January 5, 2005, they identified the
planet-sized scattered disk object that would
later be known as Eris, designating it 2003
UB313.

Brown and his team intended to follow stan-
dard scientific protocols by verifying their dis-
covery, studying it, documenting it thoroughly,
and making it known through a scientific paper
published in a reputable journal. However, in
July, 2005, they learned that detailed records of
their telescope use had inadvertently been
made accessible to anyone with Internet access,
and that an abstract they had recently pub-
lished unwittingly contained clues about where
in the sky to look for their recent—and unan-
nounced—trans-Neptunian discoveries. When,
five days after the abstract was issued, re-
searchers in Spain announced the discovery of
2003 E161—a trans-Neptunian object Brown
and his colleagues had also found—it appeared
the team had to lay claim to 2003 UB313 or risk
having someone else take credit for finding it.

The California Institute of Technology, the
Jet Propulsion Laboratory, and the National
Aeronautics and Space Administration (NASA)
announced the discovery of 2003 UB313 on July
29, 2005, in press releases that referred to the
object as the tenth planet. The media was quick
to adopt the team’s nickname for the newly dis-
covered member of the solar system: Xena, so
called for the heroine of the television series
Xena: Warrior Princess. (Some overenthusiastic
journalists, seeing “planetlila” in Brown’s Web
address, pounced upon Lila as the new planet’s
name, only to learn that the URL was a whimsi-
cal tribute to Brown’s newborn daughter.)

That same year, Brown, Trujillo, and Rabino-
witz collaborated with the engineering team at
the Keck Observatory on Mauna Kea, Hawaii,
to search 2003 UB313 and three more of the
brightest trans-Neptunian objects for satellites.
Using the Keck’s new Laser Guide Star Adap-
tive Optics system, which enabled the research-
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ers to view details as precise as those seen from
the Hubble Space Telescope, they found S/2005
(2003 UB313) 1—the faint satellite that would
come to be called Dysnomia—on September 10,
2005. The team dubbed the satellite Gabrielle,
after Xena’s television-show sidekick.

In the summer of 2006, at a meeting of the
General Assembly of the International Astro-
nomical Union (IAU), criteria were developed
regarding what constitutes a planet, and a new
category of “dwarf planet” was established. Un-
der the IAU’s new definitions, 2003 UB313 was
not a planet but rather a dwarf planet. On Sep-
tember 6, 2006, the discovery team proposed to
the IAU that dwarf planet 2003 UB313 be
named Eris and its moon be named Dysnomia.
The IAU accepted and announced the names
one week later on September 13, 2006.

KNOWLEDGE GAINED

The 2005 discovery of 2003 UB313 added fuel
to a long-standing and heated debate in the as-
tronomical community over Pluto’s status as a
planet. The newly discovered object had a
greater diameter and was more massive than
its distant neighbor Pluto. If Pluto’s size and

mass were sufficient to qualify it for “planet-
hood,” then the new object should likewise be
classified as a planet.

The controversy came to a head in August,
2006, at IAU’s General Assembly in Prague. At
the unusually contentious meeting, members
reached the non-unanimous conclusion that a
celestial body should be considered a planet if
it (1) orbits the Sun (satellites are not planets);
(2) is massive enough for self-gravity to shape it
into a sphere; and (3) has accreted or scattered
other bodies in its neighborhood to clear its
orbit. Objects meeting the first two criteria
but not the third would be classified as dwarf
planets.

Both Eris and Pluto orbit the Sun, and both
are spherical, yet neither has cleared the vicin-
ity around its orbit. With the IAU’s official ac-
ceptance of the new definitions on August 24,
2006, 2003 UB313 ceased to be a possible tenth
planet and instead became the largest known
dwarf planet. Likewise, Pluto was “demoted” to
dwarf planet status after more than seven de-
cades of being regarded as a planet. Ceres was
determined to be a dwarf planet that might also
be an asteroid.
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Pluto and Eris, among the first bodies classified as “plutoids”: dwarf planets that orbit the Sun in the icy region be-
yond Neptune. (International Astronomical Union)



2003 UB313 received its official name, Eris,
on September 13, 2006. In Greek mythology,
Eris was the goddess of discord and strife. Given
the uproar the object’s discovery caused among
astronomers—and a public accustomed to a
nine-planet solar system—it was aptly named.
The dwarf planet’s satellite was named after
the mythological figure Dysnomia, the goddess
Eris’s daughter and the spirit of lawlessness.
The name Dysnomia was also a tip of the hat to
Eris’s old nickname—the television actress who
played warrior princess Xena was Lucy Law-
less.

Almost two years later, Eris was assigned to
a new subcategory of dwarf planet. On June 11,
2008, the IAU announced that dwarf planets or-
biting the Sun at a semimajor axis greater than
that of Neptune would be known as “plutoids.”
Eris and Pluto qualified; Ceres, located in the
asteroid belt, did not. In July, 2008, the Kuiper
Belt object known as 2005 FY9 received its offi-
cial name, Makemake, and became the third
largest dwarf planet and plutoid.

CONTEXT

Discovery in the early 1990’s of small objects
beyond Neptune inspired researchers such as
Brown to look to the Kuiper Belt and beyond for
larger celestial bodies. Brown and Trujillo made
their first major trans-Neptunian find in 2002
with Quaoar. In 2003, they discovered a larger
object, Sedna, then the remotest solar-system
object that had ever been found. Sedna’s slower
motion across the heavens led the team to look
for objects moving at even lower rates, which re-
vealed Eris.

Theoretical models suggest that Eris and
other comparatively large trans-Neptunian ob-
jects in high-inclination orbits were originally
near the inner edge of the Kuiper Belt. When
they were subsequently scattered into the outer
belt and beyond, they achieved orbits with
higher inclinations than objects originating in
the outer belt. More massive objects that had
their origins in the inner belt may now occupy
remote, high-inclination orbits. Researchers
are now looking for as-yet-undiscovered large
objects orbiting at these high inclinations.

At present, there is no space mission planned
to Eris. While the uncrewed New Horizons will

conduct a flyby of Pluto, the spacecraft’s limited
maneuvering capability keeps it from passing
close enough to observe Eris.

Karen N. Kähler
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Chang, Kenneth. “Dwarf Planet, Cause of
Strife, Gains ‘the Perfect Name.’” The New
York Times, September 15, 2006, p. A20. A
brief but informative article on how dwarf
planet 2003 UB313 and its satellite came to
be named Eris and Dysnomia—and nick-
named Xena and Gabrielle.

_______. “Ten Planets? Why Not Eleven?” The
New York Times, August 23, 2005, p. F1. Re-
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Excellent for learning comparative planet-
ology.

Freedman, Roger A., and William J. Kaufmann
III. Universe. 8th ed. New York: W. H. Free-
man, 2008. College-level introductory text
covering the field of astronomy. Contains de-
scriptions of astrophysical questions and
their relationships.

Fussman, Cal. “The Man Who Finds Planets.”
Discover, May, 2006, 38-45. A highly accessi-
ble account of the discovery of 2003 UB313
(then still popularly known as Xena) and
other trans-Neptunian objects, as told by
team leader Mike Brown. Includes photo-
graphs.

See also: Callisto; Ceres; Dwarf Planets;
Enceladus; Europa; Ganymede; Iapetus; Io; Ju-
piter’s Satellites; Lunar Craters; Lunar His-
tory; Lunar Interior; Lunar Maria; Lunar
Regolith Samples; Lunar Rocks; Lunar Surface
Experiments; Mars’s Satellites; Miranda; Nep-
tune’s Satellites; Planetary Satellites; Pluto
and Charon; Saturn’s Satellites; Titan; Triton;
Uranus’s Satellites.

Europa
Categories: The Jovian System; Natural

Planetary Satellites

Europa is one of the four “Galilean satel-
lites” that orbit the giant planet Jupiter.
Only slightly smaller than the Earth’s
moon, Europa is covered by a relatively
smooth layer of highly reflective fractured
ice. Tidal forces exerted by Jupiter cause
internal heating on Europa that appar-
ently results in the periodic resurfacing of
watery flows, which have over time obliter-
ated most impact craters and other blem-
ishes. Heat flow may be sufficient to main-
tain a liquid water subsurface layer that
could harbor simple life-forms.

OVERVIEW

Europa is one of the four large satellites of
the planet Jupiter known as the Galilean satel-

lites after their discoverer, Galileo Galilei. These
(according to their distance from Jupiter) are Io,
Europa, Ganymede, and Callisto. Jupiter has at
least sixty-three satellites, but only the Gali-
lean satellites are large enough to be observed
from Earth by small telescopes. With a diameter
of 3,138 kilometers, Europa, the smallest Gali-
lean satellite, is slightly smaller than Earth’s
Moon (3,476 kilometers). By contrast, the largest
Galilean satellite, Ganymede, measures 5,260
kilometers in diameter, larger than the planet
Mercury (at 4,878 kilometers). Thus, if the Gali-
lean satellites orbited the Sun instead of Jupi-
ter, they would be considered full-fledged plan-
ets. Despite its relatively small size compared to
its Galilean companions, Europa is neverthe-
less the sixth largest planetary satellite in the
solar system. It is located about 780 million kilo-
meters from the Sun, about 5.2 times the Earth-
Sun distance.

Europa orbits Jupiter at an average distance
of 670,900 kilometers; its orbital period (time to
complete one orbit) is 3.55 Earth days. Its rota-
tional period around its axis is also 3.55 days,
which means that Europa always shows the
same face toward Jupiter. The other Galilean
satellites and Earth’s own Moon follow this 1:1
ratio of orbital to rotational period, termed a
“synchronous” relationship.

Galileo discovered Europa and two of the
other three large Jovian satellites (Io and
Callisto) on January 7, 1610, using a crude
homemade telescope. At first he believed the
tiny points of light in line with Jupiter were
small stars, but later he realized that they in
fact orbited Jupiter as if in a miniature solar
system. Galileo originally called the moons the
Medician planets (after the powerful Italian
Medici family) and numbered each satellite
with a Roman numeral beginning with the one
closest to Jupiter. Europa in this scheme was
designated II. Another observer, Simon Marius
(Simon Mayr), who claimed to have discovered
the Jovian satellites prior to Galileo in Novem-
ber, 1609, but was tardy in publishing his re-
sults, later named the bodies as we know them
today.

The name Europa comes from a Phoenician
princess, one of many mortal consorts of the su-
preme Greek god Zeus, whose Roman name
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graces the planet Jupiter. (The other Galilean
satellites are similarly named for mythological
characters associated with Zeus.) The most in-
triguing aspect of Europa is its unusual and
unique surface. Images beamed to Earth in
1979 by the Voyagers 1 and 2 spacecraft as they
flew through the Jupiter system showed a rela-
tively smooth ice ball that some scientists com-
pared in appearance to a fractured, antique
ivory billiard ball. The satellite is covered by a
globally encompassing shell of water ice, frozen
at 128 kelvins, that gives Europa an extremely
high albedo. While 64 percent of the light strik-
ing the surface is reflected back in all directions
(giving Europa an albedo of 0.64), rocky sur-
faces like that of Earth’s moon or Mercury re-
flect only about 10 percent.

Europa’s density, 3.04 grams per cubic centi-
meter, suggests that most of the planet is com-
posed of rocky silicate material like Earth. The
icy surface layer, therefore, must be relatively
thin; most estimates lie in the range of 75 to 100
kilometers thick. The surface shows relatively
little topographic relief, nothing higher than
1 kilometer, and displays only a few small scat-
tered impact craters, in dramatic contrast to its

highly cratered neighbors, the two outer satel-
lites Ganymede and Callisto. Large craters on
the order of 50 to 100 kilometers in diameter are
virtually absent on Europa but plentiful on
Ganymede and Callisto. Most craters on Europa
do not exceed about 20 kilometers in diameter.
This suggests that Europa’s icy surface is rela-
tively young, indicating that resurfacing by liq-
uid ice flows or other processes has covered over
any large craters formed during early, heavy
meteoroid impacting in the Jovian system. Esti-
mates of the surface age of Europa range from a
high of 3.0 to 3.5 billion years old to more recent
estimates of only 100 million years. The youn-
ger age, if true, suggests significant resurfacing
of the planet in the later stages of its history.

In December, 1995, the Galileo spacecraft en-
tered orbit about Jupiter. Over the course of
thirty-eight orbits, Galileo not only investigated
the giant planet Jupiter but also flew by its
many satellites, paying particular attention to
Europa, Ganymede, and Callisto. For example,
in 1997 Galileo produced images of a large,
multiringed impact crater on Europa probably
buried beneath the ice crust. Evidence for the
crater consists of diffuse, dark, concentric,
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The Galileo spacecraft returned these images (both of the same hemisphere, the one on the right enhanced to em-
phasize details) of Jupiter’s satellite Europa, whose surface is primarily water ice. Darker areas are rocky mate-
rial, lines are crustal fractures, and the bright spot on the lower right is the crater Pwyll. (NASA)



arclike bands and associated fractures that de-
fine a structure more than 5,000 kilometers in
diameter. The presence of this buried crater
shows that the rocky surface below the ice layer
was subjected to significant impacting early in
Europa’s history. It further suggests that the ice
crust formed at some later time, probably after
heavy meteoroid bombardment had greatly di-
minished.

The most striking aspects of Europa’s surface
are the mottled, colored terrains and linear frac-
tures that crisscross most of its globe. Mottled
terrains, based on color and subtle topographic
expressions, are of two varieties: brown and
gray. Brown terrains contain numerous pits
and depressions from 1 to 10 kilometers in di-
ameter. Several large “plateaus” occur that
range from a few kilometers up to a few tens of
kilometers wide and up to nearly 100 kilometers
long. Some circular depressions, missing raised
crater rims, may represent degraded impact
craters. Gray terrains are similar to the brown
but are generally smoother and less hummocky.
The relationship between the two terrains is un-

known, but their differences may result from
contrasting ages, degree of surface develop-
ment, or both. The ultimate origin of these mot-
tled terrains remains unknown, but a reason-
able hypothesis is that they represent the
effects of hydrothermal upwelling, causing
heating and expansion of affected crustal areas.
The “nonmottled” areas on Europa are very
light in color and have very smooth topogra-
phies. These icy plains contain most of the ob-
served linear surface fractures.

Linear features on Europa’s surface may ex-
tend for thousands of kilometers. They are clas-
sified into three categories: (1) dark triple
bands, some containing dark outer bands with a
white strip down the center, thought to repre-
sent icy geyser deposits erupted along the axis
of the fractures; (2) older and brighter linea-
ments that are crosscut by the triple bands and
resemble them in some cases; and (3) very
young cracks that crosscut the other two frac-
ture types. Detailed analysis of the orientation
of these three fracture types indicates that each
type shows a distinct orientation that can be

The Solar System Europa

215

An artist’s cutaway showing the probable interior structure of Europa, with an iron core, a rocky mantle, and an
outer ocean of salty water capped with ice. (NASA/JPL)



correlated with the relative age of the fractures.
The data show that the direction of tidal
stresses in Europa’s crust has rotated in a clock-
wise direction over time. This observation has
been used to suggest that Europa’s rotation is
not perfectly synchronous. Over time Europa
may rotate faster than the synchronous rate,
causing the surface to be progressively reori-
ented relative to tidal forces.

High-resolution images from the Galileo or-
biter show places on Europa resembling ice
flows in the Earth’s polar regions. Large, angu-
lar pieces of ice have shifted away from one an-
other, some rotating in the process, but recon-
structions show that they fit together like
puzzle pieces. This evidence for motion involv-
ing fluid flow, along with the possibility of gey-
ser eruptions, shows that the ice crust has been,
or is still, lubricated from below by warm ice, or
even liquid water. The source of heating to pro-
duce this watery fluid is tidal forces by gravita-
tional interaction with massive Jupiter, along
with some escaping heat produced by radioac-
tive minerals in the underlying silicate crust.

The Galileo spacecraft’s mission was ex-
panded to include the Europa Extended Mis-
sion, as it flew a number of close flybys to focus
its instrumentation and cameras specifically on
Europa. On one close encounter with Europa,
Galileo came within 200 kilometers of the icy
surface of the satellite. Ultimately, the Galileo
spacecraft was purposely directed to plunge de-
structively into Jupiter’s atmosphere on Sep-
tember 21, 2003. The reason for this was to safe-
guard any possible life-forms on Europa against
the plutonium inside the Galileo spacecraft’s ra-
dioisotope generators in the event that it might
have crashed into the satellite.

Europa remains a high-priority location
within the solar system for astrobiology studies.
With the demise of the Galileo spacecraft, plans
were proposed to send another spacecraft, this
time to orbit Europa for prolonged and repeated
studies. A more ambitious plan arose, called Ju-
piter Icy Moons Orbiter or JIMO. JIMO would
have been the flagship mission of a more exten-
sive program to develop nuclear propulsion as a
means to cut down the time of travel between
Earth and the rest of the solar system. That pro-
gram was called Project Prometheus, but after

initial funding was granted the National Aero-
nautics and Space Administration (NASA) was
forced to postpone, if not cancel, this futuristic
propulsion system in favor of other expendi-
tures arising from the Vision for Space Explora-
tion program under the George W. Bush admin-
istration. Returning to Europa with a robotic
spacecraft was therefore put on hold for the
early portion of the twenty-first century. Data
from the Cassini spacecraft in orbit about Sat-
urn revealed aspects about the icy satellite
Enceladus and Titan (with its thick atmosphere
and organic compounds) that diverted the at-
tention of many astrobiologists away from
Europa.

METHODS OF STUDY

Jupiter and its four largest satellites have
been studied using telescopes since Galileo first
trained his on the system in 1610. Prior to the
advent of interplanetary space probes, tele-
scopic observations resulted in a remarkable
treasure trove of data on the Galilean satellites.

For example, in the 1920’s the astronomers
Willem de Sitter and R. A. Sampson succeeded
in obtaining reasonably accurate data on their
masses. Calculations involved observing how
each satellite disturbed the orbits of the others
and by noting the nature of the resonant orbits
of the inner three (first described by Pierre-
Simon Laplace in the late eighteenth century).
These resonant orbits dictate that for every one
orbit of Io around Jupiter, Europa revolves two
times and Ganymede four. This orbital reso-
nance scheme implies a specific ratio for the
masses of the bodies, which assisted de Sitter
and Sampson in their calculations.

Diameters of the satellites were not accu-
rately known until the advent of stellar occulta-
tion studies in the 1970’s and later, when space-
craft imaging produced precise values. Prior
to that, Europa was described by a popular
1950’s-era science text as having a diameter of
1,800 miles (2,880 kilometers), only a bit less
than the currently accepted value of 3,138 kilo-
meters.

Although the first Earth-launched space
probes encountered the Jovian system in 1973
(Pioneer 10) and 1974 (Pioneer 11), they paid
scant attention to the Galilean satellites. The
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community of planetary scientists at the time
viewed the satellites of the gas giant planets in
the outer solar system to be nothing but rather
boring ice balls. Even on the Voyagers, few plan-
etary science studies were devoted to any of
the icy satellites. Only imaging studies of Io and
Titan, and to a lesser extent Europa, were
planned as major portions of Voyager flyby op-
erations in the Jupiter or Saturn system.

In 1979, however, knowledge of these bodies
dramatically expanded as images of all four sat-
ellites were beamed back to Earth by Voyagers 1
and 2. The first pictures of Europa showed a
previously unknown world, with a highly reflec-
tive, smooth surface mottled by brown and tan
patches and crisscrossed by a complicated net-
work of curved and straight lines. Four months
later, higher-resolution images from Voyager 2
confirmed the presence of even more linear
structures, which were interpreted as fractures
but having virtually no relief associated with
them. In addition to its imaging work, the Voy-
ager probes also made precise measurements of
the mass of the Galilean satellites by analyzing
the gravitational effects of the planets on space-
craft trajectories, which, combined with im-
proved size determinations, allowed for more

accurate calculations of density. Density, in
turn, is used to assess planetary composition.

In 1995 the Hubble Space Telescope discov-
ered a thin oxygen atmosphere on Europa; this
was later confirmed by the Galileo orbiter dur-
ing its Europa Extended Mission. The official
term for this rarefied atmosphere is a surface-
bound exosphere. Hubble used its highly sensi-
tive spectrometers to analyze the energy spec-
trum of light reflected from the moon’s surface.
Europa’s atmosphere is so tenuous that its sur-
face pressure is only one-hundred-billionth that
of Earth. It is estimated that if all the oxygen on
Europa were to be compressed to the surface
pressure of the Earth’s atmosphere, it would fill
about a dozen Houston Astrodomes.

The Galileo spacecraft investigated the Jupi-
ter system from late 1995 through 2003. After
launching an atmospheric probe into Jupiter it-
self relatively early in its mission, the Galileo
orbiter assumed an elliptical orbit that allowed
it to make several close passes to all four Gali-
lean satellites. The resolution of Voyager im-
ages of Europa made it possible to view surface
features no smaller than about 4 kilometers
across. In contrast, Galileo swooped down closer
than either Voyager spacecraft, and with its
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An artist’s cross-section rendering of two likely structures of Europa, with ice overlying a saltwater ocean beneath
and heat rising through the rocky mantle, possibly volcanically. (NASA/JPL)



more sophisticated cameras it achieved resolu-
tions of around 10 meters per pixel, allowing ob-
jects the size of earthly buildings to be dis-
cerned. From these high-resolution images
scientists have observed evidence of both ten-
sional and compression ridges and have docu-
mented features like water-ice geysers, possible
ice volcanoes, and jumbled ice flows that resem-
ble puzzle pieces. These observations paint a
picture of a dynamic planet in which tectonic
faulting and flooding by liquid water occur peri-
odically. The dark color of many surface frac-
tures may result from the injection of water or
warm ice mixed with darker silicates that well
up into the fractures and freeze. Galileo images
have generated renewed interest in the idea
that a layer of liquid water exists below the ice
or existed some time in the recent past.

Galileo also carried a magnetometer to detect
the existence of a planet’s magnetic field and to
measure its strength. During a December, 1996,
pass of Europa this magnetometer detected the
first evidence of a magnetic field. Ganymede,
the next moon out from Europa, also has a mag-
netic field. Although it is about four times
weaker than that of Ganymede, Europa’s field is
still of substantial magnitude. Combined with
gravity data suggesting a dense core, the
Europa magnetic measurements indicate the
probable existence of a sizable metallic core, as
well as a layered internal structure similar to
that of Earth. The magnetic field data also, how-
ever, provided constraints on the nature of the
water on Europa. The magnetic field could not
be explained by assuming pockets of salty water
within a crust of ice, but rather required a
spherical shell of liquid water.

CONTEXT

The Jovian system has long been of interest
to scientists as a possible model analogous to
the larger solar system of the Sun and planets.
In this model Jupiter is a substitute for the Sun
and the Galilean satellites represent the plan-
ets, particularly the rocky planets from Mer-
cury to Mars. The considerable masses and sta-
ble orbits of the Galilean satellites suggest that
they probably originated along with Jupiter
during its formation from the gaseous solar neb-
ula. If so, do these satellites show evidence for

having evolved in a manner that parallels that
of the inner planets of the solar system, includ-
ing Earth?

In the early 1970’s planetary scientist John
Lewis pointed out that the densities of the two
outer satellites, Ganymede (1.93 grams per cu-
bic centimeter) and Callisto (1.83 grams per cu-
bic centimeter), were consistent with condensa-
tion of solar-composition gas (the solar nebula),
where water ice is a stable compound. He pre-
dicted that these two bodies should be composed
of about equal parts water ice and silicate rock,
a view generally accepted today. The two inner
bodies, Io and Europa, however, have higher
densities (3.55 and 3.04 grams per cubic centi-
meters, respectively) and thus would be ex-
pected to contain less in the way of low-density
materials like ice, with a density of 1.0 gram per
cubic centimeter. In fact, these bodies show evi-
dence of being largely composed of rocky mate-
rial, with no ice on Io and only a thin crust of ice
over an ocean of liquid water on Europa. What
processes could have produced such a density
distribution?

In the early 1950’s astronomer Gerard P.
Kuiper suggested that Jupiter had been very
hot during its early history. Building on
Kuiper’s early work, current hypotheses con-
firm that Jupiter was probably hot enough in its
infancy to have forced low-mass, volatile gas-
eous materials to the outer fringes of the Jovian
region, leaving heavier compounds to accrete as
planetoids closer to Jupiter. The lighter volatile
gas would contain a high proportion of elements
that would eventually freeze as ice, compared to
denser silicate minerals. These materials would
eventually accrete to produce Ganymede and
Callisto, while the volatile-poor inner gas would
eventually accrete as Io and Europa. Europa,
being farther from Jupiter than Io, has more
volatiles such as ice than Io, which has virtually
no ice on its surface. Io probably also lost much
of its volatile component as a result of long-term
volcanic activity, the result of tidal heating pro-
duced by Jupiter’s gravitational field.

In a similar fashion the solar system as a
whole exhibits a composition distribution with
high-density “rocky” (or terrestrial) planets near
the Sun and more volatile-rich bodies in the
outer regions. The inner planets show a similar
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density distribution. Thus, the Jovian satellite
system shows that any evolving planetary sys-
tem on a scale large enough to have a hot central
“star” predictably develops a density distribu-
tion where low-density, high-volatile planets
dominate the outer regions and high-density
“rocky” bodies dominate the inner regions.

The study of Europa is important in terms of
its possible role as a site of extraterrestrial life-
forms. Images from the Galileo space probe
have confirmed ideas spawned after the Voy-
ager flybys that Europa may have a globally en-
circling layer of liquid water beneath its surface
ice layer. Where water exists in liquid form on a
planet, life as we know it can theoretically
evolve. Europa has joined the ranks of Mars and
Saturn’s moon Titan as possible sites where
primitive life could exist.

Comparative planetology could indeed be ac-
tively studied inside the Jovian system by ro-
botic spacecraft. Voyager provided only tanta-
lizing images and raised many questions.
Galileo data strongly suggested that the four
large Jovian satellites share essentially similar
cores in terms of size. Io is volcanically active,
essentially taking material deep inside and
turning the satellite inside out by resurfacing it-
self with sulfur and sulfur compounds; there-
fore Io is devoid of an icy shell. Europa has inter-
nal heat that is insufficient to melt the ice cover
in total but supplies warmth to a subsurface
layer of liquid water. Ganymede and Callisto
have thick, icy shells and retain more of their
primordial character because they lack signifi-
cant heating from their cores. Ganymede’s mag-
netic field is something of a paradox in that its
character is akin to the dipole field produced by
convection within a molten iron core.

Europa once held the primary attention of
astrobiologists as the favored place within the
solar system for finding some type of life beyond
Earth. As a result of extensive robotic investiga-
tion of other portions of the outer solar system,
it must now share that hopeful spotlight with
Titan and Enceladus.

John L. Berkley
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Extrasolar Planets
Category: Planets and Planetology

Indirect methods of observation have re-
vealed the existence of an ever-increasing
number of planets orbiting other stars.
These extrasolar planets (or exoplanets)
have surprised astronomers and led to new
theories about planet formation, because
they differ from the planets in our solar sys-
tem. This new evidence suggests the unique-
ness of our own solar system.

OVERVIEW

The discovery of extrasolar planets orbiting
Sun-like stars has excited the imaginations of
astronomers and laypersons alike. If it can be
demonstrated that planetary systems are a
common occurrence among the billions of stars
within our galaxy, the possibility of extraterres-
trial life in the universe takes on greater credi-
bility. The idea that intelligent civilizations
may exist on other planets could become more
compelling.

Early in the twentieth century, spectroscopic
evidence from Barnard’s star, a nearby red
dwarf one-seventh the mass of the Sun, indi-
cated a slight wobble that seemed to imply grav-
itational interaction by one or two Jupiter-mass
planets with decade-long orbits. However, by
1980 further work showed that the wobble of
Barnard’s star was more likely the result of a
companion star too small to observe. The mass
of an unseen companion can be estimated from
the amount of wobble detected from a visible
star.

Double-star systems like Barnard’s tend to
rotate around their common center of mass in
larger orbits than the tiny wobble of a star with
a planetary system. Masses between about ten
and eighty Jupiter masses usually qualify as
brown dwarfs, defined as objects that formed
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like other stars by gravitational collapse of a
dust cloud rather than by accretion from a stel-
lar disk. However, they are too small to sustain
the nuclear fusion processes that energize the
cores of most stars.

The first confirmed extrasolar planetary sys-
tem was discovered in 1991, but it was a far cry
from a Sun-like solar system that could support
life as we know it. Pennsylvania State Univer-
sity radio astronomer Alex Wolszczan was ob-
serving a millisecond pulsar (PSR 1257+12)
that he and Dale Frail had just discovered using
the 305-meter Arecibo radio telescope in Puerto
Rico. This pulsar resulted from the collapse of a
massive star about a billion years ago. It is now

a neutron star that spins 161 times each second,
generating a radio pulse about every 6.2 milli-
seconds. However, Wolszczan found that these
pulses varied periodically from the usual high
degree of regularity exhibited by other pulsars.

Analysis revealed two periods in the pulse
variations from PSR 1257+12: one lasting sixty-
six days and the other ninety-five. Wolszczan
and Frail proposed that two Earth-size planets
orbit the pulsar, gravitationally tugging on it
and causing its radio pulses to arrive slightly
earlier and then later than expected. Calcula-
tions showed that one planet had at least 3.4
Earth masses at an orbital distance of 0.36 as-
tronomical unit (1 AU is the distance from
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Earth to the Sun). The other was at least 2.8
Earth masses and 0.47 AU from the pulsar. By
1994, additional observations revealed a third
planet with a period of twenty-three days that
had about 0.015 Earth mass located at 0.19 AU.

Planet discoveries about Sun-like stars began
in 1995, revealing two new and unexpected types
of planetary objects: small-orbit, hot-Jupiter-
type planets, and eccentric-orbit Jupiter-like
planets. In October of 1995, Swiss astronomers
Michel Mayor and Didier Queloz of the Geneva
Observatory announced evidence of a compan-
ion object orbiting 51 Pegasi (in the constella-
tion Pegasus), which is about 40 light-years
away. A new generation of optical instruments
and computers revealed a periodic Doppler shift
of the light coming from the star. This suggested
a tiny wobble caused by a planet of at least 0.46
Jupiter’s mass and a period of only 4.2 days in a
circular orbit at an orbital distance of 0.05 AU.
At this small distance, the planet orbiting 51
Pegasi has a surface temperature of about 1,000
kelvins. While officially named 51 Pegasi b, the
planet is informally referred to as Bellerophon.

In a 1996 survey of 120 nearby Sun-like
stars, Geoffrey Marcy of San Francisco State
University and Paul Butler of the University of
California, Berkeley, used a refined form of
Mayor and Queloz’s method to discover six new
Jupiter-size planets. The existence of the first
two planets, announced in January of that year,
were discovered from the tiny wobbles of stars
in Virgo and Ursa Major, located 46 and 80
light-years away, respectively. The planet
around the star 47 Ursae Majoris has a mini-
mum mass of 2.3 Jupiter masses with an orbital
period of 3.0 years and an orbital radius of 2.1
AU (less than half of Jupiter’s distance of 5.2
AU). The planet orbiting 70 Virginis has a mini-
mum mass of 6.6 Jupiter masses and a highly
eccentric orbit (0.40 eccentricity) of 117 days at
an average orbital radius of 0.43 AU. In 2002,
Marcy and Butler, along with Debra Fischer,
announced their finding of 47 Ursae Majoris c.
The planet has an orbital period of 2,594 days
and has roughly the mass of Jupiter.

The four other planets included three hot-
Jupiter planets similar to 51 Pegasi with nearly
circular orbits. At 46 light-years, 55 Cancri has
a planet with mass at least 0.8 that of Jupiter

and an orbital period of about 15 days, with an
orbital radius of 0.11 AU. At 60 light-years, Tau
Bootis has a planet with a minimum mass of
3.87 Jupiter masses, a period of 3.3 days, and
an orbital radius of only 0.046 AU. Located
55 light-years away from Earth, Upsilon
Andromedae has a planet with mass at least
0.68 that of Jupiter, an orbital period of 4.61
days, and an orbital radius of 0.06 AU. Eleven
years later, in 2007, astronomers confirmed the
existence of two other planets in the Upsilon
Andromedae system. The middle planet has an
approximate orbit of 242 days and is at least
twice the mass of Jupiter. The outermost
planet, at 2.5 AU, is at least four times as mas-
sive as Jupiter, with an orbital period between
3.5 and 4 years.

Marcy and Butler also announced a possible
second planet orbiting 55 Cancri with a mini-
mum mass of about 5 Jupiters, an orbital period
of about 20 years, and an orbital radius of 5 to 10
AU. In 2002, 55 Cancri d was found orbiting the
star at a distance of about 5 AU, with a mass 4.8
times that of Jupiter. At that time, a third
planet—named 55 Cancri c and having a mass
roughly that of Saturn’s and a highly eccentric
orbit—was also speculated to exist. In 2004, 55
Cancri e was discovered. This planet is about
the size of Neptune. It is either a small gas giant
or a large terrestrial planet. At this time, the ex-
istence of 55 Cancri c was confirmed.

The following year astronomer Jack Wisdom
questioned the accuracy of naming 55 Cancri e
as an exoplanet. After reexamining available
data, Wisdom believed that planet e has an orbit
of 261 days instead of the proposed 2.8-day or-
bit. In 2007, 55 Cancri f was announced to be
about half the mass of Saturn and to have an or-
bital period of 260 days, placing it in the habit-
able zone of the star. 55 Cancri f is not believed
to contain life, but hypothetically any satellites
the planet has could contain at least microbial
life-forms.

Evidence for the nearest planetary system
was also announced in 1996 by George Gate-
wood of the University of Pittsburgh. He col-
lected photometric data on many of the nearest
stars with the 30-inch refractor telescope at Al-
legheny Observatory. The dim red dwarf star
Lalande 21185, the sixth nearest star to the Sun
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at 8.2 light-years away, appears to have two
Jupiter-size planets in orbits similar to those of
the gas giants in our solar system. Gatewood
analyzed data from fifty years of photographic
observations and eight years of photoelectric
measurements, revealing tiny accelerations of
the star that suggest one planet of about 0.9 Ju-
piter mass with a period of about 5.8 years in a
circular orbit with an orbital radius of about 2.2
AU (similar to the asteroid belt) and a second
planet of about 1.1 Jupiter mass with a period of
about 30 years in a circular orbit with a radius
of about 11 AU (similar to Saturn). A third, un-
confirmed planet may orbit beyond these two
Jupiter-like planets. The proximity of Lalande
21185 suggests the possibility of eventually cap-

turing an image of its planets with the Hubble
Space Telescope.

Two more eccentric planets were announced
in 1997. A group of Harvard astronomers led by
David Latham discovered an object in 1988 with
a mass of at least 9 Jupiters orbiting the star
HD 114762 in an 84-day eccentric orbit that var-
ies from 0.22 AU to 0.46 AU (0.35 eccentricity).
For eight years, this object was classified as the
smallest known brown dwarf, but after Marcy
and Butler announced the 70 Virginis planet
with a very similar eccentric orbit varying from
0.27 to 0.59 AU and a minimum of 6.5 Jupiter
masses, the companion of HD 114762 appeared
to qualify as a possible planet.

A third eccentric planet has by far the great-
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est eccentricity (0.67) of any known planet. Dis-
covered by Marcy and Butler, it was also inde-
pendently discovered by William Cochran and
Artie Hartzes of the University of Texas at Aus-
tin. The planet orbits the star 16 Cygni B, a near
solar twin that belongs to a triple star system
100 light-years away. It has a mass of at least
1.5 Jupiters and a 2.2-year orbit that varies be-
tween 0.6 and 2.8 AU, giving it wild seasonal
variations.

Another hot-Jupiter planet orbiting the star
Rho Coronae Borealis appears to fill a gap be-
tween the very close 51 Pegasi-like planets (less
than 0.11 AU) and the 47 Ursae Majoris planet
(2.2 AU). It was discovered in 1997 by a Harvard
University team of astronomers led by Robert
Noyes and has a nearly circular orbital radius of
0.23 AU, a period of 39.6 days, and a minimum
mass of 1.1 Jupiter masses. Given the existence
of giant planets with orbits from 0.046 AU (Tau
Bootis) to 2.2 AU in a relatively continuous dis-
tribution, planet formation theories face dra-
matic challenges, especially since existing theo-
ries predict that Jupiter-size planets cannot
form within 5 AU of their host stars.

In 2005, Osiris (HD 209458b), an exoplanet of
0.69 Jupiter mass orbiting at 0.046 AU around
its parent star, was directly detected using the
Spitzer Space Telescope. The telescope was able
to observe infrared light coming from the planet
itself. Astronomers noted differences in the
light being produced when the planet was
transiting in front of the star and also when the
planet was blocked by the star. By factoring out
the star’s constant light, scientists were able to
isolate the planet. From this, they were able to
estimate the temperature of Osiris to be at least
1,023 kelvins.

HD 189733b was discovered in October,
2005, at a distance of about 63 light-years from
Earth. The planet is considered a hot Jupiter,
with a mass 15 percent greater than Jupiter’s
and an orbital period of just 2.2 days. In 2007,
using the Spitzer Space Telescope, astronomers
in Switzerland detected water vapor within the
atmosphere of that planet.

The first “super Earths” were found in 1991
orbiting a pulsar. The two planets were only
four times the mass of the Earth, too small to be
considered gas giants. The general definition of

a super Earth is a terrestrial exoplanet that has
a mass between one and ten times that of the
Earth. Other scientists say a super Earth must
be five to ten times the mass of the Earth. In
2007, Stéphane Udry and his team announced
the finding of two super Earths orbiting around
Gliese 581. Both planets are within the habit-
able zone (the area where liquid water could po-
tentially exist) of their star. Gliese 581 c orbits
the star at 0.073 AU and has about five times
the mass of the Earth.

In 2007, the Mount John University Obser-
vatory in New Zealand discovered the smallest
extrasolar planet to date. The planet, MOA-
2007-BLG-192LB, is only 3.3 times as massive
as the Earth and orbits a brown dwarf. The first
group of super Earths within the same plane-
tary system was found orbiting HD 40307 in
2008. The three planets are all orbiting the star
at a distance less than that of Mercury from the
Sun, with nearly circular orbits.

METHODS OF STUDY

Detecting extrasolar planets from Earth is
extremely difficult, requiring a new generation
of computers and optical instruments. Planets
are about a billion times fainter than their host
star, making them virtually undetectable by
direct methods. An indirect method involves
searching for a tiny wobble in the motion of a
star as it and any companions orbit about their
common center of mass. Although the gravita-
tional interaction between a star and a planet-
sized object is too small to observe directly, the
radial velocity (back and forth along the line of
sight) alternately increases and decreases the
wavelength of light from the star, causing an al-
ternating Doppler shift toward the red and then
blue end of its spectrum.

The velocity of a star can be determined from
the magnitude of its Doppler shift. The shift in
wavelength due to a Jupiter-size planet is only
one part in ten million. An absorption cell (con-
sisting of a bottle of iodine vapor placed near the
focus of the telescope) absorbs certain known
wavelengths of light, producing dark lines in
the spectrum that act as a reference for measur-
ing the Doppler shift accurate to within one part
in a hundred million. These shifts are recorded
by sending light from a star into complex spec-
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trometers consisting of prisms, mirrors, and
gratings costing several million dollars.

Periodic variations in the Doppler shift re-
veal the period of a planet’s orbital motion. The
velocity of the star and the period of its motion
can be analyzed to determine the radius of the
orbit (from Kepler’s law) and the minimum
mass of the planet (from Newton’s laws). How-
ever, the unknown inclination of its orbit allows
for a larger wobble than its apparent radial mo-
tion and thus a larger possible mass by a factor
of about two. The periodic variation in Doppler
shift also reveals the shape of the orbit, since a
circular orbit produces a perfect sine wave,
while an eccentric orbit produces an irregular
variation that can be analyzed by computer to
determine the orbital shape.

Using these methods, Marcy and Butler de-
tected radial motions accurate to within ±3 me-
ters per second, compared to at least 10 meters
per second required to detect a planet. Since Ju-
piter, which contains most of the mass of the so-
lar system at 318 times the mass of the Earth,
causes the Sun to move at a speed of up to 12.5
meters per second, Jupiter-size planets can be
readily detected. Most of the new planet discov-
eries have been based on stars wobbling at

speeds between about 10 and 300 meters per
second. Planets much smaller than Jupiter can-
not be detected accurately with this method,
and those with periods of several years require
that data be collected over a long enough time
span to determine their periodic variations.

Marcy and Butler began collecting Doppler-
shift data in 1987 for their survey of 120 Sun-
like stars, using Lick Observatory’s three-meter
telescope; but it was the computer methods
used by the Swiss in their discovery of the 51
Pegasi planet that finally yielded results. Their
first discoveries resulted from running six com-
puters day and night at the University of Cali-
fornia, Berkeley, to analyze data from sixty
stars. These methods revealed a variety of plan-
ets that shocked astronomers because their or-
bits were so unexpected. Hot Jupiters and ec-
centric orbits have initiated a new generation of
theories about planetary formation and the
uniqueness of our solar system.

The Spitzer Space Telescope (SST) was
launched in 2003. It consists of three main in-
struments: the Infrared Array Camera (IRAC),
an infrared camera that operates simulta-
neously on four different wavelengths; the In-
frared Spectrograph (IRS), a spectrometer able

to observe at four wavelengths;
and the Multiband Imaging
Photometer for Spitzer (MIPS),
which is made up of three dif-
ferent far-infrared detector ar-
rays. In 2005, the SST was the
first telescope to detect light
from exoplanets HD 209458b
and TrES-1. However, the light
was not turned into actual im-
ages.

In 2004, a group of astro-
physists in France captured the
first photograph of an extra-
solar planet orbiting a brown
dwarf. The planet appeared
only as a small red dot. It is
speculated to have a mass two
to five times that of Jupiter, but
it orbits the star at a distance
greater than Pluto’s average
distance from the Sun. This
“exoplanet” did not form from
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an accretion event the way scientists currently
believe planetary formation occurs. Also, a
brown dwarf would not have enough material to
form a Jupiter-sized planet, especially at such
distances. Because of these objections, many as-
tronomers do not consider the photograph to be
of a real planet.

With the number of known extrasolar plan-
ets totaling more than three hundred, the next
challenge is to capture a photograph of an ac-
tual exoplanet. Two of the programs dedicated
to imaging a planet are located in Chile. In
2007, the Gemini South Observatory installed
the first optics system specially designed to pho-
tograph exoplanets. In 2008, it started a two-
year program to conduct a survey of young stars
using its Near-Infrared Coronagraphic Imager
(NICI). The NICI consists of a coronagraph and
two cameras that can simultaneously photo-
graph the star and its surroundings at two dif-
ferent infrared wavelengths. The two photo-
graphs would then be subtracted, leaving
behind an image of the planet. This method will
also help eliminate false planets that are actu-
ally background stars or stray starlight.

A possible first photograph of an extrasolar
planet (1RXS J160929.1-210524 b) was an-
nounced in September, 2008. The image was
taken using the Gemini North Telescope on
Mauna Kea in Hawaii. The extrasolar plane-
tary system is about 500 light-years away from
the Earth. 1RXS J160929.1-210524 b has a
mass eight times that of Jupiter and orbits its
star at a distance of 330 AU. Some scientists are
skeptical of its being an extrasolar planet be-
cause of its great distance from its star (Nep-
tune, by comparison, is only 30 AU from the
Sun).

CONTEXT

The discovery of extrasolar planets may seem
at first to offer new hope for the existence of
planetary systems like Earth’s solar system
that could support extraterrestrial life. How-
ever, the unexpected nature of these planets
has raised new challenges for planet formation
theories and new doubts about the possibility
that any of them might harbor life. Pulsar plan-
ets were probably formed from the remnants of
a companion star during a supernova explosion

that produced a spinning neutron star, and they
are bathed with high-energy radiation that
would make life impossible. The other new
planets orbit more Sun-like stars but have ei-
ther extremely small or highly eccentric orbits
that also make them unlikely candidates for
life. Evidence so far seems to indicate that our
solar system is highly unusual, if not completely
unique, in harboring water-based life-forms.

Joseph L. Spradley,
updated by Jennifer L. Campbell
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Extrasolar Planets:
Detection Methods
Category: Planets and Planetology

The search for extrasolar planets, or
exoplanets, beyond our solar system and
orbiting other stars has yielded several
hundred such objects. Detection methods
have been mostly limited to finding large
Jupiter-like planets, but as such methods
improve there is special interest in finding
small Earth-like exoplanets in habitable
zones that could support extraterrestrial
life.

OVERVIEW

Interest in planets orbiting other stars has a
long history, but highly sensitive detection
methods are required and the first extrasolar
planets were not confirmed until the 1990’s. Af-
ter Nicolaus Copernicus introduced his helio-
centric theory of a Sun-centered planetary sys-
tem in the sixteenth century, astronomers
began to realize that space might be endless,
with an infinite number of stars. At the end of
the century, Giordano Bruno proposed that the
stars were also suns with their own planets and
suggested that there might be an infinite num-
ber of other populated worlds.

In 1855, an astronomer at the Madras Obser-
vatory of the East India Company claimed that
a revolving double-star system in the constella-
tion Ophiuchus (Ophiuchi 70) had orbital anom-
alies in its eighty-eight-year period that were
probably caused by a planet around one of the
stars. This claim was repeated in 1896 by Amer-
ican astronomer Thomas See, who calculated
that the anomalies were caused by a planet with
a thirty-six-year period. These claims were re-
futed in 1899 by Forest Moulton, who proved
that such a three-body system would be highly
unstable.

In the 1960’s Peter van de Kamp of the
Swarthmore College Observatory claimed to
have discovered possible planets around Bar-
nard’s star, also in Ophiuchus and the second
closest star to our Sun. This faint star, which
is moving rapidly toward the Sun at about
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140 kilometers per second, appeared to have a
tiny wobble in its motion consistent with two
Jupiter-size planets. However, this apparent
wobble was not found by other observers, and it
was later shown to be caused by lens adjust-
ments. Since the reflected light of a planet is
much dimmer than its parent star, most
extrasolar planets have been discovered by indi-
rect detection methods beginning in the 1990’s.
However, since 2004 astronomers using the Eu-
ropean Southern Observatory’s Very Large
Telescope array in Chile have produced direct
images of several brown dwarf stars with com-
panions, and in 2005 one of these was confirmed
as a planet with a mass several times larger
than Jupiter’s. Six indirect methods have been
used to discover most of the known extrasolar
planets, and other detection methods continue
to be developed.

Three search methods try to detect the tiny
elliptical wobbling of a parent star caused by the
gravitational influence of an orbiting planet:
astrometry, pulsar timing, and radial-velocity
detection. The oldest method of searching for
extrasolar planets is by astrometry, which re-
quires precise measurements of tiny variations
in the position of a star. Several astrometric dis-
coveries of exoplanets were claimed in the
1950’s and 1960’s, but none was confirmed.
Such movements are probably too small to ob-
serve with ground-based telescopes but were
demonstrated with the Hubble Space Telescope
in 2002. Future plans to search with the Na-
tional Aeronautics and Space Administration’s
(NASA’s) Space Interferometry Mission may re-
veal many new planets by astrometry. This
method is most sensitive to planets with large
orbits and long periods, complementing other
methods that are more sensitive to small orbits
with short periods.

The first confirmed discovery of an exoplanet
used a pulsar timing detection method. Pulsars
are rapidly rotating neutron stars that emit
rapidly pulsed radio waves at highly regular
rates matching the rotation rate. In 1992, radio
astronomers Alexander Wolszczan and Dale
Frail detected slight periodic changes in these
millisecond pulse rates and recognized that
they were caused by wobbling of the star due to
three planets. This method is so sensitive that it

can detect planets smaller than those detect-
able by any other method—down to a tenth of
the Earth’s mass—but is limited by the limited
number of known pulsars. Although the exis-
tence of such small pulsar planets is of interest,
they do not offer the possibility of life as we
know it since a neutron star emits radiation
deadly to such life.

The radial-velocity or Doppler method de-
tects back-and-forth variations in the wobbling
of a star and has accounted for the majority of
exoplanet discoveries. These radial motions rel-
ative to the Earth cause shifting of the star’s
spectral lines due to the Doppler effect, which
decreases and increases the wavelength of the
light as the star moves toward and away from
the Earth respectively. Modern spectrometers
can detect velocity variations down to about
1 meter per second, including the High Accu-
racy Radial Velocity Planet Searcher (HARPS)
spectrometer at the European Space Agency’s
3.6-meter telescope in Chile. This method re-
quires high precision and is limited to nearby
stars within about 160 light-years. It is most sen-
sitive to large planets with short periods, known
as “hot Jupiters” because of their proximity to
the Sun, while longer periods require many
years of observation. From the period of the
planet, the orbital radius can be found. Velocity
variations permit an estimate of a planet’s mini-
mum mass, which can be considerably larger if
the orbit is highly inclined to the line of sight.

A few exoplanets have been detected by three
more problematic but developing methods. The
transit method measures the tiny dimming of a
star when a planet passes in front of it. This
method can reveal the size of the planet and can
be combined with data from the Doppler method
to find its true mass and density. The gravita-
tional microlensing method is based on observa-
tions of a star whose gravitational field func-
tions like a lens, focusing light from a distant
star directly behind it in the same line of sight.
Anomalies in the lensing light curve can reveal
planets orbiting Sun-like foreground stars
down to the size of the Earth. However, the
lensing observations cannot be repeated when
the chance alignment of two such stars changes.
The circumstellar disk method analyzes the in-
frared radiation emitted by dust disks that sur-
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round many stars. Images of dust disks have
been obtained by the Hubble and Spitzer space
telescopes, and some of these have features that
imply the presence of planets.

Three detection methods that may be used in
the future are of more specialized interest. The
eclipsing binary method looks for anomalies in
the light variation as one star of a binary system
passes in front of its companion, giving evidence
of planets in the system. In the orbital phase
method, future space telescopes may be able to
detect light variations due to the reflected light
from planets that produce phases like that of
the Moon. The polarimetry method studies the

tiny fraction of polarized light from a star if it
passes through the atmosphere of an orbiting
planet.

KNOWLEDGE GAINED

Discoveries of extrasolar planets since the
first confirmed pulsar planets have increased
rapidly and have added much to our knowledge
of the varied nature of such planets. The first
confirmed planet orbiting a Sun-like star (51
Pegasi) was discovered by the radial-velocity
method in 1995 by Michel Mayor and Didier
Queloz of the University of Geneva in Switzer-
land. They were surprised to find that its period
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was only about 4.2 days and that its orbital ra-
dius was much less than that of Mercury. These
measurements gave a minimum mass of about
half that of Jupiter, or at least 150 times the
Earth’s mass.

The discovery of a planet around 51 Pegasi
was confirmed by a California team led by
Geoffrey Marcy, who used the radial-velocity
method to discover nearly two-thirds of about
three hundred possible extrasolar planets found
over the next dozen years. These are mostly hot
Jupiters whose masses are assumed to be less
than the limit of about thirteen Jupiter masses
that distinguishes a planet from a brown dwarf
star. Among their achievements was the discov-
ery of the first multiple-planet system, with
three Jupiter-size planets around a Sun-like
star, and the first transit detection of a planet
previously discovered by the radial-velocity
method, giving its actual mass and confirming
that it was a planet. About twenty multiple-
planet systems have been found, and four pul-
sar planets are known around two separate pul-
sars.

Among approximately three hundred extra-
solar planet candidates, the vast majority have
Jupiter-size masses. Since most of these were
discovered by the radial-velocity method, only
their minimum masses are known and the ac-
tual masses of some could eventually show that
they are brown dwarfs. About sixty extrasolar
planets have been confirmed by various meth-
ods that have determined their actual masses.
Early discoveries were mostly hot Jupiters with
large masses situated very close to their parent
star and with very short periods. They seem to
defy theories of planet formation based on stud-
ies of our solar system, which suggest that large
gas planets form farther from their parent star
than the smaller rocky planets. However, it is
now believed that hot Jupiters probably formed
farther out and then migrated in due to larger
amounts of dust in their circumstellar disks.

Frequent observations of these hot Jupiters
appear to be the result of a selection effect, since
such planets are easier to detect over shorter
time periods because of the larger and faster
wobbling of their parent stars. As detection
methods have improved, many such large plan-
ets have been found with larger orbits compara-

ble to those of Jupiter and Saturn. Since 2004, a
few Neptune-sized planets have been discov-
ered with masses in the range of about seven to
fourteen Earth masses. Most exoplanets have
much more eccentric orbits than those in
Earth’s solar system, which is not due to an ob-
servational selection effect and is still a major
puzzle for astronomers.

CONTEXT

The primary interest in extrasolar planets
arises from the possibility of finding Earth-like
planets in the habitable zone about their parent
stars, where water and thus life might exist.
The hot Jupiters and eccentric orbits of most of
the exoplanets found so far appear to have little
possibility of life. However, a few discoveries are
beginning to reveal Earth-like qualities and
similarities to our solar system. About seven
exoplanets have now been discovered by gravi-
tational microlensing, including a two-planet
system found in February of 2008 similar to the
Jupiter-Saturn system, which plays the impor-
tant role of sweeping up errant comets and as-
teroids that might otherwise make life on Earth
impossible.

In 2008 the Optical Gravitational Lensing
Experiment (OGLE) at Princeton University
found two rocky “super-Earth” exoplanets with
masses of only five and three times the Earth’s
mass, the latter orbiting a brown dwarf, sug-
gesting that it might be a planet covered with
water. In May of 2008 several dozen possible
new super Earths were announced by an MIT
group in Chile using the radial-velocity method
with the HARPS spectrometer.

Several planned space missions offer the pos-
sibility of much better exoplanet detection from
outside the Earth’s atmosphere. NASA’s Kepler
mission is expected to use the transit method
with a special space photometer that can simul-
taneously scan a hundred thousand stars and
should be able to detect Earth-sized planets and
their statistical frequency around Sun-like
stars.

Joseph L. Spradley
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Extraterrestrial Life in the
Solar System
Category: Life in the Solar System

Exobiology is the search for and study of
life on celestial bodies other than Earth.
Within the solar system, Mars, Jupiter’s
satellite Europa, and Saturn’s satellites
Titan and Enceladus are all considered
possible sites where life, or the precursor
chemistry needed for the rise of primitive
living organisms, might have developed.

OVERVIEW

Understanding where life might have devel-
oped in the solar system requires comprehen-
sion of how life arose on Earth. The earliest evi-
dence of life on Earth is the presence of organic
matter derived from biological processes re-
corded in rocks that are about 3.2 billion years
old. Life may have developed very early in
Earth’s history. However, much of the fossil rec-
ord of early life on the Earth has been erased by
subsequent geophysical activity. Biologists have
pieced together some of that early history by ex-
amining the remaining fossil record and by per-
forming a series of laboratory experiments.

Life on Earth is based on complex organic
molecules, consisting of chains of carbon, hydro-
gen, nitrogen, and oxygen. However, organic
molecules can be produced by simple chemical
reactions as well as by biological activity. Thus,
to determine if a process is truly biological,
rather than simply a chemical reaction, it is nec-
essary to define the criteria for life. The ability
of an organism to reproduce itself is considered
to be an essential feature of life. Deoxyribonu-
cleic acid (DNA) and ribonucleic acid (RNA) are
the organic molecules that control heredity in
terrestrial life-forms. Thus, DNA and RNA are
considered essential for reproduction of life on
Earth. These two nucleic acids are produced
only with the help of certain proteins. A major
focus of exobiology is to understand how DNA,
RNA, and the proteins essential in their produc-
tion originated.

A major breakthrough occurred in 1953,
when Stanley Miller, a graduate student at the
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University of Chicago, and his research supervi-
sor, Professor Harold Urey, produced amino ac-
ids, the basic building blocks of proteins, in a
sealed environment simulating conditions be-
lieved to be present on the early Earth. Miller
and Urey continuously passed electrical sparks
through a chamber filled with a gaseous mix-
ture of methane, ammonia, and hydrogen (a
composition believed to be similar to that of the
early atmosphere of the Earth) and water vapor
(representing the water contributed by the
Earth’s oceans). After several days they ex-
tracted a mixture of organic molecules, includ-
ing amino acids, from the bottom of the cham-
ber. The Miller-Urey experiment suggested
that lightning discharges throughout Earth’s
early atmosphere could have deposited amino
acids onto the planet’s surface. Other experi-
ments demonstrated that bombardment of the
gas mixture by high-energy particles, simulat-
ing cosmic rays, produced similar results. These
experiments suggest that three sufficient condi-
tions must be met to produce amino acids: a sup-
ply of carbon-rich material must be present, liq-

uid water must be available, and some energy
source (electrical discharge, high-energy parti-
cles, or possibly heat and sunlight) is required.
Although sufficient, it remains to be proven that
these three conditions are also necessary.

Scientists have examined the planets and
satellites of the solar system, searching for loca-
tions where all three conditions are met. Water
may be the most critical restriction, since it re-
mains a liquid only over a very narrow range of
temperatures. The surfaces of Venus and Mer-
cury are too hot for liquid water to be present.
Jupiter, Saturn, Uranus, Neptune, and Pluto
are too cold to support liquid water. Thus, of
these nine planets only Earth and Mars seem to
be suitable candidates for life, because they are
in the range of distances from the Sun such that
they could support liquid water. Venus is within
the Sun’s habitable zone as well, but a runaway
greenhouse effect of unknown origin has left it
inhospitable to life as we understand and recog-
nize it.

Where life is abundant, it can produce
changes in the atmosphere of a planet, allowing

astronomers to search for un-
usual signatures of biological
activity. The present compo-
sition of the Earth’s atmo-
sphere, dominated by nitro-
gen and oxygen, is regulated
by the life-cycle processes of
respiration and photosynthe-
sis of Earthly organisms. The
atmosphere of Mars, on the
other hand, is dominated by
carbon dioxide, and it con-
tains only a trace amount of
oxygen. Thus, by the 1960’s
astronomers had observed
that, at least in the present
era, living organisms were not
present in sufficient abun-
dance to perturb the atmo-
spheric chemistry of Mars.

The beginning of the space
age made it possible to em-
ploy robotic spacecraft to per-
form direct measurements
on the surface of some plan-
ets in the expanding search
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Some of Earth’s strange life-forms tell us that it is possible for life to exist in
extreme conditions. This 2-inch, centipede-like worm, for example, was
found in 1997 living within mounds of methane on the floor of the Gulf of
Mexico. (NOAA)



for evidence of life. The first search was per-
formed on Mars by two Viking spacecraft, devel-
oped by the National Aeronautics and Space Ad-
ministration (NASA), which landed safely in
1976. Each Viking spacecraft was equipped
with instruments designed to examine the soils
of Mars for evidence of Earth-like life.

During the 1980’s and 1990’s, developments
in terrestrial biology changed how exobiologists
looked at the essential conditions for the devel-
opment of life. Single-celled organisms called
archaebacteria, which may have developed very
early in Earth’s history, were discovered. These
archaebacteria live in oxygen-deprived places,
such as the hot springs at Yellowstone National
Park. Archaebacteria take in carbon dioxide
and give off methane, and they actually cannot
thrive in the presence of oxygen. They have
genetic material different from that of other
terrestrial life-forms, suggesting that they pos-
sibly evolved independently from the more
common life-forms very early in Earth’s history
at a time before the current oxygen-rich atmo-
sphere arose. Other terrestrial microorganisms
were discovered that live on sulfur from geo-
thermal sources rather than by relying on the
Sun to supply energy. The discovery of these un-
usual terrestrial life-forms suggests that condi-
tions required for development of the common
forms of life on Earth may not be required for
the development of all life. Thus, some planets
and/or their satellites previously believed to be
unsuitable for the development of life may be
habitable by organisms rather different from
the common life-forms on Earth. This compli-
cates the search for extraterrestrial life, be-
cause many experiments, such as those con-
ducted by the Viking spacecraft on Mars in
1976, look only for signatures specific to com-
mon terrestrial life.

In the late 1990’s and throughout the first de-
cade of the twenty-first century, extrasolar
planets were increasingly detected. Although
the majority of the first hundred or so worlds
were hot Jupiters or at least bizarre large plan-
ets in systems not conducive to life as we under-
stand it, in time it became increasingly clear
that technology would shortly be capable of
picking up Earth-sized planets. A space-based
observatory named Kepler was readied for

launch in late 2008. One of its planned objec-
tives was to expand the list of extrasolar planets
tremendously and perhaps detect the first
Earth-like planets.

Three things must be noted, however. One,
there are scientists who dispute the Miller-Urey
experiment’s validity in terms of the suggestion
that production of organic materials in this
fashion necessarily leads to the development of
life. Two, there remain—even three decades af-
ter the Viking biological experiment produced
data suggestive of superoxide reactions in the
Martian soil rather than a biological metabo-
lism—many scientists who believe that the Vi-
king results were misinterpreted. Perhaps the
dismissal of a biological result was premature.
Third, many astrobiologists insist that if one re-
stricts one’s search to life as we know it based on
DNA, one severely limits the possibility for a
successful result. Some even question the need
for water as a “universal” solvent for life. Organ-
isms using a different solvent would be vastly
different.

METHODS OF STUDY

One focus of the search for life is to identify
the carbon-rich compounds available for life’s
development. Impacts of meteorites, asteroids,
and comets are believed to have contributed a
carbon-rich layer to the Earth’s early surface
and other planets and their satellites. One par-
ticularly carbon-rich meteorite, called Murchi-
son, fell in Australia in 1969. Detailed studies of
Murchison established that it contains numer-
ous organic compounds, including amino acids.

In 1986 five spacecraft, two launched by the
Soviet Union, two by Japan, and one by the Eu-
ropean Space Agency, flew past Halley’s comet.
Dust analyzers on some of these spacecraft de-
termined the chemical composition of individ-
ual dust particles emitted by the comet. These
instruments detected a large number of carbon-
rich particles, many of which also contained hy-
drogen, suggesting the presence of organic mol-
ecules in the dust. However, detailed analysis of
organic molecules requires sophisticated scien-
tific instruments too large and complicated to be
flown on those spacecraft. NASA launched a
spacecraft called Stardust to fly to Comet Wild 2
to collect dust emitted by that comet. It success-
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fully returned samples to Earth in 2006. Labo-
ratory study of the dust established the abun-
dances and types of organic compounds present
in Wild 2.

The second focus of the search for life is to
perform direct tests for the presence of biologi-
cal activity on other planets or satellites. Apollo
astronauts collected the first samples from the
Moon in 1969. When they returned to Earth, the
astronauts, their spacecraft, and their prized
lunar rocks were subjected to a twenty-one-day
quarantine during which scientists searched for
living microorganisms that might be hazardous
to life on Earth. Fragments from lunar rocks
were crushed and placed in a standard culture
medium, a nutrient-rich soup that promotes the
growth of microorganisms. Microscopic exami-
nation of these samples showed no evidence of
living microorganisms. More detailed studies
of the lunar rocks have shown no fossil evidence
of life-forms that might once have developed on
the Moon but are now extinct. Examination of
lunar samples revealed them to be exception-
ally dry, with none showing any evidence of liq-
uid water. The absence of liquid water was
taken to indicate that the Moon was always a
lifeless body.

Initial experiments in the search for life on
another planet were conducted in 1976 by the
two Viking spacecraft that landed on Mars.
Each Viking carried four instruments to exam-
ine the soil samples for evidence of such basic
life-cycle processes as respiration or photosyn-
thesis. The Gas Exchange Experiment depos-
ited samples of Martian soil in a chamber con-
taining a culture medium. This apparatus
monitored the composition of gas within its
chamber, looking for changes in the abundance
of carbon dioxide, oxygen, or hydrogen that
would signal metabolic activity by microorgan-
isms in the soil.

In a second experiment, the Labeled Release
Experiment, radioactive carbon atoms were in-
corporated into the culture medium. A detector
looked for the appearance of radioactive carbon
in released gas, signaling that the addition of
Martian soil to the nutrient had resulted in a re-
action of biological origin. Both experiments
produced positive results, but the effects were
much more dramatic than the scientists had ex-

pected. These positive results were eventually
explained as chemical reactions initiated be-
cause of the highly reactive nature of the sur-
face materials on Mars resulting from their ex-
posure to ultraviolet light from the Sun, a
superoxide chemical reaction.

The Pyrolitic Release Experiment provided
an opportunity to test that explanation. It was
also a labeled release experiment, but this ap-
paratus had the additional capability of heating
soil samples between experiments. Scientists
heated soil to 548 kelvins, well above the tem-
perature expected to kill any microorganisms
present in the soil. Even then the Pyrolitic Re-
lease Experiment yielded positive results, sug-
gesting that the release was produced by a
chemical reaction involving superoxides rather
than a biological process.

A fourth experiment, the Gas Chromato-
graph Mass Spectrometry Experiment, pro-
duced the most convincing evidence that the
soils at the Viking landing sites contained no
microorganisms. This instrument found no or-
ganic molecules within the soil down to a limit of
a few parts per million. Even the organic mole-
cules that would be expected in the soils from
the accumulation of meteorites like Murchison
were absent. Subsequent studies indicated that
high chemical reactivity of the soils as well as
intense ultraviolet radiation striking the sur-
face would rapidly destroy most organic mole-
cules. Thus, if there is life on Mars, the two Vi-
king spacecraft, which were able only to sample
the near-surface soils, were probably looking in
the wrong places.

Although instruments on both Viking land-
ers found no evidence of biological activity in
their soil samples, the two Viking orbiters ob-
tained high-resolution photographs of Mars’s
surface, producing results which excited exobi-
ologists. Several regions on Mars revealed fea-
tures similar to extensive water flow channels
on Earth, leading many geologists to conclude
that water had flowed freely on the surface of
Mars at some earlier period in its history. Be-
cause of the assumed importance of liquid water
in the development of life, some exobiologists
suggested that life might have developed on
Mars in that earlier era and that life might now
exist in subsurface layers protected from ultra-
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violet radiation. Or perhaps such life had gone
extinct, leaving only fossil evidence behind.

In 1996 scientists from NASA’s Johnson
Space Center reported that a meteorite called
ALH 84001, one ejected from the surface of
Mars and deposited in the Antarctic about thir-
teen thousand years ago, contained microscopic
features that might indicate ancient Martian
biological activity. This resulted in renewed in-
terest in the search for life on Mars. These sus-
pected fossils resembled wormlike creatures
but their size was extraordinarily small. Many
scientists pointed out that similar nanometer-
sized structures could be produced geochem-
ically and had nothing to do with life. This dis-
pute has not yet been resolved.

After the 1997 Mars Pathfinder exploration
of the Red Planet returned amazing images of
rocks and terrain, NASA planned a series of ro-
botic spacecraft to continue the exploration of
Mars. Two of those spacecraft, the Mars Explo-
ration Rovers named Spirit and Opportunity,
launched in June and July, 2003, respectively.
They successfully landed on Mars in early 2004
and spent at least the next four years moving
about their landing sites searching for evidence
of water. Later spacecraft were intended to be
even more ambitious, leading to the ultimate
desire of exobiologists and planetary scientists
alike: a sample return mission from Mars some-
time in the second decade of the twenty-first
century.

The same techniques used to search for cur-
rent or fossil life on Mars can be applied to other
planets or satellites that are identified as suit-
able candidates for the development of life. The
Galileo spacecraft, placed in orbit around Jupi-
ter in late 1995, obtained close-up photographs
of Jupiter’s four largest satellites. One of these,
Europa, emerged as another potential site for
the development of life. One of Galileo’s orbits
around Jupiter took it within 363 miles of
Europa’s surface, allowing its cameras to photo-
graph objects as small as 75 feet across. These
images showed evidence of ice flows that had
broken from a solid sheet and been displaced,
suggesting that they had floated or slipped
across a liquid ocean or on a layer of slush below.
Calculations indicated that Jupiter’s extreme
gravitational pull could introduce tidal distor-

tions that produce sufficient heat to allow liquid
water to exist beneath Europa’s icy surface.
Other photographs showed dark deposits, pos-
sibly carbon-rich material contributed by mete-
orites.

Titan, the largest satellite of Saturn, has a
methane-rich atmosphere believed to be similar
in composition to that of the early Earth. High-
energy electrons and protons, trapped in the
magnetic field of Saturn, continually bombard
the upper region of Titan’s atmosphere. This
bombardment is believed to produce complex
organic molecules that rain down onto Titan’s
surface. Titan is too cold to have liquid water.
Titan remained the primary target of study for
the Cassini spacecraft, which was launched in
October, 1997, and arrived in the Saturn sys-
tem in early July, 2004. Cassini dropped its
Huygens probe, loaded with instruments to
measure the types and abundances of the or-
ganic molecules, into Titan’s atmosphere. The
Huygens probe showed its surface may be cov-
ered with lakes of methane or ethane, which
some scientists now speculate might be suffi-
cient to allow primitive life to develop. Also, Ti-
tan’s crust appears to move significantly as if
floating on a subsurface ocean, adding another
intriguing aspect to the possibility of organic
chemistry and/or primitive life on Titan.

Even Enceladus displays unexpected geyser
activity at its south polar regions. This sug-
gested the possibility of liquid water under-
neath the surface and therefore the potential for
primitive life. Neptune’s Triton also exhibits
cryovolcanism at an even lower temperature.
More research is needed to determine the na-
ture of this mechanism, and that investigation
would likely have to await a Neptune orbiter.

Exobiologists were excited to see the possible
existence of the three conditions believed neces-
sary for the development of life: carbon-rich ma-
terial, water, and energy from the Jovian tides.
Several follow-on missions have been sug-
gested. A spacecraft placed into orbit around
Europa could use radar to see through several
miles of ice, detecting any water below and pro-
viding a clear test of the ocean model. More am-
bitious proposals include a spacecraft that
would fling a 9-kilogram projectile into the sur-
face of Europa, catch some of the debris lofted by
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the collision, and return it to terrestrial labora-
tories for examination. Another common pro-
posal would see a submersible vehicle melt its
way through Europa’s icy crust to reach a poten-
tial subsurface layer of liquid water and image
the local environment directly.

CONTEXT

The possibility that life might have devel-
oped elsewhere in the solar system has been the
subject of speculation for hundreds of years. In
1820, Carl Gauss, a German mathematician,
suggested cutting geometrical patterns into the
Siberian forest large enough to be seen by an ob-
server using a telescope from the Moon or Mars.
The idea was to motivate any inhabitants of the
Moon or Mars to engineer similar geometrical
patterns, initiating crude communication with
the Earth. Other suggestions for communica-
tion with intelligent life included setting huge
fires in the Sahara desert and constructing
large mirrors to reflect sunlight back into space.
These early ideas of how to communicate with
intelligent life elsewhere in the solar system did
not focus on particular sites where the condi-
tions were expected to be appropriate for the de-
velopment of life.

Although its origins go back as far as 1929,
radio astronomy only gained respect within the
astronomical community in the early 1950’s in
the aftermath of World War II, when radio
equipment necessary to “listen” to the heavens
became available as war surplus. Radio astron-
omers soon discovered that the natural uni-
verse was far from radio quiet. Some scientists,
beginning with astronomer Frank Drake, won-
dered about and then tested the idea that
intelligences beyond Earth might be transmit-
ting recognizable radio signals. In due time a
coordinated Search for Extraterrestrial Intelli-
gence (SETI) program was developed. No verifi-
able signals of intelligence have yet been re-
ceived from deep space.

Only in the second half of the twentieth cen-
tury did biologists begin to develop an under-
standing of how life originated on Earth. This
knowledge provided clues as to the conditions
needed for similar forms of life to develop else-
where in the solar system. The study of terres-
trial life indicates that it originated as simple,

single-celled microorganisms and that these
simple microorganisms might develop quickly
and easily on other planets and/or their satel-
lites as well. Thus, the focus of solar system exo-
biology shifted from the search for intelligent
life, which has not been seen on any planet other
than Earth, to the search for simple microor-
ganisms. However, SETI continued, although
for a time Congress removed any support for the
project through NASA’s federal allocations. In
time commercial funds supplemented federal
funding for SETI projects. For a time in the pe-
riod following release of the popular movie Con-
tact (1997), based on a book by the late Carl
Sagan, public interest in SETI increased dra-
matically.

The dawn of the space age inaugurated an
era when spacecraft could be used to search for
environments favorable to the development of
life, perform experiments designed to detect liv-
ing organisms on the surface of other planets
and/or their satellites, and ultimately return
samples to Earth so that scientists could exam-
ine them for evidence of biological activity or
fossil evidence of past life. Although scientific
interest in life elsewhere in the solar system
reached a low point after the negative results of
the Viking landers in 1976, there was a resur-
gence of interest by the end of the twentieth cen-
tury. Discovery of river channels on Mars, possi-
ble fossil evidence for ancient microorganisms
in a meteorite from Mars, hints of water ice on
the Moon and Mercury, oceans on Europa and
Enceladus, organic materials and an atmo-
sphere on Titan, and cryovolcanism seen on
Enceladus and Triton suggest that the solar
system might not be as inhospitable to the de-
velopment of life as was believed immediately
following the results of the Viking landers.

George J. Flynn
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G
Gamma-Ray Bursters
Category: The Stellar Context

Gamma-ray bursts for a long time were an
unexplained phenomenon in high-energy
astrophysics. A variety of spacecraft have
detected and studied these random, brief,
and intense bursts of gamma rays, which
come from all parts of the sky. Most theo-
ries associate them with neutron stars in
the Milky Way galaxy, but an extragalactic
source cannot be excluded.

OVERVIEW

Gamma-ray bursts (GRBs) constitute a
unique phenomenon in astronomy. During their
brief appearance, they are brighter than all
other objects in the sky, including the Sun.
About a hundred strong GRBs occur every year.
It is not known how many weaker bursts occur.
For many years after their discovery, their
source represented one of the greatest myster-
ies in astrophysics. They occur at random times
and appear to be randomly distributed over the
sky. There is no particular clustering of GRBs in
any region, and until the Swift spacecraft was
launched in 2004, they had not been associated
with any known objects. GRBs are extremely
difficult to study, since it is never known when
or where a GRB will occur.

It has become recognized that there are dis-
tinct classes of GRBs, with different properties,
that may be caused by entirely different objects
or emission mechanisms. The situation is analo-
gous to the recognition, long after the first tele-
scopes came into use, that not all nonstellar ob-
jects should be classified simply as “nebulae,”
since they include objects as diverse as super-
nova remnants, galaxies, star clusters, and
planetary nebulae. It is believed that, similarly,
the phenomena that scientists call “gamma-ray
bursts” will be found to be caused by more than
one process or object.

Discovery of GRBs in 1972 by the Vela space-

craft was a classic case of a serendipitous dis-
covery, a discovery made while looking for
something else. The Vela spacecraft were de-
signed and operated to detect nuclear explo-
sions from space. This series of small spacecraft,
built by TRW and launched in the mid-1960’s,
contained a wide variety of sensors that
“looked” in all directions. The spacecraft were
launched into high, eccentric orbits so that they
could even scan the area behind the Moon for
clandestine nuclear explosions.

Gamma-ray detectors aboard the Vela space-
craft were designed and built at the Los Alamos
National Laboratory. They consisted of small
scintillation detectors, the output of which was
continuously monitored for an increased rate
above background. After several years of opera-
tion, occasional triggers were detected, but they
were dismissed since no other sensors on board
the spacecraft recorded the events and because
such “glitches” were common to detectors on
other spacecraft. It was not until Los Alamos
scientists began studying these triggers in
greater detail that their nature became known.
In many cases, two or more spacecraft would re-
cord a trigger at nearly the same time. It was
first suspected that a source of gamma rays
from Earth, the Sun, or another object or region
within the solar system was causing the GRBs.
When precise gamma-ray-burst timing analysis
was performed, it became evident that triggers
were caused by a plane wave of gamma rays
striking the array of widely separated space-
craft. This type of wave could be caused only by
a powerful point source of gamma rays far be-
yond the solar system.

Los Alamos scientists announced their dis-
covery at a meeting of the American Astronomi-
cal Society in Columbus, Ohio, in 1973 and pub-
lished their findings in an astrophysical
journal. Almost immediately, there was a flurry
of activity to try to explain GRBs and to obtain
more experimental data. As experimenters be-
gan to look through old data and data from still-
operating spacecraft, many confirmed GRBs
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were uncovered in addition to those detected by
the Vela spacecraft. Among the earlier space-
craft that confirmed the existence of GRBs were
the Orbiting Solar Observatories, the Orbiting
Geophysical Observatories, the Small Astron-
omy Satellites, the Interplanetary Monitoring
Platform, Kosmos 461, Apollo 16, and the Ger-
man spacecraft TD 1. It should be noted that
none of these spacecraft had detectors that were
specifically designed to detect GRBs. It was only
because of the intensity of the bursts and their
coincidence with other observations that they
were detectable by instruments designed for
other purposes.

By the late 1970’s, a network of small detec-
tors on interplanetary spacecraft was estab-
lished in an attempt to locate the source of the
GRBs more precisely. Included in this network
were instruments aboard the Pioneer Venus
orbiter; International Sun-Earth Explorer 3
(ISEE 3); Veneras 11, 12, 13, and 14; Prognoz 7;
and Helios 2. For the first time, these spacecraft
provided long interplanetary baseline distances
required to locate the GRBs within one arc min-
ute. Unfortunately, with one important excep-
tion, no unusual objects were detected near the
burst sources. The exception was the GRB of
March 5, 1979. It occurred in or near a super-
nova remnant in the Large Magellanic Cloud.
This burst was unusual in other respects, how-
ever, so it may have been part of a separate class
of GRBs.

The Russians, in collaboration with Bul-
garia, Denmark, and France, launched the
Granat observatory late in 1989. Outfitted with
two instruments to investigate high-energy as-
trophysical objects from X-ray to gamma-ray
wavelengths, Granat lasted until 1998. How-
ever, five years into its orbital lifetime the ob-
servatory ran out of attitude control gas, mak-
ing directional surveys no longer possible.
Among Granat’s greatest discoveries were the
detection of electron-positron annihilation from
a galactic microquasar, nineteen GRBs, and the
identification of numerous objects that were
candidates for black holes.

The Gamma Ray Observatory (GRO) was de-
ployed into an independent orbit from the space
shuttle Atlantis during the STS-37 mission
in early April, 1991. The second in the Na-

tional Aeronautics and Space Administration’s
(NASA’s) Great Observatory series, once in or-
bit GRO was renamed the Compton Gamma
Ray Observatory (CGRO or just Compton Ob-
servatory) after the Nobel Prize-winning physi-
cist Arthur Compton, for whom an important ef-
fect involving an interaction of matter and
electromagnetic radiation is also named. That
interaction involves a shift in wavelength when
a photon is “scattered” off a free electron. This
effect is most pronounced in X-ray and gamma-
ray photons.

CGRO was left in a low, nearly circular Earth
orbit (at an altitude of 450 kilometers) to keep it
out of the Van Allen radiation belts. Ideally it
would have been deployed at an altitude well
above those radiation zones, but it was far too
heavy (17,000 kilograms) for the shuttle to put
it up that high; use of an upper stage in concert
with the shuttle carrying such a heavy payload
was out of the realm of possibility as well.

Compton’s most important improvement
over previous gamma ray-detecting satellites
was that its suite of four experiments covered
energies ranging from as low as 20 kilo-electron
volts (keV) to 30 giga-electron volts (GeV). No
previous orbital detector had spanned six or-
ders of magnitude in wavelength (or energy as a
consequence) in the gamma-ray portion of the
electromagnetic spectrum.

CGRO’s four instruments were the Burst and
Transient Source Experiment (BATSE), the
Oriented Scintillation Spectrometer Experi-
ment (OSSE), the Imaging Compton Telescope
(COMPTEL), and the Energetic Gamma Ray
Experiment Telescope (EGRET). Provided by
NASA’s Marshall Space Flight Center, BATSE
was designed to search for short GRBs ranging
in energy from 20 to 600 keV and also generate
full-sky surveys for long-duration gamma-ray
sources. Provided by the Naval Research Labo-
ratory, OSSE was outfitted with four individu-
ally pointing detectors capable of picking up ra-
diation from 0.05 to 10 mega-electron volts
(MeV). A pair of these detectors would record
emission from a source while the other two
would record the background near those
sources for contrast. COMPTEL was provided
by a collaboration of the University of New
Hampshire, the Netherlands Institute for
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Space Research, the Max Planck Institute, and
the European Space Agency’s (ESA’s) Astro-
physics Division. COMPTEL was designed with
a wide field of view and sensors capable of iden-
tifying sources (in an energy range of 0.75 to 30
MeV) to within one degree. EGRET was pro-
vided by a collaboration of NASA’s Goddard
Space Flight Center, Stanford University, and
the Max Planck Institute. This was the highest
energy detecting portion of CGRO, capable of
recording emissions in the range of 20 MeV to 30
GeV and identifying the location of incoming ra-
diation to within a fraction of a degree; that
level of resolution was useful in having other
satellites precisely locate sources picked up by
EGRET.

Compton was not capable of being repaired in
orbit like the Hubble Space Telescope. CGRO’s
systems began to degrade, especially threaten-
ing the loss of attitude control. It was therefore
decided to drive the observatory into the atmo-
sphere over a portion of the Pacific Ocean that
was sparsely populated at best. Large debris
that would survive reentry, such as a major por-
tion of one of Compton’s detectors, would drop
harmlessly into the ocean. CGRO was deorbited
on June 4, 2000, reluctantly ending nine years
of unprecedented gamma-ray astrophysics re-
search.

The Swift Gamma Ray Burst spacecraft was
launched by a Delta II booster on November 20,
2004, and placed in an orbit 600 kilometers
above the Earth’s surface. Swift was designed to
provide the best all-sky survey of gamma rays
yet, to provide alerts to transient astrophysical
events such as supernovae and GRBs of both
short and long duration, to help identify the lo-
cation of GRBs, and to assist in determining the
distances to gamma-ray bursters at cosmologi-
cal distances representing a time early in the
universe’s evolution. Swift was outfitted with
just three instruments: the Burst Alert Tele-
scope (BAT), X-ray Telescope (XRT), and Ultra-
Violet/Optical Telescope (UVDT). The most im-
portant aspect of Swift’s capability was the
rapidity with which it could respond to a
gamma-ray detector and precisely locate its
source so that these three instruments and
other assets available worldwide to the astron-
omy community could record and study the af-

terglow of a GRB. Within about fifteen seconds
on average, Swift could identify the source of
gamma rays to within approximately one arc
minute of the sky. The Swift Mission Operation
Center, located on the campus of Pennsylvania
State University, serves as a clearinghouse
alerting other astronomers around the world to
GRB events.

NASA’s Gamma-Ray Large Area Space Tele-
scope (GLAST) was launched by a Delta II
booster in June 11, 2008. GLAST involved an in-
ternational team consisting of space agencies
and research groups from the United States,
France, Germany, Italy, Sweden, and Japan.
GLAST was designed as a follow-on gamma-ray
astronomical observatory to the lost Compton
GRO; however, it was not considered a member
of NASA’s Great Observatory program. It was
intended to investigate cosmological questions
raised by Compton observations as well as ener-
gies far in excess of what can be produced in par-
ticle accelerators on Earth. Scientists expected
to use GLAST to obtain better understanding of
black holes, neutron stars, and high-speed gas
and how they produce gamma radiation.

KNOWLEDGE GAINED

Since GRBs have not been identified with
known objects, their distance is highly uncer-
tain. This, in turn, makes it difficult to specu-
late on their origin. Since the distance to the
burst sources is not known, the intrinsic lumi-
nosity of the source is even more uncertain.
Many of the early theories of GRBs posited ex-
otic phenomena or objects to explain them. In
later years, most models have associated GRBs
with explosive events near, or at the surfaces of,
neutron stars within the Milky Way galaxy.
These explosions could be caused by thermonu-
clear reactions resulting from the collision of in-
terstellar material, comets, or asteroids with
neutron stars, or from the annihilation of strong
magnetic fields near such stars. Another theory
attributes GRBs to a sudden shift of the solid
crust that is thought to be present in neutron
stars. There are also models of GRBs that at-
tribute them to enormous explosions occurring
at cosmological distances, or distances near the
edge of the observable universe. At these dis-
tances, the luminosity of a GRB would be equiv-
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alent to that of a supernova, although all of its
energy would be emitted at gamma-ray wave-
lengths and within the duration of a GRB.

The three observable properties of GRBs that
are most often studied are their time histories,
their energy spectra, and the statistical proper-
ties of their intensity and distribution over the
sky. Attempts to locate a GRB and identify it
with a known object have thus far been unsuc-
cessful. Very sensitive optical, radio, and X-ray
searches have been made of precisely located
gamma-ray-burst “error boxes” (the region of
uncertainty in the position of a celestial source).
These searches have been either inconclusive
or controversial. A search of old photographic
plates from telescopes in the Southern Hemi-
sphere, however, has shown two or three tran-
sient, starlike optical images at the locations of
GRBs. The authenticity and the significance of
these observations are still being debated.

The time history of a GRB refers to the inten-
sity variations of the burst as a function of time.
Some GRBs show extremely rapid fluctuations
over their entire duration, which may encom-
pass a minute or two. Other
bursts last a few seconds, dur-
ing which time only smooth
variations are seen. Still oth-
ers exhibit a single spike
lasting only a fraction of a
second. The rapid variations
indicate that the source of a
GRB is a very small region or
compact object, such as a neu-
tron star or a black hole. The
GRB of March 5, 1979, was
unique in that it had a single,
intense spike that was fol-
lowed by a lower-level emis-
sion with an eight-second
period that lasted for more
than two hundred seconds.

The spectra of GRBs indi-
cate that the sources contain
regions of extremely high
temperatures—perhaps the
highest in the universe. In
many cases, the gamma-ray
energies extend up to 100
MeV. Extremely rapid varia-

tions are observed in the spectra of most GRBs.
In addition, gamma-ray line features are ob-
served that may be explained by the gamma
rays coming from regions with extremely high
magnetic fields, such as those expected near
neutron stars. There is also a class of GRBs that
have softer spectra, or lower temperatures, and
are observed to be repetitive. Soviet researchers
also reported gamma-ray line features near 400
keV, which some interpreted as caused by the
annihilation and redshift of electron-positron
plasma near the surface of a neutron star.

Granat began working in a survey mode in
late 1994. Before the demise of this Russian ob-
servatory, data from Granat detailed spectral
and temporal variability of potential black
holes, discovered the specific radiation emerg-
ing from electron-positron annihilation from
the X-ray nova Muscae and a galactic micro-
quasar, and improved imaging of the Milky
Way’s galactic center.

In February, 1997, telescopes sighted the
source of a burst, a diffuse, elongated object
with a bright core. Astronomers thought the ob-
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This artist’s rendering of GRB 050709 depicts a gamma-ray burst discov-
ered July 9, 2005, by NASA’s High-Energy Transient Explorer. The inset
shows the X-ray afterglow visible three days later. (NASA/CXC/Caltech/
D. Fox et al./ Illustration: NASA/D. Berry)



ject might be a very distant galaxy, but they
could not be certain without more data.

Compton provided a means whereby GRBs
of short duration could be differentiated from
longer-duration bursts. Its instruments picked
up the first known gamma-ray repeaters. Over
its lifetime, BATSE picked up at least one event
per day, giving it a total of 2,700 gamma-ray de-
tections. OSSE was used to survey the Milky
Way’s center and provided evidence suggesting
that a cloud of antimatter existed exterior to the
central region. COMPTEL observed gamma
rays originating from the decay of the radioac-
tive isotope aluminum 26 (26Al) and generated a
full-sky survey of that emission. EGRET’s full-
sky survey of high-energy gamma-ray emis-
sions picked up 271 sources. However, only 100
of them were definitively identified. One sur-
prise was the detection of terrestrial gamma
rays originating from thunderstorms. CGRO in-
struments surveyed both pulsars and super-
nova remnants.

CGRO provided an enormous amount of
data, and its instruments were still working at
the time of its demise. Its data helped astro-
physicists better characterize the nature of
GRBs and provided the insight needed to design
even better observations to follow, such as the
Swift spacecraft and GLAST telescope.

The Swift observatory represented a major
advance in the study of GRBs. Outfitted with
detectors capable of observing from the visible
through gamma-ray wavelengths, Swift was de-
signed to scan the sky continuously for the sig-
nature of a GRBer. It had the capability to slew
quickly and locate the source of the burst. At
this point, the worldwide astronomical commu-
nity would be alerted to use space-based and
ground-based observatories to quickly measure
and record the burster’s afterglow. Although
there were some anomalies with Swift’s XRT in-
strument, the observatory was commissioned
on February 1, 2005. It had detected an initial
burster earlier on January 17, 2005, and was
quickly able to identify the bright source in its
field of view, thereby triggering an alert for fur-
ther study by other observatories, such as the
Chandra X-Ray Observatory. During its first
year of operation alone, Swift found 90 GRBs.
Swift was the first to detect the location of a

short-duration GRB. GRB 050509b, observed
by Swift on May 9, 2005, had a burst duration of
merely 50 milliseconds; this demonstrated the
rapid response time of Swift.

On September 4, 2005, Swift discovered the
most distant known GRB, GRB 050904, located
12.6 billion light-years distant. In 2006, Swift
identified the location of GRB 060614 to be 1.6
billion light-years distant. This burster lasted
102 seconds and had a signature indicating it
most likely resulted from the formation of a
black hole. Another great discovery came on
January 9, 2008. While Swift was studying a su-
pernova in NGC 2770, it detected an X-ray burst
in the very same galaxy. This triggered coordi-
nated studies with Chandra, the Very Large Ar-
ray, the Keck I telescope, the 200- and 60-inch
telescopes at Palomar, and the Hubble Space
Telescope, making this perhaps the most in-
tensely studied supernova at a very early point
in its development, a study that was performed
with instruments across the electromagnetic
spectrum. On March 19, 2008, Swift detected
four GRBs, a record for one day’s observations.
Even more important, the second of the four dis-
covered that day, GRB 080319B, turned out to
be the brightest celestial object ever detected.
Located 7.5 billion light-years from Earth, this
GRB was 2.5 million times brighter than any
other supernova.

GLAST only achieved first light by the time
this article was composed; thus little in the way
of results could be provided. However, among
the scientific objectives of GLAST research
were the examination of high-energy astrophys-
ical objects at energies greater than could be du-
plicated on Earth in laboratories; the search for
sources of dark matter to illuminate the identity
and physics of such exotic matter; investigation
of gamma-ray bursters; investigation of the
mechanisms whereby black holes produce jets
and accelerate the material in them to speeds
very close to that of light; and investigation of
solar flares, cosmic rays, and pulsars at high en-
ergy.

CONTEXT

The field of high-energy astrophysics is a
product of the space age. It is necessary to carry
instruments and telescopes above Earth’s atmo-
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sphere in order to observe the universe at X-ray
and gamma-ray wavelengths. This relatively
new branch of astronomy not only has taught
scientists more about objects that they already
knew to exist but also has revealed new types of
objects and phenomena, including X-ray stars,
black holes, and GRBs. These objects are among
the most energetic and violent in the universe.
Most of them are associated with the final
stages in the life cycles of massive stars.

GRBs once represented the greatest un-
solved problem in high-energy astrophysics.
Their distance and luminosity were unknown
for a long time. They are difficult to study be-
cause of their random and transient nature. Al-
though the initial discovery and studies of
GRBs were made by groups in the United
States, the Soviets, often with French collabora-
tors, also obtained many of the gamma-ray-
burst data. The establishment of an interna-
tional gamma-ray-burst observation network,
combining data from as many as nine space-
craft, became a model for international collabo-
ration in space exploration. It is expected that
the continued study of GRBs not only will help
astrophysicists in their understanding of these
objects but also will enable scientists to study
conditions of extreme temperature, pressure,
and density that are unavailable anywhere else.

Gerald J. Fishman
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See also: Brown Dwarfs; Main Sequence Stars;
Novae, Bursters, and X-ray Sources; Nuclear
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Synthesis in Stars; Protostars; Pulsars; Red
Dwarf Stars; Red Giant Stars; Stellar Evolu-
tion; Supernovae; Thermonuclear Reactions in
Stars; White and Black Dwarfs.

Ganymede
Categories: The Jovian System; Natural

Planetary Satellites

The Jovian moon Ganymede was the first
natural satellite, other than Earth’s moon,
to be discovered. It is also the largest satel-
lite in the solar system—large enough to
generate its own magnetic field, an un-
usual characteristic for a satellite.

OVERVIEW

Ganymede, the largest satel-
lite of Jupiter, was discovered
by Galileo Galilei with a tele-
scope in 1610. He published the
information in Siderius Nuncius
(starry messenger) and thereby
initiated a dispute with the
Church that would eventually
lead him to be placed under
house arrest for the remainder
of his life; it was heresy to say
that anything revolved around
something other than the Earth.
The satellite was named by Si-
mon Marius for one of the lovers
of the Roman god Jupiter.

Ganymede is 5,280 kilome-
ters in diameter, and just over
1 million kilometers from Jupi-
ter; it is the seventh of sixteen
satellites. It is common for a
satellite to present the same
face to its planet at all times—
a relationship called synchro-
nous—and Ganymede does this,
just as Earth’s moon does. The
rotation of Ganymede is pro-
grade, that is, in the same direc-
tion as that of Jupiter. Gany-
mede’s orbit is almost circular,

meaning that its eccentricity (the measure of
how close to a circular orbit the satellite travels)
is small. A circular orbit has an eccentricity of
zero. Ganymede’s angle of inclination is less
than a degree, meaning that this moon rotates
almost exactly in the plane of Jupiter’s equator.

Ganymede’s albedo, the amount of sunlight
reflected, is large. This reflectivity is caused by
ice mixed with carbon-rich soil on the surface of
the satellite. When the ice underneath the sur-
face is heated and melts, it erupts to the surface.
The soil, which is denser than water, sinks be-
low the water. The water freezes, causing a
bright spot on the surface. The water is heated
either by radioactive decay or by tidal flexing.
Not only does the gravity of Jupiter and Callisto
pull on Ganymede; the moon also has Laplace
resonance, which occurs because of the forces
from the satellites Io and Europa. Every time
Ganymede rotates around Jupiter once, Eu-
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This image of Jupiter’s moon Ganymede shows the seismic activity in
the crust and outer coating of water ice that has led to this body’s nick-
name, the Moonquake World. It may be that Ganymede, like Earth, has
plate tectonic activity. (NASA, Voyager, © Calvin J. Hamilton)



ropa, the satellite just inside
Ganymede, goes around Jupi-
ter twice, and Io, the moon in-
side Europa, goes around four
times. Thus, during every orbit
the three satellites are aligned,
magnifying the gravitational
effect. This increased gravita-
tional pull and then relaxation
not only causes the orbits to be-
come elliptical but also causes
stresses within the satellites
themselves. This tidal flexing
generates heat that melts ice
and causes the surface of Gany-
mede to be smoother than ex-
pected. Many of Ganymede’s
impact craters have had their
depths reduced by the changing
surface of Ganymede.

The surface of Ganymede is a
mixture of bright areas and
dark regions. The dark regions
are heavily cratered; the bright
areas are less cratered but are
often grooved. The bright areas consist of the
soil left after the ice has sublimed away. The
surface appears much like the surface would if
there were lava flow. Water melted by the tidal
flexing, then freezing as it reaches the surface,
may still flow, much as glaciers flow on Earth.
The heavily cratered regions are older and often
show fractures and grooves through the craters,
where water has broken through the surface at
a crater. Ice on Ganymede causes the reflection
of radar to be much greater than on most other
satellites. Ice also allows radar to penetrate
more deeply into Ganymede than if the surface
were all silicates. The percentage of ice has been
measured at 45-55 percent.

The bulk density of Ganymede is between
that of ice and that of carbonaceous silicates,
indicating a mixture of the two materials. Gany-
mede has differentiated; that is, the compo-
nents have separated, producing a core of dense
metals, probably iron or iron with sulfur. A mol-
ten iron core is usually the reason for a magnetic
field, which Ganymede does have. One model,
which agrees with the measured values, postu-
lates a large core of iron with 10 percent sulfur.

The moon has a core with a radius of 695 kilome-
ters, a silicate mantle, and a 900-kilometer-
thick ice-water shell. Bombardment by meteors
causes a change in the albedo of Ganymede in
two ways. First, the meteor causes new, darker
material to be thrown up onto the surface (the
underlying silicates are darker than the ice or
residue left by subliming ice). Second, meteor
impacts cause the loss of volatile material, leav-
ing an opaque, dark material.

Ganymede has a thin atmosphere, composed
of electrically charged gases. One gas seen in
the space around Ganymede is hydrogen. Water
sublimed from the surface or escaping from a
surface fracture condenses at the poles, produc-
ing a whitish polar cap down to latitudes of
about 40°. Near-infrared spectra show the ex-
pected water and hydrated minerals. Unex-
pected are the indications of carbon dioxide, car-
bon bonded to hydrogen, carbon triple-bonded
to nitrogen, sulfur bonded to hydrogen, and sul-
fur dioxide. The carbon dioxide appears to be
trapped in the surface, perhaps in small bub-
bles. Jupiter’s magnetic field causes ions to be
swept along the orbit of the satellite, generating
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Voyager took this picture of Ganymede during its 1979 flyby, from about
250,000 kilometers away. Impact craters, icy materials radiating out
from them, ridges, grooves, and other surface features are visible down
to about a 5-kilometer resolution. (NASA/JPL)



a current producing an auroral spotlight onto
the poles of Jupiter.

Ganymede has an intrinsic magnetic field
that is opposite to the field of Jupiter. It also dis-
plays an induced magnetic field caused by the
strong rotating, angled field of Jupiter. The in-
duced field is an indication of a conducting
ocean deep under the icy surface. If the ocean
has enough minerals dissolved in it to make it
strongly conducting, it could generate the in-
trinsic magnetic field. Jupiter’s strong mag-
netic field causes Ganymede to be bombarded
by charged particles. This bombardment is
thought to cause the molecular oxygen, O2, and
ozone, O3, found in the surface of Ganymede.

Since Ganymede’s orbit is in the same plane
as Jupiter, it is thought that they were formed
by the same process. Ganymede is out away
from the very hot, dense region where the
planet formed. Ganymede was formed in a
cooler region, where water did not boil away but

instead froze to form part of the satellite. Al-
though Ganymede is locked into the same face
toward Jupiter all the time, there are indica-
tions that this may not have always been true.
One clue is that the number of meteor craters
should be greater on the leading side of
Ganymede, as is the case with Callisto, but this
is not true of Ganymede. Another fact pointing
to a change in the part of the ice shell facing Ju-
piter is the catenae that are found on the back
side of Ganymede. Catenae are caused by a
string of fragments from a comet that was bro-
ken up by the intense magnetic field of Jupiter
but escaped capture to hit one of the satellites.
They should occur only on the Jupiter-facing
side of Ganymede.

KNOWLEDGE GAINED

The Jovian system, as Jupiter and its moons
are called, has been visited by several space
missions. Pioneer 10 (1973), Pioneer 11 (1974),

Voyager 1 and Voyager 2 (both
in 1979), and New Horizons
(2007) flew through the system.
They all used gravitational as-
sists to gain speed to travel on
toward the outer part of the so-
lar system.

The Pioneer spacecraft pro-
vided the first visual images of
the surface of Ganymede, as
well as a much better estimate
of the size and mass of Gany-
mede. The Voyager spacecraft
improved these images to a res-
olution of a kilometer and pro-
vided color by means of six fil-
ters. Scientists were able to
develop ideas of how the satel-
lite formed and its structure.
The Voyager data on craters in-
dicated either that Ganymede’s
surface has changed, and thus
erased the early craters from
meteor hits, or that the surface
was not firm enough to retain
the early craters.

The Galileo mission arrived
in orbit about Jupiter in 1996.
The visual camera increased
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The Galileo spacecraft flew by Ganymede more than two decades after
Voyager, capturing this image of dark, heavily cratered terrain and
scarps down to a resolution of about 20 meters. (NASA/JPL/Brown Uni-
versity)



the resolution of the surface to 20 meters. The
model of the moon, showing its core, mantle,
and shell of ice, was developed after data from
Galileo provided Ganymede’s mass, average
density, and moment of inertia. The moment of
inertia and average density required the data
on gravitational fields produced by Galileo, and
how the flight path was perturbed as the craft
flew by the satellite. Galileo also provided infor-
mation of the magnetic fields using a magne-
tometer. The dual purpose of the magnetometer
was to determine if Ganymede had a magnetic
field of its own and how the satellites interacted
with the strong magnetic field of Jupiter. Gali-
leo used its Near Infrared Mapping Spectrome-
ter (NIMS) to make a compositional map of the
surface.

While studying Jupiter was not the main fo-
cus of New Horizons, astronomers did not let
the opportunity escape. Although as of 2008
only 70 percent of the data had been transmit-
ted to Earth, and only part of those data had
been analyzed, New Horizons added some inter-
esting new information. The spacecraft’s infra-
red Linear Etalon Imaging Spectral Array
(LEISA) and its panchromatic Long-Range Re-
connaissance Imager (LORRI) charge-coupled
device camera mapped Ganymede’s composi-
tion. These instruments’ resolutions are better
than any land-based instrument or Galileo’s
NIMS. Low-temperature crystalline ice was
found as expected, but asymmetric bands of
non-ice were found, especially in the darker re-
gions. More ice is found in bright regions and in
craters and ejecta from recent meteor hits. This
correlates with darker material on the surface,
except where meteor strikes have brought ice to
the surface. New Horizons could also map parts
of Ganymede that Galileo could not see.

Not all information is gathered by spacecraft.
The Hubble Space Telescope (HST) has taken
pictures of the auroras of Jupiter. Other types of
data, such as those gathered by eclipse radiome-
try, can be used from Hubble or from Earth.
Eclipse radiometry is the measurement of ther-
mal radiation just as the satellite is eclipsed by
the planet. For Ganymede, these studies sug-
gest that heat is lost rapidly; therefore, the sur-
face material must be porous, due to bombard-
ment from meteors over millions of years.

CONTEXT

The more astronomers learn about large bod-
ies like Ganymede, the more is revealed about
how the solar system was formed and about
Earth and its Moon. Ganymede may be showing
the action of plate tectonics. Learning about the
plate tectonics of Ganymede may explain what
happened on Earth as the continents tectoni-
cally rearranged.

Each space mission has returned valuable in-
formation on how to survive in space. Not only
are meteorites a danger but gravitational wells,
and especially strong magnetic fields, can dam-
age a spacecraft. When humans venture forth,
all of those dangers will have to be considered.
The number of craters on Ganymede gives sci-
entists some indication of the chance of a meteor
hitting the Earth.

C. Alton Hassell
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See also: Callisto; Europa; Io; Jupiter’s Mag-
netic Field and Radiation Belts; Jupiter’s Ring
System; Jupiter’s Satellites; Neptune’s Satel-
lites; Planetary Satellites; Saturn’s Satellites;
Uranus’s Satellites.

General Relativity
Category: The Cosmological Context

The general theory of relativity describes
the effects of acceleration and gravity on
bodies, as well as the structure of space and
time. Developed by Albert Einstein in 1915,
it supersedes Isaac Newton’s laws of me-
chanics and gravitation. Although Newto-
nian physics still is sufficiently accurate in
many situations in astronomy and physics,
general relativity is needed for a deeper un-
derstanding of the universe.

OVERVIEW

The general theory of relativity is a model of
how gravity works. Gravity is a major force in
the universe. It holds stars, the solar system,
and galaxies together. It affects the expansion
of the universe as a whole. Any model of the uni-
verse, then, must have its basis in a theory of
gravity. The general theory of relativity has
been confirmed in repeated observational and
experimental tests to become the basis of mod-
ern cosmological theory.

The motivation of Albert Einstein (1879-
1955) in working out the principles of relativity
was the belief that it is impossible to detect mo-

tion relative to any fixed point in space and that,
therefore, there is no absolute motion. The gen-
eral theory is the second of two stages of a larger
picture of relativity theory. The first stage is
special relativity, which deals with the laws of
physics as seen by observers in uniform, or
unaccelerated, motion. The general theory goes
beyond the special theory to deal with acceler-
ated motion and gravity.

General relativity describes the universe in
terms of four dimensions: three dimensions of
space, with time as a fourth dimension. Events
occur at specific locations in space and at spe-
cific moments of time, thus requiring four coor-
dinates (three of space and one of time) to iden-
tify each event uniquely. In general relativity,
the four-dimensional fabric of the universe is re-
ferred to as space-time.

A fundamental concept in the general theory
of relativity is the principle of equivalence,
which asserts that the effects of acceleration
and gravity are indistinguishable. This princi-
ple is often demonstrated with the use of a
thought (or, from the German, “gedanken”) ex-
periment. Imagine that a person is in a chamber
that has no windows. Now imagine that the
chamber is in deep space far from any other
mass, so there is no gravitational effect. As long
as the chamber is motionless or moving in a
straight line at constant speed, the person floats
around freely inside, experiencing weightless-
ness. If a constant force is applied to the cham-
ber, then it accelerates at a uniform rate and the
contents of the chamber (the person) are pushed
against the side of the chamber opposite to the
direction it is accelerating. This accelerating
force can be adjusted to match exactly the down-
ward pull that the person would experience if
the chamber were on the surface of the Earth.
Without a window to determine the motion rela-
tive to the outside world, it would be impossible
to tell if the force felt was attributable to gravity
or to the acceleration of the chamber. From this
type of thought experiment, Einstein concluded
that gravity and acceleration are equivalent.

Following from the principle of equivalence,
Einstein proposed that the Newtonian concept
of gravity as a force operating at a distance be-
tween individual masses is entirely unneces-
sary. Instead, he described an alternative way
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of looking at gravity by asserting that the pres-
ence of mass changes the geometry of space-
time by curving or warping it. Gravity then is
the effect of curved space-time on mass. In the
absence of matter, the shape or curvature of
space-time is flat. Near massive objects, how-
ever, space-time is strongly warped. The larger
the amount of matter at any location, the
greater is the curvature of space-time around
that location. The curvature is greatest near the
massive object, and it becomes progressively
less with increasing distance.

The curvature of space-time determines the
path along which bodies move. In other words,
the curvature of space-time causes moving ob-
jects to follow curved paths. The Moon, there-
fore, orbits the Earth not because of the gravita-
tional force between the Earth and the Moon (as
explained in classical, Newtonian physics) but
because the mass of the Earth curves the space-
time around it.

Another thought experiment is useful to pic-
ture the curvature of space. Imagine a pool table
whose surface is not rigid but is made of a thin
rubber sheet. When a large weight is placed
on such a pool table, the normally flat sheet
stretches, curving around the weight. The
heavier the weight is, the more curved is the
surface of the pool table. Attempting to play pool
with this weight distorting the surface of the ta-
ble, one finds that balls passing near the weight
are deflected from their straight paths. This is a
two-dimensional analogy demonstrating how
moving objects are deflected by the curvature of
space-time around massive objects. The size,
shape, structure, and dynamics of the universe
as a whole are determined by the net effect of
space-time curvature produced by every mass it
contains. Since matter and energy are equiva-
lent (as summarized by Einstein’s formula
E = mc2), energy produces and is affected by
space-time curvature the same as mass. The in-
terplay between matter-energy and space-time
can be summarized by these two statements:

(1) Matter and energy tell space-time how to
curve.

(2) The curvature of space-time tells matter
and energy how to move.

While the basic principles of general relativ-
ity are straightforward, some of the implica-

tions of the theory defy common sense and ordi-
nary experience. Einstein found that classical
Newtonian physics, which applies in most cir-
cumstances, does not hold when very strong
gravitational fields are involved or when veloci-
ties approach the speed of light. According to
special relativity, for example, uniform motion
at speeds approaching that of light affects mea-
surements of length and time. In an accelerated
frame of reference or a gravitational field, simi-
lar effects take place.

In 1917, two years after Einstein introduced
his general theory of relativity, the German
physicist Karl Schwarzschild used it to de-
velop his metric equation describing space-time
around a nonrotating spherical mass. One con-
sequence of the Schwarzschild metric is that
time slows as a result of the curvature of space-
time near masses, and experiments have re-
peatedly shown this effect actually occurs. Any
type of clock positioned near a massive object
will run slower than an identical clock farther
away. Researchers have found, for example,
that clocks in Boulder, Colorado, a mile above
sea level, gained about fifteen-billionths of a
second per day as compared with clocks near
sea level. The difference is attributed to Boul-
der’s slightly greater distance from the Earth’s
center.

Another consequence that has been con-
firmed by observation and experiment is that
the wavelength, frequency, and photon energy
of electromagnetic radiation (light, radio waves,
gamma rays, and so on) are affected by the
space-time curvature around masses. Elec-
tromagnetic radiation has both wave-like and
particle-like properties. As a wave, it can be
characterized by wavelength and frequency. As
particles, called photons, it can be characterized
by the energy of the photons. Wavelength and
frequency are inversely related, and photon en-
ergy is proportional to frequency and inversely
proportional to wavelength. For example, radio
waves have the longest wavelengths, the lowest
frequencies, and the lowest photon energies.
Blue light has a shorter wavelength than red
light, and thus a higher frequency and higher
photon energy. Photons falling or climbing
through a gravitational field gain or lose en-
ergy, and thus are shifted to shorter or longer
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wavelengths. For example, if visible light is
emitted from the surface of a very massive ob-
ject, then its wavelength will be lengthened and
the color of the light will move toward the red
(longer wavelength) end of the visible spectrum
as seen by a distant observer. Careful measure-
ments of the wavelength or photon energy of
light emitted by and climbing upward through
the gravitational field of white dwarf stars and
of gamma rays falling through the Earth’s grav-
itational field have confirmed that this shift ac-
tually does take place.

APPLICATIONS

General relativity predicts that photons fol-
low curved paths through curved space-time
near masses. This was confirmed during a total
solar eclipse in 1919. Stars were photographed
near the edge of the darkened eclipsed Sun, and
the same star field was photographed six
months later in the night sky. The positions of
the stars in the two photographs were com-
pared, and it was found that their apparent po-
sitions near the eclipsed Sun were shifted by an
amount consistent with the predictions of gen-
eral relativity. When seen near the Sun during
an eclipse, the positions of stars appear to shift
because the path of their light is bent as it
passes near the mass of the Sun. This bending of
light in a gravitational field is also predicted
classically, but the classical effect is only half as
large as the relativistic effect. Repetitions of
this test during many later solar eclipses all
measured deflections that are consistent with
the relativistic value, not the classical one.

The curvature of light in gravitational fields
is also responsible for the phenomenon of gravi-
tational lensing. If a relatively nearby galaxy
lies almost on a line between Earth and a more
distant object, light from the more distant object
is deflected as it passes the nearer galaxy, and
people on Earth will see one or more displaced
images of the distant object. The first such grav-
itationally lensed image was discovered in
1979, and many more have been found since
then.

Another successful prediction of general rela-
tivity is related to the orbit of the planet Mer-
cury around the Sun. Mercury’s orbit is slightly
elliptical, and the whole elliptical orbit slowly

precesses (or revolves) around the Sun, so that
perihelion (the closest approach to the Sun) oc-
curs slightly later on each orbit. Most of the
measured advance of Mercury’s perihelion is ac-
counted for by the classical Newtonian gravita-
tional influences of the other planets on Mer-
cury, but a small residual is left over. This was
the reason for the prediction that there was an
unknown planet, Vulcan, inside the orbit of
Mercury. According to general relativity, how-
ever, the warpage of space-time near the Sun
causes Mercury’s orbit to precess. The predicted
amount of this relativistic perihelion advance
for Mercury agrees within 1 percent with mea-
surements of the actual residual perihelion ad-
vance.

A prediction arising from the extension of the
wavelength-frequency-energy shift of electro-
magnetic radiation in gravitational fields sur-
prised and disturbed even Einstein. If a mass
were sufficiently compressed, then its gravita-
tional field (in classical terms) or its space-time
curvature (in general relativistic terms) would
be so strong that photons trying to leave it
would lose all their energy, implying that not
even light could escape it. At first regarded as a
mathematical curiosity of general relativity
with no “real-world” application, almost fifty
years later this prediction became the basis for
describing the nature and properties of black
holes. The name “black hole” was coined by the
American physicist John Wheeler in 1969 for
objects from which electromagnetic radiation
cannot escape. Although black holes cannot be
observed directly (because nothing, not even
light, can escape), they can be detected by their
effects on nearby matter.

Black holes usually are categorized accord-
ing to their mass. Stellar-mass black holes have
masses several times to several tens of times the
mass of the Sun. This was the first type of black
hole to be detected. They presumably form as an
end state in the “lives” of massive stars. When
massive stars (more than about eight times the
Sun’s mass) have exhausted all their available
ways of generating energy by nuclear reactions,
they collapse, rebound, and explode as super-
novae. Much of their mass is expelled in the ex-
plosion. If what remains is more than about two
or three times the Sun’s mass, no known force
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can stop its final collapse becoming a stellar-
mass black hole.

Super-massive black holes have masses hun-
dreds of thousands to billions of times the mass
of the Sun. Evidence for their existence has been
found at the centers of many galaxies, including
our own Milky Way galaxy. They probably
formed in the early stages of galaxy formation,
maybe by collapse of the central part of a
protogalaxy, by the collision of lots of stars in
the dense center of a galaxy, or by the merger of
smaller galaxies.

“Mini” black holes have masses less than that
of a mountain or small asteroid. They are still
just hypothetical and have not yet been de-
tected. However, they have been suggested as
possible solutions to many problems in astron-
omy. If they exist, they may have been formed
by some esoteric process in the aftermath of the
big bang.

General relativity has provided the frame-
work for modern cosmological models of the
structure and evolution of the universe. It pre-
dicted the expansion of the universe before it
was actually discovered observationally. Most
modern cosmological models start with the big
bang, which created space and time, matter and
energy. As the universe expanded, galaxies,
stars, and planets formed in it. According to
general relativity, the average density of matter
and energy determine the geometry and future
of the universe. The universe appears to have
flat geometry, but only a small fraction of the
mass needed for this is observed. Most of the
mass in the universe seems to be some exotic
form of dark matter that has not yet been di-
rectly observed but that is beginning to be de-
tected by its gravitational effects. Gravity alone
predicts that the expansion of the universe
should slow down, yet the expansion appears to
be accelerating. The unknown cause of the ac-
celeration has been dubbed dark energy, and
there seems to be even more dark energy than
dark mass.

CONTEXT

Relativity theory emerged as a logical step
forward in the understanding of space and time.
It arose out of the inability of Newton’s laws of
gravity and motion to describe the observed uni-

verse in certain circumstances, such as at very
high velocities or in the presence of very strong
gravitational fields. The general theory of rela-
tivity arose out of Einstein’s earlier special the-
ory of relativity. The concept of relativity is ex-
tremely important for the development of
theories about the universe because it is based
on two fundamental postulates: All motion is
relative, and there is no preferred frame of ref-
erence in which space and time are defined ab-
solutely; it is fundamentally impossible to de-
tect motion relative to absolute space, and there
is no basic universal time.

Einstein’s goal was to develop a unified field
theory. He spent the last years of his life search-
ing for the link between gravitation, electro-
magnetism, and nuclear forces. This remains a
major goal of physics, but it has been difficult to
find a way to merge the general theory of rela-
tivity with quantum mechanics, the theory that
describes how subatomic particles interact.

While it is impossible to prove that the gen-
eral theory of relativity is correct, the observa-
tions and experiments that have been used to
test it so far have failed to disprove it. It remains
the most accurate theory by which to measure
and predict the effects of gravity and has be-
come the foundation of modern cosmology and
physics. General relativity has altered the way
we view space and time. As such it is an impor-
tant tool in our continuing efforts to describe
and predict events in the world and to under-
stand more about the nature of the universe.

Divonna Ogier
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Gravity Measurement
Category: Scientific Methods

Gravity, the most dominant universal
force, attractive in nature, affects all forms
of matter and even energy in spite of its ex-
treme weakness. Traditional Newtonian
gravitational theory, adequate for naviga-
tion and general astronomical purposes,
requires modification when great precision
in measurement is necessary.

OVERVIEW

Gravity measurement involves three sepa-
rate aspects, some theoretical and others exper-
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imental or practical. First there is the basic in-
vestigation of the nature of gravity as either a
force or a consequence of the curvature of space
in extreme circumstances, specifically those re-
quiring general relativity rather than classical
physics. Second there is the determination of
the gravitation field around planetary bodies in
order to control satellites in orbit; this is the
field of geodesy. Third there is the effort to de-
tect gravitational radiation, with its implica-
tions for the relatively new field of gravitational
astronomy and also high-energy astrophysics in
general.

To the average person, gravity is the natural
tendency of objects to move downward toward
the Earth. Gravity has been traditionally de-
scribed as a field with every particle of matter
being a source of a gravitational field. The in-
tensity of this field is affected by the distance
from and position on the Earth’s surface and the
local mass distribution in relation to the total
mass of the Earth.

The gravitational field produces an attrac-
tive force between bodies, which is directly pro-
portional to the product of their masses and
inversely proportional to the square of the dis-
tance between their centers. This statement
summarizes the law of universal gravitation, as
formulated by Sir Isaac Newton in 1687. This
law assumes that the masses are distributed
symmetrically about a sphere of constant ra-
dius and uniform density. Actual gravity sur-
veys, however, demonstrate that no mathemati-
cal formula has been found that describes
exactly the gravitational field of the Earth. The
Earth’s field is complicated by irregularities in
the topography and mass distribution, com-
bined with a pronounced flattening of the Earth
at its poles, caused by rotation.

The force of gravity varies with position on
the Earth’s surface. The acceleration of free-
falling bodies caused by the force of gravity is
determined experimentally as greatest at the
poles and smallest at the equator. The value for
the acceleration of gravity, g, for example, is
only 9.782 meters per second per second (m/s2)
in the Canal Zone of Panama but is 9.825 m/s2 in
Greenland, which is closer to the North Pole.
This value of g near the equator is lessened by a
centripetal factor, which is the square of the ve-

locity of a point on the Earth’s surface divided
by the radius of the Earth (V2/R). Since points
closer to the equator move with a greater veloc-
ity, the value of g will be smaller at the equator.

Gravitational acceleration diminishes with
altitude; an object at the Earth’s surface and
near the equator that would have a value of g
equal to 9.83 m/s2 would have that value drop to
8.70 m/s2 at an altitude of 400 kilometers. This
decrease is observed because the effect of the
gravitational force on acceleration follows an in-
verse square law; that is, the farther the object
is from the center of Earth, the less the accelera-
tion. At twice the distance, for example, the
force and resulting acceleration would be only
one-fourth of the original amount.

The equation for the law of universal gravita-
tion has a constant G, the gravitational con-
stant that was not known at the time Newton
formulated the law. The constant G is assumed
equal for all conditions and locations on the
Earth and in the universe. The weight of an ob-
ject W is equivalent to its mass m multiplied by
the acceleration g (W = mg). If the weight is
equated to the pull of gravity from the law of
universal gravitation, then the gravitational
constant G may be calculated directly. The
value of G is found by squaring the radius of
the Earth, R, then multiplying the result by g
and dividing by the mass of the Earth, M (G =
R2 g/M). This result is a constant for a given lo-
cation, which implies that g should be the same
also for any location. One sees that the surface
value of g depends on the mass of a planet or
star or other body as well as how the object’s
mass is distributed within the object. For exam-
ple, the surface value of g on the Moon is one-
sixth that of Earth, and the surface value of g on
Mars is 38 percent that of Earth.

The technical problems of the measurement
of G were solved by Henry Cavendish in 1798.
Cavendish devised a sensitive torsion balance
composed of a light rod supported at its center
by a thin wire approximately 1 meter long, with
lead balls about 5 centimeters in diameter
placed at the ends of the rod. If a force is applied
to each lead ball in opposing directions and at
right angles to both the wire and rod, the wire is
subjected to a rotation that may be measured as
an angular displacement. Cavendish initially
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applied small forces, measuring
the amount of twisting that re-
sulted. Carefully shielding the
experimental equipment from
air currents, Cavendish placed
two large lead balls about 20
centimeters in diameter nearly
in contact with the small lead
balls but on opposing sides.
Gravitational force between both
sets of balls caused a twist in
the wire, and from the angle
displaced by the wire, Caven-
dish was able to measure the
forces between the large and
small balls. The force turned
out, as expected, to be very
small, only one two-millionth of
a newton. The value of G could
then be calculated directly, since
Cavendish now knew the force
involved as well as the masses
of the lead balls and their dis-
tance of separation. The results
of this experiment, as well as
later determinations, have es-
tablished that G has the same
value whatever the composition
of the masses or the location;
the constant is truly universal
in nature.

The gravity pendulum has
been used to measure the differ-
ences in gravitational force on
Earth. Modern gravity pendu-
lums are governed by the prin-
ciple relating to the period of
oscillation discovered by the
Dutch scientist Christiaan Huy-
gens. The period of the pendu-
lum, as he noted, varies directly
with the square root of the
length and inversely with the
square root of the local value for
the acceleration of gravity g.
Gravity pendulums are built
nearly friction-free, supported
on knife-edge jewel bearings,
and swing in chambers from
which air has been evacuated.
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Christiaan Huygens: Improving on Galileo
Christiaan Huygens’s first plunge into scientific research took

place in 1655, when he and his brother began to build improved
telescopes, grinding their own lenses. With these instruments,
Huygens found Saturn’s moon Titan and discovered that Mars
has a varied surface. He gradually discerned a ring around Sat-
urn that nowhere touched the planet, thus improving on Galileo’s
more primitive observation. In order to protect the priority of this
discovery while continuing his viewing, he announced by the
publication of a coded message that he had found the ring. At
about this time Huygens published his work on hyperbolas, ellip-
ses, and circles, and in 1657 he published the world’s first formal
treatise on probability.

In addition to building the pendulum clock—his greatest origi-
nal invention—Huygens enjoyed membership in France’s Royal
Academy of Sciences, residing in Paris from 1666 until 1681.
Still, when Huygens left Paris in 1681 for a third trip to the Neth-
erlands, he never returned. His patron, Louis XIV’s chief minis-
ter Jean-Baptiste Colbert, died in 1683, and anti-Protestant sen-
timent was growing in France, making Huygens’s position
difficult, as he was nominally a Calvinist.

Huygens’s philosophy of science was intermediate between
those of the two giants of his day: René Descartes in France and
Sir Isaac Newton in England. Descartes attempted to explain all

phenomena by use of deductive logic
alone. Newton, on the contrary, re-
lied on observations and experi-
ments as the bases for his laws.
Huygens grew up a Cartesian but
broke with his mentor over the lat-
ter’s extreme devotion to the mathe-
matical, or deductive, approach to
science; his basic approach to the
universe was mechanistic. He did
prefer, however, Descartes’s sup-
posedly more tangible “vortices” of
“subtle matter” to Newton’s “grav-
ity” in explaining the movements of
heavenly bodies. In the matter of
relativity, however, Huygens was in

advance of Newton and anticipated Einstein. For Huygens, all
motion in the universe was relative. Huygens also bested Newton
in his understanding of light: Newton held to the corpuscular
(particle) theory of light, whereas Huygens propounded a wave
theory of light; modern quantum theory combines the two, but in
Huygens’s day the corpuscular theory was dominant.

Huygens remained in communication with Newton, although
his relations with London’s Royal Society dwindled after 1678.
He visited England again in 1689, conversing with Newton and
addressing the Royal Society on his non-Newtonian theory of
gravity. Huygens’s last years were spent in The Hague, where he
died in 1695.

(Library of Congress)



The period of oscillation is timed with precise
chronometers enabling determinations to within
a few parts per million. Unfortunately, gravity
pendulums are unwieldy and difficult to trans-
port; consequently, now most gravity measure-
ments are made with portable instruments
called gravimeters.

Gravimeters make use of the principle of a
spring balance—that the distortion or strain is
directly proportional to the applied stress or
force, provided that the measurements are
made within the elastic limits of the material. A
small quartz fiber is distorted in the local gravi-
tational field at an observed station with results
compared to a measured pendulum station. The
readings are generally so precise that distor-
tions to one part in 10 million can be recorded.
Through development of such instruments,
variations in gravity over large areas can now
be measured. Some instruments have been
adapted to operate from aircraft in flight for
aerial surveys of the Earth and for use on sur-
face vessels at sea in regions not suitable for
gravity pendulums because of wave distur-
bances and motions.

A torsion balance employs an arrangement
similar to a Cavendish balance, but as opposed
to measuring the deflection produced by large
masses, the period of oscillation is measured
when the large masses are placed perpendicu-
lar to the equilibrium positions of the small
masses and next when the large masses are ro-
tated another 90°. When the large masses are
located at the first position, the period is less as
a result of the additional restoring force. In the
second position, the period is increased by the
large masses, pulling the small ones away from
the equilibrium position. The difference in the
periods from both of these measurements gives
the value of G. The advantage of this method is
that the period may be measured more precisely
than a corresponding deflection; the precision in
error is estimated as 0.5 percent with this tech-
nique.

Although measurement of the gravitational
constant G has improved, the value is not
known with nearly the precision of other physi-
cal constants. Laboratory measurement of G is
difficult because of the extremely small forces
between the masses. Planet-sized objects are

much larger, but the problem is not resolved, be-
cause the product of G and the mass of the at-
tracting planet both appear in the equation.
Planetary observations alone cannot determine
the individual values of G or mass.

A torsion balance may also be used for ascer-
taining the equivalence between inertial mass
and gravitational mass, known also as the prin-
ciple of equivalence. For these experiments, one
body, called the inertial mass, is defined with
respect to a standard mass of 1 kilogram. The
gravitational mass of the body is defined in
terms of this acceleration and the distance be-
tween the objects. Experiments have tested a
variety of materials, obtaining a ratio between
the masses. Results indicate that various types
of energy contribute to the inertial mass of a
system to the same degree that they would con-
tribute to the gravitational mass.

A gravity gradiometer is an instrument de-
signed to measure local tidal fields. The instru-
ment is portable and designed for use on an air-
plane or satellite and permits precise mapping
of anomalies in the Earth’s gravitational field.
The instrument, in the shape of a Greek cross,
has four masses at the ends of each arm, which
are held together at the center by a torsional
spring. When pressed together, the arms oscil-
late with a frequency of 32 hertz (Hz, or oscilla-
tions per second). If placed in a tidal field at
right angles, the cross will be deformed. Rotated
with an angular frequency of 16 Hz in the refer-
ence frame of the cross, a tidal driving force
would appear at 32 Hz. Since the oscillation
frequency matches the natural vibration fre-
quency of the arms, a resonance condition is es-
tablished, producing large amplitudes. Very
small tidal fields have been detected with this
instrument.

Detectors of gravitational radiation, or
waves, were first built in 1966 at the University
of Maryland by Joseph Weber. This type of de-
tector consists of a large aluminum cylinder
placed inside a vacuum tank and suspended on
a wire. The cylinder is supported on rubber
blocks as an insulation to external mechanical
vibrations. Any oscillations of the cylinder in
the fundamental or longitudinal mode are de-
tected by piezoelectric strain transducers
bonded to the outside middle section. The abil-
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ity of the device to detect radiation at resonance
is termed its cross section, which turned out to
be quite small. Limiting the ability to detect this
type of radiation is the thermal motion of the in-
dividual molecules and oscillations of the cylin-
der that interfere with observations. Experi-
mental results obtained by Weber and his group
have not been duplicated elsewhere, casting
doubt on the technique’s reliability.

More sensitive detectors were constructed
and involved strains in solid bodies employing
resonance; they were more sensitive to radia-
tion of a given frequency and rejected all other
frequencies. The biggest advance in gravita-
tional wave detectors came with approval of
large-scale facilities for detection, one on Earth
(called LIGO) and one based in space (called
LISA).

The Laser Interferometer Gravitational-
Wave Observatory (LIGO) consists of two facili-
ties working in coordination, one at Livingston,
Louisiana, and another on the Hanford Nuclear
Reservation in Washington State. The two sites
are separated spatially by 3,002 kilometers and
temporally by approximately 10 milliseconds,
since gravitational waves would travel at the
speed of light. Separating the facilities permits
an interferometry approach for determination
of a source of gravitational radiation. Gravity
wave detection with LIGO involves looking for
oscillations in lasers traveling down vacuum
lines to mirrors. Essentially a higher-technol-
ogy version of the classic Michelson interferom-
eter, LIGO was designed to be able to detect a
spatial oscillation of as little as 10−18 meter
when a gravitation wave forces an oscillation as
it passes through Earth. Note that this tiny spa-
tial extent is approximately one-thousandth the
size of a proton or neutron. If detected, a gravi-
tational wave would produce a signal in LIGO
that rises rapidly in oscillation amplitude, only
to decay exponentially in time. An early test of
LIGO was an observation of the gamma-ray
burst GRB070201 in 2007. Although near the
direction toward the neighboring Andromeda
galaxy, the burst was determined not to have
come from within that galaxy. Its closeness is
such that LIGO should have picked up gravita-
tional radiation if the object emitting the in-
tense gamma-ray burst had actually been the

Andromeda galaxy, but it failed to pick up any
signal.

Another gravitational radiation detection
project under development is the Laser Inter-
ferometer Space Antenna (LISA). LISAwill con-
sist of three separate Michelson interferome-
ters, each with two long arms arranged in the
shape of the letter L positioned precisely in
space about 50 million kilometers from Earth.
The system, to be built by the National Aero-
nautics and Space Administration (NASA) and
the European Space Agency (ESA), is planned
for launch no earlier than 2018 for a minimum
two-year mission. LISA’s design includes a ca-
pability for determining spatial oscillations as
small as 1 part in 1020.

APPLICATIONS

Measurement of the gravitational field over
Earth demonstrates that the field is not uni-
form. The Earth departs from being a perfect
spheroid because of rotational effects and topo-
graphic variations. Regions that are topograph-
ically higher than a datum surface are located
farther from the Earth’s center and experience
a smaller gravitational force. Other regions lo-
cated below the surface, although closer to the
Earth’s center, may experience compensating
effects from mass concentrations, thereby in-
creasing the strength of the field over its ex-
pected value.

Gravity data indicate that the field is in-
creased near mountain ranges because of the
greater concentration of rock. Closer observa-
tions show that mountain masses do not deflect
the field as much as expected if the mountain
were a load resting on top of a uniform crust. If
the mountain were merely a load on the rigid
crust, the force of gravity (corrected for the ef-
fect of additional altitude) should be larger on
top of the mountain than on the surrounding
plains as a result of the increased gravitational
pull of the mountain mass beneath the crust.
Such observations led geophysicists to conclude
that a rigid crust is not responsible for support-
ing the load of the mountains but is instead
buoyed up by floating on a denser, deformable
interior. The interior of the Earth must yield
and be subject to lateral flow to compensate for
loads on equal-size regions. Areas of depression
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in the crust, such as oceanic trenches, show
lower values of the gravitational field, as there
is less mass near the surface.

Newtonian mechanics, traditionally used to
describe the behavior of bodies at the surface of
the Earth, tend to break down outside the range
of normal observable motion. The theory fails
when gravitational fields become very intense
near collapsed objects such as neutron stars or
black holes. In 1915, Albert Einstein completely
changed the understanding of gravitation with
his general theory of relativity. According to
theory, gravity is not a force in the usual sense
but is the result of the curvature of space-time.
Bodies then follow the easiest course through
space-time, which is manifested in the shape of
their orbits. Einstein theorized that gravity
may be explained by geometry. Mercury’s orbit
could not be explained adequately by ordinary
mechanics but only by the warping of space near
the Sun. Time warps at the Earth’s surface may
be detected by using very precise clocks.

Gravitational time dilation—the slowing
down of clocks in a gravitational field—may be
used as a direct test of the curvature of space-
time. For these experiments, cesium-beam
atomic clocks are used. Small frequency shifts
are measured in the clocks placed in a gravita-
tional potential and are calibrated against
clocks at rest in a stationary gravitational field.
The pulses of the clocks are monitored to rule
out the possibility of a frequency loss during the
light-beam propagation. The clock tick rate is
found to depend upon the strength of the gravi-
tational field; therefore, space-time geometry is
dependent upon the gravitational field. The
possibilities that strong tidal forces would have
an effect on the clock may be ruled out, because
it is known that the atomic forces are stronger
and resist tidal distortions.

Gravitational redshifts have been measured
on light emitted from the atoms on stellar sur-
faces. It has been difficult to obtain reliable re-
sults for these measurements because of strong
convection currents in the stellar photosphere
masking the spectral lines, which are Doppler-
shifted by gaseous motion. Measurements
made above the photosphere of the Sun have
given more definitive results. Gravitational
redshifts are very prominent in light emitted by

white dwarf stars because these stars have
about 1 solar mass contained in a much smaller
radius than the Sun and consequently have
very intense gravitational fields.

LIGO was used to study the pulsar in the cen-
ter of the Crab nebula. That pulsar’s spin rate
(30 revolutions per second) is slowing down con-
siderably; indeed it is one of the most quickly
slowing pulsars known. Pulsars slow down in
their periodic spinning motion due to one of
three mechanisms: (1) magnetic dipole radia-
tion emission, (2) asymmetric emission of ener-
getic particles, and (3) possible emission of grav-
itational radiation. General relativity indicates
that if a rapidly rotating neutron star, a pulsar,
were not perfectly smooth but distorted from a
spherical shape, it should create gravitational
waves. Since LIGO picked up no signals within
detection capabilities during Crab pulsar obser-
vations, the conclusion was that to within well
under a meter, the pulsar must be nearly per-
fectly spherical.

CONTEXT

Electromagnetic waves were a prediction of
James Clerk Maxwell’s field equations for elec-
tric and magnetic interactions. Heinrich Hertz
verified that prediction’s correctness with the
first detection of radio waves; prior to that
point, the only portions of the electromagnetic
spectrum known, aside from visible light, were
parts of the ultraviolet and infrared. In due
course, astrophysics would be able to make use
of observations across the electromagnetic spec-
trum, from high-energy gamma rays to the
lowest-energy radio waves.

Gravitational waves are predicted by Ein-
stein’s field equations of general relativity.
However, whereas production and detection of
electromagnetic radiation came in rapid succes-
sion and opened up a vast expansion of astro-
nomical investigations as a by-product, predic-
tion and initial direct detection of gravitational
radiation remain separated greatly in time. De-
spite null results, gravitation physicists remain
steadfast in their belief that gravitational radi-
ation should exist and that, in time, new tech-
nology such as LIGO and LISA will make that
first definitive direct detection of such radia-
tion. Thus far, the existence of gravity waves
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has been only indirectly inferred by examining
the binary pulsar system PSR 1913+16, for ex-
ample, and other results have been used to infer
aspects of other high-energy exotic objects in
the universe. When and if the technology exists
to observe and examine gravitational radiation
routinely, a brand-new branch of astronomy
will provide a host of new insights into the na-
ture of the universe and one of its most perva-
sive forces, gravity, which binds it together into
complex structures and in part determines its
evolution.

All of nature’s events and activities can be ex-
plained in terms of four fundamental forces. In
the historical context, gravity was the first of
these four forces to be investigated scientifi-
cally. Although scientists have had an aware-
ness of gravity and the direction in which it acts,
the role of gravity as a force was not appreciated
fully until Newton’s law of universal gravitation
was published. The importance of gravity is its
universal nature. Everything in the cosmos is
affected by it and every particle of matter is a
source of gravity. The force of gravity as ob-
served is always attractive, tending to pull mat-
ter together.

One of the surprising facts concerning grav-
ity as the dominant universal force is its ex-
treme weakness. Gravity is so weak that physi-
cists generally ignore its effects completely
when dealing with masses on the level of the
subatomic particle. Gravity’s strength on the
atomic scale is vastly overwhelmed by the elec-
tromagnetic and nuclear forces at that distance.

The law of universal gravitation, which was
adequate for more than two hundred years, was
not effective in the twentieth century in ex-
plaining discrepancies in observations near
very massive objects. In this respect, the law of
universal gravitation conflicted with the rela-
tivity theory. In Newton’s theory, gravitational
force between two bodies should be transmitted
instantaneously across space, but Einstein’s
theory rejects physical effects that travel faster
than the speed of light. Gravitational fields
around objects as massive as the Sun appear to
distort space and time to a degree that is detect-
able. Observing stars near the Sun during solar
eclipses indicates that they are not observed in
their true positions; that is, the light from these

stars has been bent or deflected noticeably to-
ward the Sun by its gravitational field. Black
holes appear to distort severely the surrounding
space and time. They are the final state of very
massive stars that have collapsed into a singu-
larity with a gravity so overpowering that not
even light can escape.

Some physicists have postulated the exis-
tence of a fifth force in nature that may diminish
the effectiveness of the gravitational force out to
a limited range. Experiments performed in
mines, for example, seem to show that the mea-
sured gravitational force does not agree with
predicted values from theory. These observa-
tions as well as others, however, have not estab-
lished conclusively the existence of a previously
unknown repulsive force.

Despite all of its success, general relativity
theory remains at odds with quantum theory
(which describes subatomic particles on a sta-
tistical basis) and is at odds with superstring
theory (which treats subatomic particles as very
tiny vibrating loops). Physicists continue to
search for a more comprehensive theory of
quantum gravity that perhaps will be more use-
ful in mapping out the very early history of
the universe very near the moment of creation.
The nature of just how gravitation is transmit-
ted at a distance has not been resolved as to
whether it has a wave or particle nature, or
both. If gravity has a particle nature, then this
particle must be extremely tiny because grav-
ity as a force is very weak. Unification of grav-
ity with the other three fundamental forces
remains the biggest central problem in theoreti-
cal physics. After more than three decades,
string theory has failed to achieve that unifi-
cation. However, a large percentage of the phys-
ics community remains committed to string
theory over other avenues of approach to the
problem.

Michael L. Broyles
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Greenhouse Effect
Category: Earth

“Greenhouse” gases absorb or trap infrared
radiation emitted by a planet’s surface. The
absorbed or trapped energy is then released
or reemitted by the greenhouse gases, re-
sulting in additional heating of the planet’s
surface. Greenhouse gases include water
vapor, carbon dioxide, methane, nitrous ox-
ide, ozone, and a class of human-made mol-
ecules called chlorofluorocarbons. There is
international concern that increasing at-
mospheric levels of these gases could lead
to a global warming.

OVERVIEW

The Earth and the other planets in the solar
system receive almost all their energy in the
form of electromagnetic radiation from the
Sun. While the Sun emits radiation over the en-
tire electromagnetic spectrum, from shortwave
X rays to longwave radio waves, the bulk of the
solar radiation is in the ultraviolet, visible, and
infrared parts of the electromagnetic spectrum,
from about 0.15 to about 4 microns, or about 150
to about 4,000 nanometers. The peak of the
Sun’s radiated energy is in the visible part of the
spectrum, at about 0.5 micron, or 500 nanome-
ters, as that is the wavelength of maximum
emission for an object at a temperature of about
6,000 kelvins, which is the temperature of the
Sun’s “visible surface,” the photosphere. The in-
tensity falls off toward shorter (bluer) and lon-
ger (redder) wavelengths, and the human eye
perceives this distribution of intensity versus
wavelength as a yellowish-white color. Hence,
the Sun appears as a yellowish-white object in
the sky.

The amount of solar radiation intercepted by
a planet and potentially available for heating it
depends on the Sun’s luminosity, the planet’s
distance from the Sun, and the planet’s cross-
sectional area. For example, at Earth’s distance
from the Sun, about 150 million kilometers, the
flux of solar radiation, also called the solar con-
stant, is 1,368 joules per second per square me-
ter multiplied by Earth’s cross-sectional area of
1.28 × 1014 square meters; thus, the solar energy

intercepted by Earth is about 1.75 × 1017 joules
per second. Not all this intercepted solar radia-
tion, however, is available for heating the
planet’s surface; some of the solar radiation is
reflected back to space by the planet’s surface
and by clouds if the planet has an atmosphere.

The fraction of solar radiation reflected back
to space is called the albedo of the planet. The
solar radiation not reflected is absorbed by the
planet and heats its surface. (To continue our
example for Earth, its albedo is about 33 per-
cent. Therefore, about 67 percent of the inter-
cepted solar radiation is not reflected but in-
stead is absorbed, heating Earth’s surface.) The
planet’s surface in turn emits its own radiation
at the same rate as it absorbs solar radiation. If
the planet emitted radiation at a rate less than
the rate it absorbed solar radiation, the planet
would heat up and emit more radiation. How-
ever, if the planet emitted radiation at a rate
greater than the rate at which it absorbed solar
radiation, the planet would cool down and emit
less radiation. The planet’s rate of emitting ra-
diation depends on its temperature. Equating
the planet’s rate of emitting radiation to the
rate it absorbs solar radiation yields the
planet’s “effective temperature,” which is the
temperature of an ideal thermal radiator (or
blackbody) that emits radiation at the same
rate as the planet.

Earth’s effective temperature is calculated to
be 253 kelvins (−20° Celsius). At this tempera-
ture, Earth emits radiation in the infrared part
of the electromagnetic spectrum, most of it be-
tween about 4 and 80 microns. Most of the in-
coming solar radiation with wavelengths be-
tween about 0.3 and 2 microns travels through
the atmosphere without significant attenuation
or absorption by atmospheric gases, and the in-
frared radiation flowing outward from Earth is
absorbed by several atmospheric gases (mainly
water vapor and carbon dioxide), called green-
house gases (GHGs). After a fraction of a sec-
ond, the GHGs reemit the infrared radiation
randomly in all directions. About half of the
reemitted infrared radiation is directed out-
ward and about half is directed downward, back
toward the surface. The downward component
of the reemitted infrared radiation is absorbed
by the surface, with an additional heating ef-
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fect. Hence, Earth’s surface is heated not only
by incident solar radiation (wavelengths of 0.3
to 2 microns) but also by Earth-emitted infrared
radiation (wavelengths of 4 to 80 microns) that
was absorbed and then reemitted by atmo-
spheric GHGs. The additional heating of the
Earth’s surface by the reemitted infrared radia-
tion heats the surface about an additional 35
kelvins, raising the effective temperature of 253
kelvins to the actual average temperature of
about 288 kelvins, or 15° Celsius. The tempera-
ture enhancement of 35 kelvins is termed the
greenhouse effect. It is this temperature en-
hancement that makes the Earth habitable for
life; without it, our average temperature would
be well below the freezing point of water.

Venus is closer to the Sun than the Earth is,
about 0.7 times our distance, but its albedo is
about 0.65, meaning it reflects much more sun-
light than Earth does; as a result, Venus ap-
pears very bright in the night sky. Conse-
quently, the effective temperature of Venus is
nearly the same as Earth’s; it receives more so-
lar radiation, but it also reflects more and thus
absorbs less of it. However, while GHGs are
only very minor constituents of the Earth’s at-
mosphere, carbon dioxide is the major constitu-
ent of the atmosphere of Venus. About 96 per-
cent of the molecules in Venus’s atmosphere are
carbon dioxide, with nitrogen accounting for the
remaining 4 percent.

The surface pressure of the atmosphere of
Venus is about 90 times the pressure of our at-
mosphere at sea level. As a result of the high
percentage of carbon dioxide and the high sur-
face pressure of the atmosphere, there is a very
efficient and significant greenhouse effect on
Venus. The greenhouse effect increases the
temperature of Venus by about 480 to 500 kel-
vins, from its effective temperature of about 250
kelvins (close to the effective temperature of
Earth) to the measured surface temperature of
Venus of about 730 to 750 kelvins (about 855° to
890° Fahrenheit)—hot enough to melt lead.

There is international concern that the
buildup of GHGs in Earth’s atmosphere could
lead to an enhanced greenhouse effect and global
warming, resulting in record-high temperatures
in many regions and severe droughts in others.
Such global warming would lead to thermal ex-

pansion of the oceans, since water expands in
volume when heated. More significantly, global
warming could result in substantial melting of
the ice and snow in Earth’s polar regions, add-
ing an even greater volume of water to the
world’s oceans. Arise in sea level would result in
the flooding of many low-lying land areas.

The most important atmospheric GHGs are
water vapor, carbon dioxide, methane, nitrous
oxide, tropospheric ozone, and a human-made
family of gases termed chlorofluorocarbons
(CFCs), of which CFC-11 and CFC-12 are the
most abundant species. All the GHGs are very
minor constituents of Earth’s atmosphere,
which is composed primarily of nitrogen (78.08
percent by volume), oxygen (20.95 percent), and
argon (0.93 percent). Water vapor is a variable
constituent of the atmosphere and ranges from
a small fraction of a percentage point to several
percentage points. The concentration of carbon
dioxide is about 0.038 percent, or 380 parts per
million. The concentration of methane is about
1.7 parts per million. The nitrous oxide concen-
tration is about 0.31 part per million. Ozone is a
variable constituent of the troposphere and
ranges from about 0.02 to 10 parts per million.
The atmospheric concentrations of CFC-12 and
CFC-11 are only 0.00038 and 0.00023 part per
million, respectively. All these GHGs, with the
exception of water vapor, are produced by hu-
man activities, such as the burning of fossil fu-
els and biomass (trees, vegetation, and agricul-
tural stubble), the use of nitrogen fertilizers on
agricultural areas, and various industrial activ-
ities. Each of the GHGs produced by human
activities is increasing in concentration in the
atmosphere with time. Carbon dioxide is in-
creasing at a rate of about 0.4 percent per year;
methane is increasing at a rate of about 1.1 per-
cent per year; nitrous oxide is increasing at a
rate of about 0.3 percent per year; and CFC-11
and CFC-12 are each increasing at a rate of
about 5 percent per year.

Estimates suggest that tropospheric ozone is
also increasing with time, with increases of be-
tween 1 and 2 percent per year over North
America and Europe during the 1970’s and
1980’s. Collectively, methane, nitrous oxide,
tropospheric ozone, and chlorofluorocarbons
are now estimated to trap about as much infra-
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red radiation as does carbon dioxide alone.
These gases absorb infrared radiation in the
spectral region from about 7 to 13 microns,
known as the atmospheric infrared window,
where water vapor and carbon dioxide do not
absorb. Water vapor is a strong absorber below
about 7 microns, and carbon dioxide is a strong
absorber above about 13 microns. If the rates of
increase of the GHGs persist with time, the
greenhouse effect of the other gases, along with
that of carbon dioxide, could amount to an effec-
tive doubling of carbon dioxide levels by the
middle of the twenty-first century. This is many
decades sooner than the level of carbon dioxide
alone is likely to double.

A doubling of carbon dioxide in the atmo-
sphere could lead to a global temperature in-
crease of about 1.2 kelvins if there were no other
changes in the climate system. However, a
warming caused by an increase of carbon diox-
ide would lead to more evaporation of water va-
por from the oceans and would permit the atmo-
sphere to hold more water vapor, as the capacity
of air to hold water vapor increases with in-
creasing temperature. Because water vapor is
itself a greenhouse gas, as its concentration in-
creases in the atmosphere, the Earth would
warm even further. The net result of these dif-
ferent feedback processes could be that for a
doubling of atmospheric carbon dioxide, the sur-
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the planet just as heat is trapped inside a greenhouse.



face temperature could increase by about 4 kel-
vins. It is estimated that the average surface
temperature has increased globally by about 0.7
kelvin over the twentieth century, although this
temperature increase cannot unambiguously be
attributed to the buildup of GHGs over this
period. Some temperature data sets also indi-
cate that the 1990’s was the warmest decade
since the mid-1800’s. On the other hand, satel-
lite measures of global temperatures show that
no warming has occurred in the first decade of
the twenty-first century.

The sources of the GHGs, with the exception
of water vapor, are mostly human-initiated.
Carbon dioxide results from the burning of fos-
sil fuels and of living and dead biomass, such as
the burning of rain forests to clear land in the
tropics and the burning of agricultural stubble
after harvests. Methane is produced as a com-
bustion product of biomass burning, natural gas
leakage, and by the action of anaerobic bacteria
in wetlands (such as rice paddies), in landfills,
and in the stomachs of ruminants (such as cat-
tle and sheep). Nitrous oxide is produced as a
combustion product of biomass burning and by
the action of nitrifying and denitrifying bacteria
(which add and remove nitrogen) in natural,
fertilized, and burned soils. Ozone results from
atmospheric reactions involving methane, car-
bon monoxide, and oxides of nitrogen, which are
produced by the burning of fossil fuel and by bio-
mass burning. Chlorofluorocarbons (CFC-11
and CFC-12) are released into the atmosphere
when they are used as propellants in aerosol
spray cans, as blowing agents for foam insula-
tion, and as refrigerants.

There are a number of other important play-
ers in the climate scenario whose roles must be
more fully understood before scientists can com-
pletely assess the impact of increasing concen-
trations of GHGs on the future climate. Climate
factors that must be studied in more detail in-
clude the formation and role of clouds, the heat
capacity and circulation of the oceans, and the
variability of the Sun’s luminosity. The Earth’s
climate is a complex system affected by many
processes and parameters. Experts need to learn
more about the interplay of atmospheric GHGs,
clouds, the ocean, and solar variability before
they may accurately assess the future climate.

METHODS OF STUDY

Studies of the greenhouse effect and its im-
pact on the Earth’s climate are multidisciplin-
ary and involve theoretical computer modeling,
laboratory studies of the spectroscopic parame-
ters and properties of GHGs, atmospheric mea-
surements of GHGs, and aircraft and satellite
measurements of parameters that control cli-
mate. Theoretical computer models of climate
include zero-dimensional, one-dimensional, two-
dimensional, and three-dimensional models.
Zero-dimensional models give climate parame-
ters that represent an average for the entire
system, such as the mean temperature of the
Earth’s surface. One-dimensional models are
used to study climate in either a horizontal (lati-
tude) or vertical (altitude) direction. In these
models, a latitude-dependent surface tempera-
ture is the climate parameter of major interest.
The vertical one-dimensional model is known as
a radiative-convective model and is used to
study the effects of changes in concentrations of
GHGs on the surface temperature.

Two-dimensional models involve character-
izing the temperature variation as a function of
both latitude and altitude. The most complex
climate model is the three-dimensional model,
or the general circulation model (GCM). This
model gives a complete description of climate
as a function of latitude, longitude, and alti-
tude.

Major uncertainties exist in the understand-
ing of several key parameters in the theoretical
modeling of climate. A major uncertainty in
these models is the role of cloud feedback, par-
ticularly as the Earth heats up. Calculations in-
dicate that as the temperature of the Earth in-
creases, clouds will appear in greater quantity.
Clouds both reflect incoming solar radiation
and trap Earth-emitted thermal infrared radia-
tion. Hence, clouds can enhance or decrease
global warming. The radiative properties of
clouds and how they will vary with a warmer
Earth are poorly understood and therefore are
not included in most theoretical climate models.
However, a number of studies have found that
cloud cover has a negative feedback effect, sug-
gesting that Earth’s climate system is much less
sensitive than most computer models indicate.
If this negative feedback proves true, global
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warming would produce a temperature increase
of less than 1 kelvin by 2100.

To understand the greenhouse effect of
gases, scientists design laboratory experiments
to measure the spectroscopic parameters and
properties of GHGs. These studies provide in-
formation on the infrared wavelengths ab-
sorbed by these gases and the intensity of
the absorption. These laboratory spectroscopic
studies involve filling an absorption cell with a
known concentration of a greenhouse gas and
measuring the absorption of infrared radiation
as a function of spectral wavelength using a
scanning spectrometer.

To assess the impact of atmospheric GHGs on
the Earth’s climate, scientists must obtain accu-
rate measurements of those gases that are
found at trace levels in the atmosphere—for ex-
ample, at atmospheric concentrations ranging
from parts per million to parts per trillion by
volume. Measuring atmospheric GHGs at these
very low atmospheric levels involves a series of
different analytical chemistry instruments.
Carbon dioxide may be measured with a gas
chromatograph equipped with a thermal con-
ductivity detector or with nondispersive infra-
red instrumentation. Methane is measured
with a gas chromatograph equipped with a
flame ionization detector or with nondisper-
sive infrared instrumentation. Nitrous oxide,
CFC-11, and CFC-12 are measured using a gas
chromatograph equipped with an electron cap-
ture detector. Ozone may be measured using
various ultraviolet and infrared absorption
techniques. Water vapor is measured using a
hygrometer. Aircraft and satellite measure-
ments have provided very important data on
several of the parameters that control climate,
including the flux of incoming solar radiation,
the flux of outgoing Earth-emitted thermal in-
frared radiation, the flux of solar radiation re-
flected by clouds, and the geographical and
temporal variability of clouds and surface tem-
perature.

CONTEXT

The buildup in the atmosphere of GHGs such
as carbon dioxide, methane, nitrous oxide, tro-
pospheric ozone, CFC-11, and CFC-12, could re-
sult in a global warming of the Earth. Atmo-

spheric GHGs are increasing with time. These
GHGs result from a variety of human activities,
including the burning of fossil fuels (carbon di-
oxide), the burning of living and dead biomass
(carbon dioxide, methane, and nitrous oxide),
and the application of nitrogen fertilizers and
burning of agricultural and grasslands (nitrous
oxide). GHGs are also produced from rice pad-
dies, cattle, and sheep (methane), and from
several industrial applications (CFC-11 and
CFC-12).

A global warming of the Earth from the
buildup of GHGs in the atmosphere would have
a significant impact on people’s daily lives. Most
areas would experience more days per year
when temperatures exceed 32° Celsius, and the
growing seasons and patterns of rainfall would
change. One of the most important effects would
be a predicted increase in the height of the
world’s oceans. The increased height of the
oceans would result from the thermal expan-
sion of seawater because of the Earth’s high
temperature (water is a compressible fluid and
expands in volume when heated) and because of
the melting of polar ice and snow as the Earth
becomes warmer. It has been estimated that a
global temperature increase of about 4 kelvins
might result in a 2-meter increase in the height
of the world’s oceans. This increase in water
level would cause the flooding of low-lying land
areas occupied by more than 40 million people
worldwide. Higher temperatures resulting from
the buildup of atmospheric GHGs would tax the
world’s air-conditioning facilities, which re-
quire the burning of fossil fuels for their opera-
tion. Ironically, the burning of fossil fuels is a
major source of atmospheric GHGs.

It must be emphasized that there are funda-
mental uncertainties and deficiencies in scien-
tists’ understanding of climate and the pro-
cesses and parameters that control it. More
must be learned about the effect of clouds and
oceans on climate and how these phenomena
can affect the climate as the Earth begins to
warm. Theoretical computer models of climate
are not complete; more research is needed be-
fore the future climate of the Earth can be as-
sessed with greater certainty.

Joel S. Levine
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FURTHER READING

Ahrens, C. Donald. Essentials of Meteorology.
5th ed. Florence, Ky.: Brooks/Cole, 2007. A
well-written, student-friendly introductory
meteorology textbook. Includes a CD-ROM to
aid self-instruction.

Andrews, David. An Introduction to Atmo-
spheric Physics. Cambridge, England: Cam-
bridge University Press, 2000. A well written
college textbook. Includes information on the
enhanced greenhouse effect, ozone depletion,
and development of weather systems. Can be
technical.

Cook, Alex. The Greenhouse Effect: A Legacy. In-
dianapolis: Dog Ear, 2007. A good introduc-
tory work for the general audience. Facts are
presented through an easy-to-read narrative.

Environmental Protection Agency. “The Green-
house Effect: How It Can Change Our Lives.”
EPA Journal 15 (January/February, 1989).
Popular, nontechnical accounts of the impact
of climate change on agriculture, forests, en-
ergy demand, and other areas in a special is-
sue devoted to the greenhouse effect. The
principles that control and regulate global
climate, including the greenhouse effect, are
presented simply for a general audience.
Well illustrated with photographs and charts.

Frederick, John. Principles of Atmospheric Sci-
ence. Sudbury, Mass.: Jones and Bartlett,
2008. A comprehensive work covering all ar-
eas of atmospheric physics, including the
greenhouse effect. Geared toward under-
graduate students.

Goody, R. M., and J. C. G. Walker. Atmospheres.
Englewood Cliffs, N.J.: Prentice-Hall, 1972.
A good nontechnical description of solar and
infrared radiation in planetary atmospheres
and how the radiation balance controls the
temperature of a planet. Includes sections on
the Sun and the planets, solar radiation and
chemical change, atmospheric temperatures,
winds of global scale, condensation and
clouds, and the evolution of atmospheres.

Hansen, Joel E., and T. Takahashi, eds. Climate
Processes and Climate Sensitivity. Geophysi-
cal Monograph 29. Washington, D.C.: Ameri-
can Geophysical Union, 1984. A collection of
papers dealing with various aspects of the cli-
mate system, including atmosphere and ocean

dynamics, the hydrologic cycle and clouds,
albedo and radiation processes, polar ice, and
ocean chemistry. Each paper was written by
an expert in that particular area of climate
research. The papers summarize what is
known, along with the major uncertainties
and deficiencies in understanding of the pro-
cesses and parameters that control climate.

Henderson-Sellers, A., ed. Satellite Sensing of
a Cloudy Atmosphere: Observing the Third
Planet. London: Taylor and Francis, 1984.
Each chapter is by an active researcher in the
area covered, including radiation and satel-
lite sensors, the Earth’s radiation budget and
clouds, water and the photochemistry of the
troposphere, vertical temperature sounding of
the atmosphere, cloud identification and char-
acterization from satellites, and the remote
sensing of land, ocean, and ice from space.

Levine, Joel S., ed. The Photochemistry of At-
mospheres: Earth, the Other Planets, and
Comets. Orlando, Fla.: Academic Press, 1985.
A comprehensive textbook covering atmo-
spheric composition, chemistry, and climate,
the sources and sinks of GHGs, and the cli-
mate modeling of the Earth. The chapter on
climate includes discussions of zero-dimen-
sional, one-dimensional, and three-dimen-
sional (global circulation) climate models and
the underlying physical, radiative, and dy-
namic processes and parameters in each
model.

National Research Council. Changing Climate:
Report of the Carbon Dioxide Assessment
Committee. Washington, D.C.: National Acad-
emy Press, 1983. Technical report that ad-
dresses the possible impacts of climate change
on sea level, agriculture, plant growth, and
society in general. Considers future carbon
dioxide emissions from fossil fuels, the disso-
lution of carbon dioxide into the oceans, the
biosphere storage of carbon dioxide, and the
impact of increased carbon dioxide on cli-
mate, agriculture, and sea level.

See also: Auroras; Earth-Sun Relations; Earth
System Science; Earth’s Atmosphere; Earth’s
Oceans; Planetary Atmospheres; Titan; Triton;
Van Allen Radiation Belts; Venus’s Atmo-
sphere; Venus’s Volcanoes.
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H
Habitable Zones
Category: Life in the Solar System

Habitable zones are the places beyond
Earth where there is the best chance of
finding life. As such, they are a major focus
of scientific consideration and investiga-
tion that inspire exploratory efforts.

OVERVIEW

At root, the idea of a habitable zone around a
star is simple. Aplanet must not be too close to a
star to be too hot for life. On the other hand, it
must not be too far from the star to be too cold for
life. The spherical shell around a star where a
planet will be “just right” for life is the habitable
zone of that star. Another name is the circum-
stellar habitable zone; this name distinguishes
it from the galactic habitable zone, the region of
a galaxy most favorable to life.

Unfortunately, it is not a simple matter to
calculate the limits of this shell for a given star.
However, using Earth and the Sun as the basic
measure and noting that energy concentration
of light from a star decreases as the square of
the distance, scientists can predict the rough
average radius of the habitable zone around a
star. The result is simply the square root of the
ratio of the stellar brightness to that of the Sun.
The radius will then be expressed in astronomic
units (AU), where 1 AU is the average distance
of Earth from the Sun. The brightness of the
star must be rated at a standard distance,
known as its bolometric luminosity.

To complicate matters, a planet might not
stay in the habitable zone. To be habitable, a
planet should have an orbit that remains in the
habitable zone for billions of years. Only planets
with relatively circular orbits can do that. Also,
the habitable zone moves away from a star as
that star ages and grows hotter. Stars are not all
the same. Some burn their fuel quickly and do
not last for billions of years. The habitable zone
of a bright, hot star will not be the same as that

of a dim, cool one. Thus, the habitable zone is de-
termined by the star, the planet, and the life-
form under consideration.

The type of life involved is, of course, a criti-
cal consideration. We cannot discuss habitable
zones without first establishing the expecta-
tions we have of life around a star. We can iden-
tify three very basic requirements for life. First,
living things have bodies. Second, a life-form
uses a flow of nutrients and energy to sustain its
body and bodily processes. Third, life repro-
duces itself. Reproduction requires bodies (and,
most likely, molecules) able to retain the com-
plex and detailed information required for con-
structing more living forms. Life may be more
than this, but it will surely never be less.

With these criteria we find, by an argument
too extended to give here, that life in a habit-
able zone will be water- and carbon-chemistry-
based. The habitable zone, then, can be calcu-
lated based on the requirement that a planet in
the zone will be able to hold water in liquid form
long-term. The actual calculation is compli-
cated by many factors; chief among them is the
fact that water vapor is a major greenhouse gas.
Hence, one cannot simply find the incident en-
ergy from the star at various distances because
the presence of water retains the heat supplied
by the star and thereby expands the habitable
zone. An early estimate by Michael Hart had
the habitable zone of our Sun between 99 and
105 percent of the Earth’s current distance.
This was too conservative; a more likely esti-
mate is 95 to 137 percent.

The habitable zone is unique to the star and
is determined by the stellar mass and, to a
lesser extent, the age of the star. In terms of
spectral classes, stars such as Earth’s Sun (in
class G) and some K- and F-class stars can have
habitable zones. The range also corresponds to
the stellar surface temperature range of a bit
less than 4,500 kelvins (K) to a bit above 7,000
kelvins. Our Sun, at 5,777 kelvins, is in the mid-
dle of this range. Stars with a mass 20 percent
or more greater than that of the Sun (that is,
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1.2 MS) will not have habitable zones, because
they emit deadly amounts of ultraviolet radia-
tion (UV) along with their visible and infrared
radiation (IR). UV destroys water molecules
and, at high intensity, will eventually strip a
planet of the water critical for life. About 1 per-
cent of stars are so large that they consume
their fuel and die long before life can form. In-
deed, all stars larger than 1.5 MS would turn
into red giant stars and swallow up any life-
bearing planets around them before intelligent
life could appear. Stars with more than ten
times the mass of our Sun are so intensely
bright that planets cannot form around them,
because light creates pressure on anything it
strikes. This radiation pressure is usually too
small to matter, but for these very large stars it
is great enough that all the material around the
star that might eventually form planets is
pushed away from the star and is disbursed too
quickly for planets to form.

On the other hand, stars with less than about
0.80 MS do not produce enough high-energy UV
light to support life on any planet; their UV out-
put is insufficient for important atmospheric ef-
fects such as ozone creation. Any planet close
enough to a star of less than about 0.65 MS to re-
ceive sufficient heat will be so gripped by the
stellar gravity that it will show the star one face,
as the Moon does our Earth. If this is not the
case, an effect called spin-orbit coupling will al-
most certainly force the rotation rate of the
planet to be almost as slow as the planetary
year, thus frying the planet on one slowly
changing side while freezing it on the other.
Mercury is such a case. It revolves around the
Sun in 88 days but rotates once every 58.7 days,
exactly two-thirds of the orbital period. Both
these effects are due to the fact that no planet is
perfectly spherical. In either case, the planetary
face toward the star will be too hot for water, the
side away from the star too cold.

Another factor in habitability is variability of
stellar output. Our Sun has an eleven-year sun-
spot intensity cycle that causes a variation in
solar luminosity of about 0.1 percent. However,
18 Scorpii, an almost identical star in the con-
stellation Scorpius with a mass of 1.03 MS and a
temperature of 5,789 K, has a much greater
variability over a 9 to perhaps 13 year cycle. If

great enough, this would make its habitable
zone move in and out rapidly thereby negating
its benefits for any planet in a basically fixed
orbit.

KNOWLEDGE GAINED

The idea of a circumstellar habitable zone
has stimulated wide-ranging research resulting
in a significant extension of our knowledge of
planetary systems generally, as well as of our
own solar system in particular. A circumstellar
habitable zone imposes quite severe limitations
on where best to look for life in the universe. Re-
sponses to these limitations are likewise lim-
ited. One either accepts the limitations, at least
tentatively, and looks for suitable planets
around only suitable stars, or one must in some
way challenge the limitations.

Tentative acceptance of the limitations takes
us in the direction of what has become a success-
ful search for exoplanets, planets orbiting stars
other than our Sun. The list is large and grow-
ing. The primary technique used in this search
detects stellar motion due to the stellar reaction
to the orbital motion of the planet. Since large
planets create more stellar reaction that is more
easily detected, this technique is biased toward
discovering large planets. It is no surprise then
that most of the known exoplanets are large. It
is a bit of a surprise that they tend to be rela-
tively close to their stars and, hence, are some-
times called “hot Jupiters.” If this trend contin-
ues, it may require revisions in the theories of
how planetary systems form. Hot Jupiters are
not expected to harbor life even if they are in a
habitable zone.

Another puzzling result of these searches is
that exoplanets seem to prefer highly elliptical
orbits compared with those in our solar system.
Such orbits are risky in that they may take the
planet out of the habitable zone annually. On a
more positive note, the work on exoplanets has
confirmed that, as expected, planets tend
strongly to be found around stars with high
metal content. (In this context, “metal” means
any element other than hydrogen or helium.)

Challenges to the idea of the circumstellar
habitable zone have either been attempts to
show there are niches of habitability outside the
habitable zone or efforts to extend the habitable

The Solar System Habitable Zones

267



zone in size or to more types of stars, especially
to red dwarfs. This later direction seems prom-
ising in light of the discovery of planets around
the red dwarf Gliese 581. One of them, Gliese
581 c, is said to be the smallest planet yet dis-
covered in the habitable zone of another star.
That, of course, assumes that a red dwarf has a
habitable zone.

Looking for niches of habitability in our solar
system—and, hence, potentially elsewhere—
offers the possibility of confirmation by direct
examination in the not too distant future and is
accordingly fairly popular. Thus, attention has
become focused on Mars and some large satel-
lites of Jupiter and Saturn.

Mars has received the most attention, as
attested by missions such as the Mars Explora-
tion Rover (which began operating on the Mar-
tian surface in early 2004). The Cassini-Huygens
mission to Saturn (which entered into orbit
around Saturn in mid-2004) included flybys of
Titan, revealing its liquid methane oceans and
dense atmosphere, while the Galileo mission to
Jupiter in the late 1990’s gathered a great deal
of data on two of Jupiter’s satellites, volcanic Io
and Europa, whose deep ice sheet appears to
have water in liquid form beneath it.

CONTEXT

The dream of “other races of men” on other
worlds has been the currency of cosmological
speculation at least since the ancient Greek at-
omists. Men on the Moon were described by the
ancient Pythagoreans and in the seventeenth
century by Johannes Kepler, and even the eigh-
teenth century philosopher Immanuel Kant
gave opinions on the inhabitants of Mars, Ve-
nus, and Jupiter. Modern science has tried to in-
form and thereby reduce this speculation. The
concept of a habitable zone is a product of this
effort, although it imposes limitations that
would, no doubt, have disappointed earlier en-
thusiasts.

Enthusiasm for finding life elsewhere in the
universe is by no means dead. The high profile
of the Search for Extraterrestrial Intelligence
(SETI) and the advent of the new academic
discipline of astrobiology are proof of that. Both
of these developments are inextricably con-
nected with the concept of habitable zones and

are all but inconceivable without it. The pros-
pect of habitable zones has also stimulated
thinking and research in other areas. One such
development is the idea of a galactic habitable
zone.

The concept of habitable zones also connects
to larger cosmological issues, such as questions
of the “fine tuning” of the universe that makes
life possible somewhere in the universe and the
related issue of the anthropic principle, the no-
tion that the universe must contain conditions
that allow for the existence of an observing in-
telligent life-form.

John A. Cramer

FURTHER READING

Aczel, Amir D. Probability 1. New York: Har-
court Brace & Company, 1998. Aczel argues
that the large number of stars outweighs the
limitations of habitable zones to the point
where intelligent life must occur throughout
the universe.

Cohen, Jack, and Ian Stewart. Evolving the
Alien: The Science of Extraterrestrial Life.
London: Ebury Press, 2002. Cohen and Stew-
art dispute that alien life will be similar
enough to terrestrial forms to frame a mean-
ingful idea of a habitable zone. They also
argue the case for various niches of habit-
ability.

Cramer, John A. How Alien Would Aliens Be?
Lincoln, Nebr.: Writers Club Press, 2001.
The first half of the book shows how physical
constraints limit where intelligent life might
be found in the universe. Hence, it surveys
many of the limitations that lead to the idea
of a habitable zone and the possibility of hab-
itable niches.

Dole, Stephen H. Habitable Planets for Man.
2d ed. New York: Elsevier, 1970. Something
of a classic on habitable planets, this is one of
the earliest discussions of habitable places
for human colonization. It gives a good if
somewhat dated account of what makes a
place habitable for intelligent life, a more re-
strictive notion than a habitable zone for any
life.

Gonzalez, Guillermo, and Jay W. Richards. The
Privileged Planet: How Our Place in the Cos-
mos Is Designed for Discovery. Washington,
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D.C.: Regnery, 2004. Gonzalez and Richards
consider the idea that planetary habitability
may be connected with the planet’s suitabil-
ity as a platform for observing the universe.

Grinspoon, David. Lonely Planets: The Natural
Philosophy of Alien Life. New York: Harper-
Collins, 2004. This is a wide-ranging and
readable book covering habitable zones and
many related topics.

Ward, Peter, and Donald Brownlee. Rare Earth:
Why Complex Life Is Uncommon in the Uni-
verse. New York: Springer, 2000. Ward and
Brownlee make the case that the limitations
on habitable zones are severe to the point of
making planets like Earth quite rare.

See also: Extrasolar Planets; Extrasolar
Planets: Detection Methods; Extraterrestrial
Life in the Solar System; Life’s Origins; Mars:
Possible Life; Red Dwarf Stars; Search for Ex-
traterrestrial Intelligence; Venus’s Surface Ex-
periments.

Hertzsprung-Russell
Diagram
Category: Scientific Methods

Between 1904 and 1915, Danish astrono-
mer Ejnar Hertzsprung and American as-
tronomer Henry Norris Russell indepen-
dently discovered significant relationships
between the luminosity and surface tem-
perature of stars. The graph or diagram
they developed that displays these relation-
ships has become a powerful tool for sum-
marizing many stellar properties and trac-
ing the stages in the “lives” of stars.

OVERVIEW

The Hertzsprung-Russell diagram (or simply
H-R diagram) is named for the two astrono-
mers, Ejnar Hertzsprung (1873-1967) and
Henry Norris Russell (1877-1957), who inde-
pendently developed a powerful tool that
quickly and easily summarizes many properties
of a star.

In an H-R diagram, the ordinate (vertical
axis) is used to plot some measures of a star’s in-
trinsic brightness; these include absolute visual
magnitude, absolute bolometric magnitude,
and luminosity. The abscissa (horizontal axis)
is used to plot some measures of a star’s aver-
age photospheric or surface temperature; these
include effective temperature, spectral type,
and color index. Depending on the particular
parameters used to plot stars, the diagram is
also known as a color-magnitude diagram or
a spectrum-luminosity diagram. However, all
variations of the H-R diagram depict the same
basic relationships; the slightly different forms
of the diagram are due to the specific stellar pa-
rameters used in plotting it.

Stars plotted near the top of the H-R diagram
are very luminous, while those at the bottom are
very dim. Stars plotted on the left side of the dia-
gram have the hottest surfaces and appear blu-
ish, and those on the right side have the coolest
surfaces and appear reddish. If spectral type is
used, the spectral sequence O B A F G K M is
plotted from left to right. The position of a star
plotted on an H-R diagram not only indicates
the relationship between its luminosity and
surface temperature but also provides informa-
tion about its radius, mass, and stage of devel-
opment within the stellar life cycle.

The radius is found through application of
the Stefan-Boltzmann law for thermal radiat-
ing bodies: the rate of emission of electromag-
netic radiation per unit surface area is propor-
tional to the temperature (on an absolute scale)
raised to the fourth power. Thus the luminosity
(L) of a star is proportional to its surface area (A)
times its surface temperature (T) raised to the
fourth power, or L is proportional to A × T4.
Since the surface area of a sphere is propor-
tional to radius squared, another way of stating
this relationship is that luminosity (L) is pro-
portional to radius (R) squared times surface
temperature (T) raised to the fourth power, or L
is proportional to R2 × T4. A star’s position in the
H-R diagram gives its luminosity and surface
temperature, and that information allows one
to calculate its radius.

About 90 percent of all known stars fall along
a broad band that extends diagonally across the
H-R diagram in a “lazy S” shape, from bright,
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hot, blue stars at the upper
left to faint, cool, red stars at
the lower right. This band is
known as the “main sequence”
and is designated by lumi-
nosity class V. The distribu-
tion of stars along the main
sequence band makes sense
intuitively. The stars with
the hottest surfaces emit the
most light, while those with
cooler surfaces emit much
less light. Radius does not
vary too much along the main
sequence, ranging from about
five to ten times the Sun’s ra-
dius at the upper left (the lu-
minous, hot, blue stars) and
diminishing to about one-
tenth to one-thirtieth the
Sun’s radius at the lower
right (the faint, cool, red
stars). It has been found that
mass also varies along the
main sequence, ranging from
several tens to perhaps as much as one hundred
times the Sun’s mass at the upper left (the lumi-
nous, hot, blue stars) and diminishing to about
one-tenth to one-fifteenth the Sun’s mass at the
lower right (the faint, cool, red stars). A star in
this band (referred to as “on the main se-
quence”) is in the most stable, longest-lasting
chapter of its life. It generates energy by fusing
hydrogen into helium in its core. Earth’s Sun is
a main sequence star with a spectral type and
luminosity class of G2 V and an absolute magni-
tude of about +5, which means it is plotted about
midway along the main sequence.

However, not all stars have luminosities and
surface temperatures that place them on or
near the main sequence. Stars plotted away
from the main sequence represent other stages
of the stellar life cycle. Some stars are located
above and to the right of the main sequence.
They are brighter than main sequence stars
with the same surface temperature, so by the
Stefan-Boltzmann law they must have much
larger surface areas from which to radiate, and
this means larger radii. Hence these stars are
referred to as giants and supergiants. Giants

(luminosity class III) typically have about one
hundred to ten thousand times the surface area
and thus about ten to one hundred times the ra-
dius of the Sun. Supergiants (luminosity classes
Ia, Iab, and Ib) are even larger, typically having
surface areas ten thousand to one million times
that of the Sun and radii one hundred to one
thousand times that of the Sun. The very larg-
est giants and supergiants are those with the
coolest surfaces and hence are red in color. Gi-
ants and supergiants have masses ranging from
several tens of times the Sun’s mass down to
about the Sun’s mass. They represent stars that
have left the main sequence because they ex-
hausted the hydrogen in their cores. An easily
seen orange giant (not quite as large or cool as a
red giant) is Aldebaran (Alpha Tauri), with
spectral type and luminosity class K5 III and
absolute magnitude about minus 1, located in
the constellation of Taurus the bull; if placed at
the center of our solar system, it would fill more
than half of Mercury’s orbit around the Sun. An
easily seen red supergiant is Betelgeuse (Alpha
Orionis), spectral type and luminosity class M2
Iab, absolute magnitude about minus 5, located
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in the constellation of Orion the hunter; if
placed at the center of our solar system, it would
be about twice as big as the orbit of Mars and ex-
tend out into the asteroid belt.

Other stars are plotted below and to the left
of the main sequence. They are quite hot but
very faint, meaning that they must have small
surface areas and radii. They are called white
dwarfs and have about the mass of the Sun
(about 300,000 Earth masses) packed into a vol-
ume about the size of the Earth. They are stars
that are near the ends of their lives, having ex-
hausted all their ways of generating energy and
shining only because they are still hot.

APPLICATIONS

The Hertzsprung-Russell diagram illus-
trates the evolutionary stages of a star’s life,
and it has played a major role in stellar astro-
physics. Astar is “born” with a certain mass and
chemical composition (typically about 75 per-
cent hydrogen and 25 percent helium by mass,
with traces of heavier elements). During most of
its life, its mass remains nearly constant; only
in the last stages of its life does it undergo sig-
nificant mass loss. On the other hand, its chemi-
cal composition, at least in its central region,
changes as the star generates energy through a
series of nuclear fusion reactions, converting
light atomic nuclei into heavier nuclei. A star is
in a constant tug-of-war between its tendency to
collapse under its own gravity and its tendency
to expand due to its pressure. As the star
evolves, tapping one energy source after an-
other, its structure changes, and this affects its
luminosity and surface temperature, and hence
its position in the H-R diagram. By utilizing the
H-R diagram, astronomers can easily depict
these changes and can trace the evolutionary
development of a star as a path followed on the
H-R diagram.

Stars are born in interstellar clouds of gas
and dust (nebulae) by gravitational contraction.
The contraction may be triggered by shock
waves from nearby supernova explosions or by
an encounter with a galactic spiral arm density
wave that compresses the density. As a part of
the nebula contracts, it heats up and starts to
shine as a protostar. Aprotostar first appears in
the H-R diagram at the extreme right-hand

(cool) side. As the protostar continues to con-
tract, it gets hotter and therefore brighter, and
it moves diagonally up and to the left in the H-R
diagram. When the star’s central temperature
reaches several million kelvins, hydrogen fu-
sion ignites in the star’s core, converting hydro-
gen to helium. The star stops shrinking and it
stabilizes, landing on the main sequence. For a
star with the Sun’s mass, the protostar stage
lasts about 30 million years. More massive stars
have stronger self-gravity and contract more
rapidly, while low-mass stars have weaker self-
gravity and contract more slowly.

A star’s location on the main sequence de-
pends on its mass: higher masses toward the up-
per left and lower masses toward the lower
right. The main sequence is the longest, most
stable period in a star’s energy-producing life.
As long as it has hydrogen in its core to fuse into
helium, it stays near the main sequence. The
length of a star’s main sequence stage depends
on its mass. Massive stars have more fuel, but
they consume it much more rapidly; that is why
they are so luminous. Consequently they have
very short main sequence lifetimes, no more
than a few million years for stars with several
tens of solar masses. Earth’s Sun is about half-
way through its 10-billion-year-long main se-
quence stage. Low-mass stars have less fuel,
but they consume it very slowly; that is why
they are so faint. Consequently they have long
main sequence lifetimes, much longer than the
Sun’s and longer even than the present age of
the universe; every low-mass main sequence
star that ever formed is still a low-mass main
sequence star. As a star consumes the hydrogen
in its core, it becomes slightly hotter and
brighter, and on the H-R diagram, it rises
slightly above the zero-age main sequence.

When the hydrogen in the star’s core is all
transformed into helium, the changes acceler-
ate. The helium core contracts and heats up,
and hydrogen fusion is transferred to a shell
surrounding the core where it proceeds at a
faster rate. The star leaves the main sequence
as it becomes more luminous and its outer lay-
ers expand and cool. Astar like the Sun becomes
a red giant. (When that happens to the Sun, in
about 5 billion years, it will become about one
thousand times brighter than it is now. Earth’s
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oceans will boil away, its atmosphere will es-
cape into space, the rocks of its surface will at
least partly melt, and all life on the planet will
be extinguished.) Eventually the core of a red gi-
ant gets hot enough to fuse helium into carbon.
With a nuclear fusion reaction generating en-
ergy in the star’s core, once again it enters a sta-
ble stage, but this phase is brief. A star like the
Sun quickly consumes the helium in its core in
no more than 1 billion years (compared to 10 bil-
lion years for hydrogen fusion in its core while
on the main sequence), but it is not massive
enough to shrink sufficiently to get hot enough
to start any more nuclear fusion reactions.

Instead it puffs off its bloated atmosphere,
losing as much as half of its mass. The ejected
outer layers are called a planetary nebulae. (A
“planetary nebula” has nothing to do with plan-
ets; the term developed in the nineteenth cen-
tury, when these expanding bubbles of gas were
seen as round, like planets, and fuzzy, like neb-
ulae, through the telescopes then in use.) Ultra-
violet radiation from the hot core often ionizes
these gases, making them shine. Examples of
planetary nebulae are the Helix nebula in the
constellation Aquarius and the Ring nebula in
the constellation Lyra. A star’s own stellar
wind, along with thermal pulses, will drive
these outer shells away as expanding bubbles of
gas, leaving an exposed hot core as the central
star of the planetary nebula.

Such stars are located in a hook-shaped re-
gion at the extreme left side of the H-R diagram.
The remaining core contracts as much as it can
and enters the white dwarf stage. Awhite dwarf
shines only because it is hot, but as it shines it
radiates its heat away and becomes cooler and
fainter, ending as a cooled-off black dwarf.

A very massive star (more than several times
the mass of the Sun) becomes a red supergiant
when it leaves the main sequence. It is massive
enough for its core to shrink enough to get hot
enough to initiate fusion reactions that form el-
ements up to iron. Iron is the heaviest nucleus
that can form in fusion reactions that release
energy; heavier nuclei require the input of en-
ergy to form via fusion. The iron core collapses,
sending shock waves through the star, which
explodes as a supernova. The outer part of the
star is blown away, leaving a collapsed core that

becomes a neutron star or in some cases a black
hole.

The position of the main sequence in the H-R
diagram is affected slightly by the chemical
composition of the stars that reach it. As
supernovae explode and enrich the interstellar
material with elements heavier than helium,
new generations of stars will be born with
slightly increased abundances of heavier ele-
ments, and this shifts the main sequence
slightly farther to the right in the H-R diagram.

CONTEXT

Ejnar Hertzsprung’s interest in astronomy
was fostered by his father, who, although edu-
cated as an astronomer at the University of Co-
penhagen, worked for the Danish Department
of Finance. He encouraged his son’s interest in
astronomy as an avocation, not a vocation, be-
lieving that it was not possible to make a living
studying the stars. Hertzsprung graduated
with a degree in chemical engineering in 1898
from the Polytechnical Institute in Copenhagen
and began work in St. Petersburg, Russia. In
1901, Hertzsprung went to Leipzig and spent a
year studying photochemistry in Friedrich Wil-
helm Ostwald’s laboratory. Photography was
developing as a serious scientific tool, and
Hertzsprung realized its inherent advantages
in astronomy, particularly in studying the spec-
tra of stars.

In 1902, Hertzsprung returned to Denmark,
where he corresponded regularly with astrono-
mer Karl Schwarzschild. In 1905 and 1907, he
published two papers on stellar spectra and
magnitudes. In these papers, he pointed out the
distinction between red stars that were very lu-
minous and those that were not. He realized
that this indicated a significant difference in the
size of the stars, and he named them giants and
dwarfs respectively. Hertzsprung did not in-
clude a diagram with either his 1905 or 1907 pa-
per, but in 1911 he published graphs of the rela-
tionship of color to magnitude based on the stars
in several star clusters, including the Pleiades.
Hertzsprung noted that stars in the diagrams
could be divided into two groups: a more popu-
lous one, later known as the main sequence, and
a smaller group currently recognized as giants
and supergiants.
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Henry Norris Russell, an American astrono-
mer, began to measure stellar parallaxes using
photographic techniques in 1903 in Cambridge,
England. By 1910, he had accumulated hun-
dreds of photographic plates. Russell’s graphi-
cal analysis of the absolute magnitude and
spectral type of different stars revealed an in-
teresting correlation. The stars were not scat-
tered randomly over the graph; for most stars,
as the luminosity (as measured by absolute
magnitude) decreased, so did the surface tem-
perature (as determined from the spectral
type). In December of 1913, Russell presented a
graph of the relationship (later known the H-R
diagram) to the American Astronomical Soci-
ety. In his address, he also identified giant and
white dwarf stars, for which he had laid the the-
oretical foundations in his papers of 1910 and
1912.

Through the filter of history, priority for the
idea for the diagram goes to Hertzsprung. How-
ever, Russell was unaware of Hertzsprung’s
work when he presented his diagram in 1913,
based on hundreds of stars he studied from 1903
to 1910, and began to relate the graph to theo-
ries of stellar evolution. The origin of identify-
ing the graph as the “Hertzsprung-Russell dia-
gram” is not clear. Hertzsprung himself often
remarked that it should be called a color-magni-
tude diagram for clarification purposes. Calling
it the Hertzsprung-Russell (or H-R) diagram
seems to have evolved gradually, helped along
in its use by the English astronomer Sir Arthur
Stanley Eddington, who in 1924 discovered the
mass-luminosity relation of main sequence
stars. The H-R diagram was included in the ar-
ticles and lectures of the Danish astronomer
Bengt Strömgren during the 1930’s, in which he
provided an explanation of what the main se-
quence represents.

The early 1900’s was a time of great advances
in astronomy. The development of the H-R dia-
gram was one of the more important. The recog-
nition of a correlation between luminosity and
surface temperature resulted in a domino effect
for stellar research. The H-R diagram has
proved to be a versatile astronomical tool. It pro-
vides a simple way to represent the structure
and depict the evolution of stars.

Richard C. Jones and Richard R. Erickson
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I
Iapetus
Categories: Natural Planetary Satellites; The

Saturnian System

The Saturnian satellite Iapetus is one of
the most unusual satellites in the solar sys-
tem. It has a dark side and a bright side, as
well as a ridge along its equator that sits
atop an equatorial bulge.

OVERVIEW

Iapetus was first noticed on one side of Sat-
urn by Giovanni Domenico Cassini in October,
1671. Searching for it later on the other side of
the planet was futile with the telescope that he
was using. He tracked it many times over sev-
eral years, but only when he had a better tele-
scope in 1705 did Cassini finally see Iapetus on
the other side of the planet. He
concluded that Iapetus had a dark
side and a bright side. It was
named for the Titan god Iapetus, a
brother of Cronus (the Greek
name for the Roman god Saturn)
in Greek mythology. Iapetus was
originally called Saturn V, be-
cause the Saturnian satellites were
originally numbered, and many
scientists continued to use the
numbers. With the discovery of
other Saturnian satellites, Iape-
tus’s scientific referent changed to
Saturn VII and eventually Saturn
VIII. It is one of the sixty satellites
of Saturn that had been discov-
ered by 2008. Iapetus’s geological
features, except for its dark re-
gion, are named after characters
and places from the French epic
poem The Song of Roland. The
dark region is called Cassini Regio,
in honor of Iapetus’s discoverer,
Cassini.

As Cassini deduced, Iapetus al-
ways presents the same face to

Saturn, meaning it is synchronous with Saturn.
Therefore the time of revolution and the time to
circle the planet are identical, 79.32 days.
Iapetus is prograde, meaning it turns in the
same direction as Saturn. Iapetus’s orbit is
about 15.5° out of the plane of Saturn’s equator;
that is, its inclination is 15.5°. The inclination is
large enough to cause questions about whether
Iapetus was “captured” by Saturn’s gravita-
tional field or was generated by the same pro-
cess that produced Saturn and the other satel-
lites. Iapetus’s elliptical orbit (its eccentricity is
0.029) and a synchronous satellite that is
3,561,000 kilometers from the planet also add to
the doubt about whether Iapetus was formed by
the same process that formed Saturn.

Iapetus is an oblate spheroid with a 1,494-
kilometer diameter along the axis pointed at
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Uranus. The equatorial axis is 1,498 kilome-
ters, and the pole-to-pole axis is 1,426 kilome-
ters. With its equatorial bulge and squashed
poles, Iapetus has been said to look like a wal-
nut. A20-kilometer high ridge that girds most of
the satellite along its equator is another strik-
ing feature. No other known satellite has a ridge
like the one on Iapetus. The ridge is triangular,
with a base that is about 200 kilometers wide.
The ridge is also cratered, proving it has been in
existence for a long time. One theory about the
formation of the ridge is that the crust formed
while the interior was still flexible enough for
the weight of the shell to crush the interior. The
interior material forced its way to the surface,
fracturing the shell at the equator and forming
a ridge. The material cooled relatively quickly,
locking it in the new shape that is Iapetus today.
This theory requires that Iapetus had to spin
much faster during its formation and cooling pe-
riods. The slowing of its spin, called despinning,
had to take place near a large object such as a
planet. This, along with the fact that Iapetus’s
composition is similar to that of the other Satur-
nian satellites, indicates that Iapetus was
formed in the process that formed Saturn and
the other large satellites.

The first feature of Iapetus that astronomers
noted was its albedo, which is completely differ-
ent on the two sides of this satellite. The pic-
tures from the Cassini spacecraft (2007) show a
tar-black leading hemisphere with a bright
backside hemisphere. The albedo is about 0.05
for the leading side and about 0.6 for the trailing
hemisphere. This variation in albedo is noted
not only in the visible range but also in the ul-
traviolet and radio ranges. The Cassini images
indicated that the dark material is not solid but
is in streaks large enough to appear solid from a
distance. Near-infrared spectra indicate that
the bright material is ice. The moon’s density of
1.1 grams per centimeter cubed indicates that
the rock fraction can be no more than 22 per-
cent. The composition of the dark side appears
to be ice contaminated with materials such as
ammonia, amorphous carbon, poly-hydrogen
cyanide (poly-HCN), and hematite (Fe2O3).

Some scientists have theorized that the dark
material originates from another satellite,
Phoebe. Phoebe has a retrograde orbit, meaning
that it is traveling in the direction opposite to
that of Saturn’s rotation and thus in the direc-
tion opposite to Iapetus’s orbital motion. Mate-
rial lost by Phoebe because of its retrograde mo-

tion can bombard the front
face of Iapetus. However, data
from the ultraviolet spectra
collected by Cassini show that
the composition of Phoebe is
not the same as the composi-
tion of the dark material on
Iapetus. There is the possibil-
ity that the dark material
might be from Hyperion, since
the composition of Hyperion
does match that of Iapetus. A
second option is that the mate-
rial from Phoebe changes be-
fore it bombards Iapetus. The
dark material is thought to be
a thin layer containing only a
small amount (5 percent) of
ice. A third opinion is that the
dark material is consistent
with an external impact. This
would cause the poles of Iape-
tus to be bright, which they
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A landslide is seen in the Cassini Regio portion of Iapetus, imaged by the
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are. The bright poles may be
bright because of frost. The peak
temperature of the dark side of
Iapetus was measured at 130 kel-
vins, warm enough to allow ice to
sublime and refreeze at the poles,
producing bright areas. The dark
material has a reddish color that
might indicate organic compounds.
Organics would darken with expo-
sure to radiation. Indications are
that the material is porous and in
the form of fine particles.

The topography of Iapetus was
not well known before the Cassini
mission. Even pictures from the
Voyager 1 mission did not show
any feature on the dark side. The
bright side was also largely un-
known. Iapetus is cratered, but is
not saturated with craters. Around
the craters were tall, steep, wall-
like features called scarps. It ap-
pears that the craters on Iapetus
may not have retained the full
height of the crater rim, which
would indicate the lithosphere is
not thick or totally solid. The larg-
est crater is 800 kilometers across with a rim to-
pography of 10 kilometers (that is, raised 10 ki-
lometers from the crater floor). Some scientists
believe that Iapetus was formed and its shell
hardened at a very early time. The surface
might be the oldest surface known.

KNOWLEDGE GAINED

Iapetus has been studied with land-based
telescopes since it was discovered. Its dichoto-
mous albedo made it an unusual object, and
therefore an object of interest. Reflectance spec-
tra taken using the McDonald Observatory
produced data that showed reddening of the
dark-side material, as dark-side reflectance was
compared to that of the bright side. Other land-
based studies determined the size of Iapetus, the
albedo range, and the longitudinal symmetry of
the dark material. One of the most in-depth
studies of Iapetus’s composition was done from
the observatory at Hawaii’s Mauna Kea, using
both visible and near-infrared spectrometry.

The Voyager 1 mission revealed the diameter
of Iapetus. Images of Iapetus were taken and re-
vealed the great amount of cratering that exists
on the bright side and at the poles. Perturba-
tions in the path of Voyager allowed scientists to
calculate the satellite’s density.

In addition to the Image Science Substation
(ISS), a version of which was on both Voyagers,
the Cassini spacecraft (2004) had an ultraviolet
imaging spectrograph (UVIS), which produces
simultaneous spectral and spatial images. The
visual and infrared mapping spectrometer
(VIMS) was used to study the icy satellites by
generating reflectance spectra and phase
curves, as well as visual pictures. These data
are especially important to compare with
Earth-based data, providing an evaluation of
the Earth-based data and possibly ideas of
methods to correct the Earth-based data for two
of the problems that occur using Earth-based
instruments. Those two problems are the small
phase angle seen from Earth and the extra light
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Iapetus’s mountainous terrain rises about 10 kilometers above the
surface in this Cassini spacecraft image of the moon’s equatorial
ridge, taken on September 10, 2007. (NASA/JPL/Space Science In-
stitute)



generated by reflection from the rings and from
Saturn. The composite infrared spectrometer
(CIRS) on Cassini studied the thermal infrared
spectrum for emissivity features.

Certain compounds emit a thermal signature
in the infrared range that is noticeable in the
background thermal spectra. The thermal spec-
tra from Iapetus did not show any strong fea-
tures. The lack of emission features and the
data from near-infrared spectra caused scien-
tists to believe that the surface must be covered
with small particles that have a high porosity.
One bit of information gleaned from Cassini im-
ages is that scarps and crater walls are bright
on their north sides and covered with dark ma-
terial on their south sides.

CONTEXT

Iapetus is certainly an enigma. The black
face on one side and the bright face on the other
side remain unexplained. Scientists have ideas
for explaining these phenomena, but none that

seems to offer a complete an-
swer. If the dichotomy is due to
material from other satellites,
exactly what is the transport
mechanism and what changes
to the material occur during
transport? A second question
about Iapetus concerns its for-
mation. How did the equatorial
ridge form and why? What does
the existence of the ridge tell
scientists about the formation
of the solar system? Is the sur-
face of Iapetus the oldest sur-
face in the solar system? Can
Iapetus lead scientists to deter-
mine how the solar system was
formed?

Many scientists are surprised
that Iapetus can have such a
large angle of inclination and be
so far away from Saturn, yet
still be in synchronous relation-
ship with the planet. Being syn-
chronous requires a very slow
revolution, and such slow revo-
lutions are unusual. Iapetus’s
revolution can be explained only

if one concludes that the gravitational force of
Saturn has caused despinning. The gravita-
tional force on Iapetus increases and decreases
as Iapetus gets closer and then moves away
from the planet, and this change in gravita-
tional force causes tidal flexing in the satellite.
The heat from this tidal flexing may explain the
heat needed to generate some of the satellite’s
features, such as the ridge and the dichotomous
albedo.

C. Alton Hassell and David G. Fisher
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Iapetus’s frozen surface, splotched with dark terrain, in an image cap-
tured by the Cassini spacecraft on September 10, 2007, at an altitude of
about 6,030 kilometers. (NASA/JPL/Space Science Institute)
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Impact Cratering
Category: Planets and Planetology

Space-age discoveries about the surface
character of other terrestrial planets and
satellites around planets throughout the
solar system reveal that the early Earth
must have been heavily scarred by impacts
with planetesimals and minor bodies. Ero-
sion processes and plate tectonics have
obliterated most of these ancient craters,
but new evidence that major impacts may
have had a significant role in shaping the
evolution of life has spurred a search for
large impact craters.

OVERVIEW

Impact cratering is one of the most funda-
mental geologic processes in the solar system.
Craters have been found on the surfaces of all
the solid planets and natural satellites thus far
investigated by spacecraft. Mercury and the
Moon, bodies whose ancient surfaces have not
been reworked by subsequent geologic pro-
cesses, preserve a vivid record of the role that
impact cratering has played in the past. It is in-
conceivable that the Earth somehow escaped
the bombardment that caused such widespread
scarring or that it does not continue to be a
target for planetesimals still roaming the solar
system.

As recently as the 1960’s, only a handful of
sites on Earth were accepted to be of impact ori-
gin. In the early 2000’s, the number of con-
firmed astroblemes (circular surface features
considered to have been large impact craters)
was well in excess of one hundred and increas-
ing at the rate of several per year. In addition,
many “probable” and “possible” impact features
are under study. Nevertheless, an enormous
discrepancy exists between the number of iden-
tified or suspected impact sites on Earth and the
number that might be expected.

It is assumed that the flux of incoming bodies
is the same for Earth as it is for the Moon.
Making allowances for the fact that the Earth is
the largest “target” of any of the terrestrial
planets and that more than two-thirds of its sur-
face is covered by water, planetologists calcu-
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late that land areas of the Earth should have
been scarred by at least fifteen hundred craters
10 kilometers or more in diameter. In actuality,
only about half of the known astroblemes are in
this size range. On a global scale, 99 percent of
the predicted large impact craters seem to be
missing. However, this statistic is not a valid in-
dicator of the impact history of the Earth. Al-
though the impact phenomenon is a geographic
process, the probability for discovering impact
sites is strongly modified by the geologic stabil-
ity of various regions of the Earth and by the in-
tensity of the search programs in those areas.
Roughly one-half of all the confirmed astro-
blemes have been found in Canada, which con-
stitutes only one percent of the Earth’s surface.
In part, this is owing to the stability of Precam-
brian rock of the Canadian Shield, which thus
preserves more of the crater’s features, but it
also reflects a diligent research effort by Can-
ada’s Department of Energy, Mines, and Re-

sources. In general, the number of
large impact sites found in the
well-explored areas of the Earth
agrees with the accepted rate of
crater formation on the other ter-
restrial planets in the past two bil-
lion years.

The obvious difference between
the surface appearances of Earth
and the Moon is explained not by
any difference in the rate at which
impact craters have formed but in
the rate at which they are de-
stroyed. Most of the tremendous
numbers of craters on the Moon
are more than 3.9 billion years old,
while the Earth’s oldest surviv-
ing astroblemes were formed less
than 2 billion years ago. Studies
have shown that erosion effec-
tively removes all traces of a 100-
meter (diameter) crater in only
a few thousand years, and that a
1-kilometer-wide crater, such as
the well-known Barringer meteor
crater in Arizona, will disappear
within a million years. Only crat-
ers with diameters greater than
100 kilometers can be expected to

leave any trace after a billion years of erosion.
This explains not only the absence of wide-
spread cratering on Earth’s landscape but also
the fact that, among the astroblemes known to
exist, medium and large scars are more common
than small ones.

Significant craters can be produced only by
objects having masses of hundreds of thousands
to billions of tons. The Barringer crater, 1.2 kilo-
meters wide and 200 meters deep, is believed to
have been formed by a one-million-ton planetes-
imal that was perhaps 50 meters in diameter. A
27-kilometer-wide astrobleme known as the
Nördlinger Ries crater in Germany required an
impacting body greater than 1 kilometer in di-
ameter with a mass in excess of 1 billion tons.
Planetesimals as large as these two examples
are not characteristic of the vagrant meteors
that wander through the solar system and occa-
sionally streak into the Earth’s skies as shoot-
ing stars.
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A view of the Moon’s Mare Imbrium, taken by the Apollo 17 crew in
1972, shows the cratered lunar surface. (NASA)



Most of the past impacts on Earth and the
Moon appear to be attributable to a family of as-
teroids known as the Apollo-Amor group (after
two specific members of the family). Members of
this group are in orbits that graze Earth’s orbit
and become subject to orbital perturbations
that lead them across Earth’s path periodically.
It is estimated that the average Apollo-Amor ob-
ject intersects Earth’s orbit once every five
thousand years, although usually the planet is
at some other point on its orbit when this hap-
pens. The probability of a collision between
Earth and any given Apollo-Amor object is
small, but several studies have shown that this
family contains between 750 and 1,000 aster-
oids larger than 1 kilometer in diameter. Statis-
tical analysis suggests that such sizable bodies
must collide with the Earth an average of once
every 600,000 years.

Impact events involve tremendous transfers
of energy from the incoming planetesimal to
Earth’s surface. A projectile’s energy of motion
increases only linearly with its mass but as the
square of its velocity, so surprisingly large crat-
ers result from relatively small bodies traveling
at hypervelocities. Depending on the di-
rections of motion of Earth and of the
planetesimal, impacts on the planet
may involve relative velocities as high
as 50 kilometers per second. At veloci-
ties surpassing 4 kilometers per second,
the energy of the shock wave created by
the impact is far greater than the
strength of molecular adhesion for either
the planetesimal or Earth. Therefore,
on impact the planetesimal acquires the
properties of a highly compressed gas
and explodes with a force equivalent to
a similar mass of blasting powder.

The shock wave from this explosion
intensely compresses the target mate-
rial and causes it to be severely de-
formed, melted, or even vaporized. In
all but the smaller impacts, the entire
projectile is also vaporized. The shock
wave swiftly expands in a radial fash-
ion, pulverizing the target material and
intensely altering the nature of the tar-
get rock by extreme and almost instan-
taneous heat and pressure. This is im-

mediately followed by decompression and what
is called a rarefaction wave that restores the
ambient pressure. The rarefaction wave moves
only over free surfaces, so it travels outward
over the ground surface and into the atmo-
sphere above the impact. It becomes the exca-
vating force that lifts vast quantities of the pul-
verized target material upward and outward to
create the crater cavity.

The rarefaction wave excavates a hole whose
depth is one-third of its diameter and whose
profile follows a parabolic curve, but this de-
pression is short-lived and is therefore called
the transient cavity. After passage of the rar-
efaction wave, a large amount of pulverized tar-
get material from the walls of the transient cav-
ity slumps inward under gravity, and some of
the ejecta lofted straight up into the atmosphere
falls back into the excavation. Together, these
sources contribute to a lens-shaped region of
breccia that fills the true crater’s floor and
leaves a shallower, flat-floored apparent crater
as the visible scar of the impact. Apparent crat-
ers generally exhibit a depth of only one-tenth
to one-twentieth of their diameters. Meanwhile,
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Earth’s Largest Impact Craters

Diameter
(km) Location Crater Name

Age
(millions
of years)

300 South Africa Vredefort 2,023
250 Canada Sudbury 1,850
170 Mexico Chicxulub 65
100 Canada Manicougan 214
100 Russia Popigai 35
90 Australia Acraman 590
90 United States Chesapeake Bay 36
80 Russia Puchezh-Katunki 175
70 South Africa Morokweng 145
65 Russia Kara 73
60 United States Beaverhead 600
55 Australia Tookoonooka 128
54 Canada Charlevoix 357
52 Sweden Siljan 368
52 Tajikstan Kara-Kul 5

Source: Data are from the National Aeronautics and Space
Administration/Goddard Space Flight Center, National
Space Science Data Center.



the rarefaction wave carries ejecta
particles outward over the sur-
rounding landscape, where they
fall to Earth as a blanket of
regolith that is distinguishable
from the local target rock by the ef-
fects of shock metamorphism.

METHODS OF STUDY

Impact phenomena are rare
enough on the human timescale
that no crater-forming events are
known to have occurred in re-
corded history. Owing to this pas-
sage of time and to the fact that
most existing astroblemes have
been severely altered by erosion,
impact cratering has been studied
by the unique modifications that a
powerful impact shock makes in
the rocks and minerals at the site.
Scientists study the deformation
and structural damage to buried
strata, and by looking for the pres-
ence of certain rare elements and
minerals in the sediments sur-
rounding suspected impact sites.

Much attention has been given
to the effects of the shock wave on
terrestrial rocks, since shock metamorphism is
considered to be the most enduring and positive
identifier of ancient astroblemes. Shock meta-
morphism differs from endogenic metamor-
phism by the scales of pressure and tempera-
ture involved and by the very short duration of
the exposure to those pressures and tempera-
tures. Endogenic metamorphism usually in-
volves pressures of less than 1 gigapascal
(100,000 atmospheres) and temperatures not
greater than 1,250 kelvins. The pressures in-
volved in shock metamorphism are exponen-
tially greater, reaching several hundred giga-
pascals for an instant in the vicinity of the
impact. Rock exposed to pressures in excess of
80 gigapascals and temperatures of several
thousand kelvins is immediately vaporized.
Lesser pressures and temperatures at in-
creased distances from the point of impact pro-
duce signs of melting, thermal decomposition,
phase transitions, and plastic deformation.

Pockets of melt glass up to several meters
thick are commonly found in the breccia within
the crater, indicating that pressures there
reached 45-60 gigapascals. Coesite and its
denser relative, stishovite, are forms of quartz
that occur naturally only at impact sites. Shat-
ter cones, conically shaped crystals created at
pressures of from 2 to 25 gigapascals, are an-
other prominent feature of shock metamor-
phism and are particularly well developed in
fine-grained isotropic rock. Microscopic exami-
nation of impact-shocked porous rock reveals
that quartz grains are deformed so as to fill
the pores and interlock like the pieces of a jig-
saw puzzle. Even at a considerable distance
from the impact point, quartz grains tend to be
elongated in the direction of the shock wave’s
passage.

Theories concerning cratering dynamics can
also be tested by analogy to some of the craters
produced by the detonation of nuclear devices.
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These diagrams show cross sections of the structures of both simple
and complex craters. (NASA)



This latter technique has adequately explained
the morphology of the smaller astroblemes,
those with diameters that do not exceed 2-4 kilo-
meters. Larger impact events involve addi-
tional dynamics that are not mimicked by nu-
clear devices thus far tested. Astroblemes
greater than 2 kilometers in diameter in sedi-
mentary rock or 4 kilometers in diameter in
crystalline rock display a pronounced central
uplift owing to an intense vertical displacement
of the strata under the center of the impact. An
additional feature distinguishing complex crat-
ers is that their depths are always a much
smaller fraction of their diameters than is the
case with simple craters.

Photographic imaging of Earth from space
has revealed some young and well-preserved
astroblemes in remote and poorly explored ar-

eas of Earth, such as the Sahara Desert. More
important has been the satellite’s ability to re-
veal structures that still preserve a faint but
distinct circularity when seen from orbit, al-
though at ground level they are so eroded that
their circularity has escaped detection. One of
the largest astroblemes yet discovered was de-
tected from Landsat satellite images in this
way. New imaging technologies, including ad-
vanced radar and sonar mapping, promise to ex-
tend the capabilities of space surveillance and
remote sensing in recognizing possible impact
sites.

CONTEXT

The degree to which the Earth is in danger of
being struck by a massive planetesimal began
to be appreciated about the middle of the twen-

tieth century. In 1980, a team
led by Nobel Prize-winning phys-
icist Luis Alvarez announced
dramatic evidence suggesting
that an asteroid impact that
occurred 65 million years ago
created such planetary stress
that it explained a mysterious
massive extinction of life-forms
known to have occurred on the
Earth at that time. At sites all
around the world, researchers
discovered that clay deposits at
the boundary layer between the
Cretaceous and Tertiary periods
contained up to one hundred
times the normal abundance of
the metal iridium, which is rare
in Earth’s crustal rocks but 1,000
to 10,000 times more abundant
in the makeup of many aster-
oids. This Cretaceous-Tertiary
boundary layer is coincident
with the point at which fully 70
percent of the life-forms then ex-
isting on the Earth, including the
dinosaurs, became extinct. Fur-
ther study has also revealed that
this same sediment layer is rich
in shock-metamorphosed quartz
grains, known only to occur nat-
urally from impact explosions.
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Examples of impact craters on Venus, Earth’s moon, Mars, and
Ganymede. (Venus and Moon: Robert Herrick/Lunar and Planetary
Institute; Mars: Calvin Hamilton/Los Alamos National Laboratory;
Ganymede: Paul Schenk/Lunar and Planetary Institute)



Debate continues as to whether an asteroid
impact was the primary cause of the mass ex-
tinctions at the close of the Cretaceous period or
merely the final factor, but there is general
agreement that a colossal impact occurred at
that time. The volume of material represented
in the boundary sediments suggests that the
planetesimal was perhaps 10 kilometers in di-
ameter and would have created a crater of as
much as 200 kilometers in width. An astro-
bleme in the Gulf of Mexico near Belize, called
the Chicxulub Crater, closely fulfills these crite-
ria. Many scientists accept it as the impact site
for the K-T (German for Cretaceous-Tertiary)
event. Meanwhile, several other iridium spikes
(abnormally high concentrations of the metal)
have been found in the sedimentary beds coin-
ciding with other recognized mass extinctions.

Early in the twenty-first century several re-
searchers put forward candidate craters to
mark an impact event dated to the time of what
paleontologists often call the Great Dying. At
the boundary between the Permian and the Tri-
assic (the P-T boundary), which also marks the
end of the Paleozoic and the start of the Meso-
zoic era, life on Earth was very nearly extermi-
nated. A conservative estimate is that 95 per-
cent of all species died out at that time. Life
rebounded and the dinosaurs went on to rule
the Earth, until they too were wiped out cata-
strophically. Of the various craters proposed to
have resulted from a P-T boundary impact
event, the one that appears most likely to turn
out to be correct (if any of them are correct) is a
crater located in Antarctica, buried unfortu-
nately under 1.5 kilometers of ice. What pro-
vides extra confidence that this crater could be
the result of a P-T boundary impact event is the
fact that at its antipode is located the Siberian
Traps. Energy from the impact would have un-
dergone antipodal focusing through the Earth’s
core to ravage the area on the planet 180° away
from the impact site. The Siberian Traps experi-
enced tremendous amounts of volcanic activity
around 248 million years ago, the very time of
the P-T boundary and the Great Dying. This sce-
nario remains controversial but, if true, would
represent an even larger impact event than the
accepted K-T boundary event that gave rise to
the Chicxulub Crater.

Three related discoveries suggest the possi-
bility that impact cratering may not be an en-
tirely random process, so far as its distribution
through time is concerned. Paleontologists Da-
vid Raup and J. John Sepkoski, Jr. have shown
evidence, based on a rigorous analysis of the
marine fossil record, that mass extinctions ap-
pear to occur with regularity every 26 million
years. Independently, the team of Walter
Alvarez (also a member of the team that discov-
ered the K-T iridium anomaly) and Richard
Muller have discovered evidence that the ages
of major known terrestrial astroblemes seem to
be periodically distributed at intervals of
roughly 28 million years. For some time, re-
searchers have sought a mechanism that could
account for the numerous polarity reversals in
Earth’s magnetic field over geologic history, and
some have suggested that major impact events
may be the cause. Several studies have reported
an apparent fine-scale periodicity in Earth’s
magnetic field reversals with a cycle of 30 mil-
lion years. Although the intervals are not in per-
fect agreement, they are very close, considering
the difficulty of precisely dating extinctions and
the exact ages of astroblemes.

These discoveries suggest that there may be
an as yet undiscovered member of the solar sys-
tem that moves in such a way as periodically to
disrupt the Oort Cloud, the cloud of comets be-
lieved to exist on the fringes of the solar system,
causing a barrage of planetesimals to descend
upon the inner planets. Although the existence
and location of such a body remain speculative
and controversial, it has been characterized as a
dwarf companion star of the Sun and is called
Nemesis.

Richard S. Knapp
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Infrared Astronomy
Category: Scientific Methods

Infrared astronomy explores the universe
by focusing on wavelengths of the electro-
magnetic spectrum that are longer than
those of visible light. This region of the
spectrum is useful for studying the process
of star formation, for studying objects that
are obscured by clouds of interstellar mate-
rial, and for studying lower-temperature
objects that do not radiate as prevalently in
the visible portion of the spectrum.

OVERVIEW

Infrared astronomy focuses its study on
wavelengths of electromagnetic radiation that
are a little longer than those of visible light. The
infrared region of the spectrum covers a wide
range of wavelengths from waves slightly lon-
ger than those of visible light (0.7 micron, or 0.7
millionth of a meter) to those as long as 1,000
microns. The longest infrared wavelengths are
about 1 millimeter in length and mark the
boundary with the microwave radio spectrum.

Infrared radiation from distant sources is
very difficult to detect. The Sun is so close that
the infrared radiation it emits can be detected in
the form of heat. The Moon also emits easily de-
tected infrared radiation. However, to detect
emissions from other stars, planets, nebulae, or
galaxies, very sensitive detectors are needed.
The shortest infrared waves are known to as-
tronomers as the “photographic infrared” be-
cause they are very similar to visible light and
can be detected with certain types of photo-
graphic emulsions and other types of optical de-
tectors. At longer wavelengths of infrared radi-
ation, objects can be detected that are not
visible at optical wavelengths. Nevertheless, at
these wavelengths, the detectors used for the
photographic infrared are no longer useful.

Modern infrared detectors often use a sub-
stance called indium antimonide, which changes
its electrical conductivity when exposed to in-
frared radiation. In order to be effective, how-
ever, it must be kept very cold. Solid nitrogen or
liquid helium is used to surround the material
to bring its temperature from 50 kelvins down
to within a few kelvins of absolute zero. Another
long-wavelength infrared detector uses a crys-
tal of the semiconducting material germanium
that contains traces of the rare metal gallium.
This detector must be kept to a temperature
only 2 kelvins above absolute zero.

Earth’s atmosphere provides advantages as
well as disadvantages to infrared astronomy.
Some infrared observations can be done during
the day as well as at night, allowing infrared de-
tectors to be mounted on large optical telescopes
for daytime use. The disadvantage posed by the
atmosphere is that water vapor and carbon di-
oxide absorb certain wavelengths of infrared ra-
diation, making them invisible to astronomers.
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Infrared astronomers therefore have to choose
particular wave bands at which the atmosphere
allows a clear window. To see through these
windows is often a challenge, as common ob-
jects—such as telescopes and even the sky—can
radiate at these same wavelengths if they are at
the appropriate temperature.

Infrared astronomers have designed ways of
partially overcoming the problems posed by the
atmosphere. Infrared instruments are designed
so that no stray radiation from the instrument
itself can enter the detectors. To overcome sky
brightness in the infrared, astronomers take
measurements of the observational target.
Measurements include the infrared brightness
of both the object and the sky. The telescope is
then moved slightly so that it is no longer point-

ing at the source, where it takes an infrared
measurement from the background sky only.
When the second measurement is subtracted
from the first, it is possible to determine the
brightness of the object itself. This technique
works well for stars but works less well for ob-
jects such as nebulae, which cover a wider field
of view. The technique can be modified to scan a
wider portion of the sky, making images of
larger areas possible. Detectors have been de-
veloped that can record such images in a single
exposure.

The ideal earthbound infrared observato-
ries are located at very high altitudes and in
arid atmospheric conditions. The best site is on
Mauna Kea in Hawaii, 4,200 meters above sea
level, where two of the world’s largest infrared
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The Spitzer Space Telescope views objects in the infrared wavelength range; this artist’s conception shows the
spaceborne observatory against the sky as it would appear in the infrared, the bright band being the Milky Way.
(NASA/JPL-Caltech)



telescopes reside: the National Aeronautics
and Space Administration’s (NASA’s) 3-meter-
diameter telescope and the United Kingdom
Infrared Telescope (UKIRT), with a 3.8-meter-
diameter mirror.

At wavelengths longer than about 30 mi-
crons, the atmosphere begins to absorb so much
infrared radiation that ground-based observa-
tion is impossible. To observe these longer (or
far-infrared) wavelengths, astronomers con-
duct their observations remotely. In the 1970’s,
ten rocket flights carrying infrared detectors
performed a survey of nine-tenths of the sky.
During these early flights, it was discovered
that the center of the Milky Way and other gal-
axies were strong sources of far-infrared radia-
tion. High-altitude balloons have also been used
to make observations; NASA converted a C-141
transporter plane into a flying infrared observa-
tory, the Kuiper Airborne Observatory, com-
plete with a 0.9-meter telescope. The observa-
tory carries scientists to altitudes of about
12,500 meters, where they can make observa-
tions free of about 99 percent of the atmo-
sphere’s water vapor.

These types of observations are valuable, but
the best way to solve the observational prob-
lems posed by the atmosphere is to observe
outside the atmosphere completely. Although
astronomers have flown many satellites to mea-
sure other types of radiation from space, the in-
frared band has presented difficulties because
of the necessity of keeping the detectors at ex-
tremely low temperatures. In 1983, a fully dedi-
cated infrared satellite was finally launched.
The Infrared Astronomical Satellite (IRAS)
was a joint project by the United States, the
Netherlands, and England. IRAS investigated
the sky from an orbital altitude of 900 kilome-
ters. Throughout its development, this mission
proved to be one of the most difficult ever at-
tempted. The infrared detectors had to be de-
signed so that even in orbit they were cooled to
within a few degrees of absolute zero with
nearly 90.7 kilograms of liquid helium. The life-
time of the satellites was limited because the
liquid helium slowly boils away. IRAS was able
to function efficiently for a total of ten months.
The principal instrument aboard IRAS was an
array of sixty-two semiconductors that were

sensitive to the majority of
the infrared spectrum. The
satellite was roughly the size
of a small automobile and
weighed 1,076 kilograms.

In spite of the complexity
of keeping the instruments
cold, the mission was highly
successful. IRAS scanned 95
percent of the sky a total of
four times at the middle and
far-infrared wavelengths. It
was able to detect and cata-
log about 250,000 celestial
sources of infrared radia-
tion. IRAS produced such an
enormous catalog of infrared
sources, significantly expand-
ing the field of infrared as-
tronomy. Numerous space-
based detectors and specially
dedicated observatories fol-
lowed. One example of an in-
strument on an observatory
primarily taking data in the
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In 2004 this magnetar, a blast of energy from a flare caused by the twisting
magnetic field of a neutron star, was so bright that it lit up Earth’s upper
atmosphere. (NASA)



visible was the Near Infrared Camera and
Multi-Object Spectrometer (NICMOS) installed
on the Hubble Space Telescope (HST) by shuttle
astronauts in 1997 during the STS-82 servicing
mission. Two examples of dedicated observato-
ries that went far beyond the early discoveries
of IRAS were the Space Infrared Telescope
Facility (later renamed the Spitzer Space Tele-
scope), a member of NASA’s Great Observa-
tories program, and ESA’s Infrared Space Ob-
servatory (ISO).

The European Space Agency (ESA) launched
the Infrared Space Observatory (ISO) on No-
vember 17, 1995, and placed it in an elliptical
orbit ranging from as close to the surface of the
Earth as 1,000 kilometers to as high above the
surface as 70,500 kilometers; this gave ISO a
twenty-four-hour orbital period. ISO was de-
signed to detect infrared radiation ranging from
2.5 to 240 microns in wavelength. To achieve
that, ISO was equipped with four separate sci-
entific instruments cooled by liquid helium. The
instruments were disturbed by energetic par-
ticles when ISO dropped through and rose out
of Earth’s Van Allen radiation belts, but fortu-
nately the observatory spent 70 percent of each
orbit well beyond those disruptive belts. The
ISO mission concluded on May 16, 1998, after
the cryostat’s helium had boiled off, thereby
raising the temperature of the instruments suf-
ficiently high to render them useless for infra-
red measurements.

The Hubble Space Telescope was placed into
orbit from the space shuttle Discovery on mis-
sion STS-31 on April 25, 1990. One of NASA’s
four Great Observatories, Hubble was designed
to be adaptable and have rotating instruments
in its science bay to conduct investigations from
part of the infrared through the entire visible
portion of the electromagnetic spectrum to por-
tions of the ultraviolet. As first deployed, Hub-
ble suffered from a precise but inaccurate opti-
cal prescription for its main mirror. Astronauts
on STS-61 in December, 1993, installed a cor-
rective device called Corrective Optics Space
Telescope Axial Replacement (COSTAR) which
brought incoming light into proper focus, saving
Hubble from an otherwise dismal outcome. On
a second servicing mission, STS-82, in Febru-
ary, 1997, astronauts removed an instrument

from Hubble and replaced it with the Near In-
frared Camera and Multi-Object Spectrometer
(NICMOS), designed to perform infrared stud-
ies involving wavelengths of 0.8 to 2.4 microns.

NICMOS was outfitted with a unique ther-
mal management system making use of a
block of solid nitrogen to keep the instruments
cooled to about 40 kelvins. Unfortunately, after
NICMOS was incorporated into HST in space
and afterward put through early commission-
ing activities and subsequent science observa-
tions, it was clear that a heat leak had de-
veloped that would raise the solid nitrogen’s
temperature to a point, after two years or less,
where it would no longer provide sufficient cool-
ing for the sensors in the instruments to pro-
duce accurate results. Meanwhile, scientists and
engineers developed a mechanical cryocooler
that would in turn be installed on NICMOS dur-
ing the next shuttle servicing mission to HST. It
was capable of monitoring temperatures be-
tween 75 and 86 kelvins, low enough for the in-
struments to function. In March, 2002, astro-
nauts on space shuttle mission STS-109 saved
NICMOS. Further repairs to NICMOS became
necessary, and plans were made for another
mission to effect those repairs and allow HST to
continue front-line infrared observations before
its planned replacement by the James E. Webb
Space Telescope.

The last member of NASA’s Great Observa-
tories, the Space Infrared Telescope Facility
(SIRTF), was launched into a solar orbit on an
expendable Delta II booster on August 25, 2003
(thirteen years to the day after Hubble was
placed in Earth orbit), rather than being de-
ployed from a space shuttle by astronauts. Af-
ter launch the observatory was renamed the
Spitzer Space Telescope (SST) in honor of as-
tronomer and longtime proponent of placing
large telescopes in orbit Lyman Spitzer. The
Spitzer telescope was designed to observe infra-
red radiation from 3 to 180 microns for at least
five years, being outfitted with an infrared cam-
era (operating from 3 to 180 microns), an infra-
red spectrometer (operating between 5 to 40 mi-
crons), and far-infrared detector arrays. To
achieve these goals, the observatory was cooled
by liquid helium to 5.5 kelvins, aided greatly by
passive cooling with a sunshield. Spitzer was
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going strong after five years, with much of its
liquid helium remaining.

The James E. Webb Space Telescope (JWST)
is designed to be set up in an operation position
at the L2 Lagrangian point, a spot 1.5 million ki-
lometers from Earth where the gravitational in-
fluence on the observatory from Earth will be
balanced by that from the Sun. This observa-
tory, fully devoted to infrared astronomy, is de-
signed to detect emissions from 0.6 to 28 mi-
crons. JWST’s design is such that it will be half
as massive as Hubble, but with a folded optical
system of 18 individual hexagonal segments
with a light collecting area six times greater
than HST once fully deployed. To achieve its in-
tended mission and remain cooler than 40 kel-
vins, JWST is desiged to rely primarily on
sunshields. Launch of JWST is targeted for
2013 by the European Space Agency atop an
Ariane V booster; JWST will be a NASA obser-
vatory with ESA instruments, launched by ESA
in exchange for time using the telescope. If
successfully set in place at the L2 spot, JWST
will begin to fulfill four primary objectives:
(1) search for light from the earliest stars and
collective structures formed in the first hun-
dreds of millions of years after the big bang;
(2) produce images and data that will assist in
expanding our understanding of galactic forma-
tion and subsequent evolution; (3) produce im-
ages and data that will assist in expanding our
understanding of planetary formation and sub-
sequent evolution; and (4) search for the exis-
tence of organic material essential for the devel-
opment of life in the universe.

APPLICATIONS

Infrared radiation can give astronomers
valuable information about the formation of
stars. Stars are believed to be formed from large
clouds of rotating dust and gas that condense
under their own gravity. Energy released in the
collapse causes the forming star, or “protostar,”
to increase in temperature until nuclear reac-
tions begin. It is not until the star “turns on” in
this way that it begins to emit radiation in visi-
ble wavelengths. As a result, the process of star
formation is difficult to study optically. As the
star begins to shine, newly created energy
warms the surrounding dust, which radiates

the energy away as infrared waves. The process
is still not understood completely, and astrono-
mers have learned much by the study of infra-
red and radio wavelengths.

Many infrared sources are clouds of dust
heated by a nearby star. Infrared stars gener-
ally are either very young or very old stars,
those that are associated with dust clouds. One
of the early infrared discoveries was of a giant
cloud of gas and dust in the constellation of
Orion: the Kleinmann-Low nebula, named for
its discoverers. It was found to have a mass
greater than two hundred times that of the Sun,
yet it is invisible at optical wavelengths. In the
infrared, it outshines the Sun more than
100,000 times. It was determined to be a rela-
tively close area of active star formation (within
1,600 light-years). Detailed studies of the
Kleinmann-Low nebula in the infrared and ra-
dio bands indicate that it contains a number of
young stars and clouds of dust and gas that may
be in the process of collapsing to form new stars.
By studying this nebula, astronomers are learn-
ing more about the process of star formation.
ISO detected such “stellar nurseries” in the
Milky Way and other galaxies, where, its data
suggest, star formation occurs at a higher rate
than astronomers expected.

One of the most exciting discoveries made by
IRAS was a disk of dust grains around the star
Vega. Scientists believe this disk of material
may be remnants of the dust cloud from which
the star formed. The theory in 1990 of planet
formation suggests that a similar but smaller
disk of material around the Sun provided the
raw material from which Earth and other plan-
ets were formed. If the disk of material around
Vega follows the same pattern, it could eventu-
ally form asteroid or planet-sized bodies. The
findings from IRAS suggest that such material
is common around other stars as well.

A year after the disk of material was found
around Vega, a small companion object was
found orbiting a faint star. The object was be-
tween thirty and eighty times the mass of Jupi-
ter. It was too small to sustain nuclear reac-
tions, as a star would, and some astronomers
suggested initially that this object heralded the
discovery of the first planet outside our solar
system. It was theorized that the object was a
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brown dwarf, an object between a star and a
planet. It was an important discovery, as as-
tronomers were finding there may be many
more brown dwarf-type objects than expected.
It was thought that, if these objects outnum-
bered visible stars, astronomers’ theories re-
garding the amount of matter in the universe
(and its eventual fate) would be in need of revi-
sion. In due course, however, it was realized
that brown dwarfs could not account for all the
missing mass in the universe, even as more
brown dwarfs were being found by the Spitzer
Space Telescope.

IRAS examined many peculiar galaxies, one
of which is a galaxy known as Arp 220. IRAS
found that the galaxy was emitting eighty times
more energy in the infrared than in all other
wavelengths. Although the object is not exces-
sively bright at optical wavelengths, its infrared
brightness would make it about as energetic as
some quasars. (Quasars are extremely power-
ful, bright sources of energy located in a very
small area at the center of a galaxy that out-
shine the entire galaxy around them.) Arp 220
is actually two galaxies that are colliding. While
the individual stars of the galaxies are not likely
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This infrared image of the Carina nebula, taken by the Spitzer Space Telescope, when compared with the same
view in the optical range (inset) shows a stark difference in the phenomena that can be detected. The infrared
image shows dust pillars where stars are forming at the “tips.” These features are obscured in the optical image
because of interstellar dust that absorbs visible light. (NASA/JPL-Caltech/N. Smith, University of Colorado at
Boulder)



to collide, huge clouds of dust and gas would col-
lide, generating shock waves and heat by com-
pression. This energy would be radiated in the
infrared.

Researchers using IRAS employed a very rig-
orous observational screening process to weed
out any stray infrared detections caused by
charged particles. They screened out all but the
sources that remained stationary over time and
were repeatable. This method of observation
lent itself to the discovery of some fast-moving
objects that were eliminated because they
moved too quickly from one observation to the
next. In studying the rejected observations, sci-
entists discovered a comet in 1983—the IRAS-
Araki-Alcock—named for the satellite and for
G. Iraki and E. Alcock, the independent dis-
coverers. The comet passed closer to the Sun
than any other comet in the last two hundred
years, and IRAS was able to study it in detail,
along with other ground-based observations. In
total, six comets were discovered by the satel-
lite, and five other known comets were studied.

Among the most important discoveries made
by scientists using ISO was the signature of
water around planets within the solar system
and in regions of stellar formation. With regard
to the latter, such a signature had been hidden
from detection by the presence of dust within
such forming star systems. With regard to the
former, ISO determined that as much as 10 kilo-
grams per second of water “rain” down in the
upper atmosphere of Jupiter, Saturn, and Ura-
nus. ISO’s data did not answer the question as
to the origin of that water. Water was also found
in the thick atmosphere of Titan, one of Saturn’s
satellites—a tantalizing result that Cassini-
Huygens scientists eagerly hoped to verify and
investigate further when that probe entered the
Saturn system beginning in July, 2004. Cassini
found evidence of water clouds in Saturn’s low-
est cloud deck at a distance about 130 kilome-
ters under the tropopause. At that atmospheric
level, the local temperature is near the freezing
point of water. As for the water in the gas giant
planets’ upper atmosphere, one leading hypoth-
esis for the source was influx of small cometary
nuclei.

ISO was also used for extragalactic studies.
For the first time evidence of dust was con-

firmed for the otherwise rather empty space be-
tween galaxies. One particularly outstanding
extragalactic finding from ISO was that inter-
galactic dust in a large group of more than five
hundred galaxies clustered together within the
constellation Coma Berenices was heavily con-
centrated toward the cluster’s center. Deter-
mining intergalactic space is laden with very
low-density dust concentrations held implica-
tions for cosmological models.

NICMOS provided a means for HST to ob-
serve celestial objects in infrared, which could
be then contrasted with images of the same
sources taken in visible light. One major com-
parison involved deep-sky observations of dis-
tant dim galaxies. The visible light images and
infrared images of the same tiny areas of the sky
were combined to indicate the differences be-
tween different classes of galaxies. The false-
color scale used in making these survey images
indicated galaxies with strong infrared emis-
sions as reddish, while galaxies glowing more
strongly in visible light appeared bluish. These
sorts of survey images included blue dwarf gal-
axies, red elliptical galaxies, and spiral disk gal-
axies. Examination of those images provided in-
sights into the populations of dust-obscured
galaxies at the earliest times in galaxy forma-
tion, shortly after the big bang.

Closer to home, NICMOS was used to exam-
ine Uranus’s cloud features. In visible light,
Uranus reveals little of its atmospheric struc-
ture. Using infrared, however, HST’s NICMOS
instrument found as many as twenty clouds
near a bright band in the planet’s atmosphere.
Wind speeds in the region were determined to
be between 300 and 500 kilometers per hour.

Naturally, infrared astronomers expected
great performance from the Spitzer Space Tele-
scope, but they were pleased beyond those pre-
liminary expectations when initial images
taken by Spitzer of the dust disk surrounding a
forming star, the glow of a stellar nursery, and
the swirling dust in a large galaxy revealed tre-
mendous detail. The spectroscopic capability of
Spitzer revealed the signature of organic mate-
rial. SST was the first observatory to detect
light directly from extrasolar hot Jupiters (spe-
cifically HD 209458b and TrES-1). Views of our
neighboring galaxy, the Andromeda galaxy (or
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M31), taken by Spitzer clearly show the spiral
arms by noting the dust lanes in them. SST
studies were the first to examine the core of the
Milky Way in such a way as to determine that
the galaxy core has a barred structure.

Spitzer was used to determine the atmo-
spheric temperature of the extrasolar planet
HD 189733b, the first time such a measurement
was made. Astronomers used Spitzer to perform
surveys with long time exposures. In early sum-
mer 2008, at the American Astronomical Soci-
ety meeting held in St. Louis, infrared astrono-
mers presented an infrared image of the Milky
Way that consisted of a collection of 800,000 in-
dividual images. This composite image showed
the distribution of dust within the galaxy in
greater detail than had previously been pos-
sible.

In early 2008 the Spitzer Space Telescope’s
infrared spectrometer recorded the first evi-
dence proving the existence of water in proto-
planetary disks. Observations were made of DR
Tau and AS 205A, which are 457 and 391 light-
years distant from Earth, respectively. Water is
an essential ingredient in an evolving solar sys-
tem for the possibility of an Earth-like planet
forming, one that might permit the develop-
ment of life. Water is also, however, important
in a protoplanetary system for the formation of
icy satellites around large planets in the outer
fringes of the system. Water closer to the young
star at the center of the protoplanetary disk
could be in gaseous or perhaps even liquid form.
Both of the aforementioned protoplanetary sys-
tems produced large numbers of water emission
lines.

Spitzer provided insight into numerous as-
trophysical phenomena, one of the most bizarre
being magnetars. These are stars with mag-
netic fields approximately fourteen orders of
magnitude more intense than that of typical
stars on the main sequence. Magnetars are the
highly compressed remains of massive stars
that went supernova, but they are hardly dead
stars. In addition to their intense magnetic
fields, magnetars pulsate in the X-ray portion of
the electromagnetic spectrum. In late May,
2008, the Spitzer Science Center, run by the
California Institute of Technology, reported on
observations of the magnetar SGR 1900+14. In

addition to having the usual attributes of a
magnetar, this object was surrounded by a ring
of material 7 light-years across that was ener-
gized by the energetic X-ray pulsations. Heated
dust in the ring resulted in the ring glowing
strongly in the infrared.

Although results from IRAS, HST, ISO, and
Spitzer have been spectacular, ground-based
telescopes are still useful for observing many in-
frared phenomena. Infrared observations from
NASA’s Infrared Telescope Facility on Mauna
Kea have revealed volcanic eruptions on Jupi-
ter’s moon Io. A volcano that had been erupting
at the time of the Voyager flybys in 1979 was
found to be erupting still, and a new volcano was
detected. Observations such as these help to
gather valuable information over time that can
elaborate on the findings of other missions.

CONTEXT

Infrared astronomy is part of the revolution
that has been called the “new astronomy.” In-
struments of modern astronomers give them ac-
cess to information from the entire range of the
electromagnetic spectrum. This revolution has
occurred mostly since the early 1960’s, when it
became possible to place remote detectors above
Earth’s atmosphere. Before then, astronomers
relied for the most part on the optical range of
wavelengths for their information about the
universe.

It was not until 1800 that the first sign of an-
other way to look at the universe was discov-
ered. While analyzing sunlight by separating
the white light into a spectrum, English astron-
omer Sir William Herschel noticed that a ther-
mometer placed in the dark area just outside
the red limit of the spectrum registered an in-
crease in temperature. In 1881, American as-
tronomer Samuel Pierpont Langley developed
the bolometer, an electrical detector that mea-
sures heat over a broad range of wavelengths.
In measuring the Sun’s energy from a high alti-
tude, Langley found that the radiant energy of
the Sun extended far past the visible portion of
the spectrum and far past the region that
Herschel had discovered previously. Herschel
had discovered the near-infrared, whereas
Langley was detecting the longer-wavelength
middle-infrared band.
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Infrared radiation from the Sun was fairly
simple to detect, but more sensitive instru-
ments had to be developed before it was possible
to detect the infrared from far distant sources.
In 1856, near-infrared radiation was detected
from the Moon, but it was not until the 1920’s
that it began to be detected from the other plan-
ets and bright stars. Available instruments
were still unable to see into the far infrared.
While working on superconductivity experi-
ments in the late 1950’s, physicist Frank Low
began the development of more sensitive in-
struments. By the early 1970’s, Low was among
the first to attempt observations of the far infra-
red by leading observations aboard high-flying
jets.

An infrared satellite was first proposed in the
mid-1970’s. NASA was facing troubled times
with budget cuts, inflation, and cost overruns in
other projects. It might have scrapped the proj-
ect entirely except for the interest of the Dutch
space agency. The Dutch had completed several
successful satellite programs and were inter-
ested in collaborating on an infrared satellite.
England then joined the project, which came to
be known as the Infrared Astronomical Satellite
program. The project was a difficult one, but the
diplomatic aspects of an international collabo-
ration helped to give the program stability,
and the satellite was launched successfully in
1983. A succession of increasingly sophisticated
space-based observatories expanded upon the
groundwork laid by IRAS. Hubble, ISO, Spitzer,
and eventually the James E. Webb Space Tele-
scope and turned infrared astronomy into an in-
tegral component of astrophysical investiga-
tions, leading to insights into the interstellar
medium, thermal processes on planets in the so-
lar system, protoplanetary disks, nebulae, gal-
axy formation, brown dwarfs, and many other
phenomena.

Divonna Ogier
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Interplanetary Environment
Category: The Solar System as a Whole

Far from empty, the vast spaces between
the Sun and its planets and out to the edge
of interplanetary space constitute a dy-
namic environment suffused with fields of
forces, crossed by swiftly moving particles,
littered with debris, and penetrated by cos-
mic rays from outside the solar system.
These phenomena endanger human tech-
nology, both in space and on Earth, but
they also tell scientists much about the Sun
and the origin of the solar system.

OVERVIEW

The interplanetary environment principally
contains materials ejected from the Sun, and
debris. Space debris comprises particles of great
variety in size and composition. Anything
smaller than 0.01 millimeter, astronomers call
micrometeoroids or interplanetary dust. Any-
thing larger is a meteoroid, of which many are

tens of meters in size. By far the largest propor-
tion of the debris originates when asteroids col-
lide in the asteroid belt between the orbits of
Mars and Jupiter, or from comets that swing
into the inner solar system and leave behind a
trail of particles eroded from them by the solar
wind. Accordingly, most dust lies in the plane of
the ecliptic (the disk-shaped region of the Sun
and planets) in two bands: in the inner solar sys-
tem, out to about 3 astronomical units (AU, the
average distance from the Sun to Earth), and in
the Kuiper Belt, about 10 to 40 AU. Addi-
tionally, a small amount of matter infiltrates
from interstellar space as the solar system
drifts through galactic gas clouds or from volca-
noes on satellites, such as Jupiter’s Io. Found
both as chondrites (clusters of particles) and as
solid chunks, interplanetary dust, like meteor-
oids, is rich in carbon, iron, sulfur, nickel, and
silicates, but many other elements in mineral
combinations have been found, including tiny
spheroids of glass embedded with metal sulfides
(known as GEMS). In a clear, dark sky of late
evening or early morning, interplanetary dust
is visible near the horizon in the direction of the
Sun as a faint glow of reflected sunlight, called
zodiacal light.

Although the interplanetary debris is largely
gathered into two clouds, it is not static. De-
pending on size and location, particles move at
different speeds and in different directions. The
pressure exerted by solar photons pushes
micrometeoroids between 0.5 and 1 micron
slowly outward and eventually out of the solar
system altogether. Particles larger than 1 mi-
cron are affected by radiation pressure that cre-
ates drag, which causes them to decelerate so
that they fall inward toward the Sun until they
are vaporized. Asteroid collisions and comets
replenish the clouds. It is also the case that de-
bris left behind by comets retains the parent
body’s velocity and orbit as a meteoroid stream.
When the Earth passes through one of these
streams, the vastly increased numbers of parti-
cles entering the atmosphere can create spec-
tacular displays of streaking light in meteor
showers, notably the Leonid showers each
November and the Perseid showers each Au-
gust (named after the constellations Leo and
Perseus, from which they appear to arrive).
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In addition to electromagnetic radiation,
such as the photons of visible light, the Sun gen-
erates the gravitational field that holds to-
gether the solar system and magnetic fields.
Magnetic fields accelerate a steady stream of
plasma (electrons, protons, and ionized atoms)
in all directions. That stream of particles is the
solar wind. Near Earth the solar wind has an
average density of about ten particles per cubic
centimeter, a velocity of about 400 kilometers
per second, and a temperature of about 100,000
kelvins, although these properties are highly
variable. Particle velocity remains fairly con-
stant beyond Earth’s orbit, but density de-
creases as the solar wind spreads outward.

The solar wind defines the extent of the Sun’s
influence within its galactic neighborhood. As
the plasma attenuates in the outer solar sys-
tem, it eventually is slowed by the pressure of
gas between stars and is deflected. The bound-
ary where this occurs is called the termination
shock. It fluctuates with the intensity of the so-
lar wind and density of interstellar gas at be-
tween 90 and 100 AU. In December, 2004, the
Voyager 1 spacecraft confirmed its existence,
passing through it at about 94 AU. Voyager 1
then passed into a region of turbulence where
the solar wind mixes with interstellar particles,
called the heliosheath. Its outermost edge, the
heliopause, marks the limit of the heliosphere,
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An artist’s diagram of the heliosphere, created by the solar wind, which suffuses the interplanetary environment
and is slowed at the point called the termination shock, where it meets the incoming interstellar medium. This re-
gion, along with the heliopause and external bow shock, define the outer boundary of our solar system and may
fluctuate somewhat with the competing pressures of solar wind and incoming radiation of the interstellar me-
dium. (NASA)



the total area the solar system. The heliosphere
is something of a misnomer, however, because it
assumes a teardrop shape as the solar system
moves through interstellar gas clouds; its for-
ward edge is thought to extend to between 115
and 150 AU.

Occasionally the Sun hurls outward im-
mense bubbles of matter called coronal mass
ejections (CMEs). Also known as solar storms,
they typically involve between one hundred tril-
lion and one quadrillion grams from the Sun’s
outer layer. By the time the typical CME
reaches Earth’s orbit, it has a speed, on average,
of about 280 kilometers per second. It also car-
ries with it its own magnetic field. The fre-
quency of CMEs varies during an eleven-year
cycle of solar activity. During solar maxi-
mum, Earth happens to be in the way of about
seventy-two CMEs per year; at solar minimum,
eight CMEs. This constitutes a minority of
storms that the Sun ejects in all directions; dur-
ing solar maximum the average is 3.5 CMEs per
day. They can vary enormously in size and
speed, the slowest moving a few dozen meters
per second and the fastest 2.5 kilometers per
second.

Planets with magnetic fields, such as Earth,
are protected from the solar wind and CMEs.
Earth’s magnetic field, for instance, deflects the
ionized particles so that it resides at the center
of a tear-shaped bubble of relative calm. The in-
teraction between the solar wind and Earth’s
southern and northern magnetic poles produces
auroras, eerily rippling sheets of color in the
sky. Satellites, asteroids, and planets with little
or no magnetic field, such as Mars, are subject to
a bombardment of their surfaces, which is
deadly to life.

Sudden eruptions on the Sun’s surface called
solar flares emit X rays that can affect the prop-
erties of a planet’s upper atmosphere. The Sun
also broadcasts a constant blizzard of neutrinos.
Some 70 billion of them strike every square cen-
timeter of Earth’s surface every second. How-
ever, these particles, nearly without mass, sel-
dom interact with other matter. Although the
solar wind deflects low-energy cosmic rays,
the high-energy variety penetrate the inter-
planetary environment from unknown, distant
sources; additionally, like everything in space,

the solar system is bathed in the cosmic back-
ground radiation, the fading glow from the uni-
verse’s origin.

KNOWLEDGE GAINED

Forces and particles of the interplanetary
medium provide information about the origin of
the solar system, its composition, the structure
and behavior of the Sun, the evolution of plan-
ets, and the nature of other planetary systems.

The pervasive streams of neutrinos, for ex-
ample, confirm theoretical calculations about
the conversion of hydrogen into helium during
fusion, the nuclear reaction that produces the
Sun’s radiant power. The gusty solar wind en-
ables scientists not only to sample the constitu-
ent elements of the radiation; it also provides
clues to the behavior of magnetic fields in the
solar corona. The production of high-energy
X rays by solar flares reveals the extent of those
fields’ power, as do CMEs. The frequency
of CMEs and flares characterizes the Sun’s
eleven-year cycle of activity.

Most of the matter left over from the forma-
tion of the Sun and planets was long ago ejected
from the solar system. However, enough re-
mains mixed in with interplanetary debris, par-
ticularly in particles shed from comets, to pro-
vide clues about the relative abundance of
elements, and specific isotopes, in the presolar
gas cloud. With this information, astronomers
can distinguish the unique chemical makeup of
the solar system. Moreover, the Earth receives a
steady rain of particles from the interplanetary
dust clouds. Geologists estimate about 40,000
metric tons falls to the surface yearly.

Because the solar system’s present dust
clouds result from collisions between asteroids
and material sloughed from comets, it is reason-
able to infer that dust clouds around other ma-
ture stars evolved from the same processes. As-
tronomers have detected such dust clouds
around about one-third of stars. Planetary sys-
tems appear to be common.

CONTEXT

Knowledge acquired about the interplanetary
medium is of more than scientific concern. Un-
derstanding the interplanetary medium helps
protect humanity from the dangers posed by its

The Solar System Interplanetary Environment

297



various contents. Meteoroids and micrometeor-
oids streak past Earth at speeds of 11 to 70 kilo-
meters per second, so even the smallest carries
enough kinetic energy to damage space vehi-
cles. Many satellites and the International
Space Station suffered minor punctures even
though the number of micrometeoroids in near-
Earth orbit is low.

The solar wind is also dangerous. Astronauts
and sensitive electronic equipment must be
shielded from it. Still more dangerous is the
sudden hurricane of particles and magnetic
fields unleashed in a CME. Astronauts then
must retreat to heavily protected areas in their
spacecraft, and unprotected satellites may be
rendered useless. Especially large CMEs can
penetrate Earth’s protective magnetosphere to
disrupt communications and cause power out-
ages. Because of the Earth’s tilt toward the Sun
and the amount of landmass in the Northern
Hemisphere, power grids there are particularly
at risk. A surge of X rays from a solar flare can
likewise affect Earth’s ionosphere and drown
out radio communications. Additionally, expo-
sure to cosmic rays increases the risk of cancer
for astronauts, a fundamental problem to over-
come if there are to be long voyages, as from
Earth to Mars.

The combination of relative particle densi-
ties, solar flares, the solar wind, and CMEs is
called space weather. As humanity grows more
dependent on technology, it also becomes more
vulnerable to the vagaries of space weather.
Should a fierce solar storm strike unexpectedly,
it could cause chaos in civilian and military tele-
communications, weather prediction, and global
positioning systems. It could also cause massive
power outages that would bring modern life to a
virtual standstill.

As a result, space agencies in the United
States, the European Union, Russia, and Japan
launched a variety of space probes and orbiting
observatories to monitor the interplanetary me-
dium, particularly as it is influenced by solar ac-
tivity. Some of these, such as the Solar and
Heliospheric Observatory (SOHO), can detect a
solar storm before it reaches Earth, giving tech-
nicians time to protect or power-down sensitive
equipment and giving astronauts time to seek
shelter. Ground-based observatories offer simi-

lar vigilance, some of them watching especially
for large meteoroids or meteoroid steams that
cross Earth’s orbit.

The perils awaiting in the tenuous space be-
tween planets, as well as the wealth of infor-
mation and potentially exploitable resources
there, offer a lesson. Humanity exists not only
in the framework of civilization and the physi-
cal environment of Earth’s biosphere; its sur-
vival also requires understanding of interplane-
tary space.

Roger Smith
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Interstellar Clouds and the
Interstellar Medium
Category: The Cosmological Context

Although the space between stars appears
quite empty by terrestrial standards, care-
ful observation yields evidence for the exis-
tence of interstellar dust grains and more
than one hundred different kinds of mole-
cules present under a variety of conditions.
Study of the interstellar medium provides
important information on the life cycles of
stars and evolution of the cosmos.

OVERVIEW

From the terrestrial standpoint, “outer
space” begins where Earth’s atmosphere ends.
One thinks of the solar system as a group of
eight planets together with a collection of dwarf
planets, smaller bodies, moons, asteroids, and
comets, which orbit the Sun. Similarly, the Sun
and several hundred billion other stars orbit the
center of our galaxy, the Milky Way. The fact
that starlight can be seen from stars in this gal-
axy hundreds or thousands of light-years away
would suggest that the space between the
stars—the interstellar medium—is essentially

empty. Careful observation has shown, how-
ever, that a variety of atoms and molecules can
be found almost anywhere in the galaxy. Fur-
thermore, the density and temperature of the
interstellar medium vary greatly from place to
place; in many regions, this medium forms “in-
terstellar clouds,” that may emit or scatter light
or obscure the view of the stars behind them.

By terrestrial standards, interstellar re-
gions are very nearly empty, seemingly a vac-
uum. Even the best vacuums attainable in the
laboratory, however—about one one-hundred-
trillionth of an atmosphere—contain about
100,000 molecules per cubic centimeter. This is
perhaps the upper limit of density for interstel-
lar matter. The space between stars in a galaxy
is so immense, compared to the space actually
occupied by the stars, that 10 percent or more of
a galaxy’s mass can be contained in the inter-
stellar medium. The important characteristics
of the interstellar medium are density, or num-
ber of particles per cubic centimeter; chemical
composition; and temperature, which provides
a measure of the speed of the molecules in the
medium. The interstellar medium is said to be
cloudlike in character, in that different regions
have different densities. The least dense mate-
rial, called the intercloud gas, has from one to
ten particles per 100 cubic centimeters and an
absolute temperature of about 10,000 kelvins.

The known components of the interstellar
medium have been identified either through the
electromagnetic radiation they emit or by their
absorbing effects on the electromagnetic radia-
tion from stars that pass through them. While
Earth-based studies of the interstellar medium
have had to rely on the microwave region of the
electromagnetic spectrum—observed by radio
telescopes—and on the visible region, satellite
and rocket or balloon-based observations in the
infrared, ultraviolet, and X-ray regions have
contributed much to the understanding of the
interstellar medium.

A few basic physical principles provide the
basis for the interpretation of the electromag-
netic radiation from the interstellar medium.
The atoms or molecules of a gas at low density
will emit or absorb electromagnetic radiation
only at those energies (proportional to the fre-
quency and inversely proportional to the wave-
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length) that correspond to the difference in en-
ergy between allowed quantum mechanical
states. If a body of gas lies in front of a star, its
chemical composition can be determined from
the absorption spectrum, or pattern of dark
lines seen against the continuous background

spectrum of starlight when viewed through a
spectroscope. The temperature of a gas cloud
can be determined from the frequency at which
the greatest amount of emission occurs. If the
gas is in motion toward Earth, the emitted radi-
ation is shifted to slightly higher frequencies
and shorter wavelengths. If the gas is moving
away from Earth, the emission is shifted to
slightly lower frequencies and longer wave-
lengths. This Doppler shift makes it possible to
determine the speed of an interstellar cloud rel-
ative to Earth.

By far, the most common chemical elements
found in interstellar space are hydrogen and he-
lium. Astronomers distinguish between H I re-
gions, in which the hydrogen exists primarily in
the form of isolated atoms, and H II regions, in
which the hydrogen exists primarily in ionized
form, as separated protons and electrons. H II
regions can be quite warm, with temperatures
of 10,000 kelvins or more, and are characterized
by a red emission produced by excited hydrogen
atoms. Such regions include emission nebulae
such as the Trifid nebula, which is one of the
most beautiful objects in the sky. H I regions are
somewhat cooler than H II regions and are
characterized by the emission of radiation at 21-
centimeter wavelengths, which can be detected
by radio telescopes.

At somewhat lower temperatures, one finds a
variety of cloud types in which much of the ma-
terial exists as molecules rather than as sepa-
rated atoms. Diffuse clouds have a temperature
of about 100 kelvins and a density of about one
hundred particles per cubic centimeter; they
contain a mixture of hydrogen atoms and hydro-
gen molecules, along with some partially ion-
ized carbon atoms, a few types of neutral atoms,
and some small molecules, including carbon
monoxide (CO) and formaldehyde (H2CO3). Dark
clouds have a temperature of about 10 kelvins
and a density of ten thousand particles per cubic
centimeter, with most of the hydrogen appear-
ing in molecular form. A wide variety of mole-
cules is found in dark clouds. So-called giant
molecular clouds exist at comparable tempera-
tures and can be up to 400 light-years in di-
ameter.

The number of molecular species that have
been identified in molecular clouds is quite
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A now famous 1995 image from the Hubble Space
Telescope that redefined the popular image of the in-
terstellar medium: Large clouds of cool interstellar
hydrogen gas and dust, part of the Eagle Nebula, act
as stellar incubators. (NASA/ESA/STScI/J. Hester
and P. Scowen, Arizona State University)



large. Compounds of hydrogen, carbon, nitro-
gen, and oxygen are most common, with sulfur
and silicon appearing in a few compounds. Mol-
ecules identified include those such as ethanol
(C2H5OH), which are stable and even common
under terrestrial conditions, as well as those
such as the ethynyl radical, C2H, which are too
reactive to be isolated in the laboratory but can
exist for a significant length of time at the very
low densities present in molecular clouds.
The largest molecule identified before 1990 is
the thirteen-atom linear molecule cyanopenta-
acetylene (HC11N). Since then there has been an
explosion of the list. Every year it seems that
more new molecules are identified than during
the past year.

One region of the galaxy that is particularly
rich in interstellar molecules is Sagittarius B2,
near the galactic center. Nearly half of the
molecules identified in the interstellar medium
also are found in Sagittarius B2. Some of the
most complex molecules ever detected include
trans-ethyl methyl ether (CH3OC2H5), propyl-
ene (CH3CHCH2), and cyanodecapentayne
(HC10CN). Some molecules are even observed in
deuterated form, where ordinary hydrogen (in
which the nucleus consists of a single proton) is
replaced by its isotope deuterium (in which the
nucleus consists of one proton and one neutron);
these include heavy water (D2O), three forms of
deuterated ammonia (NH2D, NHD2, ND3), and
two forms of deuterated formaldehyde (HDCO,
D2CO).

About 1 percent of the total mass of the inter-
stellar medium exists in the form of microscopic
solid particles, generally called "dust" by as-
tronomers. Dust grains are believed to be about
one-millionth of a meter or less in size, and are
irregularly shaped. The presence of interstellar
dust is indicated by the absorption and scatter-
ing of starlight. When a dust cloud is illumi-
nated from the front by a nearby star, one can
see the bluish scattered light. Such an object is
called a reflection nebula, the best-known ex-
ample of which is associated with the star group
known as the Pleiades. Scattering properties of
the interstellar dust grains allow astronomers
to make an estimate of their size and shape.
Dust particles are more efficient in scattering
blue light than red light; thus, distant stars ap-

pear somewhat redder than their actual color.
Although dust grains have been recovered from
the interplanetary space in the solar system, it
is not certain that they are representative of in-
terstellar grains. The relatively low concentra-
tions of certain elements in the interstellar gas,
as compared to the concentrations in stellar
atmospheres, indicate that these elements—
magnesium, iron, and silicon—may be preva-
lent in the interstellar grains. One remarkable
effect of the interstellar dust is the polarization
of starlight that passes through it; the interstel-
lar medium has somewhat the same effect on
starlight as a polarized sunglass lens has on
light. In the case of the lens, the polarizing effect
is the result of long, thin light-absorbing mole-
cules, which are held parallel to one another in
the polarizing film. The dust grains must there-
fore be elongated in shape, and it is probable
that they are held in a parallel orientation by an
interstellar magnetic field, which is relatively
constant in direction over large areas of space.

The amount of matter to be found in the in-
terstellar medium varies from one galaxy to an-
other. Elliptical galaxies appear to contain sub-
stantially less interstellar matter than spiral
galaxies, such as the Milky Way. Irregular gal-
axies can contain very large amounts. The
Magellanic Clouds, satellites of the Milky Way
visible in the Southern Hemisphere, are nearly
40 percent interstellar matter. Observations of
clusters of galaxies indicate the presence of an
intergalactic medium with a density of less than
one particle per thousand cubic centimeters and
at temperatures of more than 10 million kel-
vins. Some heavy elements, including iron, have
been identified in this medium.

APPLICATIONS

The principal reason for astronomers’ inter-
est in the interstellar medium is that it provides
insights into the formation and subsequent his-
tory of stars and hence the solar system as well.
According to the big bang theory, the explosive
event that marked the origin of the universe
produced hydrogen and some helium, but only
traces of any of the heavier elements. Almost all
the carbon, nitrogen, oxygen, and other ele-
ments found in interstellar molecules, the plan-
ets, and Earth’s atmosphere were produced by
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nuclear reactions that took place in the interiors
of stars; these molecules formed from the inter-
stellar medium and were later returned to it.
Theories of the structure of the galaxy and the
life cycles of the stars must account for the pres-
ent composition of interstellar matter as a re-
sult of nucleosynthesis occurring in the stars
and the exchange of matter between stars and
the interstellar medium.

Much of the interstellar medium exists in the
form of very low-density gas at a very high tem-
perature. A density fluctuation, perhaps in-
duced by the “shock wave” from an interstellar
explosion, can trigger a collapse of a portion of
this medium into a smaller region. At first, a
cooling of the material occurs as the energy re-
leased by collisions of particles is radiated into
space. Collisions of atoms with one another and
with the dust grains result in the formation of
molecules. In the Milky Way, this process ap-
pears to occur primarily in the spiral arms,
which is also the location of the most recently
formed stars. When cloud density becomes suf-

ficiently great, the cloud be-
comes opaque to the passage
of electromagnetic radiation,
causing the released energy to
become “trapped”; the cloud
begins to warm and eventu-
ally forms a protostar, usually
with an associated H II region
and emission nebula. Gravita-
tional collapse and the associ-
ated warming continue until
the temperature becomes suf-
ficiently great to allow nuclear
fusion to ignite.

Nearly all nuclei in the uni-
verse, other than hydrogen and
helium, were formed in the in-
teriors of stars. The mecha-
nism of formation is somewhat
different for elements contain-
ing up to about sixty protons
and neutrons (that is, up to the
iron-nickel-cobalt group) and
for larger nuclei, which are
generally much scarcer. For
the greater part of a star’s life-
time, the principal nuclear re-

action is the fusion of hydrogen to form helium.
Once hydrogen has been substantially depleted,
further gravitational collapse leads to addi-
tional warming, igniting the helium to form car-
bon, oxygen, and other small nuclei. If the star
has sufficient mass, it may go through several
additional stages of collapse and ignition, with
the formation of still heavier elements. While
the core of the star becomes warmer and more
compact, the outer regions expand and cool so
that eventually the star enters a red giant
phase. The temperature in the outer extremes
of a red giant are cool enough to allow the forma-
tion of molecules and possibly dust grains,
which, since they are so far from the stellar core,
may be able to escape the relatively weak gravi-
tational field at the stellar surface. Planetary
nebulae are H II regions that may represent a
late stage in this process.

A number of other processes result in the re-
lease of matter from stars back to the interstellar
medium. Stars of the Sun’s mass or smaller typ-
ically have coronas, outer gaseous layers with
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The spiral galaxy Messier 81, imaged here by the Spitzer Space Telescope
in the infrared, displays old stars, superheated interstellar clouds and
dust, and the regions of star formation. (NASA/JPL-Caltech/S. Willner,
Harvard-Smithsonian Center for Astrophysics)



temperatures of about a million kelvins, in which
particles have sufficient speed to escape into
space. For very large stars, the radiation pres-
sure of light leaving the star is responsible for the
stellar wind, a release of matter from the outer
layers of a star. In binary star systems, the cap-
ture of matter from one star by the other can re-
sult in a nova, an explosion that ejects much stel-
lar material. The sudden gravitational collapse
of a large stellar core results in a supernova,
which produces elements heavier than iron and
returns them to the interstellar medium.

One other significant source of nucleosynthe-
sis is the collision of existing nuclei with cosmic
rays. Cosmic rays are particles, almost always
protons or other nuclei, traveling at immense
speeds. The interaction of cosmic rays with the
interstellar medium provides a means of study-
ing nuclear reactions occurring at very high en-
ergies, including the fragmentation of heavy
nuclei, which appears to be the only source of
some of the less abundant isotopes.

CONTEXT

The existence of interstellar dust and gas has
played an important role in astronomers’ study
of the Milky Way. The belief that the broad band
of light in the night sky, called the via galacta by
the ancient Romans, is actually a collection of
an immense number of stars of which the Sun
was a member has been generally accepted
since the beginning of the twentieth century.
The problem was to determine the shape and
size of this collection and the Sun’s position in it.
In the early 1900’s, the Dutch astronomer
Jacobus Cornelis Kapteyn conducted a survey
of the distribution of stars of different magni-
tudes in different parts of the sky and concluded
that the Sun appeared to be at the center of this
distribution and that the number of stars in a
given volume of space diminished with increas-
ing distance from the Sun in any direction. This
view was challenged, however, in 1917 when
the American astronomer Harlow Shapley pub-
lished a study of the distribution of globular
clusters, large groupings of up to hundreds of
thousands of stars, and showed that these clus-
ters appeared to be centered on a point several
thousand light-years from the Sun. The discrep-
ancy between these observations was resolved

in 1930 when the Swiss American astronomer
Robert Julius Trumpler showed that the inter-
stellar dust obscured the view of more distant
stars and that Shapley’s method, based on large
collections of stars, was more reliable.

Absorption lines caused by interstellar mole-
cules were first identified in 1904 by the Ger-
man astronomer Johannes Franz Hartmann,
but the first identification of an interstellar
molecule, the methylidyne radical, CH, did not
occur until 1939. In 1951, the American William
Wilson Morgan made the first observations of
H II regions in the Milky Way, identifying them
with the spiral arms. At the same time, Edward
Mills Purcell and Harold Ewen at Harvard Uni-
versity were able to detect the 21-centimeter ra-
diation of atomic hydrogen using the techniques
of radio astronomy. By measuring the Doppler
shift of the 21-centimeter radiation, astrono-
mers have been able to construct a map of the
Milky Way.

Interest in the chemistry of the interstellar
medium increased substantially with the dis-
covery in 1963 of the first oxygen-containing
species, the hydroxyl radical, OH, and the sub-
sequent discoveries of interstellar water, H2O,
and ammonia, NH3, in 1968. Later years saw
the discovery of increasingly complex mole-
cules, giving credibility to the notion that inter-
stellar chemicals may have played some part in
the origin of life on Earth or possibly elsewhere
in the universe. Ever more complex molecules
are being discovered primarily through radio
astronomy and infrared observations.

Donald R. Franceschetti
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Io
Categories: Natural Planetary Satellites; The

Jovian System

Io is the innermost of four large satellites
orbiting Jupiter, the largest planet of the
solar system. Io is the most volcanically ac-
tive body in the solar system. Tidal friction
occurs constantly on Io, heating its core. In-
ternal thermal energy is vented through
immense volcanoes that spew sulfur and
sulfur components into space which fall
back, resurfacing the satellite. Io has one of
the youngest surfaces in the solar system.

OVERVIEW

Until 1979, Io was known as little more than
a pinpoint of light, even when seen through
large telescopes. Io is one of the four satellites of
Jupiter that were first observed telescopically
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by Galileo in 1609. With roughly the same size,
density, and surface gravity as Earth’s Moon, Io
was expected to have similar features. Earth-
based spectroscopic observations during the
1970’s, however, raised speculation that Io was
quite different. Suspicions were dramatically
confirmed by the flybys of Voyagers 1 and 2 in
1979 and by multiple encounters of the Galileo
spacecraft between December, 1995, and Sep-
tember, 2003. The closest encounter with Io,
early in the Galileo mission, was at a distance of
22,000 kilometers; the probe approached no
closer because of concerns about the intense ra-
diation environment the spacecraft would en-
counter. During the late stages of the extended
Galileo mission, however, the spacecraft passed
within a mere 180 kilometers of Io’s surface; at
this late point in the mission, the science return
was worth the risk to the spacecraft’s health.

Voyager 1 made the remarkable, and com-
pletely unsuspected, discovery that active vol-
canoes dot the surface of this planet-like Jovian
moon. From Voyager and Galileo evidence, aug-
mented by Earth-based observations, scientists
identified Io as a world dominated by volcanic
eruptions. Most of the moon’s surface features
are transformed daily by heated liquid, with
gaseous emissions onto the surface and into the
otherwise nonexistent atmosphere. On Io, im-
pact craters are not formed as they are on the
other, extremely cold, satellites of the solar sys-
tem. Io’s impact features are apparently ab-
sorbed by molten lava flows that extend across
Io’s surface. Volcanic activity is not sporadic but
virtually continuous. Of the eight active volca-
noes observed by Voyager 1, seven were still
spewing gaseous plumes when viewed by Voy-
ager 2 four months later. Pictures taken by the
two spacecraft portrayed these huge eruptions
against the backdrop of the black sky over Io’s
limb (its visible horizon) and from above the
red-orange surface with its active calderas.
However, Io’s volcanic activity changed in the
time between the Voyager flybys and the arrival
in orbit of the Galileo spacecraft on December 7,
1995.

With its image enhanced by spacecraft in-
struments, Io looked like a giant pizza, with
wide plains of different hues punctuated by
darker and lighter active regions. The latter are

calderas, which dot the surface, at least two hun-
dred of them, each having a diameter of more
than 20 kilometers. The largest include eleven
observed plume-emitting volcanoes named by
the International Astronomical Union for myth-
ological gods of early and primitive religions.
Two of these, separated along the Loki fissure,
are associated with a lava lake 200 kilometers
wide, known as Loki Patera, which apparently
is the major outlet for the planet’s internal heat.
Its temperature, like those of other Io “hot
spots,” averages about 300 kelvins. The hot
spots contrast with the remaining 98 percent of
the surface, which at 130 kelvins is considerably
colder, as would be expected for an atmosphere-
poor body so far from the Sun.
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Mountains tend to cluster near the polar re-
gions on Io. Some have peaks as high as 10 kilo-
meters, but they do not appear to have been
formed by plate tectonics (the shifting of conti-
nental geologic structures). They lack cone-like
tops and could not have been formed by recent
volcanism. It is speculated that some of Io’s up-
per crust may detach and float about the molten
plains in a manner analogous to icebergs. Also,
erosion scarps form near emission calderas. The
fluid surface suggests that Io might receive a
new surface 10 micrometers thick every year,
making it unique in a solar system of much
older, inactive, heavily cratered planets and
satellites.

The chemistry of Io helps explain this satel-
lite’s dynamic volcanism. Previously thought to
have a solid interior, like other satellites of the
solar system, Io appears to have a molten sili-
cate core. Planetary geologists hypothesize that
about four billion years ago, heated sulfur diox-
ide lying just below the surface became the driv-
ing force for the volcanoes, ejecting Io’s internal
heat in gaseous eruptions similar to geysers.
Long-lived eruptions, like Loki, eject materials
ballistically at 0.5 to 0.6 kilometer per second.
Short-duration powerhouses, typified by Pele

(and possibly Aten and Surt, seen by Voyager 2)
do so at twice that velocity. These eruption rates
are significantly higher than that of Earth’s
volcanoes (0.1 kilometer per second). Sulfur
compounds are ejected as majestic mushroom-
shaped plumes to a maximum height of 300 ki-
lometers, enabling the lighter compounds, such
as water and carbon dioxide, to escape into
space. The heavier compounds, such as sulfur
and sulfur dioxide, fall back to the surface as
frozen, whitish, snowlike matter. Flows of mol-
ten matter therefore are low-viscosity sulfur
and sulfur compounds rather than silicate rock
lavas typical of Earth’s volcanoes. Io’s surface
color results from the various sulfur com-
pounds.

Io’s geologically active behavior is caused by
its proximity to massive Jupiter and to sister
Galilean satellites Europa and Ganymede. Ju-
piter’s gravitational pull causes Io to “flex”
along its axis 10 kilometers toward Jupiter,
while the combined attractions of Europa and
Ganymede cause torques that give Io a slightly
eccentric, noncircular orbit. The result is two
opposing tidal forces stretching Io from within
as it orbits Jupiter every 1.77 days. The ensuing
friction raises Io’s internal heated power to 60 to

80 trillion watts, partially melt-
ing the silicate compounds of
the crust and generating volca-
nic eruptions. Furthermore, be-
cause Io’s orbit lies entirely
within Jupiter’s radiation belts,
the satellite is bombarded by
charged particles and affected
by the powerful electrical cur-
rents produced by Jupiter’s
magnetic field. These phenom-
ena also influence Io’s internal
heating, as does the spontane-
ous radioactive decay of iso-
topes, which is typical of all
planetlike bodies.

Io’s volcanic emissions ac-
count for its irregular atmo-
spheric pressure, first detected
by Pioneer 10 in 1973. Atmo-
spheric pressure variations re-
sult from the heat differential
associated with the anomalous
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This amazing image of Io, taken by Voyager 1 in March, 1979, shows the
eruption of a huge volcano at the upper left horizon—marking the first
sighting of an active volcano beyond Earth. (NASA)



hot spots and the typically
cooler surface. Earth-based ob-
servations in 1974 and 1975 de-
tected a “cloud” of neutral so-
dium and potassium extending
along Io’s orbit for more than
100,000 kilometers. This obser-
vation was explained as a “sput-
tering” process whereby potas-
sium atoms are ejected into
space from Io because of the im-
pact of charged particles from
Jupiter’s magnetosphere strik-
ing Io’s surface. Their rate of
ejection is greater than 10 kilo-
meters per second, well above
the necessary escape velocity of
2.5 kilometers per second. By
comparison, Io’s most active
volcano, Pele, has an ejection
speed of only 1 kilometer per
second. Volcanoes, then, are an
indirect rather than a direct
cause of this sodium-potassium cloud; they
bring the elements to the surface in molten and
gaseous states for emission into space.

In 1976, additional Earth-based observa-
tions revealed a plasma “torus,” or faint ring of
excited glowing gas, belonging to Io’s orbit. This
torus occupies space within Jupiter’s magneto-
sphere and results from the sputtering process.
New electronic cameras and filters carried
aboard the National Aeronautics and Space Ad-
ministration’s Kuiper Airborne Observatory
recognized sulfur in 1981 and oxygen in 1982, as
well as sodium and potassium, escaping from Io.
The entire cloud assemblage supplies the torus
with raw materials for further breakdown into
discrete atoms and ionization. Thus energized,
these ionized elements join the Jovian radiation
belt that helped create them. The discovery of
the torus was as unexpected as the volcanoes.
Pioneer 10 and Voyager 1 flew directly through
the torus in 1973 and 1979, respectively, but
provided only knowledge supplementary to the
major data obtained through continuous Earth-
based monitoring. On its way to orbit insertion
in December, 1995, the Galileo spacecraft flew a
relatively safe distance from Io, one that had
originally been considered to be the closest that

Galileo would ever get to this innermost Jovian
satellite, and then passed quickly through the
plasma torus. No significant radiation damage
was incurred by the spacecraft.

The volcanoes of Io offer the greatest promise
for resolving the details of the complex relation-
ship between Jupiter and Io. Of the eleven vol-
canoes discovered by Voyagers 1 and 2, the two-
part vent of Loki is the most important. With a
height of about 225 kilometers and a width of
more than 430 kilometers, Loki and its lava
lake, Loki Patera, appear to be the major outlet
for Io’s internal heat, as suggested by thermal
emission polarization measurements in 1984.
The thermal output from Io’s greatest volca-
noes, Pele (305 kilometers high and 1,200 kilo-
meters wide), Surt, and Aten, is also significant.
One of the three apparently ceased eruptions in
1986, according to Earth-based observations.
The rest are 100 kilometers or less in height.
Known calderas make up about 5 percent of Io’s
surface. Some, like Loki and Pele, have asym-
metrical plumes and surface flows, which prob-
ably are consequences of irregular vent shapes.
Others, like Prometheus, have symmetrical,
fountainlike plumes and circular flows.

The Galileo spacecraft confirmed the mas-
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In February, 2000, the Galileo spacecraft took this image of Io at a reso-
lution of about 335 meters. To the left, Mongibello Mons rising about 7
kilometers from the surface. (NASA/JPL/University of Arizona/Arizona
State University)



sive scale of Io’s volcanism, detecting a fresh
volcanic deposit the size of Arizona and estab-
lishing that the satellite is rich in silicates. In-
creasingly sophisticated Earth-based instru-
ments and orbiting telescopes have provided
additional analysis. During eclipses in 1985,
ice-covered Europa passed through Io’s shadow,
reflecting sunlight that revealed the uniform
distribution of sodium about Io. The Hubble
Space Telescope spotted an active plume in
June, 1997, which Galileo also detected.

KNOWLEDGE GAINED

Principally from Voyager 1 and Earth-based
observations, Io was revealed to be the only vol-
canically active satellite of Jupiter. Volcanic
gases and molten lava flows were seen being
emitted from eleven major fissures. The most
notable is the large dual vent of Loki Patera,
which appears to be the focal point of the satel-

lite’s heat emissions from its interior. Because
these eruptions are continuous, the ejected
heavier compounds of material steadily move
across the surface, eroding low-lying scarps and
erasing the craters formed by objects striking
Io. At least one lava lake was discovered, along
with mountains near the poles. Emissions ap-
pear to be generated by Io’s molten interior,
from which sulfur compounds are emitted onto
the surface and into the atmosphere. The heat-
ing mechanism for this activity is apparently in-
ternal friction caused by the gravitational pull
of massive Jupiter on one side, and the satellites
Europa and Ganymede on the other.

Because Io lies within Jupiter’s magneto-
sphere, charged particles strike the satellite’s
volcanic surface, causing jets of potassium, so-
dium, sulfur, and oxygen to be ejected into its at-
mosphere—a “sputtering” process that feeds a
cloud of those neutral elements. This cloud in
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An artist’s conception of the role of Io’s sulfur, which emerges from volcanoes and lands on the surface (see the arch-
ing arrow), where it is cooled into S3, S4 (both pinkish in color), and sulfur, S8, which gives the moon its character-
istic yellow hue. (NASA/JPL/Lowell Observatory)



turn supplies raw materials for a torus of ex-
cited gas along Io’s orbital path.

Determination of Io’s bulk density and mo-
ment of inertia has revealed the satellite to be a
differential body composed of a silicate mantle
with a metallic core that makes up as much as
half of Io’s radius. Comparative studies of the
four Galilean satellites indicate that they share
a number of similarities in their cores as well as
differences due to their environment. Io, being
active, has lost any significant icy shell it might
have had over its core. Ganymede and Callisto,
being colder and far less active, have thick, icy
shells over their cores with craters on the icy
surfaces of each. Europa has activity that gives
it an icy crust that breaks up and flows over
what is believed to be a liquid ocean beneath
that crust.

As a result of Galileo’s repeated observations
of Io, hundreds of volcanic sites were identified,
as were about two hundred dark surfaces be-
lieved to be fresh silicate lava. The orbiter’s
near-infrared mapping spectrometer and solid-
state imager identified a hundred active hot
spots through thermal emission.

CONTEXT

Io emerged from the Voyager 1 and 2 mis-
sions as unique, not only among the satellites of
Jupiter but also among all planets and satellites
within the solar system. Io is recognized as the
most volcanically active planetary body in a so-
lar system where only a few other worlds dis-
play volcanism, and many of those display a
type of cryovolcanic activity quite different in
nature from Io’s volcanoes. Io’s volcanism is of
particular interest because, like Earth, it is a
dry body with a molten interior, and its sulfur-
enriched chemistry may mimic volcanic condi-
tions that existed during Earth’s early history.
Earth’s active volcanoes convert water to steam
for geothermal output. Io’s sulfur-based volca-
nism provides an active laboratory for the study
of planetary evolution, because volcanic erup-
tions constantly resurface its crust.

Io exists well within the Jovian magneto-
sphere. Electromagnetic fields affect Io’s sur-
face, allowing lighter elements emitted through
its volcanic vents to escape into the atmosphere
and feed the torus that encircles Jupiter as part

of the radiation belt. The Jupiter-Io connection
serves as a laboratory for the study of large-
scale magnetic forces in the solar system. One of
Io’s effects on the Jovian system is a very grad-
ual slowing of the rotation of Jupiter and ero-
sion of the orbits of Europa and Ganymede.

Because active satellites like Io had not been
anticipated before the 1979 Voyager flybys,
their study has enhanced the evolving field of
comparative planetology. Io was joined by En-
celadus and Triton as satellites in the outer so-
lar system that display unexpected volcanic ac-
tivity.

Naturally, Io remains a high-priority target
in planetary science for further study by robotic
spacecraft. However, the radiation environ-
ment makes it difficult to dispatch probes into
close proximity to the satellite. Human explora-
tion is highly unlikely. There is a scene in Peter
Hyams’s film 2010: The Year We Make Contact
(1984) in which the wayward Discovery and
its deactivated HAL 9000 computer are found
adrift near Io. Spacewalking astronauts then
transfer from a Russian spacecraft called the
Leonov to enter and activate Discovery. In real-
ity, the intense radiation environment would
have provided such spacewalking astronauts a
lethal dose well before they could return to the
safety of another ship.

Clark G. Reynolds

FURTHER READING

Bagenal, Fran, Timothy E. Dowling, and Wil-
liam B. McKinnon, eds. Jupiter: The Planet,
Satellites, and Magnetosphere. Cambridge,
England: Cambridge University Press, 2007.
A comprehensive work about the biggest
planet in the solar system. A series of articles
provided by recognized experts in their fields
of study. Excellent repository of photogra-
phy, diagrams, and figures about the Jupiter
system and the various interplanetary mis-
sions that have unveiled its secrets.

Beatty, J. Kelly, Carolyn Collins Petersen, and
Andrew Chaikin, eds. The New Solar System.
4th ed. Cambridge, Mass.: Sky, 1999. Arichly
illustrated summary of early space-age dis-
coveries that radically revised knowledge of
the solar system, particularly useful in track-
ing initial reactions of scientists to those dis-

The Solar System Io

309



coveries. Major features of Io and its volca-
noes are covered.

Cole, Michael D. Galileo Spacecraft: Mission to
Jupiter. New York: Enslow, 1999. Provides a
full description of the Galileo spacecraft and
science returns through the primary mis-
sions. Particularly good at describing mis-
sion objectives and goals. Suitable for a youn-
ger audience.

Fischer, Daniel. Mission Jupiter: The Spectacu-
lar Journey of the Galileo Spacecraft. New
York: Copernicus Books, 2001. Thoroughly
explains all aspects of the science and engi-
neering of the Galileo spacecraft. Particu-
larly good are the discussions about the na-
ture of the Galilean satellites. Suitable for a
wide range of audiences.

Geissler, Paul E. “Volcanic Activity on Io Dur-
ing the Galileo Era.” Annual Review of Earth
and Planetary Sciences 31 (May, 2003): 175-
211. The definitive work describing the phys-
ics and planetary geology of volcanoes on Io.
Provides a complete picture of Voyager and
Galileo spacecraft results.

Greeley, Ronald. Planetary Landscapes. 2d ed.
London: Allen and Unwin, 1994. A brief but
instructive photographic examination of im-
aged planetary surfaces of the solar system,
including a treatment of volcanism that
sheds light on Io’s unique volcanic processes.

Harland, David H. Jupiter Odyssey: The Story
of NASA’s Galileo Mission. New York:
Springer Praxis, 2000. This book provides
virtually all of NASA’s press releases and sci-
ence updates during the first five years of the
Galileo mission. Contains enormous num-
bers of diagrams, tables, lists, and photo-
graphs. Provides a preview of the Cassini
mission. Published before the completion of
the Galileo mission.

Hartmann, William K. Moons and Planets. 5th
ed. Belmont, Calif.: Thomson Brooks/Cole,
2005. An updated version of a classic text
that covers all aspects of planetary science.
Takes a comparative planetology approach
rather than including separate chapters on
individual planets of the solar system.

Lopes, Rosaly M. C., and John R. Spencer. Io Af-
ter Galileo: A New View of Jupiter’s Volcanic
Moon. Heidelberg: Springer, 2007. A volume
in the Springer Praxis Space series, this book
summarizes the knowledge gained by Gali-
leo. Suggests new investigations needed to
explain those questions that remain about
the volcanism of this Jovian moon. Technical.

Morrison, David. “The Enigma Called Io.” Sky
and Telescope 69 (March, 1985): 198-205. An
updated summary of original Voyager 1 and
2 data collected between 1979 and 1984, in-
cluding contemporary information from
Earth-based instruments, by a leading au-
thority on the subject. Special attention is
given to Loki Patera and the Jovian nebula,
or thin gaseous torus, generated by Io.

Morrison, David, and Jane Samz. Voyage to Ju-
piter. NASA SP-439. Washington, D.C.: Gov-
ernment Printing Office, 1980. The official
account of the Pioneer and Voyager flybys of
the Jovian system, covering the day-to-day
revelations from each mission. The most no-
table is the dramatic discovery of Io’s volca-
noes by Voyager 1. Lavishly illustrated.

See also: Callisto; Europa; Ganymede; Jovian
Planets; Jupiter’s Magnetic Field and Radia-
tion Belts; Jupiter’s Satellites; Neptune’s Satel-
lites; Planetary Satellites; Planetary Tectonics;
Saturn’s Satellites; Uranus’s Satellites; Venus’s
Volcanoes.

Io The Solar System

310



J
Jovian Planets
Categories: Planets and Planetology; The

Jovian System

Jupiter, Saturn, Uranus, and Neptune are
called the Jovian planets. These “gas gi-
ants” have a mass 15-320 times greater
than Earth, are of very low relative density,
are mainly fluid (gas and liquid), and are
composed of relatively light elements such
as hydrogen and helium. All of them are
surrounded by ring systems, a host of di-
verse satellites, and complex magneto-
spheres.

OVERVIEW

The four Jovian, or “gas giant,” planets are
totally different geologically and physically
from the terrestrial planets, Mercury, Venus,
Earth, and Mars. Massive gaseous and liquid
bodies composed primarily of hydrogen and he-
lium, the Jovian planets are relatively rapid ro-
tators. Each rotates about its own axis in less
than twenty-four hours. The atmospheres of the
Jovian planets—the feature that dominates ob-
servational work done on these planets—are
very similar to one another in composition. Hy-
drogen represents about 90 percent of the atoms
present, with helium making up the bulk of the
remaining atmospheric gases. Methane and
ammonia are also present, although ammonia
on the two colder planets Uranus and Neptune
has most likely precipitated out of the atmo-
sphere. Weather systems that dominate these
atmospheres, particularly in the case of Jupiter
and Saturn, consist of rapidly rotating belts and
zones that are visible from Earth. In the case of
Jupiter, wind speeds on the order of 300 kilome-
ters per hour are common, while on Saturn
winds of two to three times that speed have been
measured. Note that on Earth, hurricane-force
winds rarely exceed 150 kilometers per hour.
Ironically, wind speeds in the colder Uranus
and Neptune are even higher than those seen on
Jupiter and Saturn.

Both Jupiter and Saturn are much hotter
than might be expected in view of their dis-
tances from the Sun. They have their own heat
sources deep within their planetary interiors
and thus are able to produce extensive thermal
cells to drive high-speed winds. The nature of
the heat within these planets is not entirely evi-
dent, and there is some evidence that even in
the case of Uranus there may also be a heat-
driven weather system resulting from a much
more modest heat source on the planet. Uranus
displays little atmospheric structure in visible
light, but in ultraviolet there are some features.
Images from Voyager 2 have shown that Nep-
tune has an actively driven weather system.
Dark storms and white streakers are seen to
evolve in short time frames.

Although there are no measurements to indi-
cate what lies below these turbulent atmo-
spheres, there is indirect evidence that toward
the center of a typical Jovian planet, pressures
become higher. A portion of the interior is liq-
uid. Toward the center of both Saturn and Jupi-
ter, a very unusual state exists, that of liquid
metallic hydrogen. This liquid metallic state
would enhance both the thermal and electrical
conductivity of the planetary interiors and no
doubt is largely responsible for the strong mag-
netic fields associated with Jupiter and Saturn.
Pressures necessary to create liquid metallic
hydrogen are on the order of millions of times
the atmospheric pressure at the surface of
Earth. Although they can be re-created in tiny
cells in the laboratory, no such pressures have
been sustainable in large-scale systems for pro-
longed periods of time on Earth. Thus, the liquid
metallic hydrogen layer in the interiors of Jupi-
ter and Saturn have effects that are not yet fully
described. Uranus and Neptune probably have
no such layers, for their masses are not great
enough to produce such enormous interior pres-
sures.

If one were proceeding inward toward a
Jovian planet’s center, one would next approach
the core of that planet. Theorists disagree as to
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what might exist there, but the dominant opin-
ion is that the cores would be largely solid and
would contain relatively heavy metals such
as iron, or they may be silicon in some high-
pressure phase. In the case of Jupiter, such a
solid core might have a mass 20 times greater
than that of Earth, but this is a small fraction of
the total mass of this planet, which is 320 times
that of Earth. Uranus and Neptune might have
solid cores on the order of several Earth masses,
while that of Saturn would be about 5 to 10
Earth masses.

Little or nothing has been learned experi-
mentally about planetary interiors; this is true
even for Earth and its fellow terrestrial planets.
Modeling planetary interiors, particularly on
the scale necessary in the cases of Jupiter and
Saturn, requires knowledge of pressure effects
on bulk matter at pressures of millions of atmo-
spheres and at alleged temperatures of 50,000
kelvins or hotter. It is known, however, that all
the Jovian planets have a very low density, that
is, a low specific gravity. Specific gravity is a
measure of relative density, using water as a
unit of 1 gram per cubic centimeter or 1,000 ki-
lograms per cubic meter. Saturn has a specific
gravity or relative density of 0.7; this means
that it would float if one could find an ocean of
water big enough in which to place it. It is by far

the least dense of all the planets. Jupiter has an
average density of 1.3 grams per cubic centime-
ter, while Uranus and Neptune have average
densities of 1.2 and 1.7 grams per cubic centime-
ter, respectively. Atypical terrestrial planet has
a specific gravity of about 5. Earth’s density is
on average 5.5 grams per cubic centimeter.
Overall, such relatively low density measure-
ments indicate the predominance in Jovian
planetary structures of light elements such as
hydrogen and helium.

Jupiter has a sizable magnetosphere. Its
strong magnetic field is about ten times as in-
tense as that of Earth. Jupiter’s magneto-
sphere, which consists of trapped charged parti-
cles in amounts that would be lethal to humans,
is so large that Saturn, which is 9.5 astronomi-
cal units (AU) from the Sun, passes through it.
Saturn is almost twice as far from the Sun as is
Jupiter (at about 5.2 AU), yet its magneto-
sphere is very strongly influenced by that of Ju-
piter. Saturn itself has a magnetic field slightly
larger than that of Earth.

All the Jovian planets rotate about their own
axes rapidly in relation to the terrestrial plan-
ets, which take at least twenty-four hours to
make one rotation. (Earth is the fastest rotating
terrestrial planet.) All Jovian planets thus ex-
hibit some degree of oblateness. Saturn has an
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A composite image of the four gas giants known as the Jovian planets (left to right): Jupiter, Saturn, Uranus, and
Neptune. (Lunar and Planetary Institute)



oblateness of about 0.1, which means that its
equatorial diameter is about 10 percent bigger
than its polar diameter, and thus it appears no-
ticeably flattened at the poles. Saturn takes
10 hours and 13 minutes to make one complete
rotation; Jupiter spins even faster, taking only
9 hours and 55 minutes to complete a rotation.
Uranus takes 17 hours for one complete rota-
tion, while Neptune takes about 16 hours (a fig-
ure that remains subject to conjecture in the af-
termath of Voyager 2 studies in 1989).

These rapid rotations are surprising for such
gaseous and liquid planets, because an angular
momentum principle of elementary physics
would have bigger bodies rotate more slowly
than smaller ones. Such rapid rotation rates,
then, are a mystery of the first magnitude in so-
lar physics and geophysics. The correlation be-
tween magnetic fields and rotation rates is not
very strong. Why some planets have powerful
magnetic fields and others negligible ones is un-
known. In general, however, if magnetic fields
result from dynamo currents deep within plan-
ets, then rapid rotators should have strong mag-
netic fields. This is largely true in the case of
both Jupiter and Saturn. Uranus has a mag-
netic field weaker than that of Saturn. Neptune

has a magnetic field roughly comparable to that
of Uranus.

Neptune and Uranus seem to be smaller and
colder versions of Saturn and Jupiter. Uranus
has a pale blue, almost greenish-blue appear-
ance, undoubtedly because of the presence of
methane. Imaging from Voyager photographs
has shown that Uranus has belts and zones, al-
though they are not as spectacular as those of
Jupiter and Saturn. Ammonia within the Ura-
nian atmosphere and that of Neptune is
thought to have precipitated to the surface. In
August, 1989, Voyager 2 flew by Neptune and
returned images of that planet and its atmo-
sphere. No good photographs of Neptunian sur-
face features can be made from Earth’s surface
because of its distance (30 AU from the Sun).
However, the Hubble Space Telescope has been
used for intermittent studies of both Uranus
and Neptune, some of the most productive re-
search being performed by astronomer Heidi
Hammel. Voyager 2 showed that Neptune is
also a pale blue planet with irregular marked
bands in its atmosphere. It has a gigantic Dark
Spot, somewhat analogous to Jupiter’s Great
Red Spot, which seems to cause a tremendous
sinking and upswelling of its atmospheric
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Facts About the Jovian Planets

Jupiter Saturn Uranus Neptune

Mass (1024 kg) 1,898.6 568.46 86.832 102.43
Volume (1010 km3) 143,128 82,713 6,833 6,254
Equatorial radius (km) 71,492 60,268 25,559 24,764
Ellipticity (oblateness) 0.06487 0.09796 0.02293 0.01708
Mean density (kg/m3) 1,326 687 1,270 1,638
Surface gravity (m/s2) 23.12 8.96 8.69 11.00
Surface temperature (Celsius) –140 –160 –180 –200
Satellitesa 63 60 27 13
Mean distance from Sun
millions of km (miles) 779 (483) 1,434 (891) 2,872 (1,785) 4,495 (2,793)

Rotational period (hrs)b 9.9250 10.656 –17.24 16.11
Orbital period 11.86 yrs 29.66 yrs 84.01 yrs 164.79 yrs

Notes:
a. Numbers are for known satellites as of the year 2009.
b. Retrograde rotational periods are preceded by a minus sign.
Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,

National Space Science Data Center.



winds. This spot has a diameter about the same
as the diameter of Earth. In addition, extremely
high clouds, about 50 kilometers above the (nor-
mal) Neptunian atmosphere, make its atmo-
sphere different from those of the other Jovian
planets. Winds on the order of 200 meters per
second have been measured in the Neptunian
atmosphere, with unique streams and band sys-
tems.

All Jovian planets possess numerous moons,
or satellites. By 2008, Neptune was discovered
to have at least thirteen satellites. Uranus has
at least twenty-seven detected moons, while
Saturn has sixty and Jupiter has at least sixty-
three. It is a bit surprising that these planets ro-
tate so rapidly while at the same time each has
such a large family of satellites. The presence of
such satellites should have slowed the rotation
rates, if indeed the satellites and the primary
planets had common origins. Many of the satel-
lites present the same face toward their pri-
mary planet, and thus are tidally locked.

All Jovian moons have rings as well, al-
though they vary considerably in texture and
content. The Voyager 1 spacecraft discovered a
very thin ring around Jupiter in 1979. Since
that time research has revealed that there is
more structure to Jupiter’s ring system. Pres-
ently it is referred to as the Halo Ring, the Main
Ring, and the Gossamer Ring; the Gossamer
Ring itself has two parts, the inner Almathea
Gossamer Ring and the outer Thebe Gossamer
Ring. Jupiter’s rings are dark and composed of
dust, and therefore they cannot be seen from
Earth. Saturn’s ring system of mainly icy parti-
cles is incredibly dynamic, with a number of
gaps due to gravitational resonances and shep-
herding by small, embedded moonlets. Uranus
has at least nine complete rings, some consider-
ably brighter than others; it must be noted that
five of Uranus’s rings were discovered in the
late 1970’s by ground-based observations, not
by the Voyager 2 mission, although the Voyager
probe provided the first intense study of the en-
tire ring system. It was Hubble-based research
that found four additional dark rings long after
the Voyager flyby. Neptune has only partial
arcs. Astronomers are still debating whether
partial arcs are ring systems being formed or in
late stages.

METHODS OF STUDY

Galileo’s discovery in 1610 of the four large
natural satellites of Jupiter (Io, Europa, Gany-
mede, and Callisto, known as the Medician and
then later as the Galilean moons) launched the
age of modern science. By the 1650’s, Christiaan
Huygens in Holland and other astronomers in
Italy had established conclusively that Saturn
had rings and at least one large satellite, Titan.
The Great Red Spot on Jupiter has been ob-
served ever since 1660, and the zones and belts
on both Jupiter and Saturn had been clearly de-
tected by enterprising visual astronomers. For
three centuries, astronomers around the globe
have tracked the Great Red Spot and noted
changes in the belts and zones of these two gi-
gantic planets. Uranus, too, was viewed by
many from the 1700’s onward, but it was not
clearly designated as a planet until the late
eighteenth century.

With the advent of spectroscopy in the nine-
teenth century, helium was discovered first on
the Sun and shortly thereafter on Jupiter and
Saturn. In the early twentieth century, it was
learned that methane and ammonia were pres-
ent in the Jovian atmospheres as well. In 1955,
radio astronomers detected radio signals com-
ing from Jupiter’s magnetosphere.

It was not until the 1970’s, however, that the
greatest discoveries about the Jovian planets
were made. Data from Voyager 1 revealed the
unexpected existence of rings around Jupiter.
Earth-based observations showed rings around
Uranus and Neptune, and images returned
from Voyager 2 in the 1980’s revealed ten satel-
lites circling Uranus and orbiting Neptune.

Radio astronomy probes the decimetric and
decameter radio signals emitted from Jupiter,
which signal the extent of its magnetosphere
and the relationship of its halo and its volcanic
innermost satellite Io, respectively. Radio as-
tronomy conducted by the Cassini spacecraft
in orbit about Saturn provided insight into the
nature of the magnetic field on Enceladus. In-
frared astronomy also has been very helpful in
determining some of the features of the cold
Jovian planets Uranus and Neptune. Many
experimental techniques have been used to de-
termine the size and extent of the ring systems
surrounding these planets, and still there are
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many unanswered questions about these sys-
tems.

The atmospheres of Jupiter and Saturn have
been probed with all sorts of sensitive spectrom-
eters, yet experimental information is valid
only for a penetration depth of a few tens of kilo-
meters. What lies below the turbulent, fast-
moving atmosphere has not been experimen-
tally detected; all that scientists can do is rely
on the best theories and modeling techniques
presently available.

The Pioneer 10 and 11 probes found that Ju-
piter is a tremendous source of electrons and
that it generates several times as much heat as
it receives from the Sun. The origin of these elec-
trons and heat is far from clear to the most dis-
criminating theorists in both physics and geo-
physics. There are no comparable conditions on
Earth or the nearby terrestrial planets to pro-
duce such effects. Voyager 2 passed Neptune in
August, 1989, and its use as a planetary probe
effectively ceased. Its next primary objective
was to characterize the approach to interstellar
space. The Hubble Space Telescope (HST) has
produced much better images of Uranus and
Neptune than had previously been available on
a regular basis.

The Galileo spacecraft arrived at Jupiter in
1995. A special probe released from Galileo en-
tered Jupiter’s atmosphere on December 7,

1995, and its instruments detected a new radia-
tion belt, fierce winds, lightning, and upper-
atmosphere densities and temperatures much
higher than expected. The Cassini spacecraft,
launched in October, 1997, began exploring the
Saturn system from an orbital vantage point be-
ginning in 2004. The Huygens probe that
Cassini carried along on its journey from Earth
to Saturn was released and sent down through
the atmosphere of Saturn’s largest satellite, Ti-
tan, a moon with a thick atmosphere that ob-
scures its surface. Cassini carried an imaging
radar to map the satellite’s surface during re-
peated close flybys. Huygens survived its
plunge through the atmosphere and landed in a
mushy, cryogenic surface. Huygens sent its
data on two redundant channels, but, because of
a software error, only one transmitted properly;
fortunately, an alternative path recovered most
of the data that otherwise could have been lost.
Huygens and Cassini found evidence of complex
hydrocarbons under cryogenic conditions on the
surface of Titan. Cassini’s primary mission was
completed in 2008, and the program received a
fully funded two-year extension.

CONTEXT

It was expected that early exploration of the
Jovian planets and their extensive satellite sys-
tems would provide scientific clues as to how the
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Jovian Planets’ Atmospheres: Comparative Data

Jupiter Saturn Uranus Neptune

Surface pressure (bars) >100 >100 >100 >100
Surface density (kg/m3) ~0.16 ~0.19 ~0.42 ~0.45
Avg. temperature (kelvins) ~129 ~97 ~58 ~58
Scale height (km) 27 59.5 27.7 ~20
Composition

Ammonia 260 ppm 125 ppm tr tr
Ethane 5.8 ppm 7 ppm — 1.5 ppm
Helium (%) 10.2 3.25 15.2 19
Hydrogen (%) 89.8 96.3 82.5 80
Hydrogen deuteride (ppm) 28 110 ~148 192
Methane 3000 ppm 4500 ppm ~2.3% 1.5%
Water — ~4 ppm tr tr

Notes: Composition: % = percentages; ppm = parts per million; tr = trace amounts.
Source: Data are from the National Space Science Data Center, NASA/Goddard Space Flight Center.



solar system formed. Instead, a whole series of
new mysteries has appeared, spurring addi-
tional robotic exploration of the outer solar
system.

For atmospheric physicists, the weather sys-
tems evident in the atmospheres of both Jupiter
and Saturn have provided much material for
study. The Great Red Spot and several of the
lesser white spots on both Saturn and Jupiter
have proved to be cyclonic or anticyclonic
storms that are able to maintain themselves for
decades. The Great Red Spot has been observed
for at least for 350 years. Could such a massive
storm system be maintained on Earth? What
conditions on Jupiter contribute to the tremen-
dous longevity of the Great Red Spot? In at-
tempting to answer questions of this sort, scien-
tists have modeled all manner of weather
systems, which has proved to be useful in deci-
phering meteorological patterns on Earth. Thus
Jupiter and Saturn have served as gigantic,
high-pressure, turbulent laboratories for atmo-
spheric modelers. Indeed, the greatest potential
outcome of comparative planetology is a better
understanding of complex geophysical and at-
mospheric physics processes right here on
Earth. Such an understanding is fundamental
to determining whether or not Earth is pres-
ently undergoing global warming of natural or
human-made origin.

Even in the esoteric discipline of fluid me-
chanics, particularly in the study of turbulent
flow, data from Jupiter and Saturn have been
unexpectedly helpful. These studies are critical
in air-frame design and, when coupled with
modern computer modeling techniques, have
proved to be very valuable in the design of su-
personic air frames and high-speed hydrofoils.
Neptune’s Dark Spot should provide fodder for
studies of both fluid-mechanics and meteorol-
ogy well into the twenty-first century. Many sci-
entists believe that solar-system locations most
likely to host life or organic chemistry necessary
for life are either Jupiter’s ice-covered satellite
Europa, or Saturn’s satellites Titan and Encela-
dus. Some sort of life systems could be operating
in either of these locations, for the energy and
chemical conditions seem suitable. Should some
sort of complex organic molecules or anaerobic
bacteria be found on either Jupiter or Europa,

the perennial mystery as to how life formed on
Earth and why it exists at all could be addressed
intelligently, perhaps for the first time. Sat-
urn’s satellite Enceladus has cryogenic geysers
in its south polar region. Neptune’s satellite Tri-
ton has also appeared to contain some sort of
cryogenic geyser activity. The unexpected de-
tection of warm liquids in the outer solar system
could drive biological networks. Titan has or-
ganic materials that are believed to be indica-
tive of the primordial Earth, although the satel-
lite is far colder than Earth was when life
developed here. Thus Titan might be a frozen
example of what the early Earth might have
been when life first arose.

In 1955 radio astronomers Bernard Burke
and Kenneth Franklin, while studying the Crab
nebula, inadvertently discovered radio emis-
sions coming from Jupiter. Decades later, Voy-
ager 2 recorded the largest electrical current
ever measured as it passed near Jupiter. In the
first half of the twentieth century, most scien-
tists did not realize that Earth, with its reason-
ably strong magnetic field, produced a magneto-
sphere just as Jupiter did. It was not until early
American spacecraft discovered the Van Allen
radiation belts that radio engineers, astrono-
mers, and plasma physicists realized that
Earth’s magnetosphere was a smaller version of
Jupiter’s. The magnetospheres of Jupiter, Sat-
urn, and even Earth are still not completely un-
derstood; what influence they might have had
on planetary origins and developments is un-
known. Eventually, studies of Jupiter and Sat-
urn might provide clues regarding the forces
and mechanisms behind electrical storms, vio-
lent atmospheric electricity, and radio black-
outs that can have pronounced effects on life on
Earth.

John P. Kenny
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Jupiter’s Atmosphere
Categories: Planets and Planetology; The

Jovian System

Jupiter’s atmosphere differs greatly from
that on Earth. It is composed mainly of hy-
drogen and helium and is far enough from
the Sun that the temperature of the visible
cloud deck is only 153 kelvins. Voyager
spacecraft data revealed details concern-
ing chemical composition, heat transport,
and wind patterns within the atmosphere.
The Galileo spacecraft’s atmospheric entry
probe sampled that atmosphere directly
and forced a rethinking of the physical
model of Jupiter.

OVERVIEW

Observed through an Earth-based telescope,
Jupiter’s most striking aspects are a pearly
glow reflected from the planet; a series of east-
west bands of pastel yellows, whites, browns,
and blues; and the oblate aspect of its disk. The
equatorial diameter is 6 percent larger than the
polar diameter, a fact that is readily apparent to
the observer. Closer inspection will reveal that
distinctly bright and darker individual cloud
features are visible within the banded structure
of the atmosphere. Throughout an evening, an
observer will notice that cloud features are ro-
tating from west to east at a rate of about 36° per
hour, indicating that Jupiter rotates on its axis
in slightly less than ten hours. Acareful student
of Jupiter will discover that the planet’s visible
cloud deck does not rotate as a solid body; in-
stead, eastward winds at the equator sweep the
clouds past those at midlatitudes at a rate that
displaces them 7° eastward each day. This type
of motion indicates that the cloud deck is
opaque. In order to understand the atmospheric
winds, one must know how fast the core of the
planet is rotating.

Radio astronomers collected data from Jupi-
ter and realized that variations in the radio sig-
nals from Jupiter could be attributed to the in-
teraction of the charged particles ejected from
the Sun with the magnetic field of the planet.
Although the signal that the radio astronomers
were measuring was generated above the atmo-

sphere of the planet, the signal varied as Jupi-
ter’s magnetic field rotated. Astronomers’ un-
derstanding of magnetic fields led them to
believe that the radio astronomers were mea-
suring the rotation of Jupiter’s core. They deter-
mined that one rotation took 9 hours, 55 min-
utes, and 29.771 seconds.

A ground-based observer equipped with an
eyepiece outfitted with a crosshair can center the
planet and record the time that a selected cloud
feature takes to rotate past the crosshair. Be-
cause the planet rotates about its axis in approxi-
mately ten hours, while the observer is con-
strained to observe within a twenty-four-hour
time frame, the feature will be visible on alter-
nate nights. The rate of rotation of the feature
across the visible disk of the planet, however, is
such that the observer will find that the cloud ro-
tates five times in slightly more than two days.

Accurate periods of rotation were determined
by the British Astronomical Association and the
American Lunar and Planetary Institute dur-
ing the first half of the twentieth century. Care-
ful measurements of photographic data by
Elmer Reese from 1960 to 1974 refined these
data. When the data were related to the plane-
tary core using the radio period of rotation, an
alternating pattern emerged. Strong eastward
winds near the equator, as swift as 150 meters
per second (more than 450 kilometers per hour),
decreased poleward. Near 15° latitude, the pre-
vailing wind in both hemispheres was west-
ward. Between 10° and 35° latitude, the dis-
placement of clouds revealed two westward and
two eastward peaks in the horizontal wind
speeds. Highly reflective regions called zones
were bracketed on the equatorward side by
westward winds and on the poleward side by
eastward winds. The less reflective, browner re-
gions, or belts, were nested between the zones.
Horizontal wind flow of this type in Earth’s at-
mosphere would generate conditions that would
cause rising air in the zones, leading to the for-
mation of ice clouds at high altitudes. Air would
descend in the belts and cause ices to melt, al-
lowing a longer line-of-sight through the atmo-
sphere and more absorption of light—hence,
less reflection. Recognition of this general circu-
lation pattern in the 1960’s led to questions con-
cerning the nature of Jupiter’s ices.
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As light travels outward from the Sun, it
spreads out equally; thus, its ability to heat a
surface decreases rapidly via an inverse square
relationship in all radial directions. By the time
sunlight reaches Jupiter, at a distance five
times greater than Earth’s distance from the
Sun, the intensity is diluted by a factor of
twenty-five. This dilution leads to temperatures
too low to allow melting of ice formed from
water; therefore, the visible cloud deck must
contain another kind of ice.

In an effort to refine their understanding of
the temperature regime, astronomers began to
make infrared measurements of Jupiter’s atmo-
sphere. They determined that the planet radi-
ates one and a half times more heat than it ab-
sorbs from the Sun. These results imply that the
interior of Jupiter is hotter than the cloud deck
and that convection from the interior transports
heat outward. The picture of a deep atmosphere
dominated by east-west winds emerged. If Jupi-
ter were composed of the same chemical mix-
ture as the Sun, its atmospheric gas would be so
strongly compressed that deep below the visible
cloud deck it would form a sea
of liquid hydrogen and he-
lium. There would be an in-
distinct change between the
surface of the cryogenic fluids
and the atmosphere. It also
became apparent that it was
essential to understand the
chemistry of the atmosphere.

Calculations carried out by
John Lewis and Ronald Prinn
led to a model of the atmo-
sphere that posited the exis-
tence of an upper cloud layer
of ammonia ice, underlain by
an ammonium hydrosulfide
layer and a cloud layer com-
posed of water ice (where the
pressure is greater than ten
times Earth’s atmospheric
pressure at sea level). All
these ices are white; there-
fore the calculations yielded
no information about coloring
agents in the Jovian atmo-
sphere. Above the topmost

cloud deck, the atmosphere is mainly hydrogen
and helium gas, with traces of ammonia and
methane.

Molecules of methane and ammonia can ab-
sorb enough energy from incident ultraviolet
light to break bonds, which allows the hydrogen
atoms to escape. Darrel Strobel performed cal-
culations indicating that ionized molecules
combine to form more complex molecules and
possibly aerosols or hazes. Laboratory work by
other investigators has shown that many of the
compounds that are formed are yellow and
brown. Much of the color variation in the Jovian
atmosphere may arise from variations in the
heights of the underlying clouds.

Removal of the smog occurs in two ways. Ei-
ther the particles grow large and fall to lower
levels, or convective clouds of ammonia are car-
ried upward like thunderheads, and the ammo-
nia ice encases the smog particles and again
causes them to fall to lower levels in the atmo-
sphere. Computer modeling of scattering and
transmission of light through the layers of
hazes, gas, and clouds, carried out by Martin
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Tomasko, Robert West, and others, supports
the theory that colorization is dependent on the
varying heights of underlying clouds.

These calculations cannot explain Jupiter’s
Great Red Spot—neither its colors nor its long
life. This feature is the largest Jovian cloud sys-
tem. North to south, it spans a distance slightly
larger than the diameter of Earth, and it ex-
tends farther than two Earth diameters in the
east-west direction. This large, unique cloud
system is trapped between a westward wind on
the equatorward side and an eastward wind on
the poleward side. The winds are diverted
around its perimeter, rotating it in a counter-
clockwise direction. In Earth’s atmosphere, a
weather system with similar motion would rise
in the center, spiral outward at the top of the
cloud deck, and descend around its perimeter.
The degree of redness of the Spot varies with
time. A unique property of the Red Spot is its
ability to absorb ultraviolet, violet, and blue
light. Apparently some constituent that has

been carried up from lower, warmer depths ab-
sorbs the blue light, causing the Spot to appear
redder than the surrounding clouds.

Observations of Jupiter in the infrared indi-
cate that brown and blue-gray regions are
warmer than white areas. Thus, the white
zones are colder than the brown belts. The
clouds above the Red Spot are cold, but there is a
warmer region around its perimeter. The gen-
eral heat loss from the planet indicates that the
interior is warmer than the upper cloud deck
that radiates to space; hence, infrared maps al-
low astronomers to determine relative heights
of clouds. A desire to obtain high-resolution
maps of the infrared data and the structure of
the cloud deck led to the development of the in-
struments that were on board the Pioneer and
Voyager missions. Perhaps the best way to de-
termine a planet’s atmospheric character is to
directly encounter it. That was the reasoning
behind having the Galileo spacecraft carry an
atmospheric probe that then was dispatched to
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hit the upper atmosphere and relay data until
tremendous pressures destroyed it.

KNOWLEDGE GAINED

The Pioneer 10 and 11 spacecraft, which ar-
rived at Jupiter in November, 1973, and No-
vember, 1974, respectively, each carried three
instruments that sampled the Jovian atmo-
sphere. The fact that the Pioneer spacecraft
were spin-stabilized limited the types of instru-
ments that could be placed on board. Voyagers 1
and 2 passed through the Jupiter system four
months apart in 1979. Ultraviolet and infrared
instruments and a spin-scan camera were
trained on Jupiter’s atmosphere. The Galileo
probe also sampled the atmosphere beginning
in 1995. The Cassini spacecraft in December,
2000, and the New Horizons spacecraft in Feb-
ruary, 2007, conducted in-depth studies of Jupi-
ter as they flew past on their way to Saturn and
Pluto, respectively.

Infrared data revealed that there was little
temperature variation between the equator and
the pole at the cloud-top level. Data indicated
there are limits to the role that equatorial solar
heating plays in driving the zonal winds. An-
drew Ingersoll proposed that solar heating at
the equator could bring about a cloud structure
that would act as an insulating blanket, causing
the heat from the interior to emerge near the
poles and resulting in little temperature varia-
tion at the level of the ammonia cloud deck. This
hypothesis implies that the outward transport
of the heat from the interior may dominate the
atmospheric wind patterns.

Pioneer spin-scan cameras were equipped
with blue and red filters and polarizers. The na-
ture of the camera did not allow a large number
of images to be obtained. Nevertheless, data
provided valuable material for study of the scat-
tering properties of the atmospheric smog and
haze layers. Although a series of images with
sufficiently high resolution to map cloud mo-
tions could not be obtained, images of the Red
Spot and north polar regions confirmed infor-
mation previously gained from ground-based
observation. They also provided data on the
scale of the cloud structures.

Voyagers 1 and 2 carried five instruments
that were used to observe Jupiter’s atmosphere:

two television cameras (one with a wide-angle
view and the other with higher resolution and a
narrow field of view), infrared and ultraviolet
spectrographs, and a photopolarimeter. Multi-
color high-resolution mapping of the visible
cloud deck could be obtained at three-month in-
tervals with each spacecraft. Near-encounter
infrared measurements resolved temperature
variations as a function of latitude and longi-
tude on the planet. The ultraviolet spectrometer
obtained data concerning high altitudes in the
Jovian atmosphere. This extensive data set has
been combined with the Pioneer and historical
ground-based data sets in an effort to shed light
on both short-term and long-term atmospheric
variations. Cloud displacements were mea-
sured by Reta Beebe, Ingersoll, and others.
Eastward winds near the equator were as pow-
erful as 160 meters per second. Westward wind
speeds at 15° north and 17.5° south latitude
were both retrograde at 40 and 70 meters per
second, respectively. Eastward wind maxima at
20° north and 24.5° south latitude were 170 and
60 meters per second, respectively. Voyager sci-
entists found considerable differences between
the magnitudes of wind jets in the northern
hemisphere and those in the southern hemi-
sphere; no change in the average zonal wind
was detected at any latitude, however, during
the five-month interval between the two en-
counters.

Infrared measurements indicated that the
winds decrease with height above the deck, and
that temperatures and abundance of ammonia
above the cloud deck are consistent with an at-
mosphere that is driven by cloud motions at the
level of the visible cloud deck.

Galileo’s entry probe hit Jupiter’s upper at-
mosphere on December 7, 1995, at a speed of as
much as 170,000 kilometers per hour. The at-
mosphere decelerated the probe at an increased
g-load of approximately 230 (that means the
force was 230 times that of normal Earth grav-
ity at sea level). During the probe’s 57-minute-
long plunge, it successfully relayed its findings
to the Galileo orbiter for storage and eventual
playback to Earth. Galileo was a little over
200,000 kilometers above the probe at the time.

The probe provided some surprising data. It
had been hoped that the probe would find con-
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siderable amounts of water vapor in the atmo-
sphere and detect extensive amounts of electri-
cal activity, or lighting. In reality it found very
little of either. It did find a new radiation belt
just 50,000 kilometers above the cloud tops. As
it descended through Jupiter’s atmosphere, the
probe registered very strong winds and experi-
enced significant turbulence. Spectrometers
found lower abundances of helium, neon, car-
bon, oxygen, and sulfur than had been expected.
Helium was nearly half as abundant as ex-
pected in contemporary atmospheric models for
Jupiter; Galileo researchers were expecting the
probe to fall through a three-layered cloud
structure. The probe did not experience any-
thing like what had been predicted. The net flux
radiometer on the probe did find some high-
level ammonia ice clouds, and the nephelometer
instrument provided some evidence of ammo-
nium hydrosulfide clouds. Water ice was ab-
sent, suggesting the probe had entered one of
the driest spots on Jupiter.

Wind strengths and atmospheric tempera-
tures varied during the probe’s descent. Winds
reached 350 kilometers per hour with gusts up
to 525 kilometers per hour. After the probe had

plunged 156 kilometers through the atmo-
sphere under its main parachute, the tempera-
ture and pressure environment destroyed it;
most likely it was crushed, vaporized, or both
nearly simultaneously. Essentially the probe’s
encounter forced planetary scientists to rethink
the current model of Jupiter’s atmosphere.

CONTEXT

By the mid-nineteenth century, astronomers
had become aware that Jupiter was unlike
Earth. Using the basic laws of motion, the ap-
parent size of Jupiter, and the known distances
within the solar system, they determined that
even though the volume of Jupiter was more
than eleven hundred times larger than Earth’s
volume, its mass was only 318 times larger than
that of Earth. Thus, although this planet is
much more massive than Earth, gravity has not
compressed Jupiter’s interior to the high densi-
ties that are present in the interior of Earth.
Nineteenth century astronomers concluded
that Jupiter could not have the same chemical
composition as Earth.

By 1960, spectroscopists had determined
that the atmosphere of Jupiter was cold and

that temperatures at the level
of the visible clouds were near
153 kelvins. Spectra revealed
absorption by molecules of
methane and ammonia. These
observations are consistent with
an atmosphere that is com-
posed mainly of hydrogen and
helium with small amounts of
carbon and nitrogen. At the ob-
served temperatures, oxygen
would combine with hydrogen
to form water, which would be
trapped below the visible cloud
deck. It became apparent that
Jupiter was composed of a chem-
ical mixture similar to that of
the Sun, and that the small sili-
con- and iron-rich planets of the
inner solar system were very
different from the outer gas-
rich planets.

Current models concerning
the formation of a solar system
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propose that planets the size of Jupiter form
first at distances far enough from the parent
star that hydrogen and helium have not been
expelled by the radiation from the star. The tur-
bulence that this generates in the preplanetary
gas and dust cloud leads to the formation of
the other planets, with the inner ones forming
from hydrogen-poor material. The importance
of Jupiter-sized bodies in the formation of other
planets that could possibly support other life-
forms has stimulated interest in learning more
about the nature of this gas giant. However, it
must be noted that extrasolar planets have been
found to have masses in excess of Jupiter and to
be located extremely close to their stars.

Jupiter’s atmosphere is chemically unlike
that of Earth. The planet’s huge depth and lack
of irregular landmasses at its lower boundary
contrast with conditions in Earth’s atmosphere.
There are, however, some similarities: The
main constituents of Jupiter’s atmosphere are
hydrogen and helium. Like the nitrogen and ox-
ygen molecules of Earth’s atmosphere, these
particles do not absorb sunlight readily. A large
portion of solar energy passes through the up-
per atmospheres of these planets and, in the
case of Earth, the surface absorbs the energy
and is warmed. The atmosphere is then heated
from the bottom, with trace constituents, car-
bon dioxide, and water absorbing and reradi-
ating the energy. This leads to decreasing tem-
peratures at increasing altitudes in the lower
atmosphere.

Voyager infrared data confirmed that Jupi-
ter has an internal heat source and that it emits
1.67 times more energy than it absorbs from the
Sun. Infrared data indicate that the winds of
Jupiter are driven, like those on Earth, by en-
ergy input in the lower atmosphere. Knowledge
of planetary atmospheres has become more gen-
eral and efforts to define the factors that lead to
climate variations can be applied to more than
one planet. Jupiter’s dissimilarity to Earth pro-
vides checks and challenges in the search to un-
derstand Earth and the solar system.

Reta Beebe
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Jupiter’s Great Red Spot
Categories: Planets and Planetology; The

Jovian System

High-resolution data have been obtained
concerning the nature of Jupiter’s Red
Spot, a weather system with horizontal di-
mensions comparable to the diameter of
Earth and monitored behavior spanning
centuries.

OVERVIEW

Excluding Jupiter’s general east-west belt
and zone pattern, the Great Red Spot is the
most obvious, persistent, and continuously ob-
served feature of Jupiter’s visible cloud deck.
Centered at about 20° south latitude, it spans
about 14,000 kilometers in the north-south di-
rection and about 26,000 kilometers in the east-
west direction. Compared with the diameter of
Earth, the Red Spot is a huge cloud structure
large enough to span two Earths.

This well-defined oval feature has raised con-
siderable curiosity ever since its discovery,
which many credit to original observations
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made by Giovanni Cassini or
Robert Hooke in the seven-
teenth century. Coordinated
reports by the British Astro-
nomical Society and original
drawings maintained in the
Royal Astronomical Society
library collections in London
definitively established that
the Red Spot has been pres-
ent since at least 1830. Ear-
lier scattered reports of pink
spots in the atmosphere of
Jupiter extend back several
centuries to the era of earli-
est efforts to improve the res-
olution of simple telescopes.

Realizing that they were
seeing an opaque cloud deck
and that the surface of Jupi-
ter was never visible, some
observers suggested that the
Red Spot was caused by in-
terference between an ele-
vated surface feature and the
prevailing winds. In the early 1960’s Raymond
Hide proposed a model for the driving mecha-
nism. If this model had withstood scrutiny, it
would have permitted scientists to calculate the
planet’s surface rotation rate and to interpret
other cloud motions by extrapolating from this
rate. Careful examination of measured periods
of rotation indicated, however, that Hide’s
model was inconsistent with available data.
The Red Spot circles Jupiter at an almost un-
varying speed for a period of twenty to fifty
years. At the end of each period, it suffers an ac-
celeration or deceleration which occurs over a
period of weeks. After this adjustment period,
the Red Spot continues to circle at its new speed.
This behavior indicates that it cannot be the re-
sult of an upwardly propagating disturbance
above an elevated region on a hidden surface.
Measured positions indicate that there is no
rate at which the interior of the planet could ro-
tate that would not force the Red Spot to drift
freely either east or west within the atmo-
sphere, yet historical observations indicate that
the spot is trapped in the prevailing east-west
wind pattern and is not free to move north or

south like weather systems in Earth’s midlati-
tudinal regions.

Along the southern edge of Jupiter’s equato-
rial zone, winds blow eastward at 150 meters
per second. West-to-east zonal winds decrease
poleward, until at 17.5° south latitude they are
moving westward at 70 meters per second.
From 17.5° to 24.5° latitude, winds increase
eastward to a maximum of nearly 60 meters per
second. From 24.5° to 50°, winds alternate east-
ward and westward. This alternating east-west
wind pattern, with four cycles between the
equator and 50° south latitude, generates sig-
nificant latitudinal wind shear. If local heating
occurs below the cloud deck, causing the atmo-
sphere to rise and clouds to form, maintaining a
long-lived cloud system in the presence of
strong horizontal shear would require the cloud
to rotate about its center. If the cloud rotates in
the same sense as the local horizontal shear, it
can deflect the prevailing winds about its per-
imeter. The Red Spot displays this behavior.
Not only is it trapped between westward winds
at 17.5° and eastward winds at 24.5°, it also de-
flects westward wind flow around its equator-
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ward perimeter, creating a large indentation, or
hollow, in the poleward side of the dark adjacent
belt. Other, smaller oval cloud systems are asso-
ciated with the more poleward wind-shear re-
gions. Three white oval cloud systems, noted in
1938, are located near 29° south latitude. The
east-west dimension of each of these systems is
about 12,000 kilometers. A series of smaller
ovals circle the planet near 37° south latitude.
Morphologically, the Red Spot is not unique.
However, it is the largest example of a type of
cloud system common to the southern hemi-
sphere of the planet.

The Red Spot is notable not only in size but
also in coloration. Jupiter’s other oval clouds are
white, indicating that their cloud decks are com-
posed of highly reflective ammonia ices. When
visible red and infrared reflection from the Red
Spot is analyzed, data indicate ammonia ice is
present there as well. The Red Spot has addi-
tional trace constituents in its cloud deck that
are strong absorbers of ultraviolet, violet, and
blue wavelengths. This gives the Red Spot its
unique color. Small, short-lived ovals that form
at similar latitudes in the northern hemisphere
also absorb ultraviolet and blue light. This sug-
gests that these absorbers are carried upward
from below. Also the rate of vertical motion or
the depth to which the convective motion
reaches permits transport not present at the top
of the cloud deck in storms located at more
poleward latitudes.

A trip to a mountaintop on Earth’s surface
makes it clear that lower elevations of Earth’s
atmosphere are compressed. Jupiter’s atmo-
sphere must behave similarly. In order for the
Red Spot to behave as an isolated system, its
vertical dimension must be small in relation to
its horizontal extent. Comparisons of the Red
Spot with a hurricane are inappropriate. The
Red Spot is a giant rotating cloud system,
trapped in the prevailing winds. Reflectivity
and degree of redness vary with time; still, de-
flection of the westward jet around the equator-
ward side of the Red Spot is always visible.

In 1878 the Red Spot suffered a deceleration.
The surrounding cloud deck became highly re-
flective and white; however, the Red Spot re-
mained dark and red. This sharp contrast made
many casual observers aware of the phenome-

non. In 1901, a disturbance occurred in the
South Tropical Zone, the white band south of
the Red Spot. This event appeared to be a major
weather disturbance that moved eastward and
caught up with and then passed the Red Spot,
thereby accelerating the Spot. This continued
until 1938. Then the belt just south of the South
Tropical Zone underwent a major disruption re-
sulting in greatly increased reflectivity of the
belt and the formation of three white ovals. In
the early 1930’s, the Red Spot drifted at a rate
similar to that seen prior to 1878. After forma-
tion of these ovals, the Red Spot decelerated to
its slowest drift rate ever observed. Since 1962,
the Red Spot has been drifting at a rate similar
to that of the 1878-1901 period.

This constitutes evidence that the Red Spot
interacts with its surroundings and that varia-
tions in local temperature, pressure, and wind
patterns occur. Even so, the entire range of vari-
ation in average Red Spot motion, with the aver-
age velocity derived from the annual longitudi-
nal displacement of the Spot relative to the
rotation rate of radio noise, lies between –4.4
and –0.6 meters per second. Although this vari-
ation is small when compared to daily wind
speeds at midlatitudes on Earth, an annual in-
crease of 2 meters per second in wind speed re-
sults in an eastward displacement of about
63,000 kilometers, or about two and a half times
the Spot’s length.

That the Spot’s recovery from a given acceler-
ation or deceleration takes years is expected. A
body’s heat loss rate depends heavily on the rel-
ative temperatures of the body and its sur-
roundings. The Jovian cloud deck temperature
is approximately 153 kelvins. Thus, the rate of
heat loss to black sky is relatively slow. It is logi-
cal that once an excess amount of heat has been
inserted into the atmosphere, it will be several
years before the atmosphere returns to its pre-
vious state. One basic question that atmo-
spheric scientists wanted to answer concerned
the nature of acceleration mechanisms.
Ground-based observations indicated that
these events occurred over short time intervals.

During the 1960’s and early 1970’s, Elmer
Reese made many detailed measurements us-
ing photographs of Jupiter. One result of this
work was a measurement of Red Spot rotation.
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The Red Spot rotates counterclockwise, com-
pleting one rotation every twelve days. A fea-
ture in Earth’s atmosphere with this behavior
would have air rising in the center, flowing out-
ward at the cloud top, and descending around
the perimeter. Measurement of divergent flow
was one goal of the two Voyager spacecraft. Su-
perimposed on the drift is an oscillatory motion
of the whole feature, speeding up and slowing
down so that its velocity oscillates every ninety
days, causing the Spot to shift back and forth
about 900 kilometers relative to its average
path. This behavior apparently results from
some natural period of response of the system to
its surroundings.

Because the Red Spot had already been sub-
jected to much scrutiny, planetary scientists
eagerly looked forward in turn to obtaining
high-resolution data from Pioneer and Voyager
flybys in the 1970’s and subsequently from the
Galileo orbiter between December, 1995, and
September, 2003. The Galileo spacecraft’s sci-
ence mission centered on investigations of the
planet’s particles and fields, various satellites,
and general atmospheric dynamics; the latter

included an atmospheric probe, but that heavily
instrumented payload was not flown into the
Red Spot. Additional high-resolution images of
the Red Spot were obtained from the Earth-
orbiting Hubble Space Telescope and during fly-
bys of probes passing through the Jovian sys-
tem to gain a gravity asset from Jupiter. Those
flybys provided opportunities for controllers to
test scientific packages on those spacecraft. The
Cassini orbiter in December, 2000, on its way to
the Saturn system, obtained images of the Red
Spot superior to those from the Voyager space-
craft, even though its closest approach to Jupi-
ter was considerably farther out. New Horizons
in February, 2007, on its way to the Pluto-
Charon system, obtained high-resolution im-
ages of Jupiter. It also verified that observa-
tions from ground-based telescopes and the
Hubble Space Telescope had indeed recorded a
lightening phase of the Red Spot beginning in
2006. In addition, New Horizons studied a rela-
tively new storm farther south of the Great Red
Spot, one referred to as the Little Red Spot, a
much smaller version of its long-lived sibling.

The Little Red Spot started as one of three
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white storms that formed in the 1940’s. Two of
those merged in 1998, and the resulting white
spot merged with the third in 2000. This feature
then demonstrated a trend toward reddening in
late 2005, and after 2006 it was referred to as
the Little Red Spot. This storm continued to
grow in wind speed and in reddish hue, provid-
ing a marvelous opportunity for in-depth study
by the contemporary technology of the passing
New Horizons spacecraft. Comparisons of the
Little and Great red spots were expected to shed
light on the complex atmospheric physics rag-
ing within these large-scale and unique storms.
That research continues.

KNOWLEDGE GAINED

Both Pioneer spacecraft were spin-stabilized,
so that the planet swept past their instruments’
fields of view. This design feature placed strong
constraints on the type of instrumentation that
could be implemented. The imaging experiment
utilized a scanning camera that sampled one
point on the planet at a time. Images were con-
structed by scanning the planet row by row as it
passed the field of view. This method limited the
ultimate resolution of the data and severely cur-
tailed the number of images that could be re-
corded. Nevertheless, Pioneer data were highly
useful to astronomers. Tom Gehrels and his
team observed Jupiter at a time when the belt
adjacent to the Red Spot was highly reflective
and white. The Red Spot was quite dark. Com-
parison with descriptions of the Red Spot in
1878 indicated that reflectivity of the Spot and
its surroundings at the time of both Pioneer en-
counters was highly similar to its condition ap-
proximately a century earlier.

That Red Spot behavior continued until July,
1975, when a bright white cloud appeared west
of the Spot that expanded rapidly and sheared
out in the zonal winds. Considerable turbulence
accompanied this event, and within a few weeks
the Red Spot and belt had changed signifi-
cantly. Material from the disturbance encoun-
tered the Red Spot from the west and formed a
large white mass of clouds to the west of the
Spot. Turbulent cloud masses also spilled into
the westward wind jet along the south side of
the belt. This material was carried around the
planet and approached the Red Spot from the

east side. The contrast of the Red Spot de-
creased as it became whiter. Historically, Red
Spot lightening has been fairly common. It ap-
pears that increased turbulence and vertical
mixing in the belt that lies to the equatorward
side of the Red Spot carry ammonia ices into the
Spot. The Spot retained this appearance from
1975 to 1987 and was observed at high resolu-
tion in this condition by the Voyager spacecraft.

Voyagers 1 and 2 arrived at Jupiter in March
and July of 1979. The two spacecraft were
equipped with two television cameras each; one
had a wide field of view and the other focused on
a smaller field with higher resolution. The two
were boresighted; thus, simultaneous views al-
lowed detailed sampling, while defining the
direction that the cameras were pointing. Ultra-
violet and infrared spectrometers and a photo-
polarimeter allowed observations as a function
of wavelength. Red Spot images with higher
spatial resolution than could be obtained from
Earth were taken over a period of three months
with each spacecraft. The Galileo probe began
collecting visible light and near-infrared images
in 1996. The Hubble Space Telescope, Cassini
orbiter, and New Horizons spacecraft also sup-
plied data.

Ultimately, high-resolution sequences re-
quiring as many as twenty-seven narrow-angle
camera frames to map the Red Spot were exe-
cuted. Resulting data revealed details of the
flow pattern around the Red Spot. Winds were
deflected around the Spot; small ammonia ice
clouds, however, were observed to pass around
the equatorward edge and to continue around
the western cusp and along the feature’s south-
ern edge. When these clouds reached the Spot’s
southeast corner, they moved into the Red Spot
and were sheared apart to form a high-velocity
collar inside the Red Spot. Jim Mitchell, Reta
Beebe, Andrew Ingersoll, and others analyzed
the flow within the Red Spot and the white
ovals. Velocities of rotation about the Spot’s cen-
ter as high as 150 meters per second were mea-
sured in the outer third of the feature. In the in-
ner half of the Spot, reflectivity was lower, and
motion of the cloud deck was small and random.
No outward flow from the center toward the per-
imeter of the Spot was detected. When infrared
data from the Red Spot and one of the white
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ovals were compared, no difference in absorp-
tion as a function of color could be detected;
thus, the infrared data offered no clues to the
identity of the ultraviolet absorber. This finding
was not unexpected, because it was known that
the ammonia ice would tend to dominate in the
infrared.

CONTEXT

High-resolution spacecraft imagery has been
combined with long-term, lower-resolution
ground-based photography in an effort to un-
derstand the Red Spot’s nature. Apparent mo-
tion of planetary atmospheric features can be
attributed to mass motion when material is
physically translated in the zonal wind or to
wave motion. In the case of wave motion, varia-
tions in local pressure and temperature intro-
duced by the wave cause local condensation or
evaporation. Many of the small-scale patterns
that add beauty to Earth’s water clouds are of
the second type. Thus, in an effort to elucidate
the Red Spot’s nature, models that consider dif-
ferent types of wave structures have been con-
structed. Not all wave structures are a series of
oscillations with equal amplitudes traveling
through space. By varying modeled environ-
mental conditions within which the wave is
formed, various researchers, including Tony
Maxworthy, Andrew Ingersoll, and Gareth Wil-
liams, have investigated the characteristics of
waves and related them to the morphology of
the Red Spot.

In order to construct a realistic model of the
Red Spot, information concerning the manner
with which the zonal winds change with depth
as well as with latitude is necessary. Because all
required parameters are not available, a series
of models must be constructed. Peter Read and
others have attempted to shed light on atmo-
spheric flow around the Red Spot by construct-
ing cylindrical tanks of rotating fluids, within
which they generate closed eddies that have
characteristics similar to those of the Red Spot.
High-resolution spacecraft data have provided
astronomers with a wealth of information. Data
have stimulated computer analysis and the
gathering of additional understanding through
a great deal of observation and experimenta-
tion.

It is not clear why the well-formed oval clouds
in Jupiter’s atmosphere preferentially form in
the southern hemisphere. The fact that they are
very long-lived is, however, consistent with
their being large, closed eddies rotating in the
local wind shear. Little is known concerning the
rate of vertical motion associated with these
features or the depth to which they extend be-
low the cloud deck. Interplanetary spacecraft
will continue to provide high-resolution data for
researchers struggling to define the nature of
Jupiter’s Great Red Spot. In the planning phase
for perhaps the second decade of the twenty-
first century, a proposed Jupiter Icy Moons Or-
biter would also provide prolonged observation
of Jupiter’s atmosphere, including the dynam-
ics and evolution of the Great Red Spot.

The variability of Jupiter’s atmosphere, as
well as its ability to sustain prolonged features,
was illustrated when a number of smaller red
spots broke out beginning in early 2006. The
first small spot continued into 2008, when in
May a third spot appeared, this one located in
the southern hemisphere farther south in longi-
tude than the Great Red Spot. Both little red
spots moved in a way that led scientists to ex-
pect them to merge. However, the influence of
the Great Red Spot held the potential to push
both little red spots to the side. Coordinated ob-
servations of these small storms from the Hub-
ble Space Telescope and ground-based tele-
scopes in visible and near-infrared light
suggested that these little red spots started as
white storms and then assumed a reddish color.
Jupiter appeared to be undergoing a global cli-
mate change in which the equator was warming
and the south pole was cooling. As a result, jet
streams in the southern hemisphere were
destabilized such that new storms could be gen-
erated.

Near the end of May, 2008, the first of two lit-
tle Red Spots in the planet’s southern hemi-
sphere began to grow both in size and in wind
speed. This new rival to the Great Red Spot de-
veloped winds of 172 meters per second, very
nearly the same speed as winds in the Great
Red Spot. It remained to be seen if this Little
Red Spot would continue to grow independently
or be swallowed up by the extremely long-lived
Great Red Spot. Its general motion after its in-
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crease in size and wind speed was toward the
Great Red Spot.

Reta Beebe and David G. Fisher
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Jupiter’s Interior
Categories: Planets and Planetology; The

Jovian System

Jupiter, the largest planet in the solar sys-
tem, is often described as a “gas giant”
planet. However, the interior structure of
Jupiter is far more complex than a big ball
of gas. These interior characteristics are
also responsible for many of the planet’s ob-
served properties.

OVERVIEW

Jupiter is the largest planet in the solar sys-
tem, with a mean diameter of about 138,000 ki-
lometers. Jupiter’s mass, about 320 times more
than Earth’s mass. This is greater than that of
the rest of the planets combined. However, most
of Jupiter’s mass is made up of the two lightest
elements in the universe: hydrogen and helium.
Jupiter is believed to be formed directly from
the disk of material swirling together to make
the Sun. Thus it is not a surprise to find that Ju-
piter’s composition is very similar to that of the
Sun (a star), which is also mostly hydrogen and
helium. However, there are significant differ-
ences between the structure of Jupiter and that
of a star, or even a failed star such as a brown
dwarf. The interior structure of Jupiter has not
been directly observed. It can only be inferred
through mathematical modeling based on ob-
servations of the planet. Jupiter does not have a
solid surface on which a spacecraft can land,
and cloud layers in Jupiter’s upper atmosphere
shield the interior of the planet from view.

Jupiter is observed to have an oblateness of
0.065 (its equatorial diameter is 6.5 percent
greater than the pole-to-pole diameter). This ob-
servation constrains the size of any solid core
that the planet may have. Mathematical models
suggest that Jupiter has a rocky core, with per-
haps a nickel-iron inner core, of mass some-
where between 8 and 15 times the mass of the
Earth. Due to Jupiter’s large mass, though, that
is only between 2.5 to 4.7 percent of Jupiter’s
mass. Despite the core being several times the
mass of Earth, the extreme pressure inside Ju-
piter, nearly 70 million atmospheres, com-
presses the core to a size on the order of that of

Earth. The temperature at the core of Jupiter is
believed to be perhaps 22,000 kelvins. It is not
known if the core is solid or liquid.

Because Jupiter is in a region of the solar sys-
tem in which a large number of icy bodies exist,
a great number of these bodies must have im-
pacted Jupiter over its history, starting at its
formation. These ices, being heavier than the
hydrogen and helium that make up the bulk of
Jupiter, would have settled toward the deep in-
terior of the planet. Planetary scientists believe
that there may exist a layer of this material per-
haps 3,000 kilometers thick on top of the core.
The ices include frozen ammonia and methane
rather than just water ice. The temperature and
pressure deep inside Jupiter would ensure that
this material is in a liquid state, though, rather
than frozen. Therefore, the term “liquid ices” is
often used to describe this layer. Great pressure
at this depth would make this material behave
in ways quite different from the way the same
material would behave on Earth.

The bulk of Jupiter is composed of hydrogen
and helium. The outermost parts of Jupiter are
gaseous, with clouds in the upper 100 kilome-
ters. At great depths inside the planet, the pres-
sure becomes great enough to compress these
gases into a liquid state. That pressure is
reached at a depth of about 1,000 kilometers be-
low the cloud tops. However, there is no vast
ocean of liquid hydrogen under Jovian skies the
way that Earth’s water collects in oceans. On
Jupiter, in fact, there is no clear boundary be-
tween the gaseous atmosphere and the liquid
interior, because the temperature and pressure
inside Jupiter are well in excess of hydrogen’s
critical point. Beyond the critical point of a sub-
stance, there ceases to be a definite phase tran-
sition between liquid and gas. Rather, the mate-
rial takes on a state known as a supercritical
fluid. At greater altitudes, the hydrogen in Jupi-
ter is clearly gaseous. At much lower levels, it
definitely has more liquid properties, but there
is no obvious depth at which the hydrogen be-
comes liquid. Instead, with increasing depth,
the hydrogen becomes more and more like liq-
uid. Though Jupiter is called a “gas giant”
planet, the majority of the planet’s composition
is actually liquid.

At sufficient pressure and temperature,
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hydrogen takes on metallic properties. That
means that it conducts heat and electricity like
any other element on the left-hand column of
the periodic table of elements. These conditions
are met in Jupiter below a depth of about 7,000
kilometers below the planet’s cloud tops. Liquid
metallic hydrogen exists from that depth all the
way down to the liquid ices at the core. That
means that the bulk of Jupiter’s mass is in a
mantle composed of helium and liquid metallic
hydrogen, possibly comprising about two-thirds
of the planet.

Jupiter has the strongest magnetic field of
any planet in the solar system. At its equator,
Jupiter’s magnetic field is nearly fourteen times
stronger than Earth’s magnetic field. Planetary
magnetic fields are believed to be created by
magnetohydrodynamics in a planet’s interior. A
dynamo model of planetary magnetic fields
shows that a suitable conductor moving in a
magnetic field can regenerate that magnetic
field, producing a long-lived magnetic field.
However, this dynamo effect requires a highly
conducting fluid in order to operate. It may be
possible for part of Jupiter’s core to have a liquid
iron region, but that would be not be large
enough to account for Jupiter’s magnetic field.
Rather, Jupiter’s magnetic field originates pri-
marily in its liquid metallic hydrogen mantle.

Unlike Earth, Jupiter radiates nearly twice
as much energy as it gets from the Sun. This
surplus energy is produced by kelvin-Helmholtz
contraction. When planets form, a large amount
of gravitation energy is released as the materi-
als that form the planet come together. For fluid
bodies such as Jupiter, as they radiate thermal
energy into space, they contract somewhat. This
contraction then compresses the material mak-
ing up the planet, heating it further. Other
gas giant planets besides Jupiter probably also
had kelvin-Helmholtz contraction after they
formed, but they have long since stabilized at a
point where such contraction no longer is a ma-
jor source of thermal energy. Jupiter is at nearly
the perfect mass to extend kelvin-Helmholtz
contraction to the longest time possible. If Jupi-
ter had more mass, then it would have com-
pressed faster, until it reached a point of maxi-
mum compression. If Jupiter had less mass,
like Saturn, then it would have not had suffi-
cient gravity to keep contracting for as long as
it has.

KNOWLEDGE GAINED

Much has been learned about Jupiter through
observations from Earth. The interior of the
planet, of course, cannot be directly measured.
Understanding the nature of matter has al-

lowed astrophysicists to make
theoretical models of Jupiter’s in-
terior; however, it took measure-
ments by spacecraft sent to Jupi-
ter to actually begin to learn more
about that planet’s interior struc-
ture.

Since Jupiter’s magnetic field is
produced in the planet’s mantle, it
rotates with the planet’s interior.
Studies of the magnetic field show
that Jupiter’s interior rotates once
every 9 hours, 55 minutes, and 30
seconds, somewhat more slowly
than the rate of rotation of the
cloud tops near the planet’s equa-
tor. Until spacecraft were able to
approach Jupiter to measure its
magnetic field, astronomers could
only guess at its interior rotational
period. Jupiter’s huge liquid me-
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Jupiter Compared with Earth

Jupiter Earth

Mass (1024 kg) 1898.6 5.9742
Volume (1010 km3) 143,128 108.321
Equatorial radius (km) 71,492 6378.1
Ellipticity (oblateness) 0.06487 0.00335
Mean density (kg/m3) 1,326 5,515
Surface gravity (m/s2) 23.12 9.78
Surface temperature (Celsius) –140 –88 to +48
Satellites 63 1
Mean distance from Sun

millions of km (mi) 779 (483) 150 (93)
Rotational period (hrs) 9.9250 23.93
Orbital period 11.86 yrs 365.25 days

Source: Data are from the National Aeronautics and Space
Administration/Goddard Space Flight Center, National Space
Science Data Center.



tallic hydrogen layer produces a
magnetic field that is so powerful
that Jupiter has a magnetic field
stronger than any other planet in the
solar system, and Jupiter’s magneto-
sphere is the largest of any of the
planets. The existence of Jupiter’s
powerful magnetic field provided evi-
dence of the metallic nature of hydro-
gen well before it was produced in the
laboratory.

To date, most of the extrasolar
planets discovered have been gas gi-
ant planets. As the largest gas giant
planet in the solar system, studies of
Jupiter help to reveal the nature of
these planets. Gas giant planets can
have masses greater or less than that
of Jupiter. However, in size, Jupiter
is about as large as a gas giant planet
can be. If it had much more mass,
gravity would compress it to a smaller
volume. Less mass would, of course,
make a smaller planet, but its lower
gravity would compress the planet
less. For example, Saturn has almost
30 percent of Jupiter’s mass but more
than 80 percent of Jupiter’s diameter
and more than 55 percent of Jupiter’s
volume.

Studies of Jupiter’s composition
have led astronomers to believe that
Jupiter may have formed somewhat
farther from the Sun than the dis-
tance at which it currently orbits.
Interactions with other planets, no-
tably Saturn, could have caused
Jupiter to migrate inward. This plan-
etary migration also explains obser-
vations of extrasolar gas giant plan-
ets that appear much closer to their
stars than can be explained through
current understanding of planetary
formation.

In late 2008 a research team re-
ported the results of computer simulations
based on the properties of hydrogen-helium
mixtures exposed to the extreme conditions of
temperature and pressure deep inside Jupiter.
Their computer simulation also incorporated a

core accretion model. In a paper published in
the November 20, 2008, issue of Astrophysical
Journal Letters, these researchers presented an
argument that Jupiter’s core could be twice as
big as previously thought. Their simulation pre-
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dicted a rocky core perhaps amounting to 5 per-
cent of Jupiter’s total mass, making the rocky
core equivalent to 14 to 18 Earth masses. That
core would have layers of metals, rocky mate-
rial, methane ice, water ice, and ammonia ice.
Like Earth’s core, the very center of Jupiter’s
core would be composed of iron and nickel. This
computer simulation could be applied to at-
tempts to understand the cores of the other gas
giant planets as well. However, being a com-
puter model, additional observational data and
further analysis would be needed before this in-
triguing claim could achieve complete accep-
tance from the planetary science community.

CONTEXT

Jupiter and Saturn, the two largest planets
in the solar system, probably share a common
origin and similar structure. Both formed
largely from material that was coming together
to form the Sun. Thus, studies of these two
worlds allow astronomers to learn more about
conditions in the early solar system. Under-
standing these planets helps astronomers to un-
derstand how other planets, including the
“rocky” planets such as Earth, form. Jupiter
also seems to be similar to exoplanets that have
formed around other stars and thus a sort of
laboratory for understanding those extrasolar
planets.

However, Jupiter is still nearly 600 million
kilometers away from Earth, even at its closest
approach. Thus, detailed studies have required
visits by spacecraft. In total, seven spacecraft
have studied Jupiter. Launched in the early
1970’s, Pioneer 10 and Pioneer 11, followed in
the late 1970’s by Voyager 1 and Voyager 2,
eventually flew past Jupiter on their way to the
outer solar system. Early in 2007, the New Hori-
zons spacecraft flew past Jupiter on its way to
Pluto and the Kuiper Belt. The Cassini space-
craft passed by Jupiter December 30, 2000, on
its way to Saturn. The Ulysses spacecraft flew
by Jupiter in February, 1992, using that
planet’s gravity to send it into an orbit that per-
mitted it to study the Sun’s polar regions. All of
these spacecraft studied Jupiter as they went
past. The Galileo spacecraft, however, was sent
specifically to study Jupiter, orbiting that
planet from 1995 to 2003. Galileo also sent an

atmospheric probe into Jupiter, the only probe
to enter the atmosphere of any of the gas giant
planets.

Jupiter is the best studied of the gas giant
planets, therefore, but it still holds many mys-
teries. Its interior must still be investigated
through inferences from observations of Jupi-
ter’s exterior and of the planet’s magnetic field.
Debate continues over the exact nature of the
planet’s interior structure as astronomers pur-
sue additional studies to develop a detailed un-
derstanding of this world.

Raymond D. Benge, Jr.
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observations of Jupiter, but it also includes
information on the planet itself.
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Solar System; Io; Jovian Planets; Jupiter’s At-
mosphere; Jupiter’s Great Red Spot; Jupiter’s
Magnetic Field and Radiation Belts; Jupiter’s
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teriors; Planetary Magnetospheres; Planetary
Ring Systems; Planetary Rotation; Planetary
Satellites; Planetology: Comparative.

Jupiter’s Magnetic Field
and Radiation Belts
Categories: Planets and Planetology; The

Jovian System

An understanding of Jupiter’s magnetic
field has proved vital to furthering compre-
hension of this enormous planet’s singular
structure, and such knowledge also en-
riches Earth, planetary, and solar-system
science.

OVERVIEW

Since 1610, when Galileo focused his tele-
scope on Jupiter and four of its satellites, this
immense planet, orbiting 628 million kilome-
ters from Earth at its closest approach, has re-
ceived much attention from astronomers. Jupi-
ter’s mean distance from the Sun is 5.2 times
the mean distance between the Earth and the
Sun, the latter being known as an astronomical
unit (AU). After the Sun, Jupiter is the largest
object in the solar system, possessing a mass
318 times greater than Earth’s and a diameter
11 times longer. Its volume is thirteen hundred
times that of Earth. Because of its prominence,
many of Jupiter’s basic characteristics were as-
certained centuries ago. Sir Isaac Newton accu-
rately calculated its mass and density, for ex-
ample. Its radius, diameter, rate of rotation,
chemical composition, and singular surface fea-
tures have similarly been under study for centu-
ries. However, this body, which is neither a star
like the Sun nor a terrestrial planet like Earth,

has retained certain mysteries, many of which
have to do with the composition of Jupiter’s in-
terior and the origins and behavior of its mag-
netic field and radiation environment.

During the 1950’s and 1960’s, prior to investi-
gations by uncrewed spacecraft, radio astrono-
mers gathered approximate data on Jupiter’s
magnetosphere, that zone of powerful magnetic
influence that surrounds the planet. In 1955,
Bernard Burke and Kenneth Franklin, both ra-
dio astronomers, found evidence that Jupiter’s
magnetosphere was a source of nonthermal ra-
dio activity (in contrast to the thermal radiation
emitted by all objects with temperatures above
absolute zero) at a frequency of 22.2 megahertz
(MHz). Other astronomers later noted that this
radio activity occurred, if not continuously, at
least in a patterned way, at the same point in
the planet’s rotation. Such emissions distin-
guished Jupiter from the other planets and
raised provocative questions about the validity
of previous theories of radiation.

Several years later, additional radio bursts
were picked up by Earth-based radio telescopes
in a different portion of the radio spectrum (300
to 3,000 MHz). Unlike the emissions detected
earlier, which originated at the planet’s surface,
these decametric radiations emanated from
within Jupiter’s toroidal region—a region encir-
cling the planet, tilted about 10° from its equa-
torial belt and extending about 286,400 kilome-
ters from it into space. Within this region and on
both sides of the planet at about 140,000 kilome-
ters from its surface there are two “hot spots,”
areas of intense radiation activity, which
evoked considerable scientific curiosity.

In 1959, two astronomers, Frank Drake and
S. Hvatum, identified the source of this toroidal
radio activity as synchrotron radiation. Atomic
particles within the region were being acceler-
ated to very high speeds by a powerful magnetic
field and by changes in the frequency of the elec-
tric field. There has been a growing consensus
among astronomers that these high-energy par-
ticles, electrons that came from the Sun, have
been trapped by Jupiter’s external magnetic
field, which is 19,000 times stronger than
Earth’s magnetic field. Forming radiation belts
around the planet, these high-energy particles,
moving at high velocities, may produce radio
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emissions when they strike the top of Jupiter’s
atmosphere.

Growing scientific curiosity about these pro-
digious emissions led to Jupiter’s magneto-
sphere becoming a subject for investigation dur-
ing the flybys of Pioneers 10 and 11. Pioneer 10,
launched in March, 1972, flew to within 130,000
kilometers of Jupiter on December 3, 1973, se-
curing remarkable photographs of Jovian cloud
tops and measuring Jupiter’s radiation belts be-
fore sailing farther into space. Pioneer 11, also
referred to as Pioneer-Saturn, was launched in
April, 1973. On December 2, 1974, it flew to
within 42,000 kilometers of Jupiter, photograph-
ing the vast but previously unstudied Jovian
polar regions. Among other measurements, Pio-
neer 11 obtained fresh data on Jupiter’s com-
plex magnetic field. The massive flow of data
from the Pioneer flights greatly contributed to
more precise assessments of the configurations
of Jovian radiation belts and the magnetic field,
as well as of the extent of the magnetosphere
and the distribution of energetic electrons and
protons within the planet’s interior. This infor-
mation, in turn, encouraged fresh ideas about

Jupiter’s structure and rotation. In the mid-
1970’s, for example, John D. Anderson of the Jet
Propulsion Laboratory in Pasadena, California,
and William B. Hubbard of the University of Ar-
izona made use of Pioneer data to devise a new
model of Jupiter’s internal structure that was
consistent with knowledge about both its gravi-
tational field and its magnetic field.

Anderson and Hubbard proposed that be-
neath the dense and apparently chaotic Jovian
atmosphere lies a thick layer of liquid molecular
hydrogen, beneath which an even thicker layer
of liquid metallic hydrogen exists. The heart of
the planet, they proposed, consists of a small,
rocky core of iron and silicates heated to temper-
atures of nearly 30,000 kelvins. Although the
presence of such a core could never be proved by
gravitational studies, its existence was plausi-
bly deduced from the assumption that if its com-
position were similar to the Sun’s, it should con-
tain some measure of the same elements. The
liquid metallic hydrogen layer presumably ex-
tends 46,000 kilometers out from the core, is
heated to 11,000 kelvins, and is compressed un-
der a pressure of 3 million Earth atmospheres.
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Jupiter’s huge magnetosphere, which covers more space than the Sun, as imaged by instruments aboard the
Cassini spacecraft on December 30, 2000. (NASA/JPL/Johns Hopkins University Applied Physics Laboratory)



This layer cannot as yet be experimentally mod-
eled in bulk in a laboratory, yet the construct is
plausible: Metallic hydrogen has been created
in small amounts in the laboratory. The first to
do it were researchers at Lawrence Livermore
Laboratory in 1996. In a liquid metallic state,
hydrogen molecules break down into atoms and
become electrical conductors.

Information from the Pioneer flybys of Jupi-
ter also led to revisions of the hypothesis that
the planet’s excessive radiation of heat results
either from radioactivity or from heat generated
by gravitational contraction of the largely gas-
eous mass of which Jupiter is composed. Since it
now appeared that Jupiter was a liquid body
(and liquids are all but incompressible), it
seemed likely that its excess radiated heat was
merely a residue of the heat generated when the
planet coalesced from the solar nebula. The im-
plication would be that the planet’s original
thermal energy is continuously finding its way
to the surface and, in the process, creating con-
vection currents, the rising of hot gases or liq-
uids and the downward movement of cold liq-
uids or gases in the planet’s interior. Such
grand-scale convection currents, as described
by John H. Wolfe, who served as chief scientist
for the Pioneer missions to Jupiter, could consti-
tute a mechanism for generating the Jovian
magnetic field. As primordial heat rose through
Jupiter’s liquid metallic hydrogen, stirring it,
the Coriolis force affected the resulting convec-
tion currents. The Coriolis force arises from
planetary rotation and deflects other forces in
motion—depending on whether they are north
or south of the body’s equator—either to the
right or to the left, much as a person walking
across a moving carousel appears thrown off
course as seen in an inertial reference frame.
Deflected convection currents in such circum-
stances would set up loops of electric current,
which could and may create a magnetic field.

The magnetosphere of Jupiter was deter-
mined to expand and contract under pressure
from the solar wind. Where an equilibrium ex-
isted between magnetic forces and the solar
wind’s incident stream of charged particles, a
planetary magnetopause developed. Pioneer
data confirmed the magnetopause to be as far
out from the Jovian atmosphere as 7,135,000 ki-

lometers and as close to its atmospheric layer as
3,565,000 kilometers. Just as there is a bow
shock wave, there is also a magnetotail, which,
much like a ship’s wake, extends several hun-
dred kilometers behind Jupiter in a direction
away from the Sun.

Like Earth’s magnetic field, the Jovian field
is dipolar, but its magnetic axis is tilted between
9.5° and 10.8° from the planet’s rotational axis,
a displacement of about 7,000 kilometers from
Jupiter’s center. The strength of the magnetic
field, as measured at Jupiter’s cloud tops, varies
from 3 to 14 gauss (a unit of magnetic field
strength), extremely powerful by comparison
with the 0.3- to 0.8-gauss strength of Earth’s
magnetic field at the surface. Probably because
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Mapped by the Cassini spacecraft, Jupiter’s inner ra-
diation belts, showing three views during a ten-hour
rotation of Jupiter. The image of the planet has been
superimposed. Because Jupiter’s magnetic field is
tilted in relation to the planet’s poles, the radiation
belts wobble during the planet’s rotation. (NASA/
JPL)



of the still unknown circulation patterns of the
liquid metallic hydrogen in the Jovian interior,
Jupiter’s magnetic field is far more complex
than Earth’s. In addition to its dipolar field, the
Jovian field, according to Pioneer 11 data, also
has quadrupole and octupole movements. That
is, components of the main field have four and
eight poles, respectively, although these are
much weaker than the main dipolar field and
have been detected only close to the planet.

Further complications arise from the motion
of at least five Jovian satellites that orbit within
its magnetosphere. In the course of their orbits,
Io, Ganymede, Europa, Callisto, and Amalthea
absorb highly charged particles that otherwise
might be trapped by Jupiter’s magnetosphere.
Thus these satellites clear channels through Ju-
piter’s radiation belts. Io sputters material into
space that forms a torus of charged particles
along its orbit about Jupiter. This torus consists
of sulfur, sodium, oxygen, and a few lesser con-
stituents ejected from volcanic activity. Gany-
mede complicates Jupiter’s magnetosphere since
that satellite itself possesses a magnetic field
and therefore has a magnetosphere within Ju-
piter’s own magnetosphere.

Perhaps because Io in particular possesses
an ionosphere that provides it with a conductive
fluid, not only has it trapped charged particles
otherwise destined for Jupiter’s magneto-
sphere, but it also produces and accelerates
charged particles. When Io is in a fixed position
along an Earth-Jupiter line, radio emissions in-
crease; thus, it is believed that its charged parti-
cles are an additional source of these emissions.
Amalthea has also shown peculiarities as it
orbits through the Jovian magnetosphere.
Charged particles in its magnetic field unex-
pectedly do not increase in density toward Jupi-
ter’s magnetic equator or to its “surface.” In-
stead, particle density varies widely at many
different points.

One of the major reasons that the Galileo
spacecraft was outfitted with a sophisticated
magnetometer was to attempt to determine how
plasma is transported through Jupiter’s mag-
netosphere. Naturally the magnetometer was
also intended to provide precise determinations
of spatial and temporal variations of Jupiter’s
magnetic field, and the extent and shape of the

planet’s complex magnetosphere as well as its
interactions with the solar wind.

KNOWLEDGE GAINED

Between the recording of Jovian radio emis-
sions in the 1950’s and the Pioneer and Voyager
robotic space flights more than twenty years
later, knowledge of the Jovian magnetic field in-
creased by quantum leaps. New data not only
have confirmed or disproved older theories
about the field’s origins, extent, and inner and
outer complexities but also have led to more
consistent and plausible theories about the
structure of Jupiter itself—indeed, of other
planets as well.

Sources and at least some causes of Jupiter’s
copious radio emissions have been identified.
Based on hard, if still incomplete, evidence
gathered by American spacecraft, the configu-
rations of the magnetosphere, magnetopause,
magnetosheath, and magnetotail have been de-
lineated. The magnetic field’s axis and its loca-
tion have been defined. Quadrupole and
octupole fields within the overall dipolar field
have been discovered. The strength of the field
and fluctuations within it have also been mea-
sured. Investigations of the magnetosphere
have led to new theories concerning the makeup
of the Jovian interior and some of the convective
and conductive functions of the liquid metallic
hydrogen that composes much of it.

Further, many of the special characteristics
of the outer magnetosphere have been ex-
plained as the result of two principal mecha-
nisms. First, as observed by James Van Allen
(discoverer of Earth’s Van Allen radiation
belts), a mass of low-energy plasma trapped in
the Jovian magnetic field has created pressures
that have inflated the field as if it were a bal-
loon. Second, because of interactions with the
planet’s rotating magnetic field, the plasma co-
rotates (over a period of 9 hours, 55.5 minutes),
creating a centrifugal force that contributes to
the outward pressure. Plasma analyzers on the
two Voyager spacecraft indicated that the
plasma originated from gases—principally sul-
fur dioxide and hydrogen sulfide with sodium
and oxygen in lesser amounts—vented by Io’s
vigorous volcanic activities. This plasma is re-
sponsible for the Io torus, a phenomenon unique

Jupiter’s Magnetic Field and Radiation Belts The Solar System

338



to Jupiter’s magnetosphere. That is, Io is sur-
rounded by a doughnut-shaped band of excited
charged particles, some captured from the solar
wind as it orbits Jupiter and some produced and
agitated by Io’s own environment.

It is also understood now that Io and the
other inner satellites, in the course of their or-
bits, attract many particles that enter Jupiter’s
inner magnetosphere and thereby limit that re-
gion’s population of trapped particles. Particles
trapped in the Jovian magnetosphere also affect
the chemistry of the planet’s environment. An-
drew Ingersoll has shown that trapped particles
rain down from the magnetosphere into the
Jovian atmosphere. There lightning and other
charged particles break down dominant chemi-
cal species, thus keeping a balance between pro-
duction and breakdown of hydrocarbons in the
Jovian atmosphere.

The Galileo spacecraft provided long-term
measurements of Jupiter’s magnetic field and
the interaction of the larger satellites with that
complex structure. Magnetic measurements
combined with gravitational information re-
fined the understanding of Jupiter’s interior
structure.

CONTEXT

Jupiter attracts scientific attention because
it is big, stunningly dynamic in visual wave-
lengths, and noisy in the radio range. By far the
largest body in the solar system after the Sun, it
is a natural target of interest for the astrono-
mer’s gaze and telescopic observation. Conse-
quently, the planet’s general outward appear-
ance—its cloud cover, its bands, and its
fascinating Great Red Spot—have been closely
observed over several centuries.

An emitter of abundant radio emissions, Ju-
piter was sufficiently noisy to arouse the curios-
ity of radio astronomers, who were then led to
explore the spectrum of these emissions and
theorize about the planet’s structure. By the
1950’s, thanks to analysis in the visible, infra-
red, and radio frequency portions of the electro-
magnetic spectrum, much was known of Jupi-
ter’s chemical composition. The light gases
hydrogen and helium were dominant, and the
sheer size of Jupiter meant that it would require
billions of years to dissipate them. Some be-

lieved that beneath the planet’s dense cloud
cover there were mountains, while others be-
lieved the planet to be entirely gaseous. In the
light of the vast quantities of information
gained by the early 1980’s, much of the pre-1950
understanding of the planet seems rudimen-
tary, even laughable.

Between the 1950’s and the early 1980’s, sev-
eral broad intellectual currents inspired scien-
tific interest in planetary science, in Jupiter,
and thereby ultimately in the planet’s magneto-
sphere. One such current was general scientific
acceptance of a theory of the solar system’s ori-
gin that postulates condensation from a disk-
shaped nebula of gas and dust. This theory pro-
poses that about 4.6 billion years ago, a cloud of
interstellar gas or dust, overwhelmed—as Carl
Sagan and others have suggested—by an ex-
ploding star, collapsed and condensed to form
the solar system. The central mass in the inter-
stellar formation, contracting under its own
gravity, produced such prodigious heat that it
generated a thermonuclear reaction, from
which the Sun evolved. Lesser masses—Earth,
for example—experienced less heating and so,
as planets, moons, asteroids, and comets,
bathed in and reflected the Sun’s light. Sub-
stantiation of this theory’s accuracy, validity,
and reliability required a fresh empirical exam-
ination of each major object in the solar system.

With the dawn of the space age, it became
possible to make in situ observations or at least
the nearest equivalent. Chronologically speak-
ing, data collected by the flybys of Pioneers 10
and 11 and Voyagers 1 and 2, by Galileo in orbit
about Jupiter, and by Cassini and New Hori-
zons passing through the Jupiter system, en
route to other destinations, vastly increased the
storehouse of knowledge concerning Jupiter’s
magnetosphere. Contributions of these explor-
atory missions to astronomy and comparative
planetology helped advance a greater under-
standing of Earth’s relationship to the rest of
the solar family.

Clifton K. Yearley
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the planet (and its moons). Stone was chief
scientist for the Voyager mission. Contains
illustrations, tables, and a brief bibliography.

See also: Auroras; Brown Dwarfs; Comet Shoe-
maker-Levy 9; Europa; Io; Jovian Planets; Jupi-
ter’s Atmosphere; Jupiter’s Great Red Spot; Ju-
piter’s Interior; Jupiter’s Ring System; Jupiter’s
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Satellites; Kuiper Belt; Planetary Atmospheres;
Planetary Interiors; Planetary Magnetospheres;
Planetary Ring Systems; Planetary Rotation;
Planetary Satellites; Planetology: Compara-
tive; Saturn’s Atmosphere.

Jupiter’s Ring System
Categories: Planets and Planetology; The

Jovian System

Jupiter’s ring system consists of four rela-
tively dull, ethereal rings composed of
submicron- to micron-sized dust grains.
This system provides important clues and
insights into the processes that are in-
volved in the generation of circumstellar
disks around planets. In the case of Jupi-
ter, the primary mechanism that produces
and replenishes its rings is dust generated
when interplanetary meteoroids collide
with four of Jupiter’s small, inner satel-
lites.

OVERVIEW

Trailblazing missions to explore Jupiter and
Saturn were conducted by Pioneer 10 and 11
and Voyager 1 and 2. When Pioneer 11 flew by
Jupiter in 1973-1974, observations of rather
rapid variations in the number of charged parti-
cles orbiting Jupiter at specified distances from
the planet suggested the possibility of a ring
system that might be absorbing the particles.
Although the Pioneer spacecraft were not suffi-
ciently stabilized to facilitate taking images,
Voyager 1 and 2 were. On March 4, 1979, an
overexposed image from Voyager 1 finally con-
firmed the existence of a ring system around Ju-
piter, a result long anticipated by astronomers.
Voyager 2 cameras captured numerous pictures
of Jupiter’s ring system at geometries and reso-
lutions that were previously unobtainable.
Three separate rings were discovered, the cen-
tral Main Ring, the inner Halo Ring, and the
outer Gossamer Ring. These rings exist within
the Roche limit, the distance from the planet to
where tidal forces prevent ring particles from
forming into aggregates due to gravitational at-
traction.

On October 18, 1989, the 2.7-ton Galileo
spacecraft, consisting of the main body orbiter
and a probe, was launched. On December 7,
1995, the orbiter reached Jupiter and made
thirty-four orbits around the planet before
plunging into the planet’s atmosphere in 2003.
Using a solid-state imaging camera, high-qual-
ity images were taken of Jupiter’s satellite-ring
system. After careful analysis of the pictures, it
was concluded that Jupiter’s ring system is
formed from dust generated as high-speed in-
terplanetary micrometeoroids collide with the
planet’s four small inner satellites (sometimes
called moonlets)—Metis, Adrastea, Amalthea,
and Thebe—which orbit within the rings. A to-
tally unexpected result was that the outermost
Gossamer Ring consisted of two rings, one em-
bedded inside the other. The outermost Gossa-
mer Ring was bounded by the orbit of Thebe and
named the Thebe Gossamer Ring, while the in-
nermost one was bounded by the orbit of
Amalthea and named the Amalthea Gossamer
Ring.

The Cassini spacecraft, designed to obtain
high-resolution images of planetary ring sys-
tems, made its closest approach to Jupiter on
December 30, 2000. It imaged Jupiter’s rings
using different wavelengths that provided fur-
ther constraints on the size, distribution,
shapes, and composition of the particles within
the rings. The reddish colors of the Jovian ring
particles indicated a silicate or carbonaceous
composition, just like that of the small embed-
ded satellites. Images showed that the particles
in Jupiter’s rings were nonspherical. Cassini
images also captured the motion of the two Gos-
samer Ring satellites, Thebe and Amalthea.

Images of Jupiter’s rings taken by the New
Horizons spacecraft in early 2007 confirmed
that the dusty Jovian ring system was being re-
plenished continually from embedded source
bodies. The Main Ring was found to consist of
three ringlets, one just outside the orbit of
Adrastea, one just inside the orbit of Adrastea,
and one just outside the orbit of Metis. Boulder-
sized clumps, consisting of a close-paired clump
and a cluster of three to five clumps, were dis-
covered in the Main Ring just inside the orbit of
Adrastea. Although the origin and nonrandom
distribution of the clumps remain unexplained,
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they are confined to a narrow belt of motion by
the gravitational influence of the two innermost
satellites of Jupiter. New Horizons images es-
tablished a lower limit to the diameter of Jupi-
ter’s moons of 0.5 kilometer.

From observations, measurements, and nu-
merical modeling methods applied to data col-
lected from Voyager 2, Galileo, Cassini, New
Horizons, the Hubble Space Telescope (HST),
and the Keck telescope, it has been concluded
that Jupiter’s rings are extremely tenuous and
contain significant amounts of short-lived dust.
In addition to the gravitational perturbations
produced by the small satellites embedded
within and bounding Jupiter’s ring system, the
dynamics of its faint, ethereal dusty rings are
dominated by effects that involve electromag-
netic forces, solar radiation pressure, and vari-
ous drag forces. In the process of conserving an-
gular momentum, the rapid spin rates tend to
flatten the rings. The relatively bright, narrow
Main Ring has a rather sharp outer boundary
that coincides with the orbit of Adrastea. Just
inside this boundary is the orbit of Metis. Since
the Main Ring extends only inward from these
small source moonlets, it has been concluded
that particles in the Main Ring must drift in-
ward. The width of the Main Ring is approxi-
mately 6,440 kilometers, with a thickness that

varies between 30 and 300 kilometers. Dust size
ranges from 0.5 to 2.5 microns in diameter.

Interior to the Main Ring lies a thick torus of
particles known as the Halo Ring. Its thickness
is primarily determined by Jupiter’s very strong
magnetic field operating on the ring’s sub-
micron dusty grains. The thickness of the Halo
Ring is approximately 12,500 kilometers, while
its width is about 30,500 kilometers. In visible
light, the Halo Ring has a bluish color. The very
faint Almathea Gossamer Ring has an esti-
mated width of 53,000 kilometers and a thick-
ness of 2,500 kilometers. It has been imaged
from the Earth using the Keck telescope. It ap-
pears brighter near its top and bottom edges
and also brightens toward Jupiter. The dust
grain size in this ring is similar to that in the
Main Ring. The faintest Jovian ring, the Thebe
Gossamer Ring, has a width of approximately
97,000 kilometers and a thickness of 8,500 kilo-
meters. Dust grain size varies from 0.2 to 3.0
microns. The Thebe Gossamer Ring is observed
to extend beyond Thebe, which is apparently
due to coupled oscillations produced by time-
varying electromagnetic forces that cause the
ring to extend outward. The thickness of each
Jovian ring is primarily controlled by the incli-
nation of the orbit of its embedded moonlet.

KNOWLEDGE GAINED

The existence of Jupiter’s
ring system was unambigu-
ously determined in March,
1979, by Voyager 1. Until
that time, most astronomers
and astrophysicists were con-
founded as to why Saturn
had a ring system but Jupi-
ter did not. In July, 1979,
more detailed images from
Voyager 2 showed that the
dull, diffuse ring system of
Jupiter consisted of three
separate rings. The ring sys-
tem exists within an intense
radiation belt of electrons
and ions that are trapped in
Jupiter’s magnetic field. Re-
sulting drag forces play an
important role in determin-
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ing the motion of the ring parti-
cles.

Images obtained from the
Galileo spacecraft between 1995
and 2003 provided increasing
detail about Jupiter’s rings.
The shape, width, thickness,
optical depth, and brightness of
each ring were determined, as
well as dust spatial densities,
grain sizes, and grain collision
speeds. Jupiter’s faint, dark,
narrow rings (albedo about 0.05)
consist of submicron- to micron-
sized rock fragments and dust
but do not contain ice, as do Sat-
urn’s rings. The number of sep-
arate rings in Jupiter’s ring sys-
tem was found to be four when
it was determined that the Gos-
samer Ring consisted of two dis-
tinct rings. Further constraints on the composi-
tion, distribution, size, and shape of particles
within Jupiter’s rings were established in 2000
by the Cassini probe. In 2007, images from the
New Horizons spacecraft revealed the fine struc-
ture of Jupiter’s Main Ring. It consists of three
ringlets and contains two families of boulder-
sized clumps.

From the variety of measurements, observa-
tions, and analysis of collected data, Jupiter’s
ring system is now the best understood proto-
type of planetary ring systems that consist of
thin, diffuse sheets of dusty debris that are pri-
marily generated by small source moonlets. The
relative motion of the dust grains within Jupi-
ter’s rings and the orientation of the orbits of the
rings are primarily controlled by three pro-
cesses: the spinning, asymmetric, very strong
magnetic field of Jupiter; the absorption, re-
emission, and scattering of solar radiation en-
ergy by the dust particles, which produces mo-
mentum changes that induce orbital changes;
and drag forces on the grains produced by solar
radiated photons, as well as by ions and atoms
that are orbiting around Jupiter. Since dust
particles are continually being removed from
Jupiter’s rings by these processes and then re-
plenished by dust from the four inner satellites,
the dust grains existing in the rings are esti-

mated to be relatively young, probably much
less than one million years old. As dust particles
are ejected from the moonlets, the particles en-
ter orbits like those of the moonlets, which
causes the rings to wobble up and down as they
orbit around Jupiter’s equator. Micrometeoritic
impacts that generate dust from the moonlets
also color, chip, erode, and fragment the dust
particles within the rings.

CONTEXT

Spacecraft flybys and orbiters of Jupiter and
Saturn have greatly increased the scientific
understanding of planetary rings. Numerical
methods have been employed to simulate the
physical processes occurring within Jupiter’s
rings by including collisional, gravitational, and
electromagnetic interactions among the orbit-
ing ring particles. Resulting models are provid-
ing keys to help guide observational strategies
for future space missions.

The ring system of Jupiter provides insights
into the characteristics of flattened systems of
gas and colliding dust particles that are analo-
gous to those that have eventually resulted in
the formation of solar systems. In particular,
Jupiter’s rings offer an accessible laboratory for
observing, measuring, and modeling the ongo-
ing processes similar to those associated with
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Jupiter’s ring system was imaged by the New Horizons Long Range Re-
connaissance Imager on February 24, 2007. (NASA/Johns Hopkins
University Applied Physics Laboratory/Southwest Research Institute)



the circumstellar disks that were most likely ac-
tive in the solar nebula disk when the solar sys-
tem containing the Earth was formed.

Further analysis, detailed examination, and
numerical modeling of the data acquired by the
Cassini probe and New Horizons spacecraft
should provide more high-resolution maps,
identify the detailed radial structure of Jupi-
ter’s ring system, and reveal invaluable time-
variable features associated with the evolution
of the rings. Future observations and measure-
ments will offer new insights into the dynamic
forces that shape and maintain these fascinat-
ing structures. The National Aeronautics and
Space Administration (NASA) is considering a
mission to Jupiter to explore the planet and its
satellite-ring system in detail from a polar orbit.
NASA also plans to develop small spacecraft
with the capability of hovering over the rings of
Jupiter and Saturn, which should provide the
necessary additional data and insights for pro-
ducing refined models and an advanced under-
standing of planetary ring structures and why
they vary vastly among the gas giants.

Alvin K. Benson
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ments of the satellite-ring system of Jupiter.
Written for general readers, undergradu-
ates, and faculty alike, the book is very well
illustrated and includes references to many
relevant Web sites.
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craft observations and measurements made
by Galileo, Krüger delineates the physical
processes and mechanisms involved in pro-
ducing Jupiter’s ring system. The data
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Jupiter’s Satellites
Categories: Natural Planetary Satellites;

Planets and Planetology; The Jovian
System

Jupiter has many natural satellites,
among which are some of the largest and
most intriguing of the solar system. Pio-
neer 10, Pioneer 11, Voyager 1, Voyager 2,
and Galileo collected photographs and
other vital information about several of
these Jovian satellites, which have been
used to describe the histories of these bodies
and the solar system in general.

OVERVIEW

The four largest satellites of Jupiter, Io,
Callisto, Europa, and Ganymede, were discov-
ered in 1610 by Galileo Galilei and have been
objects of curiosity for astronomers since that
time. By 1990 astronomers had discovered six-
teen moons around Jupiter—fourteen using
Earth-based telescopes and two using photo-
graphs from Voyager. One of the fourteen was
confirmed by the Voyager mission. After the ar-
rival of the Galileo spacecraft in orbit about Ju-
piter, and in cooperation with space-based and
Earth-based telescope observations, the discov-
ery of Jovian satellites increased regularly. As
of 2008, Jupiter had sixty-three recognized sat-
ellites. Satellites of the outer planets are classi-
fied as “regular” if their orbits are nearly circu-
lar and are in, or near, the plane of the equator
of the planet. “Irregular” satellites have highly
elliptical orbits, have the orbital plane tilted rel-
ative to the equator, or revolve in a retrograde
(westward) direction.

Jupiter’s satellites can be divided into three
groups. The largest satellites, the often-called
Galilean moons, are all regular satellites, as are
the four small satellites whose orbits are nearer
to Jupiter than is Io’s. Eight irregular satellites
lie beyond Callisto, and four of them have retro-
grade revolutions. Only the Galilean satellites
and Amalthea have been examined closely by
spacecraft. The other satellites are too small
and too distant from the probes that have
passed through the Jovian system to be effec-
tively studied.

Many of the outer planets are known to have
icy surfaces rather than the rocky surfaces that
charaacterize the terrestrial planets (Mercury,
Venus, Earth, and Mars) and their satellites.
Ice behaves somewhat like a plastic unless its
temperature is less than 133 kelvins—that is, it
will flow and not retain a structure over long pe-
riods of time. This process is called plastic defor-
mation. Rocky surfaces do not undergo plastic
deformation. It is expected, therefore, that the
terrestrial planets and satellites would retain
structural features such as craters indefinitely,
while an icy satellite might not be able to do the
same unless the temperature is always below
133 kelvins.

Amalthea is the innermost of Jupiter’s siz-
able satellites. It is small and elongated, with a
length of 270 kilometers and an average diame-
ter of 155 kilometers. Its long axis is pointed to-
ward Jupiter throughout its orbit. The composi-
tion of its dark red surface and of its bulk is
unknown. Four features were found by Voy-
ager—two craters, Pan and Gaea, and two
mountains, Mons Ida and Mons Lyctas. Noth-
ing definite is known about these features. The
scarred surface reflects a history of bombard-
ment.

Io is the Galilean satellite nearest Jupiter. It
is a rocky satellite with little or no remaining
water. In fact, it may be the driest place in the
outer solar system. Its density is similar to that
of Earth’s moon, so it is assumed that its bulk
composition must also resemble that of the
Moon. Its surface features, however, are dra-
matically different from those of the Moon. The
surface displays materials that are yellow, red,
brown, black, and white. Io shows no cratering
but contains layered lava plains, volcanic
mountains, calderas, and other evidence of vol-
canism. Of the nine active volcanoes found by
Voyager 1, seven were still active when Voy-
ager 2 passed. The highest mountains were
about 9 kilometers tall, making them the larg-
est found on the Jovian satellites. The polar ar-
eas are darker than the remainder of Io and
show evidence of long periods of deposition,
faulting, and erosion. Significant changes in Io’s
volcanic activity were noted when the Galileo
spacecraft arrived in 1996, fifteen years after
Voyager 1 passed by.
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Io’s volcanic activity takes on several forms.
Plume activity is associated with the region 45°
north and south of the equator. Material in the
plumes is ejected at a velocity of 3,200 kilome-
ters per hour. Much of this material is sulfur di-
oxide, which then crystallizes and falls back to
the surface as a white solid. The material in the
plumes is apparently carried to the surface
along fissures in the surface rather than
through pipe vents like those characteristic of
volcanoes found on Earth. Some of Io’s volca-
noes produce a lava flow rather than a plume.
Hot spots exist on the surface where a large
amount of energy is being transferred from the
interior of Io but where the quantity of volatile
material available is insufficient to produce a
plume. The location of such hot spots is not lim-
ited to the band in which the plume volcanoes
are found. As a consequence of the extensive vol-
canic activity, the surface of Io changes rapidly.
Significant details changed between the flyby of
Voyager 1, the flyby of Voyager 2, and the ar-
rival of the orbiting Galileo spacecraft. Galileo
discovered that Io has an iron core.

Europa also provided surprises for the Voy-
ager scientists. Density measurements imply
that the moon is about 90 percent rocky core and
10 percent water ice as the crust. Because of its
nearness to Jupiter, it was expected to have an
extensively cratered surface. Voyager photo-
graphs of Europa, however, show one of the
smoothest surfaces in the solar system. Very
few craters are visible. The surface is marked

with long, narrow lines that resemble the crack-
ing pattern of an egg, along with dark spots and
mottling. Lines are regions where the crust
cracked and water from the interior was
squeezed out onto the surface. A reflectivity of
64 percent is an indicator of quite pure water ice
on the surface of Europa. Since an old surface
would be expected to collect dust and other
space debris and produce a dirty surface with
low reflectivity, the pure water ice implies that
there is some process taking place that continu-
ally renews Europa’s surface. After Galileo’s
close flybys in 1996 and 1997, scientists con-
cluded the ice crust is no thicker than 150 kilo-
meters and floats on a liquid ocean.

Ganymede is the largest of the Jovian satel-
lites, although it is not much larger than
Callisto. Ganymede has a metallic core sur-
rounded by a layer of ice and silicates, and its
crust is probably thick water ice. The metallic
core generates a magnetic field. About one-half
of Ganymede’s surface has a dark, cratered ter-
rain, while the remaining half is much lighter
and has fewer craters.

Lighter areas of Ganymede have a series of
parallel mountains and valleys reminiscent of
the low Appalachian Mountains in North Amer-
ica. These may have developed from long cracks
or faults that are separated by strips of land
that have alternately been lifted or depressed.
Depressed areas could have flooded with liquid
water from the interior. This type of mountain
building results from tension in the crust rather
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A composite image showing the “Galilean” satellites of Jupiter—the four largest (left to right): Ganymede, Callisto,
Io, and Europa. The Callisto image is from Voyager’s 1979 flyby of Jupiter; the rest were taken in 1996 by the Gali-
leo spacecraft. (NASA/JPL/DLR)



than the compression of the crust that is be-
lieved to have caused the Appalachian Moun-
tains to be uplifted. Reflectivity of the lighter ar-
eas is about 40 percent, while in the more
heavily cratered areas it is only 25 percent.
Bright ray craters are found in all parts of the
moon. (A ray crater is one in which the debris
cast out of the crater at the time of impact is dis-
tributed along radial directions like rays or
beams.) These craters are evidently the result of
water from under the crust that has splashed
out on the surface when some object collided
with Ganymede. A dome 260 kilometers in di-
ameter and 2.5 kilometers in height which is
surrounded by a number of small craters may be
evidence of water volcanism. Impacts that
formed the small craters may have weakened
the crust, so that water flowed up through
newly formed cracks and holes. There are very
few large craters, but some ghost craters exist.
These show the details of the crater, but actual
physical features such as walls have disap-
peared because of plastic deformation of
Ganymede’s surface.

Callisto is the outermost of the Galilean sat-
ellites and probably the least active. Its surface
temperature ranges from 150 kelvins at noon to
100 kelvins before dawn. At temperatures as
cold as these, a layer of ice only 1 meter thick
would take 4.5 billion years to evaporate. The
dark, heavily cratered surface has a reflectivity
of only 18 percent, which implies that the sur-
face ice has a low purity. Callisto’s landscape is
almost exclusively the product of impacts. The

crater features are subdued, and no large im-
pact basins exist. This relative smoothness is
probably the result of the plastic deformation of
the crust. In the Valhalla basin, visible rings on
the surface may be the remnant of a very large
impact basin. Few ray craters are visible.

KNOWLEDGE GAINED

The composition of the surface of Io has been
reasonably well established. The white solid is
sulfur dioxide condensed from plume activity.
The remainder of the surface is largely elemen-
tal sulfur forms, which can have a variety of col-
ors, depending upon the process occurring dur-
ing solidification. Sodium has been detected in
the space around the satellite. The existence of
active volcanoes on Io requires the presence of
molten material under the surface. Tidal action
of Jupiter and of other Jovian satellites upon Io
is probably the main source of heat energy that
generates molten material. Although Jupiter
exerts a very large attractive force on Io, the
gravitational attractions of the other satellites
cause the surface of Io to be pulled in competing
directions. Friction resulting from the flexing of
the surface causes the material beneath the
crust to melt. The thickness of the crust is not
precisely known, but it is thought to be minimal.
A sulfur sea may exist below the crust. An addi-
tional source of heat is electric current induced
in the iron sulfide core of the satellite as it inter-
acts with the strong magnetic field of Jupiter. A
portion of the radio waves emitted by the Jovian
system originate from Io’s interaction with the
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magnetic field of Jupiter and with the plasma
disk (a disk of charged particles) that surrounds
the planet.

Europa is another Jovian satellite that shows
signs of activity, although how recent that activ-
ity may have been is not known. Some scientists
believe that there may be an ocean of liquid
water as much as 100 kilometers deep lying be-
low the icy crust of Europa. Occasional cracks in

the crust allow the water to flow onto the sur-
face, erasing any evidence of past impacts,
when large flows occur, or simply to come up
through the cracks to form the ridges that mark
the surface.

Ganymede also shows evidence of having
been active after the major cratering epochs
ended within the solar system. Mountains
formed from tension in the surface are evidently
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Some Facts About the Major Jovian Satellites

Mass (1020 kg) Radius (km)
Mean Density

(kg/m3)
Orbital Period

(days)

Jupiter’s Major Moons
Io 893.3 1,821.3 3,530 1.77
Europa 479.7 1,565 2,990 3.55
Ganymede 1,482 2,634 1,940 7.15
Callisto 1,076 2,403 1,851 16.69

Saturn’s Major Moons
Mimas 0.375 209 1,140 0.94
Enceladus 0.73 256 × 247 × 245 1,120 1.37
Tethys 6.22 536 × 528 × 526 1,000 1.89
Dione 11.0 560 1,440 2.74
Rhea 23.1 764 1,240 4.52
Titan 1,345.5 2,575 1,881 15.94
Hyperion 0.2 185 × 140 × 113 — 21.28
Iapetus 15.9 718 1,020 79.33

Uranus’s Major Moons
Miranda 0.66 240 × 234.2 × 232.9 1,200 1.41
Ariel 13.4 581.1 × 577.9 × 577.7 1,670 2.52
Umbriel 11.7 584.7 1,400 4.14
Titania 35.2 788.9 1,710 8.70
Oberon 30.1 761.4 1,630 13.46

Neptune’s Major Moons
Naiad — 29 — 0.29
Thalassa — 40 — 0.31
Despina — 74 — 0.33
Galatea — 79 — 0.43
Larissa — 104 × 89 — 0.55
Proteus — 218 × 208 × 201 — 1.12
Triton 214.7 1,352.6 2,050 –5.88
Nereid 0.2 170 1,000 360.14

Notes: Moons are listed in order of their distance from the planet. A minus sign preceding orbital period
signifies retrograde motion.

Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,
National Space Science Data Center.



a consequence of a series of internal upheavals
during the earlier life of the satellite. It is pos-
sible that these changes were initiated by
changes in the crystal structure of the ice as the
core of Ganymede slowly cooled. Resulting ex-
pansions and contractions could have cracked
the surface and allowed the lower areas to be
flooded with a lavalike flow of liquid water.

Callisto is believed to have been inactive
since the initial formation of its crust. It is gen-
erally accepted that Ganymede and Callisto are
differentiated objects. This means that initially
the objects were a uniform mix of water ice and
rocky materials. This mixture was heated from
some source, perhaps radioactivity of the rocky

material, and the denser, rocky material settled
to the core, leaving the less dense water on the
surface, where it eventually froze and formed
the crust. For Callisto, it seems that this devel-
opment brought an end to its self-generated
geologic activity. All Callisto’s other topo-
graphic features resulted from collisions with
other space objects.

CONTEXT

Although the Galilean moons have been
known since 1610, because of their small size
astronomers initially found it difficult to iden-
tify details on the surface of any of them. Photo-
graphs taken by equipment carried high into
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An artist’s cutaway views of the interior structures of the four major Jovian satellites, as implied by gravitational
and magnetic field experiments (clockwise from upper left): Io, Europa, Callisto, and the largest, Ganymede.
Callisto is the only one of the four that does not show evidence of a metallic iron-nickel core surrounded by a mantle
of rock. Ganymede and Europa are believed to have outer shells of water (ice or liquid). Callisto is believed to con-
sist of a mixture of ice and rock. (NASA/JPL)



Earth’s atmosphere showed Io to have dark po-
lar regions. Careful measurements of bright-
nesses indicated that there was a variation as
the position in orbit changed, suggesting that
the surface on a given satellite did not have a
uniform reflectivity. These data also led astron-
omers to the conclusion that the satellites were
tidally locked to Jupiter, so that their periods of
rotation were equal to their periods of revolu-
tion.

Another interesting feature of the orbits is
that the periods of revolution of Io, Europa, and
Ganymede are tied together by gravitational
coupling. The period for Europa is twice that for
Io, and the period for Ganymede is twice that for
Europa. If any one of these three orbits changed,
the other two would also change to restore the
ratios that currently exist. One difficulty in the
models that describe the origin of Jupiter is that
they offer no account of a process through which
these three satellites could move into such an
orbital relationship.

Voyager data revealed four satellites that
were different from expectations in many ways
and that had significant differences among
themselves. Models have been constructed that
attempt to describe processes that would lead to
the formation of the moons and give rise to their
current conditions. The region in which Io and
Europa are believed to have been formed would
have had a fairly high temperature, and volatile
materials such as water would not have been
present in significant quantities. The tidal heat-
ing that Io experiences has driven off any vola-
tile materials, such as water and carbon diox-
ide, that may have been a part of the original
body.

Europa retained more water at formation
than did Io and has not lost it. There appears to
be enough heat in the silicate core to keep much
of the water in the liquid phase and to allow it to
flow through cracks that form in the moon’s sur-
face. This flow process has essentially resur-
faced Europa during its history.

Ganymede has a mass that is roughly 50 per-
cent water. Much of this water is in liquid form.
It is assumed that the core is warm enough to
transfer energy to the water to keep it liquid.
The water’s liquid state allows parts of the icy
surface to be renewed.

Callisto’s icy surface is covered with signifi-
cant quantities of silicate materials. Although
there may be a layer of liquid water in the inte-
rior, the crust is thick enough to prevent any of
the liquid from reaching the surface. The pro-
cess of plastic deformation has eliminated the
features of the larger impact basins, although
some of the materials that would have been part
of the basin are visible in the icy crust, giving
the impression that the moon has a large bull’s-
eye drawn on it.

The next stage in the investigation of Jupi-
ter’s satellites would be to send to Jupiter a
spacecraft capable of performing detailed inves-
tigations over prolonged periods in close orbital
proximity to the satellites rather than just do-
ing multiple flybys. Such a mission was pro-
posed and initially funded. The Jupiter Icy
Moons Orbiter (JIMO) would have used nuclear
propulsion not only to enter the gravitational
sphere of Jupiter but also to go from orbit
around one satellite to another over a very pro-
longed mission lasting perhaps a decade. When
the program met technical difficulties and costs
threatened to rise well above the allocated
$1 billion, JIMO was canceled. Nevertheless,
among planetary scientists, an orbiter around
Europa and perhaps other Galilean moons re-
mains a high priority for understanding the
Jovian system.

Dennis R. Flentge
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K
Kuiper Belt
Categories: Small Bodies; The Solar System

as a Whole

The observation of object 1992 QB1 led to the
discovery of a vast, previously unknown re-
gion of the solar system, the Kuiper Belt,
which is thought to be the source of most
short-period comets.

OVERVIEW

Two lines of evidence led scientists to sup-
pose that the Kuiper Belt exists. First, comets
that come close enough to the Sun to grow spec-
tacular tails are melting, and so they cannot last
forever. Furthermore, if they approach too close
to the Sun (or the gas giant Jupiter), gravity
may pull them apart, as it did Comet Shoe-
maker-Levy 9, whose life ended when it im-
pacted Jupiter in 1994. Acomet can survive only
a limited number of close approaches to the Sun,
so why, scientists wondered, were there still so
many comets? Where did they come from?

The basic answer is the Oort Cloud, a hollow,
spherical cloud of comets with the Sun at its
center, extending nearly halfway to neighbor-
ing stars. It is generally accepted that long-
period comets (those with periods greater than
two hundred years) come from the Oort Cloud,
and that, if they come close enough to Jupiter to
be affected by Jupiter’s gravity, some can be-
come short-period comets (those with periods
less than two hundred years).

Another feature of comets is that long-period
comets come toward the Sun from all directions;
that is, their orbital planes may make large
angles with the ecliptic plane, the plane of the
Earth’s orbit around the Sun. It is called the
ecliptic because when the Moon is also in this
plane, an eclipse can occur. The orbits of long-
period comets can be explained if they come
from the Oort Cloud, and if the Oort Cloud is
spherical. The orbits of short-period comets,
however, are more nearly in the ecliptic plane,
so their source ought therefore to lie more
nearly in the ecliptic plane.

A second line of evidence for the Kuiper Belt
comes from modeling the formation of the solar
system. There should have been 40 or 50 Earth
masses of icy-rocky material beyond Neptune.
What happened to that material? In 1949, Ken-
neth Edgeworth speculated that a reservoir of
comets existed beyond the orbit of Neptune.
Then, in 1951, Gerard Kuiper reasoned that
there should have been large amounts of icy ma-
terial beyond Pluto and that Pluto’s gravity
should stir up the icy bodies that formed there,
flinging some of them sunward as short-period
comets and flinging others into interstellar
space. It was thought then that Pluto’s mass
was far larger than it actually is.

In 1980 Julio Fernández published a paper
that used the words “Kuiper” and “comet belt”
for the first time in one sentence. Subsequent
researchers combined the words, and the term
“Kuiper Belt” was born. According to Fernández,
a belt of potential comets lies beyond the orbit of
Neptune in the ecliptic plane. This belt provides
the short-period comets and repopulates the
Oort Cloud. Fernández estimated that the Oort
Cloud lost three hundred comets per year as
they were flung inward toward the Sun or out-
ward to interstellar space. Therefore, the Oort
Cloud could not endure for the life of the solar
system unless it was being repopulated.

Pluto’s strange properties offer another clue
that there ought to be a Kuiper Belt. In 1977
James Christy discovered the large satellite
of Pluto subsequently named Charon. Using
Charon’s orbital period and its separation from
Pluto, scientists could calculate the masses of
both Pluto and Charon. Pluto’s mass is 0.0021
Earth mass, only one-sixth the mass of Earth’s
moon. Charon’s mass is 0.0003 Earth mass.
Pluto’s orbit does not lie in or near the ecliptic
plane, as do the orbits of the major planets.
Charon was most likely formed in a collision be-
tween Pluto and another object perhaps one-
fifth the size of Pluto. For this to have any likeli-
hood, there must have been many such objects
present, far more than seem to be around today.

The discovery of the Kuiper Belt object (KBO)
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2003 UB313, later named Eris, caused astrono-
mers to reevaluate the definition of a planet,
since Eris is about 25 percent larger than Pluto.
A parallel situation occurred when the first as-
teroids were discovered and included in the list
of planets until it was decided that they be-
longed to a different class of objects. Likewise,
Pluto is not a planet, but the first of the KBOs
to be discovered. Pluto and Eris are the largest
of the known KBOs and are now classed as
dwarf planets, along with the largest asteroid,
Ceres.

Also in 1977, Charles Kowal discovered an
object that was eventually named Chiron, for
the mythological centaur of that name. Chiron
is estimated to be 170 kilometers (106 miles) in
diameter and orbits between Saturn and Ura-
nus. Apparently Chiron is a comet, because on
various occasions it has produced a coma (the
large vapor cloud typically identified as the
“tail” of a comet). About a hundred such objects
have been found with orbits that cross the orbit
of at least one of the giant planets. All such ob-
jects are referred to as centaurs, and at least
three of them have produced comas. Because of
gravitational tugs from the giant planets, cen-
taur orbits are unstable over periods of millions
of years, so the centaurs now seen must have
migrated to their present locations during the
past 10 million years. The centaurs will eventu-
ally either crash into one of the giant planets or
migrate to stabler orbits.

KNOWLEDGE GAINED

The centaurs and KBOs can be grouped by
color: Some are red, and others are blue-gray.
The red color can arise as cosmic rays and solar
ultraviolet rays strike carbon compounds on an
object’s icy surface to form reddish-brown com-
pounds. The blue-gray color may arise as
smaller objects strike and crater a KBO, cover-
ing its surface with new layers of ices. Based on
analyses of comets, KBOs must be largely water
ice along with carbon dioxide ice, carbon monox-
ide ice, methane ice, methanol ice, ammonia ice,
amorphous (noncrystalline) carbon, silicates
and other stony materials, sodium, carbonates,
simple hydrocarbons, and clays. The Deep Im-
pact mission found that Comet 9P/Tempel was
covered by a dust layer tens of meters deep and

the nucleus of the comet was 75 percent empty
space, which made it structurally weak. The mi-
nor constituents in particular may differ from
one comet to another, implying that comets
formed at various distances from the Sun.

Experimental evidence of the Kuiper Belt
came with the 1992 discovery by Jane Luu and
David Jewitt of object 1992 QB1. It was 41 AU
from the Sun, which is about the orbit of Pluto.
They estimated its diameter at 250 kilometers.
Six months later they found 1993 FW, a second
candidate for the Kuiper Belt. By early 2008,
more than one thousand KBOs had been discov-
ered. The main belt is shaped like a doughnut
centered on the Sun. The doughnut itself goes
from 30 AU from the Sun to perhaps 100 AU or
even 1,000 AU or more, although there is a
sharp falloff in numbers at 50 AU. Objects in the
belt are called CKBOs, for “classical Kuiper Belt
objects,” also called cubewanos, named for the
pronunciation of the first CKBO discovered,
1992 QB1 (Q-B-1-0-s). In order not to be influ-
enced by Neptune at 30 AU from the Sun, these
objects must have average distances from the
Sun of 40 and 50 AU.

A large fraction of known KBOs are plutinos.
Like Pluto, plutinos make two trips around the
Sun for every three trips made by Neptune. This
guarantees that if they are not now close to Nep-
tune, they will not be close in the future, and
therefore their orbits are stable. Since they
never get close to Neptune, they may approach
to within 30 AU of the Sun with impunity. Pluto
never comes closer to Neptune than 17 AU, even
though Pluto’s orbit crosses Neptune’s orbit.

The final group of Kuiper Belt objects are
scattered disk objects, or SDOs. Their orbits
tend to be more elliptical than the classical
Kuiper Belt objects’ orbits, and they also travel
considerably above and below the ecliptic plane.
Scattered disk objects and centaurs seem to
form a continuous distribution. If a KBO is
ejected to the inner solar system, it becomes a
comet or a centaur. It is estimated that there
may be 70,000 KBOs between 30 and 50 AU
with diameters greater than 100 kilometers (60
miles), and perhaps 1 million with diameters of
1 kilometer (0.6 mile) or larger. There may be as
many as 30,000 SDOs that are 100 kilometers
(62 miles) in diameter.

The Solar System Kuiper Belt
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CONTEXT

It is believed that stars like our Sun form
from a more or less spherical cloud of gas and
dust within a larger cloud. When conditions are
right for one star to form, they are often right for
many stars to form; hence, stars, like puppies,
tend to be born in litters. The close approach of
one or more neighboring stars may have
sheared off the Sun’s Kuiper Belt at about 50
AU from the Sun. Solid material left over from
the formation of the Sun would have developed
into a rotating disk with the newborn Sun at its
center. Concentrations in the disk formed into
asteroid-sized bodies that in turn combined to
form the planets. Icy asteroids would have
formed among the giant planets and beyond.
Those beyond Neptune became the Kuiper Belt.
In the inner belt, from about 30 AU to perhaps
50 AU, collisions occasionally occurred, with the
result that large objects grew larger (such as
Pluto and Eris) and small objects were eventu-
ally ground to dust. Beyond 50 AU, objects (if
they exist) should be pristine samples of the so-
lar nebula, since they would be so far apart that
collisions would be unlikely.

As the newly formed planets interacted with
icy asteroids around them, some icy bodies
would have been flung inward toward the Sun,
and some of these may have hit the Earth and
formed the oceans; the Earth was probably born
with far less water than it now has. Others were
flung outward to form the Oort Cloud and per-
haps scattered disk objects. Interactions be-
tween KBOs today should occasionally propel
them out into the Oort Cloud or inward as com-
ets in the inner solar system or as centaurs in
the outer solar system.

Some questions about Pluto and other KBOs
may be answered by the New Horizons mission,
sponsored by the National Aeronautics and
Space Administration (NASA). Launched in
1995, it should reach Pluto by 2015. After tak-
ing images in the visible, infrared, and ultravio-
let bands of Pluto and its satellite Charon, the
spacecraft will go on to one or more KBOs. The
infrared images should reveal the surface com-
position of these objects.

Charles W. Rogers
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L
Life’s Origins
Category: Life in the Solar System

At some time after the formation of the
Earth some 4.6 billion years ago and before
the earliest known microfossils, some 3.5
billion years old, life evolved from widely
available organic compounds into unicel-
lular creatures similar to modern blue-
green algae. Plausible schemes for their
evolution from abiotically produced or-
ganic matter remain elusive. Much current
research into the origin of life is based on
the idea that the environment of early life
was as important as its nature and com-
pares the relative merits of the ocean, sub-
marine volcanic vents, and soil as possible
places where life began.

OVERVIEW

Life on Earth is no older than the solar sys-
tem, which formed some 4.5 billion years ago.
Early stages in the accretionary process by
which Earth formed are revealed by meteorites,
most of which have been radiometrically dated
to about this age. A particular kind of meteorite
called a carbonaceous chondrite is character-
ized by the high-temperature globular mineral
grains called chondrules, mixed with low-
temperature iron-rich clays and organic com-
pounds. Most of the organic compounds are dis-
persed among the clays, but some of them form
organic lumps and globules.

These latter have been mistakenly identified
as microfossils, but the organic compounds of
carbonaceous chondrites have some diagnostic
features of organic matter formed abiotically.
Many organic molecules, such as sugars, are
asymmetric. When synthesized in the labora-
tory, there are about equal amounts of left-
handed and right-handed versions (each is
known as an enantiomer) that polarize light
in a clockwise or counterclockwise direction,
respectively. Organic matter in carbonaceous

chondrites contains similar proportions of left-
handed and right-handed molecules. However,
living organisms are highly selective for just
one enantiomer of a compound, including, for
example, only D enantiomers of sugars. Organic
compounds that also are presumed to have
formed abiotically have been detected from the
characteristics of light spectra reflected from
asteroids, comets, and interstellar dust. Thus,
simple organic compounds used by living crea-
tures are widely available in the universe and
have been for at least 4.5 billion years.

It is an enormous step from a tarry mixture of
simple organic compounds to a fully functioning
organism, with its long polynuceotide instruc-
tions and messengers and its complex molecu-
lar assembly line and controlling compounds of
protein all bound up within a system of mem-
branes and cell walls. This degree of complexity,
seen in some of the simplest living forms of uni-
cellular life, was attained by about 3.5 billion
years ago. Microscopic fossils of unicellular cya-
nobacteria (blue-green algae) have been found
permineralized in black cherts of this age in the
Pilbara region of Western Australia. These are
among the oldest little-deformed sedimentary
rocks in which such fossils are likely to be found.
However, carbon compounds found in some
highly deformed and metamorphosed sedimen-
tary rocks at least as old as 3.8 billion years (and
possibly some more than 4 billion years old)
yield carbon isotope ratios like those found in
photosynthetic life, suggesting life may have ex-
isted back then.

Older fossil evidence of life on Earth is un-
likely. There is, however, a younger fossil record
of increasingly complex microfossils in cherts
and shales ranging from 3.5 billion years ago to
the present. By 700 million years ago, there
were also complex multicellular creatures. Fos-
sil plants and animals become increasingly fa-
miliar in rocks of younger geological age.

The vast gulf between primordial organic
compounds and functioning cells revealed in the
rock and meteorite record also is apparent from
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experimental studies in organic chemistry de-
signed to investigate how life originated. It has
been shown many times that organic com-
pounds including amino acids are produced
readily in sealed flasks containing water and re-
ducing gases such as carbon dioxide energized
by electrical discharges, ultraviolet light, or
even shock waves. The exact gas mixture or en-
ergy source is not critical to organic matter pro-
duction, although yields are limited in gas mix-

tures including oxygen or with
weak energy sources. Clay, sider-
ite, and other minerals added to
these reaction flasks have been
shown to promote both the pro-
duction of simple organic com-
pounds and their assembly into
larger compounds. How they ac-
complish it is not certain: They
may act as a template to hold
molecules in a favored orienta-
tion for combination, either as a
catalyst participating in revers-
ible reactions that tend to pro-
mote a particular combination or
as a chemostat in buffering solu-
tions from extreme acidity. Thus,
the origin of organic compounds
such as those in carbonaceous
chondrites can to some extent be
duplicated in a chemistry labora-
tory.

Chemical experiments fall far
short of creating such complex
organic molecules as ribonucleic
acid (RNA) and deoxyribonucleic
acid (DNA). There have been
cases where some parts of nucle-
otides have been synthesized and
where nucleotides have been ag-
gregated into polynucleotides. It
remains a problem how there
could arise a nucleotide-rich en-
vironment of the correct chemi-
cal nature under abiotic condi-
tions. Nevertheless, it is clear
from much experimental work in
molecular biology that polynuc-
leotides such as RNA and DNA
are the basis for a system of infor-

mation storage and transfer in all known life-
forms on Earth.

The odds of tarry abiotic organic matter be-
coming organized into a functioning cell by pure
chance are astronomically unfavorable. It has
been argued that, given the long period of time
available, even the rarest of chances becomes a
certainty. This argument now has little appeal,
because geological and meteoritic evidence con-
strains the origin of life to within the first billion
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It has been shown many times that organic compounds, the beginnings
of life, including amino acids, are produced readily within water in
sealed flasks that contain reducing gases such as carbon dioxide, if
these are energized by electrical discharges, ultraviolet light, or even
shock waves. Shown here is the famous Miller-Urey experiment of
1955, in which such organic compounds were produced. With the right
conditions, it is conceivable that similar reactions may have occurred
on other planets or their satellites—not only in our own solar system
but in other star systems as well.



years of Earth’s history and because studies in
molecular biology have revealed astounding
complexity in even the simplest of organisms.
One escape from this dilemma is to postulate
seeding of the Earth with some form of extrater-
restrial life, either by long-distance transport of
spores across space or by the technological en-
terprise of an extraterrestrial civilization.
These views have not proven very productive,
because they are difficult to test and, in addi-
tion, do not solve the problem. Even the sim-
plest life-forms are well suited to Earth and are
made of materials commonly available here.
Thus, if life is extraterrestrial, it originated un-
der broadly Earthlike conditions elsewhere in
the universe.

It remains a useful exercise to speculate on
how life might have arisen from natural causes
here on Earth. The most widely held hypothesis
for the origin of life until recently has been that
life arose in the primordial soup of the world
ocean. The early atmosphere of the Earth prob-
ably included little or no free oxygen, like that of
most planets. Under these conditions, organic
matter would have been produced in the sea by
lightning strikes, ultraviolet light from the Sun,
and shock waves from earthquakes or meteorite
impacts. This vast organic nutrient solution is
viewed as the source of ever more complex mole-
cules, some of which attained the critical inno-
vation of self-replication. These early versions
of RNAand DNAthen evolved increasingly com-
plex mechanisms for self-preservation, such as
cell organelles, cells, and bodies. By this view,
the primitive molecular ecosystem fed on abiot-
ically produced organic compounds, and the
earliest organisms may have been fermenters.
It was only when primordial organic compounds
of the ocean were depleted that there arose
more sophisticated cellular machinery for the
biological production of organic matter by pho-
tosynthesis.

The most serious problem of this hypothesis
is the gap between abiotic organic matter and
organized self-replicating molecules. The ocean
is, and probably was, too dilute a solution, too
low in dissolved phosphorus, and too uniform in
its alkalinity and oxidation state for synthesis
and maintenance of complex organic molecules.
The laboratory synthesis of DNArequires many

different reactions under very different chemi-
cal conditions: acidic and alkaline, oxidizing
and reducing, wet and dry. Such fluctuating
conditions can be imagined during the intermit-
tent evaporation of seawater ponded on ice floes
or in tidal flats, but low temperatures and the
formation of salts would retard production of
complex organic molecules.

The discovery of deep-sea volcanic vents
prompted a second group of hypotheses about
the origin of life. These “black smokers” are
openings along mid-ocean ridges where internal
water of the Earth as well as seawater percolat-
ing through seafloor basalt has been heated by
contact with hot volcanic rocks and is vigorously
expelled into the sea at temperatures of up to
about 380° Celsius (about 650 kelvins). The
water gushing from the vents is also strongly
acidic and depleted in oxygen. The “black
smoke” billowing forth, as well as the vent chim-
neys, consists of dark sulfide minerals. The idea
that ocean vents are flow reactors capable of
stripping oxygen from carbon dioxide to produce
organic matter is one of the arguments that
they may prove pertinent to the origin of life. In
addition, the complex system of fractures and
vesicles in volcanic rocks around vents would
have encouraged a variety of simultaneous and
very different chemical reactions, in contrast to
the tendency for chemical uniformity in the
open ocean. Furthermore, experimental studies
have shown that proteins aggregate into
spheres and sheets at high temperatures, and
such structures can be imagined as crude mem-
branes and cell walls. If life did evolve in oceanic
vents, then it would initially have lived by fer-
mentation or respiration of abiotically produced
organic compounds, and photosynthesis would
have arisen with more complex organic systems
at those few vents exposed to sunlight on land or
in shallow water.

Despite some appealing features of this
hypothesis, it remains to be demonstrated
whether the minute amounts of organic matter
detected in submarine volcanic vents were pro-
duced abiotically or are remains of the distinc-
tive fauna of tube worms, clams, and crusta-
ceans that now colonize the seafloor around
vents. The high temperatures and strongly
acidic nature of vent water are incompatible
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with the production and preservation of com-
plex proteins and nucleotides. These problems
are reduced considerably even a short distance
away from the vent, but then there remain the
problems already mentioned for an open ocean
origin of life.

A third set of hypotheses, that life evolved in
soil, can be taken to include ideas involving clay
minerals. Soils are, and probably were, the prin-
cipal sites where clay is formed on Earth. Soil
hypotheses for the origin of life combine many of
the desirable features of ocean and vent hypoth-
eses. Soil water could have been enriched in or-
ganic matter like the early ocean, and soils are
in a sense flow reactors driven by the energy of
the Sun at the surface. Soil water is compart-
mentalized and evaporates into a complex array
of films around mineral grains and other parti-
cles. Soils enjoy moderate temperature and
mild chemical conditions.

The most critical advantage of the soil hy-
pothesis is that the production of clay by weath-
ering or of organic matter by abiotic synthesis
would have been encouraged because clayey
and organic soils are less easily eroded than are
sandy, inorganic soils. This matter of advantage
can be imagined as a crude form of “natural se-
lection” in which the most clayey and organic
soils survived erosion for the longest periods of
time. Thus, even the least efficient mechanisms
of abiotic weathering and organic synthesis
could result in soils as organic and clayey as car-
bonaceous chondrites. Increasingly complex
compounds such as sugars and proteins would
be preserved preferentially to the extent that
they could bind the soil and maintain it within
the zone of energy transfer at the surface. In
this view, the primary production of organic
matter would initially have been fueled by light
from the Sun at the surface, and photosynthetic
organisms may well have preceded fermenting
and respirating creatures. The idea that life
arose in soils reduces some of the difficulties of
forming functioning cells from tarry organic
matter, but it cannot be claimed to eliminate
them.

METHODS OF STUDY

Clues to the origin of life might be found from
the study of Precambrian microfossils. Their

fossil record is known back to the base of the
useful sedimentary record, and the nature of
the most ancient microfossils provides con-
straints on the origin of life. Most of the
microfossils have been found in silicified lime-
stones of a distinctive domed and banded kind
called stromatolites and in black, organic-rich
cherts. The rocks are cut and polished as thin,
petrographic sections for observation under the
microscope. Such studies also can be supported
by isotopic and chemical research on the organic
matter preserved in the chert.

Other constraints on the origin of life come
from the study of meteorites, particularly carbo-
naceous chondrites. They are relatively rare be-
cause they are rapidly destroyed by weathering
after they land on Earth. However, increasing
numbers of them have been found in Antarctica,
where little weathering occurs and the dark me-
teorites stand out starkly against the white
snow and ice. They can be studied in thin sec-
tions and by an array of methods for mineral-
ogical and chemical characterization of their
constituents: X-ray diffraction of their clays,
transmission electron microscopy of their min-
erals and organic structures, electron micro-
probe chemical analysis of their minerals, and
mass spectrometric separation and identifica-
tion of their organic compounds.

Much useful information on the origin of life
also has come from laboratory experiments on
the synthesis of organic matter, on the biochem-
istry of living organisms, and on the nature of
clays and other minerals. Organic synthesis ex-
periments involve placing water and mixtures
of gases in a sealed flask and applying an energy
source, such as an electrical spark. The result-
ing tarry organic matter can be analyzed by a
variety of methods, including spectrometric
separation and identification of organic com-
pounds.

A major enterprise of molecular biology is
working out the structure of the various com-
plex organic molecules found in living crea-
tures, using such methods as X-ray diffraction,
nuclear magnetic resonance, and mass spec-
trometry. Molecular biologists also strive to un-
derstand how the molecules may work from ex-
periments with simple organisms such as
bacteria and viruses.
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CONTEXT

Few topics in science are as inaccessible to di-
rect observation or as fraught with philosophi-
cal and religious implications as the origin of
life. Scientific techniques are not designed to
answer such questions as why humankind ex-
ists, but evidence from astronomical, geological,
chemical, and biological sciences is revealing
some possibilities of how life may have origi-
nated. It is doubtful that any of the hypotheses
concerning the origin of life will ever become so
firmly established as are the laws of physics.
The long-accepted concept of molecular evolu-
tion in the primordial soup of the world oceans
is challenged by alternative views of life’s origin
in submarine vents and in soils. Much current
work is based on the idea that the way in which
life interacts with its environment is as impor-
tant as its physical nature and the way in which
it reproduces. Scientists may never satisfacto-
rily reveal how life came about, but they are dis-
covering many fundamental interrelationships
between Earth and its life.

Gregory J. Retallack
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Lunar Craters
Category: Natural Planetary Satellites

Most lunar craters are the erosion scars of
debris left over from the origin of the solar
system colliding at high velocities with the
surface of the Moon. Studies of sizes and
time distributions of lunar impact craters
allow scientists to make estimates of the
same process acting on the Earth, where
much of the evidence has been removed by
erosion. Volcanic craters enable research-
ers to determine the eruption characteris-
tics and thermal evolution of the Moon.

OVERVIEW

All of the large lunar craters are named;
many of these names are attributable to a 1651
publication by Giambattista Riccioli in which
they appear on a map drawn by P. Grimaldi.
Riccioli divided the nearside of the Moon into oc-
tants. This map was drawn with the aid of the
“Galilean” rather than the “astronomical” tele-
scope and so was not inverted. On this map,
Octant 1 extended from the ten o’clock position
to just past eleven o’clock and was succeeded
clockwise by the seven other octants. Craters
were named for astronomers, beginning with
the most ancient in Octant 1 and concluding
with Riccioli’s contemporaries in Octant 8. This
practice has continued to the present, with the
restriction that a crater is always named for a
scientist no longer living.

Three principal processes have created the
lunar craters. There are those directly exca-
vated by the impact of a meteorite; there are
those, called secondaries, that result from the
impact of material excavated to form the crater
of the primary meteorite impact; and there are
those of volcanic origin. Until the return of lu-
nar samples from the Apollo missions (1969-
1972), the scientific community had been
sharply divided into those who believed the ma-
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jority of lunar craters to be of impact origin and
those who believed the majority to be volcanic in
origin. Evidence gained as a result of the Apollo
missions has established that the vast majority
of lunar craters are of impact origin, resulting
from collisions of the Moon with meteors, aster-
oids, comets, and minor planets (large objects
that failed to achieve independent planetary
status) at velocities of from 5 to 50 kilometers
per second (10,000 to 100,000 miles per hour).

No one has counted the total number of lunar
craters, as they range in size from the micro-
scopic to the giant (2,500-kilometer-diameter)
South Pole-Aitken basin. It has been estimated,
however, that there are about 1,850,000 craters
with diameters in excess of 1 kilometer on the
lunar surface and 125 with diameters greater
than 100 kilometers. A 3,200-kilometer-diame-
ter Procellarum basin has been tentatively
identified which, if placed over a map of the
United States, would stretch from Washington,
D.C., to western Utah and from
Brownsville, south Texas, up
into central Canada. At the
other end of the scale, micro-
scopic impact craters are pro-
duced on the Moon because of
the lack of a lunar atmosphere.
Similar-sized particles rapidly
burn up in the Earth’s atmo-
sphere.

Primary impact craters in-
crease in morphological com-
plexity with increasing size.
Small craters are bowl-shaped,
with a well-defined, generally
circular rim, smooth interior
walls, and a depth-to-diameter
ratio of 1:5 to 1:6. The floor of a
fresh crater is invariably at a
lower elevation than the preex-
isting terrain. The rim of the
crater is surrounded by a gener-
ally circular continuous ejecta
blanket, followed outward by
the discontinuous ejecta blan-
ket. This discontinuous ejecta
often takes the form of rays that
radiate outward from a zone
close to the center of the pri-

mary impact site. An exception is found in crat-
ers produced by highly oblique impacts. These
craters are generally elongated and have ejecta
blankets preferentially distributed downrange
or exhibiting a bilateral symmetry, with “wings”
on either side of the crater.

An abrupt change in the crater’s shape takes
place at a diameter of about 16 kilometers in the
maria (the Moon’s dark lava expanses) and 21
kilometers in the highlands. At larger diame-
ters, craters develop terraces on the interior
walls, have a generally broad, level floor inter-
rupted by small hills and mounds, develop a
central peak, have a less uniform rim elevation,
and have a depth-to-diameter ratio reduced to
about 1:40. Flows and ponds, which are often
seen both within and exterior to these craters,
are impact melts resulting from liquefaction of
the impactor and target rocks. At diameters in
excess of 140 kilometers, the central peak be-
comes modified into a centralized peak ring. At
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to meet Jupiter in 1995-1997. Major features include Mare Imbrium
(center left, Mare Seranitatis and Mare Tranquillitatis (center), Mare
Crisium (right edge), and the bright Tycho basin (bottom). (NASA)



diameters in excess of 350 kilometers, multiple
rings of alternating elevated and depressed ter-
rains, the giant multiringed basins, are wit-
nessed.

Secondary impact craters are generally less
regular than primaries because they are formed
at lower collisional velocities, an upper limit be-
ing the lunar escape velocity of 2.4 kilometers
per second, at which speed objects ejected from
the surface would leave the Moon’s gravita-
tional field. The size of the secondaries is largely
dependent on the size of the primary. Large sec-
ondaries have diameters between 2 and 5 per-
cent of that of the primary. Generally, secondar-
ies have smooth interior profiles and are
shallower than primaries of the same diameter.
They also differ from primaries in that their dis-
tribution is nonrandom. They frequently occur
in linear or curving chains, patches, or clusters
surrounding the primary. Another common fea-
ture of secondaries is the presence of a herring-
bone pattern produced by small ridges ploughed
up by impacting objects closely spaced in both
time and distance. The apex of the V shape
points back toward the primary.

Many large lunar craters were once consid-
ered to be analogous to terrestrial calderas. Cal-
deras form as a result of collapse following evac-
uation of a large, near-surface magma chamber.
Analyses of returned lunar volcanic materials
established, however, that they were derived
from great depths (150-400 kilometers), with
little evidence of residence at shallow levels for
any extended periods. True lunar volcanic crat-
ers are recognized primarily on the basis of their
distribution, which, like that of secondaries, is
nonrandom. Volcanic craters or endogenic crat-
ers (those of internal origin) are found at the
summits of volcanic domes and cones, at the
heads of sinuous rilles, or in association with
linear fractures. The craters are generally small
(less than 20 kilometers in diameter) and have
outlines that range from circular to elliptical to
highly irregular. Some volcanic craters are sur-
rounded by a halo of dark surface deposits be-
lieved to consist of pyroclastic materials ejected
during strombolian- or vulcanian-style erup-
tions.

Impact craters are the product of an instan-
taneous geologic event, yet the lunar surface

has been subjected to the formation of these fea-
tures for at least the last 4.2 billion years. Many
lunar craters have thus become highly modified
from their original pristine form. Since the
Moon lacks an atmosphere, this modification re-
sults primarily from two agents: later impacts
and volcanism. An impact has two principal ef-
fects. First, it will result in the total or partial
obliteration of any crater smaller than itself
that was located within the area of the younger
crater. Second, ejecta from the younger crater
will erode the walls and infill the floors of crat-
ers surrounding itself. At the extreme, the
ejecta deposits could totally infill the preexist-
ing surrounding craters. The net result of this
process is that older craters are shallower than
are newer ones of similar size. The effects of vol-
canism on impact craters are largely restricted
to areas around and within the major maria. A
commonly held misconception is that an impact
event can trigger the release of magma from the
lunar interior. Although the relationship be-
tween depth and diameter of the large basins is
a subject of much debate, there are very few who
believe that the original impact cavities ex-
tended to a depth greater than that of the lunar
crustal thickness of 75 kilometers. Moreover,
there is good evidence that volcanism within
any single large basin extended over a time
frame of several hundred million years—which
is difficult to reconcile with an instantaneous
impact event. The reason for the association of
volcanic material with impact craters is that the
crater floors are topographic lows and closer to
the part of the interior from which the volcanic
materials were derived.

One feature attributed to volcanic modifica-
tion of impact craters is the presence of floor
fractures. These features are primarily found
on the level floors of craters with diameters of
30 to about 100 kilometers and consist of radial
and concentric arrangements of fractures re-
sembling spiderwebs. They are attributed to up-
lift of the crater floor by subfloor intrusions of
magma. Some of these magma bodies found out-
lets to the surface and, with limited volcanic
output, resulted in the formation of volcanic
dark-halo craters aligned along the floor frac-
tures. The crater Alphonsus is a typical exam-
ple. With more extensive volcanism, the floor of
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the crater becomes flooded
with lava until even the cen-
tral peak becomes buried. At
this point, there is too thick
an overlying lava pile, and
the magma seeks alternative
routes to the surface around
the periphery of the crater.
Some craters have experi-
enced postflood floor fractur-
ing, which results from the
sinking of the dense, thick
lava pile or posteruptive in-
trusion, leading to renewed
uplift. Flooding of the larger
basins appears to have be-
gun within the central low
and later extended to the top-
ographic lows between the
mountain rings. Small im-
pact craters were constantly
being created during the pe-
riod of basin filling. Many of
these craters were either par-
tially or totally covered by
younger lava flows.

METHODS OF STUDY

Lunar crater studies be-
gan in earnest with the avail-
ability of the first crude telescopes. At this point
it was realized that the Moon’s surface was not
perfectly smooth, as the Greeks had hypothe-
sized, but instead was pockmarked with fea-
tures that ranged in size from depressions
barely resolved in the telescope to enormous
basins. During this telescopic era of investiga-
tion, most scientists believed that lunar craters
were formed volcanically. However, Eugene
Shoemaker of the U.S. Geological Survey be-
came a champion of an impact origin for the ma-
jority of the Moon’s craters about the time that
the space age dawned and early probes began to
be sent to investigate the Moon at close range.

Early Pioneer probes (from the late 1950’s to
the early 1960’s) largely failed to achieve lunar
goals, but Soviet Luna and American Ranger
probes purposely crash-landed on the Moon in
several sites and transmitted images up until
nearly the instant of impact. Those pictures re-

vealed that the lunar surface displayed cratering
down to the smallest scale, providing further ev-
idence for their impact origin, with an enormous
number of secondary craters formed out of each
primary impact. Several U.S. Surveyor space-
craft (in the mid-1960’s) and Soviet Luna space-
craft (from the mid-1960’s to 1976) soft-landed
on the lunar surface to provide far more images
of the nature of the heavily cratered surface,
even in the mare regions that appear relatively
smooth from backyard telescope views. The
Surveyors were followed by Lunar Orbiter and
more Soviet Luna spacecraft, which provided
detailed maps of cratering across the lunar sur-
face, thereby assisting scientists in both the
United States and the Soviet Union to identify
safe landing sites to which they could dispatch
astronauts and cosmonauts.

Although the Soviet Moon landing program
failed, between July, 1969, and December,
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The three large craters on the right are (top to bottom) Ptolemaeus (ob-
scured in shadow), Alphonsus, and Arzachel. Mare Imbrium, pockmarked
with smaller craters, fills most of the screen from center to left. (NASA/JPL)



1972, six Apollo missions landed at six different
sites, returning samples that bore evidence of
both impact origin (the breccias) and volcanism
(the igneous rocks). In 1976, Luna 24 returned
samples to Russia robotically. Then interest in
directly investigating the Moon waned for
nearly two decades.

A nearly two-decade drought in lunar explo-
ration ended with the Clementine spacecraft,
launched on January 25, 1994, by the National
Aeronautics and Space Administration (NASA)
and the Ballistic Missile Defense Organization.
Although principally a test of new sensor tech-
nologies and spacecraft systems, Clementine
used the Moon as its target and provided new
insights into the Moon’s surface distribution of
chemicals and minerals. Clementine examined
the lunar surface in several different bands of
the electromagnetic spectrum, created a laser
altimeter-generated map of lunar stratigraphy,
and provided a more detailed gravity map of the
Moon before its mission ended in June, 1994.
Clementine’s most exciting finding was that
there were likely to be deposits of water ice on
the Moon inside permanently shadowed crat-
ers, enough water to support human outposts
with both potable water and fuel (by breaking
down water into hydrogen [fuel] and oxygen [ox-
idizer]). Clementine’s water detection was indi-
rect, in that its sensors picked up the presence of
hydrogen (protons), which was then interpreted
to be bound in water ice.

Clementine was followed by Lunar Prospec-
tor, which launched on January 7, 1998, and
conducted a 570-day examination of the lunar
surface with alpha particle, neutron, and
gamma-ray spectrometers. Lunar Prospector
verified the signature seen by Clementine and
provided a better estimate of the amount of
water ice that might be available in shadowed
craters on the Moon. Lunar Prospector was di-
rected to impact the lunar surface on July 31,
1999, in an area (the shadowed crater Shoe-
maker) where water ice was expected to be
found. It was hoped that the impact process
might liberate the water ice so that it could be
detected from Earth. The final experiment was
disappointing: No water plume was seen.

International interest in the Moon increased
in the early twenty-first century. The European

Space Agency sent the Small Missions for Ad-
vanced Research in Technology 1 (SMART 1)
spacecraft to the Moon using an advanced ion
engine that took thirteen months to reach lunar
orbit. From orbit, SMART 1 examined the sur-
face with X-ray and infrared sensors to search
for frozen water near the Moon’s south pole. Un-
til the mission ended on September 3, 2006,
SMART 1 also provided high-resolution optical
images of the entire lunar surface, not just crat-
ers where scientific interest in ice deposits was
centered. SMART 1’s mission ended with a pur-
poseful impact at 2 kilometers per second in an-
other attempt to kick up a water plume; results
were not definite, although an impact flash was
observed from Earth.

Japan launched Selene on September 14,
2007. Two weeks later it entered a highly ellipti-
cal initial polar orbit, which was later adjusted
to a circular orbit just 100 kilometers above the
surface. Its mission was to help set the stage for
returning humans to the Moon. At this point
NASA, the Chinese, Russians, Japanese, and
Indians had expressed, with varying degrees of
commitment, plans to land humans on the
Moon to establish a permanent outpost. NASA’s
plans originated with the Bush White House in
the aftermath of the Columbia accident. George
W. Bush announced in early 2004 a Space Vi-
sion for Exploration policy which directed
NASA to complete the International Space Sta-
tion by 2010 and then retire the shuttle fleet in
favor of returning astronauts to exploration be-
yond low-Earth orbit. The plan calls for return-
ing astronauts to the Moon to stay by about
2020, and eventually sending humans to Mars
and beyond.

The Chinese stated that the goal of its fledg-
ling crewed Shenzhou space program was to
send their taikonauts (the Chinese term for as-
tronauts) to the Moon. As a first step the
Chang’e 1 spacecraft was launched on October
24, 2007, to survey lunar craters near the South
Pole that might be suitable for humans to begin
constructing a base of operations for exploration
of the Moon as a whole. India launched its
Chandrayaan probe on October 22, 2008, enter-
ing lunar orbit on November 8. NASA was
preparing to launch the Lunar Reconnaissance
Orbiter in 2009. Most of these probes were out-

Lunar Craters The Solar System

364



fitted with detectors with sensing capabilities
across several sections of the electromagnetic
spectrum, from X rays to infrared radiation. Be-
cause of the supposed water-ice deposits there,
all spacefaring nations that expressed an inter-
est in setting up human lunar operations con-
centrated on investigating craters near the
South Pole.

NASAestablished the Constellation program
in order to send astronauts back to the Moon.
Initial flight operations were planned for late
2014 or early 2015, with the initial lunar mis-
sion perhaps coming within five years of those
dates. If these missions were carried out, a new
age of study of the Moon and its craters would
begin.

APPLICATIONS

Because impact craters are instantaneous
events, they are superb geologic time markers.
Any material on which an impact crater and its
ejecta are superposed is older than the crater;
any material overlapping the crater or its ejecta
is younger. Analysis of these relationships led
to the development of the lunar stratigraphic

column consisting of five systems. The pre-
Nectarian system, comprising all lunar surface
features formed prior to excavation of the
Nectaris Basin, and succeeding systems defined
by formation of the Imbrium Basin and the
Eratosthenes and Copernicus craters.

Primary impact crater densities indicate the
relative ages of different units on the lunar sur-
face: the more craters, the older the surface.
Craters employed in such studies are usually
larger than 4 kilometers in diameter, and the
densities are obtained by the extremely tedious
task of simply counting them on a photograph.
Crater density divided by the average crater-
production rate gives the approximate absolute
age of the surface units. In the case of the Moon,
a calibration curve for production rate can be
obtained by comparing the radiometric age of
samples returned from the landing sites with
crater-count statistics of those sites. These data
indicate an exponential decline in crater pro-
duction from about 4 billion years ago to the
present. The details of crater production prior to
about 4 billion years are the subject of debate,
but, because most of the lunar surface postdates

this period, the debate is of little
relevance to age determinations.

Small craters (less than 3 kilo-
meters in diameter) have also
been used for dating purposes.
These techniques are based on the
fact that morphologies of small
craters are modified in a consis-
tent manner with time. One of
these, called the DL method, is
based on the interior slope of the
crater. As craters become progres-
sively infilled, the length of the
shadow cast by the rim decreases.
For a given illumination angle, it
is therefore possible to define the
largest crater within an area that
has reached a specified shadow
limit. If a crater in another area is
wider than the limit, the second
area is older.

Predictable depth-diameter re-
lationships of fresh impact craters
allow the determination of some of
the third-dimensional character-
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diameter crater Aristarchus can be seen to the left of the 35-kilometer-
diameter Herodotus. (NASA)



istics of lunar surface features. If a crater has
been flooded by a younger lava flow, the extent
of departure of that crater from the dimensions
of a similarly sized fresh crater can be employed
to determine the thickness of the lava (or other
material). Effectiveness of this method is lim-
ited by the accuracy of the topographic data.

Material forming the lunar highlands has a
different composition from that of the maria
and results in pronounced spectroscopic differ-
ences. By analyzing spectroscopic signatures of
ejecta blankets of craters superposed on the lu-
nar maria, it is possible to determine if a crater
excavated solely basaltic material or if it pene-
trated into the crust beneath. The depth-diame-
ter relationship of the crater can then be em-
ployed to ascertain the mare thickness.

Mineralogical and geochemical analyses of
returned lunar samples have played a large role
in scientists’ understanding of the physical pro-
cesses involved during an impact event. Indi-
rectly, lunar craters have also provided infor-
mation on the deep lunar interior, because the
impacts of both natural and human-made ob-
jects have generated seismic waves recorded by
the Apollo seismic network.

For a long time claims were made by observ-
ers of the Moon that flashes of light came from
certain areas of its surface, notably some large
craters. Prior to the impact of the Ranger 8
spacecraft there, the crater Alphonsus, for ex-
ample, was an area where some reported seeing
flashes of light; their supposition was that
Alphonsus had active volcanism. Most astrono-
mers scoffed at the reports, and no serious ob-
servations of Alphonsus ever recorded undeni-
able light flashes. However, in late 2005 a
coordinated search by astronomers at NASAbe-
gan to record hundreds of small flashes of light
representative of explosions on the order of a
few hundred kilograms of TNT. The early sup-
position was that the flashes were the result of
volcanic activity. Those recognized flashes were
actually from impacts of fragments of the ex-
tinct comet 2003 EH1, the progenitor of the
Quadrantid meteor shower. This observation
indicated ongoing alteration of the lunar sur-
face, a process that had long been attributed to
the production of the lunar regolith but was
never before seen occurring routinely. The in-

flux of material creating microcraters hinted at
a threat to astronauts returning to the Moon to
stay and establish permanently occupied bases
for research.

CONTEXT

The heavily cratered surface of the Moon pro-
vides a scenario for what was also taking place
on Earth at a time for which scientists have no
geologic record. They have learned that, as one
goes farther back in time, the number of objects
that hit the Moon increases exponentially until
around 4 billion years ago. The study of lunar
craters has influenced the conceptualization
that meteorite impacts may have played a role
in terrestrial mass extinctions and thereby the
evolution of life. It has been suggested that, be-
cause the Moon contains so many craters, a
large number of age determinations of the im-
pact events could provide information concern-
ing a hypothesized correlation between impact
bombardment and cyclic extinctions.

Analyses of the sizes and distribution of vol-
canic craters have provided data concerning the
internal thermal evolution of the Moon and the
stress distributions within the upper lunar
crust. In addition, study of the morphologies of
impact craters allows scientists to determine
the effects of impacts within a gravitational
field one-sixth that of the Earth and on a body
with no atmosphere. Much of the work by Ralph
Baldwin in formulating the characteristics of
impact craters was based on data from small
terrestrial human-made explosions. Scientists
are now able to predict fairly accurately the con-
sequences of very large explosions on land, into
water, or in space as a result of lunar impact
crater studies. Much of Baldwin’s original work
remains viable even decades after the first lu-
nar landings.

It has been suggested that the permanently
shadowed floors of some near-polar craters may
be reservoirs for trapped volatiles such as
water. Such resources, if present, would play an
important role in the location of a crewed lunar
base. Furthermore, impact craters have played
the major role in forming the lunar regolith.
This loosely aggregated material could be
mined with limited mechanical processing.
Conversely, the myriad craters on the lunar
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surface pose a major hazard for safe surface
travel and will probably result in unavoidable
detours for initial crewed expeditions. Both
structures and persons would have to be pro-
tected against the small impacting bodies that
rain onto the lunar surface.

James L. Whitford-Stark
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Lunar History
Category: Natural Planetary Satellites

The heavily cratered lunar surface has
slowly evolved over the past 4.6 billion
years primarily because of impact events.
Observations made by astronomers with
ground-based telescopes, studies carried
out a result of the Apollo program, and di-
rect studies of Moon rocks have revealed
much about this formation process.

OVERVIEW

The Moon’s surface has evolved into its pres-
ent state as a result of meteoritic impact over
the eons since the solar system formed. In con-
trast, Earth’s surface has been molded and
shaped primarily as a result of geologic activity
brought on by heat transfer from its molten
core. One can argue that these very different
surfaces—the Earth’s constantly changing,
eroding surface and the Moon’s relatively tran-
quil, slowly changing surface—are the result of
each body’s total mass. Generally, low-mass
bodies acquire surfaces with meager geological
activity, whereas more massive bodies continu-
ously undergo a considerable amount of geologic
change. There are thought to have been six

states in the evolution of the Moon: the origin of
the Moon, the separation (or differentiation) of
the Moon’s crust, the first age of igneous activ-
ity, the great bombardment period, the second
age of igneous activity, and the quiescent pe-
riod.

The origin of the Moon is the stage that is
least understood. Astronomers, physicists, geol-
ogists, and mathematicians have struggled and
debated over the origin of the Moon for at least
two centuries. The original theory of the Moon’s
formation was that it was a body accreted else-
where within the solar system and came close
enough to the Earth to be captured by its gravi-
tational field. However, such a hypothesis
proved difficult to model mathematically and
was eventually proven to be impossible in a two-
body system with masses such as those involved
in the Earth-Moon system.

Another hypothesis was that the Earth and
the Moon formed about the same time, shortly
after the proto-Sun (the very early stage of the
Sun, which contracted by gravity out of inter-
stellar material) some 4.6 billion years ago. The
Earth and the Moon formed relatively near each
other (at a distance that is small compared to
the distance between planets). This theory lost
favor, however—especially after determination
of the chemical composition of Moon rocks. Lu-
nar samples were devoid of many common ele-
ments in Earth rocks. Because the Moon lacks
water, the number of lunar minerals relative to
those found on Earth is quite small.

A modern hypothesis of the lunar origin is
called the large impact hypothesis. It gained fa-
vor among scientists and then became subject to
intense investigation and scrutiny. The idea is
that a Mars-sized body struck the early Earth.
Such a catastrophic collision would have re-
sulted in the ejection of a large cloud of debris
from the obliteration of the Mars-sized object
and severe damage to the early Earth. Subse-
quently, the material would have condensed
into a disk of debris, some of which would have
fallen back to Earth, completing the formation
of the Earth. In time the rest would have
accreted into the Moon. This theory has many
features that are consistent with the knowledge
that the Earth and Moon formed near each
other and explains the similarity of the Earth’s
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crust to the composition of the Moon. It also ex-
plains why Earth’s moon is so much larger in
proportion to its parent planet than any other
satellite in the solar system.

The second stage of evolution, the differenti-
ation of the crust, occurred during the early
stages of origin, when the Moon was still molten
in its outer layers. This condition occurred from
the heat of formation and was prolonged by con-
stant bombardment of meteorites striking the
Moon’s outer layers. In this early stage of the so-
lar system, much debris was still in the form of a
complex set of rings around the Sun. Chunks of
the debris, composed of meteoroids, fell onto the

surfaces of the Moon and other plan-
ets. These meteoritic showers were
especially frequent in the early solar
system. Since the outer layers of the
Moon were molten, the lighter miner-
als tended to float and the heavier
ones tended to sink. This means that
heavy igneous material, such as the
mineral basalt, would sink, whereas
lighter igneous material, such as the
mineral anorthosite, would float. The
Moon’s crust differentiated into an
igneous shell with an inner zone of
basalt and an outer zone of the lower-
density igneous rock anorthosite.
Nearly all specimens collected dur-
ing the Apollo program can be put
into three categories: mare basalt,
found in the maria (the basins, from
the Latin for “seas”); KREEP-norite,
with an unusually high content of po-
tassium (K), rare Earth elements
(REE), and phosphorus (P); and the
anorthosite group. The latter two are
found in the lunar highlands.

As the Moon’s surface solidified,
several pockets or subsurface pools of
KREEP-norite remained molten be-
cause of slight differences in chemi-
cal composition within the crustal
rock. This episode of igneous activity
is the third stage of lunar evolution.
Certain impurities would form crys-
tals with lower melting tempera-
tures and thus remain liquid. Some
of the darker shades of pale-yellow-

rock highland material, surrounding the maria,
are KREEP. Coincidentally, meteorites struck
above some of these liquid pockets and frac-
tured the solid rock. The cracks and fractures
formed would occasionally lead to one of these
pools, and the release in pressure would cause
the liquid to “creep out” onto the surface.

The fourth stage, the great bombardment
period, overlaps all the other stages. Its place-
ment in the list of the Moon’s evolutionary
stages is based on the concept that this age is
easily identified by the largest craters still visi-
ble today. Continuously during the first 500
million years and the first four stages, impact-
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ing bodies of all sizes struck the Moon. The larg-
est formed multirimmed basins, hundreds of
kilometers in diameter. The meteoroids respon-
sible may have been huge bodies 150 to 200 kilo-
meters in diameter. Many of the largest craters
observed in the highlands date back to impacts
during this period. This is also true of many of
the large basins, which in turn are often accom-
panied by the gray-blue colored maria.

As the result of a high-speed impact, both the
meteoroid and the underlying surface material
of the Moon were subject to rapid, intense heat-
ing. All the kinetic energy of the projectile’s mo-
tion was translated into other forms, namely
heat, shock waves, and energy of excavation of
lunar material, since the motion of the impact-
ing body was halted abruptly. In a fraction of a
second, outer regions of the meteoroid and some
surface material were vaporized. The resulting
high temperature caused dense gas to explode
violently. This activity resulted in a crater sur-
rounded by a rim, composed mostly of the mate-
rial that was ejected from the resulting hole. Be-
yond the rim, arranged in a sunburst or spray
pattern, was the ejecta blanket, complete with
innumerable small craters (called secondaries)
of a wide range of sizes.

Since the mass of the Moon is low compared
to that of Earth, the Moon lost most of its inter-
nal heat of formation and the heat provided by
radioactive decay in a short time, perhaps less
than 800 million years after its origin. Earth,
being eighty-one times more massive than the
Moon, has retained much of its heat, as a result
of radioactive decay in its interior. Although the
Moon may still possess a molten core, it does not
transfer a substantial heat flow to the surface,
as it once did. Heat-flow experiments performed
by Apollo astronauts on the Moon’s surface did
register an outflow of heat, but those experi-
ments were rather rudimentary. More sophisti-
cated and far-ranging detectors are needed to
determine the Moon’s internal thermal state
more precisely.

Between 3.8 and 3.1 billion years ago—dur-
ing the fifth stage of lunary history, the second
great igneous period—only the lower basaltic
strata of the separated crust were heated. The
largest impacts, slightly after and during this
stage, formed large fractures that in some cases

reached down to the lower basaltic layers. This
allowed molten basalt to flow as lava to the sur-
face and fill in the low-lying areas in and around
the basins. This accounts for the gray-blue ba-
saltic maria. All these maria have generally cir-
cular shapes, with one exception, the Ocean of
Storms. This pancake shape is what one would
expect from flows into large, almost circular
craters. Since basalt has a higher density than
anorthosite, these pancaked lava flows have
been detected by the effect their gravity has on
satellites orbiting the Moon. As a result of their
localized pull of gravity, they have been named
mascons (mass concentrations). The flow of ba-
salt onto the lunar surface apparently came in
stages, since astrogeologists can identify youn-
ger flows atop older flows. The age of the flows
can be identified by comparing the frequency of
impact craters found in the flows and also the
wrinkle structures in the maria that identify
the border of a flow.

Finally, after the first one billion years, the
igneous activity ceased and impacts gradually
became less frequent. This final stage, the qui-
escent period, lasted more than three billion
years to the present time.

METHODS OF STUDY

Almost all the features on the Moon’s surface
can be shown to be caused by impacts—directly,
as in the case of a crater, or indirectly, as in the
case of KREEP or a maria. There are no moun-
tains on the Moon resulting from uplifting. All
the mountainlike features are partial or quite
complete rims of basins or craters. The partial
rims have been obliterated by more recent im-
pacts. Another mountainlike feature often seen
at the center of a well-preserved or relatively
fresh (young) crater results from the focus of a
shock wave reflected and focused by the rim for-
mation during impact back toward the impact
center. Arrival of the reflected shock wave ap-
parently heaves the center of the crater upward.

The surface of the Moon today is covered with
a finely pulverized dust called regolith. Regolith
varies in depth from 5 to 10 meters in young
maria (3.1 billion years old) to perhaps 20 to
25 meters or more in the highlands (more than
4.2 billion years old). Regolith has been formed
by the constant churning and mixing from par-
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ticles impacting through the ages, ranging in
size from micrometeorites to meteoroids large
enough to form the largest craters. Crater rims,
having both a sharp (young) and a rounded,
smoothed (old) appearance, are evidence of this
same kind of slow erosive process caused by im-
pacts.

Close microscopic inspection of the regolith
reveals evidence of impacts and the Moon’s evo-
lutionary history. The regolith consists of tiny
pieces of anorthosite, anorthositic breccia, ba-
salt, basaltic breccia, a variety of glasslike, ir-
regularly shaped particles, and small, spheri-
cally shaped glass beads. The glass is believed
to be produced by the heat and shock of impact,
resulting in a fused metamorphic, glasslike
rock. Spherical beads result from liquid drops
thrown out during the splash of ejection shortly
after impact. The drops freeze or solidify before
falling back to the surface.

In the early 1970’s, Apollo
astronauts conducted field ge-
ology exercises on the Moon’s
surface and placed experi-
ments there to study moon-
quakes in the hope of getting
information about the lunar
interior. Moon rocks brought
back to the Earth played a ma-
jor role, if not the most impor-
tant role, in advancing under-
standing of the evolution of
the lunar surface. Fragmented
pieces of lunar rock provide
many clues to lunar history.

Geologists can easily iden-
tify several distinct rock types
in such samples. Some of the
gray pieces are the well-known
igneous rock basalt. Some of
the very white pieces are brec-
ciated anorthosite; breccia is
rock that has been fragmented
and welded together with im-
mense heat. The glasslike sub-
stances and those resembling
glass beads provide an under-
standing of the evolution of
the Moon’s surface as brought
about by eons of meteoritic

bombardment. Apollo studies, together with
previous space-based and earthbound tele-
scopic studies, have allowed scientists to con-
struct an evolutionary history of the lunar sur-
face.

All lunar samples are geologically processed.
Their composition was established by igneous
processes inside the Moon. No primitive or pri-
mordial lunar material (material that existed
on the Moon’s surface soon after the formation
of the Moon) is likely to have survived the turbu-
lent early history of the Moon. Primordial mate-
rial from which the Moon was formed should be
about 4.6 billion years old. The Earth and Moon,
moreover, formed in the same general region.
This is indicated by the specific abundances of
certain types of atoms, especially those of oxy-
gen. Abundances are good indicators of position
from the Sun in the inner solar system. Lunar
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and crustal terrestrial rocks have very similar
abundances. The overall density of the Moon is
similar to the density of the Earth’s crust; for
this reason, scientists in the past speculated
that the Moon came from the Earth.

Neither humans nor robots have visited the
lunar surface and returned samples to Earth
since Luna 24 in 1976. The Ballistic Defense Or-
ganization used the Moon as a test bed in early
1994 for an evaluation of next-generation sen-
sors flown on the Clementine spacecraft. This
small probe, which lasted only 115 days, carried
seven different instruments capable of examin-
ing the lunar surface across much of the electro-
magnetic spectrum. In coordination with the
National Aeronautics and Space Administra-
tion (NASA) a mineralogical map of much of the
Moon was obtained. Surprisingly, there was a
signature strongly suggesting that the Moon
possessed a significant amount of water ice near
the poles. Clementine was followed four years
later by NASA’s Lunar Prospector, which ex-
panded upon the Clementine science. Over the
course of nearly eighteen months, Lunar Pros-
pector orbited the Moon and assembled data
that provided a detailed map of surface compo-
sition and identified lunar resources that might
be used to support lunar bases.

In the aftermath of the Columbia accident
(February 1, 2003), the Bush administration di-
rected NASA to proceed with a next-generation
crewed spacecraft that could again take astro-
nauts beyond low-Earth orbit, expand the hu-
man presence to return to the Moon to stay, and
eventually fly to Mars and beyond. Rather than
setting up a time-limited crash program like
Apollo, the Bush administration established
the Space Vision for Exploration, which was
open-ended. NASA responded to the challenge
with the Constellation program, which included
development of new boosters to send an Orion
Crew Exploration Vehicle to the Moon with a
much larger and more versatile Altair Lunar
Lander in order to establish a base. The precise
site of the base remained under evaluation, but
its general vicinity would be near the Moon’s
south pole to make use of the suspected water
ice deposits there and to also be able to take ad-
vantage of permanent solar irradiation for
power generation. Plans called for a return to

the Moon with Constellation assets by 2019, the
fiftieth anniversary of the first crewed lunar
landing (Apollo 11 in July, 1969). In addition to
setting up infrastructure at the Moon’s south
pole, Constellation was to be designed to sup-
port exploration about the lunar surface far
from the base itself to attempt to answer many
of the questions about the Moon’s history and
geology that Apollo did not completely answer.

The United States was not the only nation at
this point with interest in the Moon. After much
indifference, international interest in under-
standing the Moon’s history and making deter-
minations about potential uses of its resources
began to increase dramatically in the early
twenty-first century. China began sending
taikonauts (the Chinese word for astronauts)
into space in Shenzhou spacecraft in late 2003.
The Chinese crewed space program was de-
signed to incrementally advance to lunar mis-
sions. Indeed, it is possible that Chinese
taikonauts will reach the Moon before NASAas-
tronauts return. NASA’s next robotic spacecraft
dedicated to lunar science is the Lunar Recon-
naissance Orbiter (LRO). LRO joins probes sent
to the Moon by the European Space Agency
(SMART 1 spacecraft), the Japanese Aerospace
Exploration Agency (Kaguya spacecraft), and
the Indian Space Agency (Chandraayan-1 space-
craft).

CONTEXT

Understanding the history of the lunar sur-
face has helped scientists to discern the events
and processes that led to the origin of the solar
system, the planets in general, and the Earth-
Moon system in particular. It is important to
understand the history of the Moon in that it
provides information about the history of the
Earth. Because of the Moon’s ancient surface,
questions that cannot be answered by examin-
ing the youthful terrestrial surface have been
answered by lunar studies.

Detailed studies of lunar rocks have led to a
much deeper understanding of the probable
chemical composition of the solar nebula and
the proto-Sun. This is important not only be-
cause it helps explain the process whereby the
Sun and planets formed but also because it pro-
vides specific clues and observations that in-
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crease scientists’ understanding of star forma-
tion in general. Astronomers now believe that
planetary formation is a natural consequence of
star formation.

Anomalous abundances of particular chemi-
cal elements found in both lunar and terrestrial
rock have led directly to speculations about the
origin of the solar system. Some chemicals in
the rare Earth group strongly indicate that a su-
pernova explosion may have contaminated the
gas and dust from which the solar nebula
formed with chemical debris from deep within
the exploding star. Some astronomers suggest
that the shock of the supernova blast wave actu-
ally triggered the contraction of the solar nebula
into the formation of the Sun and planets.

Understanding the lunar surface also ad-
vances the goal of its future exploitation. The
Moon might someday be used as a space station,
an astronomical observatory, or a space colony.
The Moon would be an excellent source of min-
erals, since virtually all lunar rocks are rich in
the metal titanium and would supply much
more of this metal than could be mined on Earth
from even the richest deposits. To these ends,
NASA is developing the Constellation program,
which includes returning humans to the Moon.
The goal of Constellation is to expand the hu-
man presence beyond low-Earth orbit. The first
major step in that lofty, open-ended adventure
includes the development of a permanently
staffed lunar base, one from which exploration
and science can be conducted, all the while mak-
ing use of lunar resources to meet the needs of
the scientists and astronauts living and work-
ing on the Moon.

James C. LoPresto
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Lunar Interior
Category: Natural Planetary Satellites

Using fundamental knowledge of the
Earth’s interior along with data returned
by missions to the Moon, scientists have
been able to extrapolate theories about the
lunar interior.

OVERVIEW

The contrasting light-colored highlands and
darker maria regions of the Moon were very ap-
parent to even the earliest observers. Early tele-
scopic observations revealed the highlands to be
rough, cratered, and mountainous, as compared
to the smoother and less cratered maria. Gali-
leo’s first impression of the lunar surface clearly
drew a comparison to the land and sea regions of
the Earth. Later scientists, with only telescopic
observations to guide them, assumed that the
Earth and Moon probably had similar origins
and should be quite alike in most respects. This
assumption did not last long.

When scientists made their first calculations
of the densities of the Earth and Moon, they dis-

covered an interesting fact. The Earth has a
density of 5.5 compared to 3.34 for the Moon.
This seemed strange for two bodies found so
close to each other in space. Later theories at-
tributed the difference in densities to the
Earth’s having a much higher percentage of
metal in its overall chemical composition. With
the higher metal content, the Earth would natu-
rally have a greater mass and a higher density.
Two distinctly different sets of characteristics
would soon define each object, for it is mass that
creates a planet’s internal pressure and temper-
ature conditions. These two factors, in turn, de-
termine whether or not a metal or silicate min-
eral will remain a solid or become a molten
liquid. Once a molten liquid is produced, the
process of density separation can take place and
produce a distinct core.

Based on a density comparison between the
Earth and the Moon, it is believed that the Moon
does not have a well-defined core like that of the
Earth. Experiments conducted on the Apollo 15
and 17 missions did indicate that the Moon’s
heat-flow rate is about half that of the Earth. Al-
though the lunar interior is hot, it is not suffi-
ciently hot to produce a density separation of
materials comparable to that which occurred in
the Earth. The higher iron content of the lunar
crust also tends to support a planetary body
that is not well differentiated like the Earth.

The current model for the nature and chemi-
cal composition of the Moon’s interior has been
primarily derived from lunar rock samples and
the seismic experiments left on the Moon by the
Apollo astronauts. This information, combined
with data from both crewed and uncrewed or-
bital missions, has given scientists a much
clearer idea of what constitutes the lunar inte-
rior. Originally, based on the relatively well-
established models developed for the Earth, it
was assumed that the Moon’s interior should
have experienced a similar history. As Apollo
data started to pour in, it quickly became appar-
ent that this was not going to be the case. In sub-
sequent years, differences between the interiors
of the Earth and Moon have become even more
controversial.

The interior of the Earth has been divided
into a crust, mantle, and core. This division is
based on the determination of the densities of
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various rocks and metals at
specific depths. This division
does not represent the pri-
mordial Earth. One theory of
the origin of the Earth sug-
gests that the Earth formed
as a result of the accretion of
innumerable cold, solid bits
of rock and metal into a rela-
tively cold, chemically homo-
geneous body. Shortly after
the Earth’s formation, its in-
ternal temperature began to
rise due to the decay of radio-
active isotopes, the heat from
accretion, and the mass of
the Earth itself. At this point,
its interior temperature was
well below the melting point of most metals
and silicate minerals. Gradually temperatures
reached a point where melting occurred, pro-
ducing a molten liquid. Within this molten
magma, denser metals sank to the center of
mass forming the liquid and solid metallic
cores. As a result, lower-density silicate miner-
als were displaced and moved upward to form
the crust.

Even within Earth’s crust itself, rock materi-
als of two distinctly different densities would
separate into the lower-density continental
crust and the higher-density oceanic crust.
Sandwiched between the crust and core would
be the mantle, a large region of silicate minerals
with variable densities appropriate to specific
depths. This entire process is referred to as den-
sity separation, and it is believed to have taken
place very early during the initial stages of the
Earth’s formation. Through this separation of
molten metals and nonmetals, the generation of
an electric current and magnetic field became
possible.

If this process occurred for Earth, then could
a similar process have taken place on the Moon?
Perhaps the best indicator of the composition
and structure of the lunar interior came from
the Apollo Lunar Science Experiment Packages
(ALSEPs), which included a seismometer to re-
cord “moonquakes.” On Earth, scientists use
seismic waves to calculate the density and pre-
dict the composition of materials at various

depths. The way seismic waves pass through
various materials gives clues to their chemical
and physical properties. The same should be
true for the Moon and thus provide a detailed
picture of the lunar interior. Apollo results indi-
cate that the internal structure of the Moon is
very different from that of the Earth. Both the
lunar crust and mantle are much thicker rela-
tive to the Earth’s and show no evidence of plate
tectonics. Seismic evidence does indicate that
the upper portion of the lunar crust has been
shattered by countless meteoroid impacts; with
depth, this crust gradually progresses into a
solid rock layer termed the lithosphere. Be-
neath this first 1,000 kilometers (620 miles) lies
the asthenosphere, a region where seismic
waves have indicated the presence of a liquid or
partially liquid environment, which may in-
clude the core. The core, if it truly exists, may
consist of an iron sulfide mixture rather than a
“pure” nickel-iron alloy. The presence of a sig-
nificant amount of iron sulfide minerals could
lower the melting temperature required to pro-
duce a liquid phase and hence the conditions
suitable for the formation of a core. The specific
chemical composition of the lunar interior,
along with the existing temperature and pres-
sure conditions, are the defining factors as to
whether or not the Moon has a core similar to
Earth’s. Existing data suggest that the Moon
does not have sufficient internal heat to pro-
duce a distinct metallic core. The fact that iron-
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bearing lunar materials are not magnetic also
points to the apparent lack of a magnetic field,
which is usually attributed to the presence of a
liquid-solid metallic core.

KNOWLEDGE GAINED

The arrival of the “space age” gave scientists
the opportunity to answer many of their ques-
tions about the origin and evolution of the plan-
ets, because new technology allowed them to
send satellites and probes to explore other
worlds at close range. Because of its close prox-
imity to Earth, the Moon was a logical first
choice for exploration. Several hundred years of
telescopic studies had not provided many an-
swers; to unravel the Moon’s secrets, both
crewed and uncrewed spacecraft would need to
go to the Moon and collect data.

Beginning in the early 1960’s, when Presi-
dent John F. Kennedy challenged the American

people to go to the Moon, the National Aeronau-
tics and Space Administration (NASA) devel-
oped a series of lunar exploration programs: the
Ranger, Lunar Orbiter, Surveyor, and Apollo
missions achieved that goal. Ranger provided
the first close-up look at the Moon. Lunar Or-
biter provided the reconnaissance images to se-
lect the landing sites for Surveyor and later the
Apollo missions. In addition to proving that a lu-
nar soft landing was possible, Surveyor gave
science its first look at the lunar soil and surface
conditions. The six Apollo missions not only re-
turned more than 380 kilograms of lunar rock
and soil but also left experiments on the lunar
surface to study the Moon’s interior. Later mis-
sions, such as Clementine and the Lunar Pros-
pector, surveyed the lunar surface for mineral
deposits and searched for the presence of water
ice. The Russian Luna program also added to
our overall knowledge of the Moon through the

use of a robotic rover and
sample-return missions.

Knowledge seems to flow
back and forth between the
Earth and Moon. The basic
geological principles geolo-
gists have learned on Earth
have been applied to lunar
features, yet many of the dis-
coveries made on the Moon
have caused geologists to re-
think their original theories.
In the context of a wealth of
lunar data, scientists now
see the Moon as a world
seemingly similar to Earth
yet markedly different. The
early processes that created
a distinct crust-mantle-core
structure for the Earth and
produced a strong magnetic
field never reached comple-
tion on the Moon. The Earth
was able to retain its high in-
ternal temperature and re-
main fluid at specific depths,
while the Moon apparently
did not and remains only a
partially differentiated body.
Further studies of the Moon
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are certainly needed before science can provide
a definitive understanding of the Moon’s physi-
cal makeup and interior structure. Future lu-
nar missions may answer many of the remain-
ing questions concerning the lunar interior as
well as giving a better understanding of lunar
surface materials and the giant impact pro-
cesses that have shaped lunar history.

While lunar geologists eagerly await a return
to the Moon, analysis of samples returned by
the Apollo astronauts continued decades after
the last lunar landing, Apollo 17 in December,
1972. A rock returned on that mission after be-
ing collected by Dr. Harrison Schmitt, the only
geologist to land on the Moon during Apollo,
turned out to be the oldest sample collected that
had not been subjected to intense shocks from
major bombardments of the Moon occurring af-
ter the rock’s formation. This rock possessed a
remnant magnetism dating back to beyond 4.2
billion years, indicating that in its early history
the Moon had a liquid core that produced mag-
netism by a dynamo effect, as Earth still does.
That lunar field appears to be about one-fiftieth
that of the Earth, a result that models of lunar
core dynamics also predict. This finding adds
evidence to the theory that the Moon did not
form cold but out of a collision between a Mars-
sized object and the early Earth.

CONTEXT

As far back as 400 b.c.e., ancient Greek phi-
losophers wondered about what lies beneath
the Earth’s surface. They envisioned a dark,
hot, sulfurous underworld populated by demons
and the spirits of the dead. This dismal picture
was based on a certain amount of truth. The an-
cients were familiar with volcanoes and sulfu-
rous hot springs and easily made the connection
to the underworld.

Today modern science certainly has an ad-
vantage over the Greeks. Scientists now have
the ability to study the Earth’s interior by
means of seismic studies, deep drill holes, and
analyses of deep-seated rocks brought up dur-
ing violent volcanic eruptions. With data like
these, it is possible to develop computer models
that give a very accurate picture of what lies
deep beneath the Earth’s crust. Once we have a
basic idea of what makes our planet work, natu-

ral human curiosity causes us to wonder if these
same geological processes are common to other
worlds. For more than fifty years, humankind
has extended its curiosity to our Moon and
found a world that is both familiar and different
from Earth. Certainly, future lunar missions
will not only expand our knowledge of the
Moon’s interior but also pave the way for a more
comprehensive understanding of the terrestrial
planets.

Paul P. Sipiera
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Lunar Maria
Category: Natural Planetary Satellites

The Moon’s maria (literally “seas”) are low-
elevation areas of the lunar surface, in con-
trast to the lunar highlands. Interest in
lunar maria achieved international promi-
nence in 1969, when the National Aeronau-
tics and Space Administration’s (NASA’s)
Apollo 11 astronaut Neil Armstrong set
foot upon the surface of the Moon in the Sea
of Tranquility. There Armstrong and fel-
low astronaut Edwin E. Aldrin collected
the first samples of the surface of another
natural body in space.

OVERVIEW

Mare (plural, maria) is the Latin for “sea”;
the term reflects seventeenth century ideas
about the nature of the lunar surface. Similarly,
there are other places on the lunar surface
named for bodies of water: the Oceanus
Procellarum (Ocean of Storms), some areas
bearing the name lacus (lake), others called si-
nus (bay), and still others called palus (marsh).
Returned lunar samples have established not
only that there is no surface water on the Moon
but also that the Moon as a whole has so little
water that there are no hydrated minerals in

the rocks. In reality, the maria are areas of ba-
saltic lava flows. These lavas occupy approxi-
mately 16 percent of the lunar surface, with 80
percent of those located in the equatorial area
on the side of the Moon that is always turned to-
ward the Earth—a total of more than 6 million
square kilometers. Although extensive, mare
basalts probably represent less than 1 percent
of total lunar crust by volume.

Volcanoes form some of the highest features
on the Earth, but the majority of the lunar lavas
are situated in low regions. These lows were ex-
cavated by meteorite impacts that left craters
varying in size from microscopic to 2,500 kilo-
meters in diameter. The largest of these craters,
called basins, were later filled by lavas to form
the maria. Smaller craters, particularly those
immediately surrounding the nearside maria,
also became the sites of lava eruptions. Esti-
mates of the thicknesses of the mare lavas
range from less than 100 meters in the shal-
lowly flooded craters to perhaps 10 kilometers
in the larger basins. Depth of basalt fill appears
to be related to the age of the impact-basin-
forming events, the deeper fill being found in
the younger basins. Nearly thirteen hundred
separate eruption locations have been identi-
fied. This number does not include those buried
by their own or younger erupted materials. The
true number of eruption sites may be closer to
thirty thousand.

Returned lunar samples have radiometric
ages that fall within a range of 3 to 4 billion
years. The presence of basaltic fragments in
breccias produced by the large-basin-producing
impacts dating from about 4 billion years, along
with dark materials excavated by impacts from
beneath a younger impact depositional cover,
indicates that the age of volcanism extends fur-
ther back in time than the ages of the returned
samples. Furthermore, ages determined by
crater-counting techniques have indicated the
presence of lavas perhaps as young as 2 billion
years. Thus, although now long absent, the ma-
jority of volcanic flows on the Moon took place
over a time span of about 1 billion years. Addi-
tionally, crater-counting data indicate that in-
dividual maria may have witnessed eruptions
for a similar time span, the older materials be-
ing deeply buried near the basins’ centers.
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Crater counting and superposition relation-
ships have led to the construction of a relative
timescale based on the time of formation of
large impact craters and basins. Subdivisions of
this timescale in order of decreasing age are pre-
Nectarian, Nectarian, Early Imbrian, Late
Imbrian, Eratosthenian, and Copernican. Two-
thirds of the nearside surface of the maria is of
Late Imbrian age; much of the remainder is of
Eratosthenian age. Early Imbrian, Nectarian,
and pre-Nectarian lavas could have been buried
by impact ejecta and younger lavas; Copernican-
aged lavas are restricted to small areas of the
western near side.

Morphological evidence for volcanism is
found in the form of lava-flow fronts, sinuous
rilles, mare domes, cones, and pyroclastic de-
posits. Measured flow fronts have heights
which average about 30 meters but range from
10 to 63 meters. It is highly probable that thin-
ner flows once existed, but they were subject to
obliteration by more than 2 billion years of ero-
sion from meteorite impacts. Flow fronts out-

line individual eruptions more
than several hundred kilome-
ters in length. The great size of
these features is attributable to
the extremely low viscosities of
erupted materials and their
high-volume output rate. Sinu-
ous rilles superficially resemble
terrestrial river channels and
range from hundreds of meters
to 3 kilometers in width and a
few kilometers to 300 kilome-
ters long. These features are be-
lieved to be lava channels or col-
lapsed lava tubes. The Apollo 15
mission included exploration at
the edge of one of these struc-
tures, Hadley Rille. More than
three hundred mare domes have
been identified on the Moon.
They have shapes and dimen-
sions comparable to small ter-
restrial shield volcanoes.

Conical structures are com-
mon in the Marius Hills volcanic
complex within Oceanus Procel-
larum but are relatively rare

elsewhere. It is believed that these structures
are the lunar equivalent of a terrestrial Strom-
bolian eruption style. The Marius Hills area had
been seriously considered as a landing site for
Apollo astronauts, but it did not make the cut
when three Apollo missions were canceled as a
result of budget cuts.

Pyroclastic deposits on the Moon can be sub-
divided into two major groups: dark halo depos-
its and regional dark mantle deposits. Dark
halo deposits extend to ranges of about 5 kilo-
meters from an endogenic crater. Dark mantle
deposits cover areas of up to 40,000 square kilo-
meters. The Apollo 17 mission included the only
geologist astronaut, Harrison “Jack” Schmitt,
to fly to the Moon to do fieldwork on its surface.
On that final lunar landing mission, the astro-
nauts returned samples of this pyroclastic ma-
terial in the form of orange “soil” found in the
Taurus-Littrow valley. Stratigraphy and compo-
sitional variations of lunar pyroclastic materi-
als suggest an age range comparable to the
mare basalts.
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Compositionally and texturally, lunar mare
samples returned to Earth are basaltic lavas
and glasses. Samples from each landing site are
unique in terms of their major and minor ele-
ment chemistry. Additionally, different chemis-
tries can be recognized in the basalts at each
site. General distinctions have been drawn be-
tween high, intermediate, low, and very low ti-
tanium basalts and feldspathic basalts. It must
be remembered that samples have been re-
turned from only six mare sites. Fortunately,
basalts are rich in the transition group metals,
particularly iron and titanium. It has been pos-
sible to map the distribution of compositionally
different basaltic materials across the nearside
of the Moon on the basis of their spectral charac-
teristics. More than one dozen spectrally differ-
ent units have been identified. There appear to
be no simple age-composition relationships or
composition-location relationships. For exam-
ple, there are both old and young titanium-rich
basalts, and titanium-rich basalts in both the
eastern and the western hemispheres of the
Moon.

There are also dome-shaped features on the
lunar surface whose shapes and spectral char-
acteristics serve to distinguish them from mare
domes. These features have heights of up to
slightly more than 1 kilometer and areas of
up to 500 square kilometers. They are all close
to the highland-mare boundary in Oceanus
Procellarum. Their spectra have suggested a
comparison with KREEP basalts, which are
rich in potassium, rare Earth elements, and
phosphorus. If of volcanic origin, their shapes
would indicate formation by higher-viscosity
materials or at lower volumetric eruption rates
than mare basalts. Stratigraphic analysis indi-
cates that they were emplaced at the lunar sur-
face at the same time that basaltic eruptions
were taking place elsewhere.

In summary, volcanic activity, perhaps domi-
nated by KREEP-rich materials, preceded de-
velopment of younger large impact basins. Cav-
ities created by the large impacts became the
sites of basalt deposition, and deeper, central
portions of the basins were the first to be filled.
Widespread, flood-type volcanism was locally
accompanied by the eruption of more volatile-
rich pyroclastic material. With progressive in-

filling, the magma had an increasingly difficult
task in penetrating the thick, high-density ba-
sin fill, so volcanism shifted to the periphery of
the basins, found outlets in the floors of circum-
basinal craters, and overflowed into the sur-
rounding terrains.

METHODS OF STUDY

Locations and stratigraphic relations of the
lunar maria have been determined by geologic
mapping using Earth-based and orbital photo-
graphs as the database. Relative ages of differ-
ent surface units have been determined by mea-
suring the number of impact craters of a given
size within a specified area or by determining
the extent to which craters of a given size have
been modified with respect to fresh, similarly
sized craters. Both of these techniques rely on
the fact that the Moon is under constant bom-
bardment by meteorite particles, so that the
longer an area has been exposed at the lunar
surface, the more craters it will have and the
more the pre-impact surface will be affected by
erosion and deposition. In many cases it is possi-
ble to identify secondary craters created by ma-
terial excavated by a primary impact. These
secondary craters (and the primary crater) have
to be younger than the material into which they
impacted. By mapping these relationships, sci-
entists have established the lunar stratigraphic
column.

The advantage of the return of lunar samples
was that the relative ages calculated by the
cratering techniques could be related to the ab-
solute ages determined by radiometric dating.
Furthermore, exposure times (rather than crys-
tallization or metamorphic ages) of the returned
samples at the lunar surface have been estab-
lished by determining their amounts of solar-
derived particles. Sizes of such structures as
lava-flow fronts have been determined by mea-
suring the lengths of shadows and through the
use of laser altimeter carried aboard orbiting
spacecraft. These data have been compiled to
make topographic maps.

Many techniques have been employed to de-
termine the thickness of the mare basalts. One
geophysical technique relies on the fact that the
mare basalts have a greater density than the
surrounding highlands materials. This greater
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density results in the maria exerting a greater
gravitational pull on a spacecraft, causing min-
ute changes in its orbital motions. This phenom-
enon led to the discovery of strong pulls over the
younger circular impact basins and the formu-
lation of mascons (short for mass concentra-
tions). Morphometric techniques for determin-
ing mare thicknesses rely on the fact that
impact craters have regular and predictable di-
mensional characteristics. For example, a fresh,
bowl-shaped crater has a depth equal to one-
sixth its diameter. If an impact crater has pene-
trated a mare surface and excavated pre-mare
materials from beneath, then the mare must be
less thick than one-sixth of the crater diameter.

Similarly, if all pre-mare craters with less than
a specific diameter have been buried by lava,
then, again, a minimum depth can be estab-
lished. At the larger end of the scale, it is possi-
ble to take a topographic map of a relatively
unflooded young basin, such as the Orientale
Basin, and artificially raise the lava level paral-
lel to the contours until the basin looks like the
more deeply flooded basins. Height difference is
then a measure of the mare infill thickness in
the more deeply flooded basin.

Composition of mare basalts has been estab-
lished by standard geochemical techniques ap-
plied to returned samples. More Moon-wide
data have been obtained from orbital geochemi-
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Lunar Maria

Name Latitude Longitude Diameter English Name

Mare Anguis 22.6N 67.7E 150.0 Serpent Sea

Mare Australe 38.9S 93.0E 603.0 Southern Sea

Mare Cognitum 10.0S 23.1W 376.0 Sea That Has Become Known

Mare Crisium 17.0N 59.1E 418.0 Sea of Crises

Mare Fecunditatis 7.8S 51.3E 909.0 Sea of Fecundity

Mare Frigoris 56.0N 1.4E 1,596.0 Sea of Cold

Mare Humboldtianum 56.8N 81.5E 273.0 (Alexander von Humboldt, German
natural historian, 1769-1859)

Mare Humorum 24.4S 38.6W 389.0 Sea of Moisture

Mare Imbrium 32.8N 15.6W 1,123.0 Sea of Showers

Mare Ingenii 33.7S 163.5E 318.0 Sea of Cleverness

Mare Insularum 7.5N 30.9W 513.0 Sea of Islands

Mare Marginis 13.3N 86.1E 420.0 Sea of the Edge

Mare Moscoviense 27.3N 147.9E 277.0 Sea of Muscovy

Mare Nectaris 15.2S 35.5E 333.0 Sea of Nectar

Mare Nubium 21.3S 16.6W 715.0 Sea of Clouds

Mare Orientale 19.4S 92.8W 327.0 Eastern Sea

Mare Serenitatis 28.0N 17.5E 707.0 Sea of Serenity

Mare Smythii 1.3N 87.5E 373.0 (William Henry Smyth, British
astronomer, 1788-1865)

Mare Spumans 1.1N 65.1E 139.0 Foaming Sea

Mare Tranquillitatis 8.5N 31.4E 873.0 Sea of Tranquillity

Mare Undarum 6.8N 68.4E 243.0 Sea of Waves

Mare Vaporum 13.3N 3.6E 245.0 Sea of Vapors

Source: National Space Science Data Center, NASA Goddard Space Flight Center.



cal experiments. Information on radon and
polonium variations was gathered by alpha-
particle spectrometry; uranium, potassium,
and thorium concentrations, and the elemental
abundances of oxygen, silicon, iron, magnesium,
and titanium were determined by gamma-ray
spectrometry; and aluminum, silicon, and mag-
nesium variations were determined using X-ray
fluorescence data. Various photographic and
reflectance spectroscopy techniques have been
employed by Earth-based observers to deter-
mine transition element variations, mineral
compositions, and glass contents of the mare
surfaces facing the Earth.

Lunar studies ceased after the Soviet Luna
24 mission robotically returned to Earth sam-
ples from the Sea of Crises (Mare Crisium) in
1976. The Moon was ignored for nearly two de-
cades in terms of planetary science programs in-
volving robotic spacecraft. Then in the 1990’s
the Ballistic Defense Organization sent the Cle-
mentine spacecraft to test new sensors and in
the process map lunar resources. NASA fol-
lowed with the more capable Lunar Prospector.
Clementine and Lunar Prospector returned tan-
talizing suggestions of water ice on the surface
of the Moon in permanently shadowed areas.
Data from the Clementine spacecraft in 1994
appear to indicate an ice field near the Moon’s
south pole. Five to ten meters deep and sixteen
thousand square kilometers in area, the ice field
is mixed with soil; it could be a valuable re-
source for crewed lunar bases. That finding was
substantiated by NASA’s Lunar Prospector
spacecraft, which orbited the Moon from Janu-
ary, 1998, to June, 1999, and determined the
chemical composition of the lunar surface using
alpha particle, neutron, and gamma-ray spec-
trometers. Renewed interest in the Moon fol-
lowed. The Chinese, Indian, European, and Jap-
anese space programs sent spacecraft into orbit
about the Moon in the first decade of the twenty-
first century, and NASA prepared to launch the
Lunar Reconnaissance Orbiter in 2009.

In the aftermath of the Columbia accident
(2003), NASA was directed by the Bush admin-
istration to fulfill its Space Vision for Explora-
tion, which calls for a return to the Moon during
which astronauts would begin setting up a lu-
nar base. Although the plan, the Constellation

program, calls for the base to be established
near the Moon’s south pole, the infrastructure is
to be designed so that exploration of the surface
far from the base is possible; this could include
sorties to the lunar maria. In any event, with
China planning to send its taikonauts (the Chi-
nese equivalent of astronauts) to the Moon as
well, activity in orbit and on the surface of the
Moon should increase dramatically, increasing
our understanding of the Moon’s history and ge-
ology.

CONTEXT

Maria form the least rugged terrain on the
Moon, so they are conducive to the safe landing
of spacecraft. These flat areas can also facilitate
lunar exploration through the use of surface
craft. They are most abundant on the Earth-
facing hemisphere, where continuous telecom-
munications are possible with the Earth. Exca-
vation of the maria to produce dwellings would
not be very difficult. Alternatively, natural
shields to solar radiation, such as lava tubes,
could be turned into habitation sites. Several
techniques have been proposed for the mining of
mare basalts to be used as raw materials for
the construction of spacecraft in Earth orbit and
to provide sustenance for lunar inhabitants.
These factors make the maria primary candi-
dates for the establishment of a permanent,
crewed lunar base.

A farside mare site would be an ideal location
for the construction of an astronomical observa-
tory. Communications with Earth-based sta-
tions would necessitate a more complex satellite
system than that required by a nearside base,
but at the same time, the shielding from terres-
trial electromagnetic radiation provided by the
bulk of the Moon would enable clear views of
distant galaxies.

From a scientific viewpoint, the surface ma-
terials of the maria provide a diary of solar ac-
tivity and small meteorite impacts extending
over the past few billion years. On Earth, by
contrast, this information is less available be-
cause it has been removed from rocks by ero-
sion, deposition, and the recycling of oceanic
plates. Detailed study of the maria can there-
fore furnish information about what was taking
place in the near-Earth solar system from the

Lunar Maria The Solar System

382



time of emplacement of the oldest surviving ter-
restrial rocks through the development of uni-
cellular organisms to the arrival of humans.
These data cannot be obtained from the surface
of Venus, because of the thick atmosphere of
that planet; nor will Mars serve, because of the
effects of wind erosion, ice formation, and, per-
haps, past erosion by river systems. Therefore,
the Moon is a unique natural laboratory, and
the maria provide favorable sites for a labora-
tory inhabited by humans. With the declaration
of the Space Vision for Exploration, some of
these grand plans may come to fruition during
the twenty-first century.

James L. Whitford-Stark
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Lunar Regolith Samples
Category: Natural Planetary Satellites

Initial study of lunar soils focused on en-
suring the safety of the crewed Apollo
spacecraft upon landing. Returned soil
samples have since been analyzed to deter-
mine the origin and evolution of the Moon.
Future studies will assess the suitability of
lunar resources for utilization in construc-
tion of a Moon base and as raw materials
for space manufacturing.

OVERVIEW

Existence of a “soil,” or layer of small parti-
cles covering the lunar surface, was inferred
prior to the first spacecraft’s landing on the
Moon. At full Moon, the lunar surface is ob-
served to be bright from edge to edge, exhibiting
only minimal “limb darkening” (a decrease in
intensity of the light reflected near the edges of
a smooth sphere). This led early observers to

conclude that the uppermost surface layer of the
Moon was porous on the centimeter scale, sug-
gesting a surface dust layer. Determination of
the thickness and physical properties of this
dust layer was important to the success of the
crewed lunar landings. Cornell astronomer
Thomas Gold had postulated that the Apollo
Lunar Module might sink in a thick surface
dust layer that could not bear the weight of the
vehicle.

Early in situ investigations of the properties
of the lunar soils were conducted by lunar soft-
landing spacecraft in the Soviet Luna series and
the Surveyor spacecraft series launched by the
National Aeronautics and Space Administra-
tion (NASA). On February 3, 1966, Luna 9, the
first spacecraft to soft-land on the Moon, re-
turned panoramic photographs of the surface
and demonstrated that the soil was firm enough
to support the 100-kilogram payload without
noticeable effect. Surveyor spacecraft and the
Luna 13, 17, and 21 soft-landers carried instru-
ments that determined the lunar soil’s composi-
tion and physical properties.

Nevertheless, the return of lunar samples to
Earth for laboratory analysis offered significant
advantages; earthbound instruments were not
limited, as were the lightweight ones suitable
for space flight. The first samples of lunar soil
were returned to Earth by Apollo 11. During
their stay on the lunar surface, the Apollo 11
astronauts collected 22 kilograms of lunar ma-
terial. Of this sample, 11 kilograms were catego-
rized as “fines” (particles smaller than 1 centi-
meter).

In addition to surface soil samples, Apollo as-
tronauts obtained “core samples,” cylindrical
samples of lunar soil taken by pushing a tube
vertically into the lunar surface. Preserved lay-
ers in cores provide information on the rates of
depositing and mixing of the soil. Apollo 11 as-
tronaut Edwin E. Aldrin collected two core sam-
ples in 2-centimeter-diameter tubes pushed
down into the lunar surface. The first core,
about 10 centimeters long, contained 51 grams
of material, while the second, measuring 13.5
centimeters, weighed 65 grams.

Apollo 11 lunar samples were returned to
Earth on July 24, 1969, and flown to the
Manned Spacecraft Center (MSC, later re-
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named Johnson Space Center), in Houston,
Texas. There the samples were placed in quar-
antine in the Lunar Receiving Laboratory
(LRL) for a period of one month while biological
analyses were conducted. The Lunar Sample
Preliminary Analysis Team (LSPAT), consist-
ing of MSC scientists and visiting scientists,
was permitted to study samples under con-
trolled conditions during the quarantine period.
They first exposed small chips from the samples
to nitrogen, oxygen, and air at various humid-
ities to ensure that laboratory analysis condi-
tions did not cause adverse reactions or sample

deterioration. Within the LRL, samples were
characterized by mineralogical and chemical
techniques. In addition, experiments were per-
formed to determine the effects of cosmic-ray ex-
posure on the lunar material, the organic car-
bon content, and the noble gas concentrations.
Additional experiments searched for “magnetic
monopoles” (particles of isolated magnetic
charge whose existence is postulated by elemen-
tary particle physicists).

Following quarantine, lunar samples were
made available to about 110 scientists, selected
by the Office of Space Science and Applications,
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to perform a variety of experiments. These sci-
entists—from twenty-one universities, two in-
dustrial facilities, three private institutions,
and ten government laboratories—included
twenty-seven scientists from England, Ger-
many, Canada, Japan, Finland, and Switzer-
land. Because of the fineness of the returned
material, the scientists developed new tech-
niques and instruments to perform a variety of
experiments on the lunar samples. After six
months, they met to discuss their results at the
Apollo 11 Lunar Science Conference, held at
MSC from January 5 to January 8, 1970. The
Apollo 11 Lunar Science Conference evolved
into an annual meeting at which scientists from
around the world report their latest results on
lunar sample research and planetary science.
NASA continues to allocate samples collected
during the Apollo missions as new instruments
or new techniques warrant further experiments.

Fines were shown to consist of a mixture of
glassy materials and small crystal fragments.
Within the cores, the majority of the particles
ranged in size from 1 millimeter down to 30 mi-
crometers. Glasses exhibited a variety of colors
from pale or colorless to gray to wine red, or-
ange, green, brown, and yellow. Crystal frag-
ments were dominated by the minerals plagio-
clase, clinopyroxene, ilmenite, and olivine.

Lunar material from five additional sites on
the Moon was returned to Earth by the Apollo
12, 14, 15, 16, and 17 missions. Core samples up
to 2.6 meters in length were obtained. More
than 380 kilograms of lunar material were re-
turned to Earth by the Apollo program, more
than half of which was collected on the final two
Apollo flights.

The Soviet Union’s recovery of lunar materi-
als involved the uncrewed spacecraft in the
Luna series. Luna 16, which landed on the
Moon on September 20, 1970, returned a single
35-centimeter drill core containing 101 grams of
soil on September 24. Luna 20 returned a simi-
lar sample in February of 1972. The more ad-
vanced Luna 24 spacecraft, which landed in the
Sea of Crises area of the Moon on August 18,
1976, returned a two-meter core sample.

These lunar samples have been made avail-
able to scientific investigators throughout the
world. An agreement between the National

Aeronautics and Space Administration (NASA)
and the Soviet Academy of Sciences in 1971 pro-
vided for the exchange of Apollo and Luna sam-
ples, allowing all investigators to have access to
the soils collected at the nine lunar sites sam-
pled by either Apollo or Luna missions.

Proposals to establish a lunar base and to de-
velop space manufacturing facilities have fo-
cused attention on the lunar soils as construc-
tion material and as raw material for the
manufacturing process. Procedures for the ex-
traction of aluminum from the plagioclase, tita-
nium from the ilmenite, and magnesium from
the olivine grains in the soils have been de-
scribed. As a by-product of these extractions, sil-
icon and oxygen can also be produced. Although
lunar soils contain essentially no water, hydro-
gen implanted by the solar wind might be ob-
tained from the ilmenite and then be used to
react with oxygen to produce water. Use of im-
planted hydrogen as a rocket fuel has also been
proposed. Thus, it appears that the high cost of
launching materials from Earth’s surface for
space manufacturing can be circumvented by
acquiring the bulk of the raw materials in the
low-gravity environment of the Moon.

KNOWLEDGE GAINED

Lunar regolith (a blanket of broken frag-
ments ranging from dust- to meter-sized blocks
of rock) was found to cover almost all the Moon
to an estimated depth of a few meters. The fine
component of the regolith, generally referred to
as soil, was shown to be very different from ter-
restrial soil. On Earth, the soil is formed by the
complex action of atmospheric weathering and
biological activity. Lunar soil is produced by
bombardment of the surface rocks by meteorites
and micrometeorites, producing craters and
microcraters; the impact debris is then scat-
tered over the lunar surface.

Chemical composition of the soil was discov-
ered to differ slightly from that of the lunar
rocks. By subtraction of the rock composition
from that of the soil, the chemical composition of
the added component was found to be similar to
the composition of primitive stone meteorites
that fall on Earth. Thus, meteoritic bombard-
ment was proved to be an important alteration
process on the Moon.
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Analyses of the layered structure of the tube
samples suggested that large meteorite impacts
have thrown layers of soil across the lunar land-
scape. The top surface of this layer has been
stirred by impacts of more numerous microme-
teorites. The layer structure observed in long
core tubes collected on later Apollo missions
agrees well with computer simulations of the
rate of soil mixing, calculated assuming the rate
at which small particles strike the Moon has
been approximately equal to the measured cur-
rent rate for millions of years. Radiation dam-
age in grains of the lunar soil, as well as in lunar
rocks, suggests that the rate of emission of
heavy ions by the Sun has also been relatively
constant over the past few million years.

Layers in the lunar soil record the history of
bombardment of the Moon, with a single core
providing samples of material ejected from crat-
ers far apart on the lunar surface. One Apollo 12
core contains a layer, light gray in color and rich
in silica, that has been identified as ejecta (ma-
terial thrown out by volcanic eruptions) from
the crater Copernicus, 75 kilometers from the
core site. Thus, Apollo core samples have pro-
vided information on the composition and min-
eralogy of locations far from the sampling site.

CONTEXT

Both the Apollo and Luna programs returned
samples of the lunar suface material. Though
these lunar rocks could be compared to similar
terrestrial rocks, lunar soil was clearly different
from its terrestrial counterpart. Analysis of
soils and the stratigraphy of core samples pro-
vided information necessary to confirm the im-
portance of meteoritic bombardment in produc-
ing rock fragments which make up lunar soil
and in stirring the upper layer of the soil once it
is placed on the lunar surface. Measurement of
effects of cosmic rays in an Apollo 15 core sam-
ple indicated that layered structures within the
lunar soil can be preserved undisturbed on the
lunar surface for periods of 500 million years.
Cores established that the lunar erosion process
proceeds at a rate of between 1 and 2 millime-
ters per million years, about one thousand
times slower than on Earth.

The depth of the lunar soil layer confirmed
that the rate at which meteorites and microme-

teorites are hitting the Moon has remained es-
sentially unchanged over the past four billion
years. The presence of ion damage caused by so-
lar flares in soils buried for millions of years also
confirmed that the flux of charge particles from
the Sun has been relatively constant.

The chemical composition of the bombarding
material was also deduced from the difference
between soil and bulk rock compositions. Sev-
eral distinct compositions were observed, but all
were generally similar to the known meteorites
collected on Earth.

Studies of returned lunar soils also demon-
strated their potential as a raw material for
lunar base construction and for space manufac-
turing. Proposals for lunar mining have gener-
ally assumed the soils as the starting material.
Since the delivery of large masses of material
from the lunar surface to near-Earth orbit re-
quires less energy than delivery of the same
mass of material from the surface of Earth, lu-
nar soils are expected to play a significant role
in the industrialization of space. The Apollo and
Luna soil samples are available on Earth to test
and perfect extraction techniques in Earth labo-
ratories so that equipment appropriate for the
first lunar mining facility can be designed.

No soil samples were returned to Earth after
the Soviet Luna 24 mission in 1976, but in the
1990’s a pair of spacecraft, Clementine and Lu-
nar Prospector, mapped the surface for mineral
content. A renewed interest in the Moon led the
European Space Agency (ESA), Japanese Aero-
space Exploration Agency (JAXA), the Chinese
National Space Administration (CNSA), and
the Indian Space Research Organization
(ISRO) to send probes to the Moon in the first
decade of the twenty-first century. These space-
craft were named SMART 1 (ESA), Kaguya
(JAXA), Chang’e 1 (CNSA), and Chandrayaan 1
(ISRO).

In 2009, NASA was preparing to launch the
Lunar Reconnaissance Orbiter to begin a com-
prehensive mapping of lunar resources and as-
sist in the determination of the best location
near the Moon’s south pole for the construction
of a permanently occupied lunar base. That goal
was the first objective of the Bush administra-
tion’s Vision for Space Exploration set up in
the aftermath of the 2003 Columbia accident.
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NASA was charged with a return of astronauts
to the Moon by 2019, the fiftieth anniversary of
the Apollo 11 lunar landing. However, the Chi-
nese also stated a firm commitment to evolve
their early Shenzhou piloted missions into
eventual flights to the Moon, and there is a very
real chance that when American astronauts re-
turn to the Moon, Chinese taikonauts (the Chi-
nese equivalent of astronauts) will already have
visited the lunar surface. Regardless of which
nations return to the Moon, the renewed inter-
est in lunar exploration portends advances in
understanding of our solar system and a first
step in lunar colonization.

George J. Flynn
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Lunar Rocks
Category: Natural Planetary Satellites

Lunar rocks are among the materials
brought to Earth from the surface of the
Moon during the Soviet robotic Luna and
the American Apollo crewed Moon mis-
sions of the 1960’s and 1970’s. These sam-
ples were analyzed by international teams
of scientists in an effort to enhance under-
standing of the physical nature of the Moon
and its origins. All samples were cataloged
according to criteria relating to mineral-
ogy, crystallography, geochronology, geo-
chemistry, magnetism, radioactivity, and
other characteristics.

OVERVIEW

When direct exploration of the surface of
the Moon began during the 1960’s, scientists
around the world looked forward with great an-

ticipation to the study and analysis of materials
brought back to Earth from the lunar surface by
the crewed space missions of the Apollo pro-
gram and the uncrewed programs of the Soviet
Union such as the Luna missions. As new and
different material arrived at the completion of
each successive mission, an astonishing wealth
of information about the origin and physical
character of the Moon began to accumulate. A
great deal of the Apollo lunar samples remain to
be studied even after forty years or more. A con-
scious effort had been made to save large por-
tions of the Moon rock collection for new tech-
nologies that could be employed to study them
in ways not possible back in 1969 through 1972,
the era of the Apollo lunar landings.

Using the latest scientific techniques to ana-
lyze soil and rock gathered during the missions,
researchers were able to identify the basic ele-
ments and minerals that constitute the Moon’s
surface. Using that knowledge in combination
with other information gathered by remote-
sensing technology and sophisticated photogra-
phy techniques over several decades, they were
able to extrapolate information about the origin
of the Moon. Perhaps most important, they were
able to determine with some accuracy a chronol-
ogy of events in lunar evolution. While there re-
main many unsolved mysteries about the Moon
and its history, it is remarkable how much infor-
mation was gathered from the study of so-called
Moon rocks.

“Moon rocks” are defined as surface materi-
als that exceed 1 centimeter in diameter. Any-
thing smaller is considered lunar “soil,” or reg-
olith, although lunar regolith is unlike Earth
soil, which usually contains large amounts of
decayed organic material and moisture. On the
Moon, the lack of atmosphere and organic mate-
rial gives the soil a composition similar to dry,
clean sand. It is probably powdered rock, cre-
ated when large objects such as meteoroids im-
pacted violently with the surface of the Moon
over many millennia.

Rocks on the surface of the Moon are rich in
calcium and aluminum. Below 20 kilometers,
the surface is not broken as extensively as it is
near the top. The upper mantle is from 200 to
300 kilometers thick and contains high concen-
trations of magnesium and iron silicate, pyrox-
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ene, and olivine. There is reason to believe that
the core is iron-rich and produced a global mag-
netic field during the early days of the Moon’s
history. Most of the radioactive materials on the
Moon are located at or near the surface. Two
major activities that have resulted in the char-
acter of the lunar surface are volcanism and im-
pact events. Lowland regions exhibit evidence
that there has been great volcanic activity on
the Moon, and across the lunar landscape there
is evidence that impacts have resulted in broad
redistribution of rock and soil. Occasionally
that activity has resulted in the breaking up of
bedrock and basalt breccias that formed prior to
later redistribution, recrystallization, or both.

Each of the lunar missions that returned to
Earth with samples of Moon rock expanded the

body of knowledge about the geological charac-
ter of the Moon’s surface. Each mission landed
at a different location on the lunar surface to en-
sure that as broad a collection of materials as
possible would be acquired given the limited
number of missions planned and the limited
payload capacity available on returning space-
craft. For the purposes of lunar exploration, two
primary regions of the Moon were identified.
Generally speaking, the lunar highlands are re-
gions that appear light on the surface on the
Moon. The maria constitute that portion of the
lunar surface that is dark. The highlands are
generally composed of remnants of ancient vol-
canic cones and the ridges of giant impact crat-
ers. The maria are surface areas characterized
by volcanic chamber depressions and impact
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crater basins. Analysis of rocks collected at vari-
ous spots within each of the two regions demon-
strates that each has unique physical charac-
teristics.

Moon rocks are of two main types, crystal-
lized (or igneous) and breccias. The igneous rock
encountered on the lunar surface is most often
volcanic in origin and appears to have been scat-
tered over wide areas during violent eruptions.
Some specimens are believed to have been
thrown between 100 and 1,000 kilometers, ei-
ther during eruptions or as a result of meteor
impacts. Certain highland samples contain evi-
dence of the existence of plutonic rock, formed
when volcanic material cools below the surface.

The Apollo 17 crew, working with the benefit
of knowledge gained in previous crewed and un-
crewed missions, further subcategorized lunar
rock as follows: basalts; dark matrix breccias;
glass-bonded agglutinates; vesicular green-gray
breccias; blue-gray breccias; layered, foliated,
light-gray breccias; and brecciated gabbroic
rocks. The distribution of Moon-rock material is
different for highland and mare regions. In the
highlands, the surface consists of approxi-
mately 10 percent plutonic rock, 85 percent
breccias, and 5 percent volcanic material, pri-
marily basalts. Mare regions contain 90 percent
volcanic basalts and 10 percent breccias.

It is important to note that the number of
minerals identified on the Moon is dwarfed by
the number found on Earth; this difference
probably results from the Moon’s lack of atmo-
sphere, particularly oxygen and moisture, which
often interact with elements in the weathering
process to form minerals. There are some two
thousand minerals on Earth, whereas there are
only two hundred known to exist on the Moon.
The number of primary minerals, however, is
similar on both bodies. The principal minerals
discovered on the Moon at the regolith level in-
clude clinopyroxene, plagioclase, olivine, ilmen-
ite (by far the most abundant, 15-20 percent by
volume), trydymite, cristobalite, and ortho-
pyroxenes. Several new minerals have been
identified, including armalcolite, pyroxferroite,
and tranquillityite. It is interesting to note that
armalcolite was named for the three astronauts
on the Apollo mission that returned with it: Neil
Armstrong, “Buzz” Aldrin, and Michael Collins.

Armalcolite has since been found on Earth; it is
formed when crystallization occurs in the ab-
sence of moisture and oxygen.

Ancient orange glass beads, thought to have
been spewed out during volcanic eruptions,
have given scientists a glimpse of what consti-
tutes the core of the Moon’s interior. These
beads contain high levels of lead, zinc, tellu-
rium, and sulfur and are thought to have origi-
nated as deep as 300 kilometers below the sur-
face of the Moon. Lunar rock samples have been
individually but not uniformly rich in such ele-
ments as aluminum, magnesium, potassium,
phosphorus, titanium, iron, chromium, and zir-
conium. Some lunar rocks are referred to as
glassy agglutinates. These rocks are believed to
have been formed when volcanic action or mete-
oric impact caused fine rock dust to weld to-
gether, a process known as impact melting.
Their appearance ranges from dark opaque to
transparent. Other rocks have different origins
but are covered by glassy materials thought to
have formed and been distributed in the same
manner. While the great majority of collected
lunar rocks are igneous, there is some evidence
that a metamorphosis has occurred as a result
of shock settling of soil, caused by meteor im-
pact and vibrations that occur during the course
of violent volcanic activity.

Breccias appear to contain material that has
been ejected by impacts or volcanic eruption.
There are two types: soil breccia and ejecta
blanket breccia. Soil breccia is composed of the
same materials that exist as soil in a particular
region and probably results from the shock of
meteor impact. Soil breccia is also characterized
by weak cohesion. Ejecta blanket breccias, by
contrast, are thought to have been formed when
volcanically ejected materials fused together to
form a layer of rock that later underwent vari-
ous forms of thermal metamorphism. The com-
position of such rock varies with the depth at
which it has been found or at which it is thought
to have originated.

The primary source of lunar erosion appears
to have been impact cratering, although solar
wind and cosmic-ray effects have also altered
the character and composition of surface mate-
rials. Some lunar samples show cosmic-ray
bombardment over long periods of time that has
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resulted in the alteration of the
surface of the sample. The same
activity has been useful in help-
ing scientists determine how
long a particular sample frag-
ment was in the same location
and at what level it has resided
within the regolith.

Scientists have also deter-
mined with some confidence the
age of the Moon and the time of
the earliest crystallization of
Moon rock formations. Isotopic
dating techniques indicate that
the earliest crystallization oc-
curred more than 4 billion years
ago and that most volcanic ac-
tivity appears to have spanned
some 600 million years.

METHODS OF STUDY

Before the first direct contact
with the surface of the Moon oc-
curred, much was known about
the composition and origin of
that surface from sophisticated
technology capable of analyzing
materials remotely. Those tech-
niques included indirect sens-
ing processes involving the visi-
ble, infrared, and microwave bands of the
electromagnetic spectrum. The understanding
derived from this technology was limited until
actual samples of surface materials were
brought to Earth by the Moon explorers. Scien-
tists could then compare the data from the
remote-sensing experiments with direct obser-
vations to determine what it was that they were
seeing at the time. Radar, which was used in de-
termining the physical nature of the Moon’s
surface, was successful in establishing that it
was loose, a mixture of sand and broken rock.
Infrared studies confirmed that the surface was
porous and exhibited low thermal conductivity.
Photometric and polarimetric studies further
refined the knowledge of the character of the
surface by establishing that it contains high
concentrations of iron-rich basalts (confirmed
by the Apollo missions).

Once the first lunar samples arrived back on

Earth, scanning electronic microscopes were
used to photograph them, an important step in
categorizing individual sample fragments. Sam-
ples were also sieved to determine the relative
abundance of materials in a particular location.
In this way, researchers were able to determine
where some materials were more abundant
than others on the surface when collected using
the same procedure. Some samples were cross-
sectioned for better observation of stratifica-
tion, if it existed. Many were tested using stan-
dard chemical analysis techniques to determine
the chemical nature of the materials. X-ray fluo-
rescence analyses were also conducted to deter-
mine the relative concentrations of specific ele-
ments or components. Isotopic and carbon
dating techniques were used to determine the
relative ages of specific samples and to attempt
a chronology of the events that have affected the
evolution of the materials under study.
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of soil and rock samples brought from this region had high concentra-
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CONTEXT

There is enormous scientific interest in the
Moon. Many scientists believe that it may hold
the key to a better understanding of the physi-
cal nature of the solar system—indeed, of the
universe itself. Perhaps more important, it may
hold the key to a better understanding of the ori-
gin of planet Earth and of its relationship to
other objects in the universe. Lunar rocks have
given scientists the first window into that un-
known sphere, helping them to understand the
nature of planetary formation. The Luna and
Apollo programs demonstrated for the first time
that many accepted ideas about the Moon and
its composition were accurate, though many
others were not. They also demonstrated that
the Earth and its satellite have much in com-
mon. Except for the lack of a lunar atmosphere
of composition similar to that of Earth, they
would probably have evolved in much the same
way.

Another significant outcome of the study of
lunar rock samples has been the unequivocal
knowledge that certain elements, metals, and
other valuable materials exist in abundance on
the Moon and may be important to future gener-
ations on Earth. Perhaps more important, how-
ever, is the knowledge gained of how specific el-
ements interact under conditions that rarely
exist on Earth: namely, with little oxygen and
no water. The Moon has now become a giant lab-
oratory that is helping scientists to understand
the nature of chemical and geological evolution
and order.

In the aftermath of the 2003 Columbia acci-
dent, President George W. Bush committed
NASA to a Space Vision for Exploration that en-
visioned the completion of the International
Space Station by the second decade of the
twenty-first century. At that time the space
shuttle fleet would be retired so that humans
could resume exploration beyond low-Earth or-
bit. This plane, which NASA officially named
Project Constellation, would have a new crew
exploration vehicle (Orion) and lunar lander
(Altair) developed to return astronauts to the
Moon by 2020, this time to stay and build a per-
manent base of operations. Constellation efforts
were designed to be evolutionary and eventu-
ally lead to an expedition to Mars. However, a

Moon base would also serve as an outpost from
which lunar geology investigations could be or-
ganized at a scope well beyond that possible
during the Apollo program.

Michael S. Ameigh
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Lunar Surface
Experiments
Category: Natural Planetary Satellites

The Moon has been studied from Earth
and from lunar orbit, but the most detailed
studies must be done on the lunar surface.
The United States and the Soviet Union
successfully landed eighteen spacecraft on
the lunar surface, with many of these mis-
sions carrying multiple science payloads.

OVERVIEW

The Soviet Union’s Luna 1 spacecraft was the
first to visit the vicinity of the Moon, flying past
it on January 4, 1959. Later missions by both
the United States and the Soviet Union crashed
into the Moon, collecting photographic and
other data on the way. On February 3, 1966, the
Soviets’ Luna 9 became the first spacecraft to
soft-land on the lunar surface. Luna 9, however,
had only cameras and a radiation detector as
scientific instruments. Luna 13 landed later
that year, carrying instruments to measure the
density and strength of the lunar regolith (soil)
and to study cosmic-ray reflections from the lu-
nar surface. Also in 1966, on June 2, the United
States’ Surveyor 1 spacecraft soft-landed on the
lunar surface. It, too, carried no more than cam-
eras and landing radar with which to study the
Moon, but still returned useful data on the na-
ture of the lunar surface. Four other Surveyor
probes landed on the Moon over the next two
years. All carried cameras, and two carried ro-
botic arms to scrape the surface in order to de-
termine its consistency and to move the regolith
into a better position to photograph it. The final
three Surveyors also carried alpha-scattering
surface analyzers used to measure the abun-
dances of the many elements making up the lu-
nar regolith.

The Soviet Union successfully landed seven
Luna spacecraft on the Moon, with the last one
being Luna 24, which touched down August 18,
1976. Three Luna missions (16, 20, and 24) re-
turned small samples of lunar regolith to Earth.
Luna 17 and Luna 21 each carried remote-
controlled roving vehicles called Lunokhod.
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From November, 1970, until September, 1971,
Lunokhod 1 traveled 10.5 kilometers and re-
turned nearly twenty thousand images. It car-
ried an X-ray spectrometer to study the compo-
sition of the lunar soil. Lunokhod 2 traveled 37
kilometers across the lunar surface from Janu-
ary 16 to June 4, 1973, returning about eighty
thousand images and performing mechanical
tests of the lunar regolith.

The uncrewed lunar missions have proved
very important to our understanding of the
Moon, but some of the most important science
missions were deployed by astronauts during
six Apollo landings from 1969 to 1972. Many of
experiments were conducted by several of the
missions. In addition to conducting experi-
ments on the lunar surface, the Apollo missions
collected nearly 382 kilograms of lunar material
to bring back to Earth. These samples included
rocks as well as samples of the lunar regolith.
The landing sites for the Apollo missions were
chosen to provide for samples from a variety of
different geological features in order to maxi-
mize the impact of only a few sample sites. Sci-

entific instruments carried by Apollo 11 in July,
1969, were solar-powered. However, the Moon’s
slow rotation means that the lunar night lasts
for two weeks. The remaining Apollo missions
carried radiothermal generators to supplement
power for the instrument packages. Instru-
ments for Apollo 12 through Apollo 17 contin-
ued operations until the science stations were
shut down on September 30, 1977.

All of the Apollo missions carried seismo-
graphic equipment with which to study the
Moon below its surface. Most of the seismo-
graphs were passive systems, monitoring moon-
quakes. However, Apollo 14 and Apollo 16 both
carried active seismographs. These used mor-
tars to fire explosive shells some distance away
from the landing site in order to produce seismic
waves that could be used to study the lunar geol-
ogy. A similar seismic system was also deployed
by Apollo 17 in December, 1972, except that it
used explosive charges carefully placed by the
astronauts rather than mortars. In all three
cases, the explosives were not detonated until
after the astronauts had left the lunar surface.

Apollo missions also carried lu-
nar dust detectors designed to study
the dust disturbed by liftoff of the
lunar lander’s ascent stage. Later
versions of the detector also included
provisions to study the long-term
degradation of solar panels exposed
to the harsh radiation environment
of the Moon. Astronauts also set
up foils to capture solar wind parti-
cles to return to Earth for study.
However, in addition to returning
particles for study, ion detectors
monitored solar wind and cosmic
radiation on the lunar surface, and
Apollo 12 deployed a spectrometer
to measure the composition of the
solar wind. These detectors contin-
ued to operate for several years af-
ter the end of the Apollo program
and returned useful data on varia-
tions in solar activity. Ion detectors
also were used to monitor gas mole-
cules near the lunar surface. These
gases constitute what planetary sci-
entists refer to as the lunar atmo-
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sphere. Apollo 17 carried a mass spectrometer
to measure the composition of the lunar atmo-
sphere.

Supplementing instruments designed to
study the Moon, Apollo 16 carried a far ultravio-
let telescope and spectrograph. This was the
only astronomical instrument placed on the
Moon. Among other targets, it was used to study
the Earth and the Large Magellanic Cloud.

To study the geophysics of the Moon, the later
Apollo missions also carried magnetometers to
study the Moon’s residual magnetic field, and
Apollo 17 carried an experiment to measure the
Moon’s surface gravity and to monitor it for any
variations over time. Heat-flow experiments to
measure the amount of heat flowing from the lu-
nar interior were set up on each of the last three
Apollo missions. However, astronaut John
Young tripped over the cable for the experi-
ment, breaking it. The cable could not be re-
paired by the astronauts, so the instrument re-
turned no data.

In addition to experiments carried to the
Moon to be performed there, several missions
carried mirrored corner reflector arrays that
were positioned to point back toward Earth.
These corner reflectors, completely passive sys-
tems, were designed to reflect light striking
them back in the direction from which it came.
Powerful lasers fired from Earth at the sites of
the reflectors are reflected back to Earth, where
they can be detected. Careful measurements of
the time that it takes for the light to get to the
Moon and back are used to determine the lunar
distance and variations in the lunar orbit. The
astronauts of Apollo 11 deployed the first corner
reflector array. Apollo 14 carried another array,
and Apollo 15 deployed a much larger array. In
addition to the Apollo arrays, both Lunokhod
rovers carried such arrays. With the exception
of Lunokhod 1’s array, which has not reflected
lasers since 1971, these corner reflector arrays
are still used today in lunar ranging experi-
ments.

KNOWLEDGE GAINED

Though the Moon is our nearest neighbor in
space, it is still a long way away from astrono-
mers on Earth, and detailed studies of its sur-
face were not possible until the advent of space-

craft capable of traveling to the Moon. One of
the first, and very important, steps in studying
the Moon was photographic studies of the sur-
face characteristics. Many of the early surface
experiments, particularly those of the Surveyor
program, were designed to study the physical
properties of the lunar surface to determine if
the regolith would be able to support a heavy
spacecraft such as the planned crewed missions
that were to follow. However, the experimental
science stations set up by the Apollo astronauts
returned important data about the nature of the
Moon itself.

Prior to the surface investigations of the
Moon, it was thought that the surface material
was largely volcanic in nature. However, the lu-
nar regolith has been found to be composed pri-
marily of impact ejecta from meteorite impacts.
Some speculation had been that micrometeorite
impacts might have ground the surface of the
Moon into a vast ocean of dust, unable to sup-
port the weight of a spacecraft landing on it.
However that idea was soundly dismissed by
the early lunar landings. A layer of fine dust
does exist on the lunar surface, but it is more
compact than had been thought.

Other surface studies confirmed some ideas
put forth after orbital observations that the lu-
nar seas were ancient lava fields that resulted
from massive impacts on the lunar surface.
Seismological data suggest that the basalts that
flooded the impact basins to form the seas did
not come all at once, but over a period of time
early in the Moon’s history. However, a surpris-
ing finding was that the impacts that caused
these basins occurred primarily near the end of
a period of intense bombardment on the Moon
rather than randomly distributed in time, as
had been suspected.

The experiments performed on the Moon by
both crewed and uncrewed missions, along with
the studies of lunar samples returned to Earth
by the Apollo missions and three Luna mis-
sions, have shown the Moon to be an alien world
but with some familiarities. The Moon has a
much lower density than Earth, and it has a
very tiny core. Most of the Moon is composed of
material similar to Earth’s crust and mantle.
Though a few minerals were found on the Moon
that did not have counterparts on Earth, most
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lunar samples were composed of minerals found
on Earth. However, the lunar samples were
much richer in refractory minerals than Earth
rocks, and they contained very few volatile min-
erals.

Astronomers had assumed that liquid water
may have once flowed on the lunar surface, but
surface experiments showed a near total lack of
water and no indication that water had been
present on the Moon. Furthermore, surface in-
vestigations suggest that many of the rocks of
the lunar highlands formed from a global
magma ocean present soon after the Moon’s for-
mation.

These findings have revolutionized our un-
derstanding of how the Moon and Earth are re-
lated to each other. It is now believed, based on
the Apollo and Luna findings, that the Moon
formed when a giant planetesimal, perhaps the
size of the planet Mars, collided with Earth very
early in the history of the solar system, perhaps
even before the Earth had cooled. The debris
from the collision coalesced to form the Moon.
Thus, understanding the Moon helps us to un-
derstand Earth.

CONTEXT

Much of the early research on the Moon was
done in the heat of the space race between the
United States and the Soviet Union during the
1960’s. However, after initial successes, the po-
litical will to continue the study of the Moon
faded. The last spacecraft to land on the Moon
was Luna 24 in 1976. In the early twenty-first
century, however, interest in the Moon revived,
and several nations developed plans to land
spacecraft on the Moon and once again begin
studies on the lunar surface.

Experiments to be done on the Moon in the
future will build on the work done in the 1960’s
and 1970’s. Scientific theories about the Moon
based on the findings of these earlier experi-
ments have led to several theories of the Moon
and its evolution, and upcoming missions will
carry experiments to test those theories.

Raymond D. Benge, Jr.
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M
Main Sequence Stars
Category: The Stellar Context

A “main sequence star” is one that is fusing
hydrogen into helium in its core. This is
the longest-lasting stage in a star’s energy-
producing life. Most stars, including the
Sun, are in this main sequence stage.

OVERVIEW

The Hertzsprung-Russell diagram (or H-R
diagram) is a graph of stellar luminosity versus
surface temperature. When stars are plotted on
an H-R diagram, most lie along a band running
diagonally across the graph from the upper left
(luminous, hot, blue stars) to the lower right
(faint, cool, red stars). This band is known as the
“main sequence” because so many stars lie
along it in the H-R diagram, and the stars along
it are called “main sequence stars.” Computer
models of stellar interiors show that main se-
quence stars generate their energy by fusing hy-
drogen into helium in their cores. They are in a
state of hydrostatic equilibrium, meaning the
pressure due to gas and radiation trying to ex-
pand them is balanced by their self-gravity try-
ing to contract them. Most stars spend most of
their energy-producing lives on the main se-
quence.

Our solar system’s Sun, for example, is a
main sequence star. It is estimated to be about
4.6 billion years old. It has been on the main se-
quence, fusing hydrogen into helium in its core,
for most of that time, all but the first few tens of
millions of years of its existence. It has enough
hydrogen in its core to continue doing so for ap-
proximately 5 billion more years.

Stars are born in interstellar clouds of gas
and dust called nebulae. These nebula are com-
posed mostly of hydrogen, with some helium
and very small amounts of other elements. A
typical nebula contains enough matter to form
hundreds or thousands of stars. A portion of a
nebula will begin to contract gravitationally.

This contraction might be triggered by shock
waves from a nearby supernova or by the neb-
ula’s passage through a spiral-arm density
wave as the nebula orbits the center of its gal-
axy. As the gas contracts, half the energy re-
leased gravitationally goes to raising its tem-
perature, and the other half is radiated away; it
starts to shine as a protostar. The central part of
the protostar heats the most, and collisions be-
tween the atoms there strip away their elec-
trons, ionizing the gas. When the central tem-
perature of the contracting protostar reaches a
few million kelvins, it becomes hot enough to be-
gin fusing hydrogen nuclei (the most abundant
element in stars initially) into helium nuclei in
its core. The initiation of hydrogen fusion in the
core stops the gravitational contraction, and the
protostar becomes a main sequence star.

Nuclear fusion reactions release energy be-
cause the total mass of the lighter nuclei that
are fused together exceeds slightly the mass of
the heavier nucleus that is produced. The small
excess mass is converted into energy according
to the famous Einstein relation between mass
and energy, E = mc2. In hydrogen fusion, which
supplies the energy for main sequence stars,
four hydrogen nuclei fuse into one helium nu-
cleus.

For fusion to occur, the positively charged nu-
clei must overcome their electrostatic repulsion
for each other; this requires high temperatures
(so the nuclei are moving fast) and high densi-
ties (so the nuclei are reasonably close to-
gether). Only the cores of main sequence stars
have high enough temperatures and densities
to sustain fusion reactions, so that is where hy-
drogen fusion occurs and the energy is pro-
duced.

The energy flows from the core to the surface
via two possible mechanisms: convection and
radiation. Convection transports energy as ris-
ing bubbles of hot, low-density gas, while sur-
rounding cooler, denser gas sinks. Radiation
transports energy as a flow of photons of electro-
magnetic radiation. Radiation always occurs
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throughout the interiors of main sequence stars
whether convection also occurs or not. Low-
mass main sequence stars (about 0.1 times the
Sun’s mass) have convection occurring through-
out the interior. Main sequence stars like the
Sun have a radiative central region and a con-
vective outer envelope. High-mass stars (about
10 times the Sun’s mass) have a convective cen-
tral region and a radiative outer envelope.

As a main sequence star consumes the hydro-
gen in its core, it becomes slightly brighter, al-
though it remains near the main sequence.
When the hydrogen in the core of a main se-
quence star is exhausted, the core contracts and
heats up; basically the core is “searching” for a
new nuclear fusion reaction to tap. Hydrogen
fusion is transferred to a shell still rich in hydro-
gen surrounding the shrinking helium core. The
outer part of the star expands, and as it does so,
it cools off and becomes redder. (Notice the two
simultaneous but opposite behaviors: the core
contracts and heats up while the outer layers
expand and cool off.) The star becomes larger
and redder. It leaves the main sequence and be-
comes a red giant or red supergiant.

The length of time a star spends on the main
sequence depends on its mass. Massive stars
have more fuel, but they consume it much more
quickly, so their main sequence lifetimes are
short—perhaps as little as a few million years,
compared to about 10 billion years for a star like
the Sun. Low-mass stars have less fuel, but they
consume it very slowly, so their main sequence
lifetimes are long—perhaps as long as a trillion
years. This is much longer than the age of the
universe, which means that every low-mass
star that ever formed is still a main sequence
star.

APPLICATIONS

Most stars, including our Sun, are main se-
quence stars. Understanding the structure and
stability of main sequence stars is important in
many ways. The Sun has immediate effects on
the solar system. Any changes in the Sun will
produce changes on Earth. The Sun’s energy
output is directly responsible for Earth’s
weather and the sustenance of all life on Earth.
A small change in the energy output from the
Sun could result in serious consequences for

Earth, such as radically altered weather pat-
terns, climate change (global warming or cool-
ing), and shifting agricultural areas. A constant
radiative output by the Sun is so important that
even a minuscule variation could ultimately af-
fect Earth’s geopolitical stability. There is evi-
dence that the Sun’s activity (and output) might
vary over timescales of decades to centuries,
and these variations may be linked to recorded
changes in climate. When the Sun finally does
leave the main sequence and become a red gi-
ant, it will be so bright that Earth’s temperature
will rise dramatically. Our oceans will boil
away, our atmosphere will escape into space,
the surface rocks will at least partly melt, and
Earth will become uninhabitable.

Since the mid-1990’s, planetary systems
have been discovered around a number of other
stars. Few of the planets detected so far seem at
all Earth-like, but it is interesting to speculate
about the possibility of extraterrestrial life and
especially intelligent life. The only known ex-
ample of the development and evolution of life
(and intelligence) is on Earth, but if the
timescale here is typical, then only main se-
quence stars of about one solar mass or less
would have stable main sequence lifetimes long
enough to allow life, and possibly intelligence,
to develop on planets orbiting them. In a project
called the Search for Extraterrestrial Intelli-
gence (SETI), stars are monitored with radio
telescopes to try to find modulated radio signals
that might be coming from intelligent civiliza-
tions on planets orbiting those stars. The stars
targeted for such monitoring for the most part
are main sequence stars of one solar mass or
less, because they are thought to be the best
candidates to have planets on which life might
have developed.

CONTEXT

The interior structure of stars cannot be ob-
served directly, but instead is studied by con-
structing computer models, based on the phys-
ics that we think applies to different interior
regions of different stars. Main sequence stars
have comparatively simple interiors, and astro-
physicists have a fairly good theoretical under-
standing of them. Consequently, main sequence
stars provide an important link between the
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theoretical physics of stellar interiors and the
stellar properties that are observed and mea-
sured directly.

One way of confirming theories about hydro-
gen fusion in main sequence stars generally and
the Sun in particular is to try to detect the neu-
trinos that should be produced in the fusion re-
actions. Neutrinos do not interact readily with
most matter, and so they should pass directly
out of the Sun’s interior. Beginning in the
1970’s, sensitive neutrino detectors picked up
only about one-third as many neutrinos as mod-
els of the Sun’s interior predicted. This discrep-
ancy was finally resolved in 2003, when the
Sudbury Neutrino Observatory (SNO), deep un-
derground in a nickel mine in Sudbury, Ontario,
Canada, detected the predicted number of neu-
trinos, but of all three types and not just the one
type produced in hydrogen fusion for which the
early detectors were designed. This confirmed a
hypothesis from particle physics that the three
types of neutrinos could convert from one type
to another and proved that neutrinos do have
mass (albeit a very small mass), since only if
they have mass can they change between types.

While addressing the astronomically inter-
esting questions of stellar structure, the study
of main sequence stars will continue to have di-
rect application to our Sun’s stability and its
consequent effects on Earth’s long-term climate
and the welfare of humanity.

Dennis Chamberland
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a thorough discussion of the H-R diagram
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Mars: Illusions and
Conspiracies
Categories: Mars; Planets and Planetology

Misinterpretations of telescopic observa-
tions led to the illusion of artificial canals
on Mars, and visits of increasingly sophis-
ticated spacecraft to the planet resulted in
detailed photographs in which some en-
thusiasts saw faces and pyramids but
space scientists saw buttes and mesas.
These fanciful misperceptions can serve as
a cautionary tale against the tendency by
observers with strong preconceptions to see
what they want to see rather than what is
really there.

OVERVIEW

Some astronomers see the history of their
discipline as the supersession of erroneous be-
liefs (or illusions) by true ideas that, over time,
become ever more faithful descriptions of real-
ity. In this way, the spherical Earth replaced a
flat one, heliocentrism superseded geocentrism,
and an expanding cosmos of multitudinous gal-
axies supplanted a static, small Milky Way uni-
verse. Outside Earth, Mars (the Romans’ name
for Ares, as it was known to the ancient Greeks)
has been the subject of more illusions and con-
spiracies than any other planet. For centuries
this “Red Planet” has fired the imagination of
humankind, and the invention of the telescope
and even visitations by orbiters and landers

have not dampened the desires of many to see
Mars as a locus of past or present intelligent life.

During the nineteenth century, ever more
powerful telescopes allowed astronomers to see
yellow clouds and white polar caps on the Mar-
tian surface. These astronomers commonly in-
terpreted the polar caps, which expanded and
diminished with the seasons, as frozen water.
Others interpreted the dark areas as seas and
the light areas as land. Pietro Angelo Secchi, a
Jesuit astronomer who was the first to make
multicolored drawings of Mars, was also the
first to use the Italian term canale for a promi-
nent feature (later called Syrtis Major). Another
Italian astronomer, Giovanni Schiaparelli, cre-
ated, starting in 1877, extremely detailed draw-
ings of the Martian surface with hundreds of
named features, including a growing number of
rectilinear canali. Although canale may mean
“canal,” as in Canale di Panama, Schiaparelli
interpreted these Martian canali as “channels”
or “grooves,” that is, as natural, not artificial,
structures. He viewed these interlocking chan-
nels as a “hydrographic system” through which
melting polar waters circulated throughout the
planet, helping to foster organic life. He was
“absolutely certain” that he had seen this intri-
cate network, and he was even open to the possi-
bility that the canali might be artificial, but he
dismissed as imaginary the convoluted maps
and interpretations of observers such as
Percival Lowell.

For years the American businessman and
amateur astronomer Lowell had successfully
managed the family’s great fortune, based on
textiles, finance, and land, but, having read
about Schiaparelli’s canali, he became passion-
ately interested in Mars and used his wealth to
build an observatory near Flagstaff, Arizona,
whose altitude and dry desert air facilitated
Lowell’s ability to see many more canali than
Schiaparelli had detected. Lowell also became
convinced that the complex system of hundreds
of canals that he mapped was due to the con-
structive skills of intelligent Martians. He even
invented a story to explain how these massive
canals, which needed to be many kilometers
wide to be visible from Earth, were built to bring
polar water to the warm equatorial regions to
support life on a planet growing colder and
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drier. He published his data, maps, and inter-
pretations in three books, Mars (1895), Mars
and Its Canals (1906), and Mars as the Abode of
Life (1908), which were popular with the public,
journalists, and science-fiction writers but were
criticized by many astronomers and scientists.
In the twentieth century, astronomers, who had
the advantage of powerful refracting and re-
flecting telescopes, were unable to see either
Schiaparellian or Lowellian canals. In 1907, Al-
fred Russel Wallace, who had discovered natu-
ral selection independently of Charles Darwin,
published a book that attacked Lowell’s hypoth-
esis of a Mars inhabited by intelligent beings by
showing that the planet was so cold and dry that
it was “absolutely uninhabitable.” Although a
few astronomers such as Earl C. Slipher came to
Lowell’s defense, many were skeptical, since
they failed to find any water vapor in the Mar-
tian atmosphere and since those who saw the
canals failed to agree on their locations or di-
mensions. Nevertheless, Slipher, who took
126,000 photographs of Mars at Lowell Obser-
vatory from 1906 to 1962, insisted that many of
these pictures verified the existence of linear ca-
nals.

Illusions about Mars increased through pub-
lications such as Immanuel Velikovsky’s Worlds
in Collision (1950), in which he used astro-
nomical data, biblical stories, and folk legends

to argue that the Earth, Venus,
and Mars had exchanged atmo-
spheres when, only a few thou-
sand years before, they nearly
collided with each other. Even
though the American scientific
community vigorously attacked
Velikovsky’s ideas, which were
easily falsified by scientific infor-
mation and analysis, he devel-
oped a cult following. He and his
followers attributed the derision
of scientists to a conspiracy to
cover up the real truth behind
the solar system.

In 1965 the American space-
craft Mariner 4 became the first
to send back pictures of the Mar-
tian surface from a relatively
close range. These pictures con-

founded the believers in canals, Mars cultists,
the public, and astronomers, who were sur-
prised by an extensively cratered world that
was more Moon-like than Earth-like. Further-
more, Mars’s extremely thin atmosphere, only
one two-hundredth as extensive as Earth’s at-
mosphere, was unable to support any liquid
water. Other Martian probes, such as Mariners
6 and 7, appeared to confirm the view of Mars as
lifeless and dull, far from the exciting vision of
Lowell and his followers.

KNOWLEDGE GAINED

The conception of what some astronomers
called the “old Mars” was transformed by Mari-
ner 9, which arrived at the planet late in 1971
and comprehensively mapped its surface in
1972. Its dramatic images revealed a new and
more interesting Mars, with such fascinating
features as Olympus Mons, the solar system’s
largest volcano, and Valles Marineris, a com-
plex of ravines so vast that it could hold nearly
five hundred of the Earth’s Grand Canyon. Mar-
iner 9’s many detailed pictures of mountains,
craters, mesas, plains, valleys, and other fea-
tures provided areologists—those who study
Mars—with an abundance of data to construct a
geological history of Mars. These images also,
however, encouraged speculators to develop
controversial interpretations of ambiguous fea-
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Mars Compared with Earth

Parameter Mars Earth

Mass (1024 kg) 0.64185 5.9742
Volume (1010 km3) 16.318 108.321
Equatorial radius (km) 3,396 6,378.1
Ellipticity (oblateness) 0.00648 0.00335
Mean density (kg/m3) 3,933 5,515
Surface gravity (m/s2) 3.71 9.80
Surface temperature (Celsius) –128 to +24 –88 to +48
Satellites 2 1
Mean distance from Sun

millions of km (miles) 228 (141) 150 (93)
Rotational period (hrs) 24.63 23.93
Orbital period 687 days 365.25 days

Source: National Space Science Data Center, NASA/Goddard Space
Flight Center.



tures. These speculations became highly imagi-
native when sharper pictures of Mars were re-
turned to Earth by Viking Orbiter 1, especially
of Cydonia, a plain with scattered buttes and
mesas in the middle northern latitudes. One
photograph, taken on July 25, 1976, showed a
mesa that, in certain light, vaguely resembled a
human face, and even though space scientists
saw it as natural, similar to anthropomorphic
geological features on Earth, others interpreted
it as a remnant of a vanished civilization.

When, in 1979, computer scientists released
enhanced images of the Cydonian region, some
interpreters saw such new features in the “face
on Mars” as eyes with pupils, a nose, a mouth
with teeth, and a headdress reminiscent of an
Egyptian pharaoh’s. These interpreters also
claimed to see several pyramids in the region
surrounding the “face.” These
pyramids were hundreds of
times larger than the Great
Pyramids at Giza in Egypt,
and, according to these in-
terpreters, their geometrical
shapes, which were a clever
combination of pentagonal
and hexagonal symmetries,
as well as their architectural
alignments, manifested a
knowledge of astronomical
and mathematical constants.

Magazine articles, books,
and Web sites soon prolifer-
ated, advancing the hypothe-
sis that the Cydonian region
contained the remains of a
colossal city. Richard Hoag-
land, a journalist who had
become interested in the Cy-
donian structures in 1980,
published a book, The Monu-
ments of Mars (1987), which
became so popular that it
went through four editions in
the late 1980’s and into the
1990’s. When space scientists
ridiculed the interpretations
of the “Cydonian cultists” by
showing that their “pyra-
mids” were actually natural

structures that had been sculpted by wind and
water, not intelligent beings, the “Cydonians”
responded by founding such organizations as
the Academy of Future Science and the Inde-
pendent Mars Investigation Project to defend
their views. Using publications, Web sites, ra-
dio and television appearances, and DVDs,
these Cydonians alleged that a conspiracy of the
National Aeronautics and Space Administra-
tion (NASA) and other governmental agencies
had developed to cover up the evidence of intelli-
gent life on Mars, since this explanation chal-
lenged established social, political, and reli-
gious values. When such missions as the Mars
Observer failed, some Cydonians accused NASA
scientists of deliberately sabotaging the mission
to prevent the public from learning “the truth”
about the “face and pyramids.” When such
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NASA missions as the Mars Global Surveyor,
Mars Pathfinder, and Odyssey succeeded, re-
turning data that showed the “face” as an
eroded conical butte and the “pyramids” as ir-
regularly shaped mesas, the Cydonians repri-
manded the scientists for interpreting these
new photographs through their academic preju-
dices. Some critics wondered whether the evi-
dence gathered by a lander or astronauts in the
region of the supposed face and pyramids would
be sufficient to resolve the conflicts between
space scientists and the Cydonians.

CONTEXT

Throughout history, genuine scientists have
often contended with pseudoscientists. Some-
times, a pseudoscience has evolved into a genu-
ine science (as in the case of alchemy, which be-
came chemistry), but astronomers have been
unable to dispatch pseudoastronomies such as
astrology. As planetary scientist Carl Sagan of-
ten remarked, even in such advanced societies
as the United States, more professional astrolo-
gers were making a living than professional as-
tronomers. Many space scientists considered
any attention paid to pseudoscientific theories
about Mars as a waste of their time and taxpay-
ers’ money. For example, instead of spending
valuable time, money, and human energy in ful-
filling the assigned mission of the Mars Global
Surveyor, scientists, because of pressure from
the media, public, and politicians, were forced to
divert the spacecraft to take pictures of the “face
on Mars” and other supposed “alien constructs.”
These new pictures clearly revealed, in the view
of the scientists, that the objects in question
were naturfacts, not artifacts.

Other scholars have studied these illusions
and conspiracies for the insights that they pro-
vide into fascinating psychological and sociolog-
ical phenomena. For example, the cases of
Schiaparelli and Lowell are illustrative of
“pathological science,” in which scientists erro-
neously convince themselves of the genuineness
of what they are seeing and saying. Pathological
science often occurs when threshold effects are
involved—for example, when scientists attempt
to interpret things that are barely visible. In
these cases humans tend to overinterpret scat-
tered dark features into a line, as Schiaparelli

and Lowell did. In the case of the Cydonian cult-
ists, other forms of misinterpretation have sur-
faced. For example, modern computerized im-
age enhancement can be overdone, sometimes
leading to the appearance of features that were
not present in the original. Sociological pres-
sures often help explain how Cydonians see
themselves as the victims of various conspira-
cies. They find pleasure and comfort in the idea
that intelligent creatures once inhabited Mars,
but these extraordinary claims require extraor-
dinary proofs. However, scientists, relying on
data collected by superior orbiters and landers,
have seen nothing that cannot be better under-
stood as the consequence of natural forces. His-
tory has shown that humans can fool them-
selves, but scientists, based on long experience,
have found that “Mother Nature” cannot be
fooled.

Robert J. Paradowski
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Mars: Possible Life
Categories: Life in the Solar System; Mars;

Planets and Planetology

Environmental conditions in the past
suited the origin of life on Mars. A primary
motive for sending orbiters and landers to
the planet has been to detect Martian life; it
would be a principal goal for a crewed mis-
sion as well. If detected, such life would
help elucidate the origin of life on Earth
and, possibly, elsewhere in the universe. If
not detected, the question of whether terres-
trial life is unique would remain open.

OVERVIEW

On the basis of their observations from tele-
scopes, photographs and remote sensors from
orbiters, and direct inspection by means of ex-
periments performed by landers and rovers on
the planet’s surface, scientists have ruled out
the presence of intelligent life on Mars, fourth
planet from the Sun and Earth’s immediate
outer neighbor. No direct evidence of life of any
kind has been found. However, circumstantial
evidence that life might have existed in the
past, and could persist even today, steadily ac-
cumulated after the first probe photographed
Mars in 1964. In all cases, it is evidence based
on comparisons with the conditions that sup-
port life on Earth.

Mars specialists base their search on the
broad biological definition of life as a chemical
system capable of Darwinian evolution to ac-
commodate to changing environmental condi-
tions. Most agree that this entails the ability to
process energy and nutrients, grow, and repro-
duce. Accordingly, the search is on for environ-
ments on Mars that could foster these activities.
Unfortunately, it is a harsh world. The Viking
landers of the mid-1970’s confirmed what scien-
tists had suspected, that iron oxide, poisonous
to life on Earth, permeates the planet’s surface.
The atmosphere is thin, frigid, dry, and very low
in oxygen. The absence of a planetary magnetic
field permits intense ultraviolet radiation, also
deadly to life, to reach the surface. These facts
suggest that the existence of life above ground is
highly unlikely.

The Solar System Mars: Possible Life

405



Water is an essential element for life, al-
though its presence does not guarantee life. Ac-
cording to evidence from orbiters and landers,
Mars had oceans, lakes, rivers, and a thicker at-
mosphere in the past, and may still see occa-
sional outbursts of underground water on the
surface. However, most water now exists as ice
in polar ice fields and as permafrost beneath the
surface, a region known as the cryosphere. Be-
low these there may be a hydrosphere, a band of
water-permeated rock. Most scientists believe
that life could thrive at the boundary between
the cryosphere and hydrosphere. There is some
evidence to encourage that belief. Probes have
detected methane in Mars’s atmosphere; meth-
ane is a waste gas from biological processes, and
it is known as a biomarker or biosignature. Be-
cause methane lasts in the atmosphere for only
a few hundred years, it must be replenished.
That source could be Martian organisms now
alive, although theoretical inorganic chemical
processes also have been proposed as the
source.

If organisms exist in the cryosphere-hydro-
sphere boundary region or as spores near an-
cient water bodies, they are probably not large.
There could be multicellular organisms like the
tube worms that feed from hydrothermal vents
in the cold dark waters of the deep oceans on
Earth, but most scientists foresee finding only
single-cell organisms. Terrestrial organisms
known as extremophiles live in conditions rang-
ing from 253 to 394 kelvins (–4° to 250° Fahren-
heit), in a wide range of acidity, in very salty
water, without light, or kilometers under-
ground. Some extract energy and nutrients
from hydrothermal vents (hyperthermophiles),
such as hot springs. Others feed from inorganic
chemicals in rocks (chemolithoautotrophs)—for
instance, ingesting sulfide minerals and excret-
ing sulfuric acid—and in slushy water or salty
water colder than the normal freezing point
(psychrophiles). It is Martian equivalents of
such extremophiles that scientists hope to find.

In a subsurface ecosystem Martian organ-
isms would show variety in form and function.
The basic structure ought to be a cell with a
semipermeable membrane, such as the sack of
lipoproteins defining most terrestrial cells, and
internal structures that split apart chemicals in

order to use the by-products in their metabo-
lism. Most would be grazers, feeding off the am-
bient nutrient source, but there are likely to be
predators that consume the grazers. Either may
have a means of locomotion, such as cilia or the
ability to expand and contract. In order to
evolve, they would need some type of chemical
record of their mechanism, as exists in the ribo-
nucleic acid (RNA) and deoxyribonucleic acid
(DNA) of Earth organisms, to pass on during re-
production. Because the temperature and air
pressure on Mars are low, the metabolism, re-
production, and movement of organisms may
well be sluggish and sparse in comparison to
those functions in Earth organisms. They could
live from as little as 35 centimeters (1.1 foot)
below the surface to as much as 10 kilometers
(6.2 miles), scientists speculate.

Martian life may have once thrived and then
declined and finally vanished as the ancient
surface water dried up. In that case, fossils
might remain. Paleobiologists have found fos-
silized forms of Earth’s single-cell organisms, as
in stromatolites, that date back at least 3.5 bil-
lion years before the present. Should such fos-
sils survive on Mars, they would establish that
life rose there and provide clues about which en-
vironmental conditions supported an ecosys-
tem. In 1996 scientists from the National Aero-
nautics and Space Administration (NASA)
announced finding evidence for life in a Martian
meteorite known as ALH 84001, discovered in
Antarctica. Among the evidence was what
appeared to be a fossilized cellular structure.
Although the majority of scientists later dis-
counted the evidence and judged the micro-
scopic structure to be the result of nonbiological
processes, research demonstrates that the con-
ditions for preserving delicate structures, such
as fossils, exist on Mars. Additionally, it is pos-
sible that early conditions were favorable for life
but then, because of meteorite bombardments
3.9 billion years ago, changed before life actu-
ally got started. In that case, scientists might
still detect the precursors to life in complex or-
ganic chemicals.

Two further possibilities for life on Mars
worry scientists. Just as ALH 84001 was
blasted off Mars by a meteorite and made its
long journey to Earth, a chunks of Earth proba-
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bly reached Mars, and they could have carried
Earth organisms there, seeding the Red Planet
with terrestrial life. It is probable, moreover,
that the landers sent to Mars by American, Rus-
sian, and European space agencies carried or-
ganisms with them despite decontamination
protocols. Such “forward contamination” would
be even more likely from a crewed mission to the
planet. Seeding and contamination do not mean
that Earth organisms have survived in the
harsh Martian environment. On the other hand,
if Earth organisms have adapted, scientists
may have difficulty establishing their origin.

KNOWLEDGE GAINED

Experiments performed aboard the Viking
landers (1976) established that Mars’s soil con-
tains chemicals inimical to life, particularly
oxidants such as iron oxide (rust), and the So-
journer, Opportunity, and Spirit rovers con-
firmed the finding at other locations. These
findings do not absolutely rule out life. Viking
experiments may have missed a biomarker that
they were not designed to detect, or the rocket
exhaust from their landing may have killed or-
ganisms within their reach. In any case, the
search for life taught scientists much about the
chemical nature of the soil and the distributions
of oxidants.

In the 1990’s NASA set a policy for its Mars
probes: “Follow the water.” The resulting search
from orbit and on the surface found evidence of
erosion and chemical deposits, such as hema-
tite, that on Earth derive from flowing water.
Sensors in orbiters detected underground ice as
well. These discoveries not only encourage sci-
entists to look further for life but also suggest
that sufficient water exists to support human
habitation on the planet. At the same time, the
various landers and rovers, all of which far ex-
ceeded their expected performance, proved the
versatility and hardiness of technology in the
Martian environment.

When it became probable that no life inhab-
ited the Martian surface, scientists investigated
the possibility of organisms living below the
surface. The research depended on analogy to
similar Earth habitats, and scientists were in-
spired to search for life in heretofore unexplored
realms. The result was to expand greatly the

knowledge about terrestrial extremophiles near
volcanic vents deep in the oceans, in gelid water,
in porous underground rock, or in salty, acidic,
or alkaline conditions. Paleobiologists uncov-
ered fossilized organisms from much further in
the past than previously suspected.

In late 2008, analysis of data from NASA’s
Mars Reconnaissance Orbiter (MRO)—reported
just after that spacecraft was given a two-year
extension beyond completion of its primary mis-
sion—indicated that Mars in its distant past
must have had sufficient water flowing across
the surface that clay-rich (carbonate) minerals
could form. MRO picked up the signatures of
those clay minerals. That Mars may have been
wetter and favorable for primitive life to de-
velop is evidenced by the fact that these clay
minerals survived to the present. As Mars be-
gan losing its water, becoming a drier planet, re-
maining water would have become acidic. Car-
bonate clay minerals are relatively easily
dissolved in acidic water. Where the clay miner-
als survived on the surface to the present era
would have been locations less hostile to life as
the planet continued to become drier and drier.
Although highly suggestive, this new informa-
tion does not provide direct evidence that life
may ever have existed on Mars.

Another discovery, this one made by ground-
based telescopes atop Mauna Kea, Hawaii, was
reported in an early January, 2009, Science Up-
date aired on NASATelevision. Reporting scien-
tists explained that the infrared signature of
methane gas had been detected in significant
amounts in the Martian atmosphere. This held
the potential for indirect evidence that primi-
tive life might exist on the Red Planet in the
present era. Since solar ultraviolet radiation
penetrates through the thin Martian atmo-
sphere, methane molecules dissociate, and over
the eons of geologic time the methane should
have dissipated without replenishment. Re-
plenishment was possible by either one of two
mechanisms: a geological mechanism involving
the conversion of iron oxide to serpentine min-
erals in the presence of water, carbon dioxide,
and a heat source, or a biological mechanism in-
volving digestion occurring in primitive micro-
organisms. More direct examination of meth-
ane vents on the planet’s surface would be
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needed to determine if methane production is of
geological or biological origin.

Negative findings are also important, as much
to human culture as to science: Mars supports
no civilization or, in all probability, animal life.
The alteration in surface color through the Mar-
tian seasons that fascinated astronomers like
Percival Lowell comes from wind storms, not
vegetation. Thereby, scientists discounted the
possibility, so popular in science fiction, that
Martian life poses a threat to Earthlings.

CONTEXT

The absence of Martians as imagined by
H. G. Wells, Robert A. Heinlein, or Ray Brad-
bury has not dampened popular enthusiasm for
the search for life on Mars. It endures because it
promises to answer a question that has long
made humanity look to the heavens and won-
der: “Are we alone?”

The discovery of life on Mars would have pro-
found implications. If proven to be entirely inde-
pendent of life on Earth, that finding would
mark a shift in understanding the universe as
great as that of the Copernican Revolution. Phi-
losophy would be tasked to reconsider the hu-
man moral obligation to other organisms. Reli-
gions would have to cope with the fact that life
on Earth is not a unique creation. Science would
be encouraged to look for life on still more
worlds, such as the satellites of Jupiter, and for
biomarkers in the light from other planetary
systems. At the same time, NASA and other
space agencies would need to take measures to
protect Martian life from Earth organisms
hitchhiking aboard planetary probes, or, in the
case of a sample-return mission or crewed mis-
sion, to protect Earth’s ecosystem from Martian
organisms.

If Martian organisms were found to be re-
lated to those on Earth, the knowledge would
also be fundamentally important. It would es-
tablish the great durability of life in spreading
from one planet to another and leave open the
possibility, as proposed in the Panspermia hy-
pothesis, that both Mars and Earth were seeded
long ago with life that originated elsewhere.

Proof that life never existed on Mars would
be significant as well. The question of Earth’s
uniqueness would remain unsettled, yet scien-

tists would learn an important fact: The types of
chemical and geophysical conditions found on
Mars are not conducive to life. Why that should
be true would pose a major question for further
research.

Roger Smith

FURTHER READING

Elkins-Tanton, Linda T. Mars. New York: Chel-
sea House, 2006. In a style suitable for high
school students, the author, a geophysicist,
provides a technically specific overview of
Mars’s environment and geologic history, in-
cluding a short, reasonable summary of the
case for life. With glossary, appendixes on ba-
sic relevant science, and photos.

Forget, Françoise, Françoise Costard, and Phi-
lippe Lognonné. Planet Mars: Story of An-
other World. Chichester, England: Praxis,
2008. The lucid text, suitable for high school
students, explains current knowledge about
the geology, hydrology, and meteorology of
Mars. Three short chapters discuss possible
life, and a fourth summarizes knowledge
gained by space probes. With abundant pho-
tographs and graphics.

Hartmann, William K. A Traveler’s Guide to
Mars: The Mysterious Landscapes of the Red
Planet. New York: Workman, 2003. This en-
tertaining overview of the Red Planet in-
cludes a section about the physical conditions
on Mars that could support life, and the text
is a model of popular exposition. With many
photographs and illustrations by the author,
a planetary scientist, writer, and artist.

Kargel, Jeffrey S. Mars: A Warmer, Wetter
Planet. New York: Springer Praxis, 2004. A
planetary scientist, Kargel provides a com-
prehensive, sophisticated survey of the geol-
ogy and climate of Mars throughout its his-
tory. The importance of water is a central
theme, and he discusses the possibilities for
life. With many graphics and photographs.

Kiang, Nancy Y. “The Color of Plants on Other
Worlds.” Scientific American 298 (April,
2008): 48-55. Although not specifically ad-
dressing possible Mars organisms, this ar-
ticle explains the nature and type of chemical
evidence that scientists think will signal the
presence of life in alien environments.

Mars: Possible Life The Solar System

408



Walter, Malcolm. The Search for Life on Mars.
Cambridge, Mass.: Perseus Books, 1999.
Charming, concise, and equitable, this vol-
ume is especially valuable for Walter’s expla-
nations of how terrestrial paleobiology pro-
vides clues of what life on Mars might be like
and the controversies and personalities be-
hind the research.

See also: Extraterrestrial Life in the Solar Sys-
tem; Habitable Zones; Life’s Origins; Mars: Illu-
sions and Conspiracies; Mars: Surface Experi-
ments; Mars’s Atmosphere; Mars’s Craters;
Mars’s Polar Caps; Mars’s Satellites; Mars’s
Valleys; Mars’s Volcanoes; Mars’s Water;
Search for Extraterrestrial Intelligence.

Mars: Surface
Experiments
Categories: Mars; Planets and Planetology

The surface of Mars, as seen in telescopic
observations and spacecraft images, hints
at a history of past liquid water and possi-
ble habitability for life. Experiments con-
ducted by robotic landers and rovers have
helped scientists better understand the
rocks and dust that form the planet’s sur-
face, as well as the role that water may
have played in forming these materials.

OVERVIEW

While the surface of Mars has been studied
extensively by telescope and spacecraft imaging
(from both flybys and orbit), scientists’ under-
standing of the surface materials and climate
has been improved by data collected by robotic
spacecraft located on the surface. The National
Aeronautics and Space Administration (NASA)
has mounted several missions, including the Vi-
king, Mars Pathfinder, and Mars Exploration
Rover (MER) missions, that have provided a
context for orbital and telescopic observations
and has advanced our insights into the geologic
history of Mars.

The Viking mission consisted of two identical

spacecraft, each with an orbiter and lander.
They were launched in 1975 and arrived at
Mars almost a year later. Both landers touched
down in the smooth northern plains: Viking 1 in
Chryse Planitia (22.3° north, 48.2° west) and
Viking 2 in Utopia Planitia (47.7° north, 225.9°
west). The landers contained a suite of instru-
ments for studying the environment, a 3-meter-
long robotic arm to collect surface samples for
analysis, and two cameras. Images could be ac-
quired in visible or near-infrared wavelengths
in 360° around the spacecraft from 40° below to
60° above horizontal. The elemental composi-
tion of surface materials was measured using
an X-ray fluorescence spectrometer and atmo-
spheric samples were analyzed using a gas
chromatograph/mass spectrometer. The latter
instrument was designed to search for organic
materials as well. Further tests for evidence of
life included the pyrolitic release experiment (to
identify metabolism of carbon dioxide and car-
bon monoxide), the labeled release experiment
(to detect metabolism of nutrients), and the gas
exchange experiment (to examine gases re-
leased when nutrients and water vapor were
added to a sample). Additional instruments in-
cluded magnets (to identify magnetic compo-
nents of samples), seismometers, and meteoro-
logical stations that measured wind speed and
temperature.

Mars Pathfinder, launched in December,
1996, bounced onto the surface of Mars (cush-
ioned by airbags) on July 4, 1997. Its landing
site (19.3° north, 33.6° west)—which was 800
kilometers east-southeast of the Viking 1 site—
was selected for safety and as part of NASA’s
“follow the water” strategy for Mars explora-
tion. This location is at the mouth of Ares Vallis,
a 1,500-kilometer-long outflow channel likely
formed by catastrophic flooding. Rocks depos-
ited there could have originated in any geologic
unit crossed by the channel, so a variety of rocks
and geologic time periods would likely be pres-
ent (although source regions for the rocks would
not be identifiable). The results were expected
to increase knowledge of the geology and geo-
chemistry of the Martian surface.

The Pathfinder mission consisted of a lander
(named the Carl Sagan Memorial Station) and a
rover (Sojourner). The Imager for Mars Path-
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finder (IMP), mounted on the lander’s 1-meter-
high mast, provided panoramic stereo and
multispectral imaging (up to eight wavelength
bands) for rover navigation and science analy-
sis. A set of magnets were also part of the IMP:
images of the magnets were acquired through-
out the mission to determine how much mag-
netic material from the Martian dust had been
attracted to them. The final instrument system
on the lander was the Atmospheric Structure
Instrument/Meteorology package (ASI/MET),
which measured atmospheric structure and
temperature during descent and meteorological
conditions (including temperature, wind speed,
and wind direction) during operations.

The Sojourner rover, measuring 65 by 48 by
30 centimeters, was capable of moving up to 500
meters from the lander. The rover used cameras
(two front-mounted stereo grayscale cameras,
and one color camera on the rear) for navigation
and science analysis. The rear camera also pro-

vided context images for chemical analyses by
the Alpha Proton X-ray Spectrometer (APXS),
also mounted on the rear. This instrument pro-
vided elemental compositions of rock targets
(excluding hydrogen and helium) by bombard-
ing the rock with alpha particles and measuring
what type and energy of particle (alpha particle,
proton, or X-ray photon) was backscattered off
of the rock.

The Mars Exploration Rovers—MER A
(Spirit) and MER B (Opportunity)—were
launched separately in June, 2003, and landed
on Mars in January, 2004. Landing sites were
chosen based on engineering constraints,
safety, and a continued scientific interest in evi-
dence for past surface water. Spirit landed on
the floor of Gusev crater (14.7° south, 184.5°
west), a 170-kilometer-diameter impact crater
that is bordered on the north by the volcano
Apollinaris Patera. Gusev’s southern rim is
breached by a valley (Ma’adim Vallis) that ter-
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A mosaic image compiled from the panoramic camera aboard the Mars Exploration Rover Spirit reveals the
landscape around the rover’s landing site at Gusev Crater, Mars, on January 18, 2004. (NASA/JPL/Cornell
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minates in the crater. The water that carved
the valley may have once formed a lake in
the crater. The landing site for Opportunity
(2° south, 5.9° west) is located in Meridiani
Planum, which was identified in orbital data as
containing relatively high concentrations of the
mineral hematite (Fe2O3). On Earth, such con-
centrations are often formed by deposition in
standing bodies of water.

The two MER rovers are identical in design.
Each rover utilizes multiple imaging systems,
including the Panoramic Cameras (PANCAMs),
used for navigation and hazard avoidance, and
a Miniature Thermal Emission Spectrometer
(Mini-TES). The PANCAM and Mini-TES optics
are mounted on the 1.5-meter-high rover mast.

PANCAM provides high-resolution images in
fourteen wavelengths (visible and infrared) as
well as stereo coverage in any orientation
around the rover (360° panorama with 180° ele-
vation coverage). These images are used for tra-
verse planning and scientific analysis of both
surface features and atmospheric conditions.
Mini-TES detects thermal infrared radiation
emitted by surfaces. Because different minerals
emit different amounts of this radiation, Mini-
TES can be used both to measure the tempera-
ture of a surface and to identify the minerals
present.

Each rover has a robotic arm that can extend
to reach rock targets up to 0.8 meters away. The
arm is equipped with a Rock Abrasion Tool
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(RAT) to brush away dust or expose unweath-
ered interiors of rocks. Scientific targets are ex-
amined using the Microscopic Imager (MI). This
instrument acquires images of a 31-millimeter-
square area with a resolution of 30 microns per
pixel. Compositional analyses are peformed us-
ing a Mössbauer spectrometer, which is sensi-
tive to minerals containing iron, and an APXS
instrument similar to the one on the Mars Path-
finder.

KNOWLEDGE GAINED

The Viking landers painted a bleak picture of
the Martian surface, recording temperatures
from 183 to 238 kelvins (−130° to −31° Fahren-
heit) and high amounts of ultraviolet radiation.
Images of the landing sites show a dusty, rock-
strewn surface, with seasonal formation of ex-
tremely thin water-ice frosts at the Viking 2
site. Chemical analyses of the bright red surface
sediments are most consistent with iron-rich

clay minerals and contain relatively high
amounts of sulfur and chlorine, possibly concen-
trated by evaporation of water. In places, this
sediment forms a thin (1- to 2-centimeter), hard
crust called a duricrust. Rocks at these sites ap-
pear dark in color, have a vesicular texture, and
are likely basalt. The biological experiments
proved ambiguous, as the observed results can
be explained by abiotic chemical reactions. Both
landers functioned for several years: Viking 1
until 1982, Viking 2 until 1980.

Mars Pathfinder images show a similar ter-
rain, with red dust blanketing randomly strewn
dark rocks, although some rocks appear to be
oriented along the direction of flooding. Compo-
sitional analyses, however, suggested more than
basalt. Several Pathfinder results are consis-
tent with basaltic andesite, a more silica-rich
volcanic rock. Formation of basaltic andesite re-
quires recycling of basaltic crust, melting (and
then erupting) the lighter minerals and leaving

the heavier behind. On Earth,
this process involves water-rich
sediment and plate tectonics;
the formation process for ba-
saltic andesites on Mars is
unknown. Pathfinder also pro-
vided detailed evidence of ae-
olian (wind) processes on Mars
during its 83-sol mission, re-
turning images of dust devils,
wind streaks, and dunes.

The Mars Exploration Rovers
have significantly changed our
understanding of the geology of
Mars. While initial analyses by
Spirit found olivine-bearing ba-
salts along the floor of the Gusev
crater (unaltered volcanic rocks,
not the expected lakebed depos-
its), areas studied later in the
Columbia Hills, 3 kilometers
from the landing site, included
silica-rich sediment (possibly
from an ancient hydrothermal
system), iron sulfates, and evi-
dence of explosive volcanism
(which requires more silica-rich
magma than basaltic eruptions,
requiring crustal recycling).
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The foot of the Mars Phoenix Lander and surrounding Martian surface
at the north polar region, taken on May 25, 2008. (NASA/JPL-Caltech/
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Opportunity provided the most conclusive
evidence for the presence of past surface water
on Mars. Located fortuitously in a small crater,
the first images showed an expanse of rock out-
crop, not the scattered rocks seen at other sites.
This outcrop and others examined later contain
fine layers common in sedimentary rocks; some
of these layers are inclined, forming crossbeds
that indicate ripples or dunes. Chemical analy-
sis identified light-colored rock in this outcrop
as jarosite, an iron sulfate mineral that forms by
evaporation of water. Embedded in this layer
are spherules of gray hematite (dubbed “blue-
berries” by the science team), similar to concre-
tions of iron oxide that form in aqueous environ-
ments on Earth.

CONTEXT

Mars has long piqued the curiosity of observ-
ers with hints of past liquid surface water. Early
surface experiments suggested a surface domi-
nated by volcanic rock (basalt), while more re-
cent results point to a more complex geologic
history with possible bodies of water, hydro-
thermal systems, and recycling of the basaltic
crust. The Mars Exploration Rovers continue to
return data that paint a more detailed geologic

history of their local areas of Mars, and the
Mars Phoenix lander in 2008 examined the pos-
sibility of the existence of subsurface ice and
habitats for life in the Martian arctic (near 68°
north). Before the arrival of winter at the Mars
Phoenix landing site (near the end of calendar
year 2008), a gas analysis of samples taken from
the subsurface confirmed what photographs of
trenches dug by the lander’s robotic arm had
strongly suggested, that being that indeed just
centimeters below the surface water ice was
present. When exposed to ambient conditions,
that water ice sublimated into the Martian at-
mosphere. As a result of ongoing Mars explora-
tion by robotic spacecraft in orbit and on the sur-
face, our understanding of the Martian surface
is rapidly changing.

In early 2009, NASA aired a special Science
Update program that revealed that astrono-
mers using a pair of telescope facilities high
atop Mauna Kea in Hawaii had detected the in-
frared spectral signature of methane in the at-
mosphere of Mars. Given the nature and thin-
ness of the Martian atmosphere, atmospheric
methane could not survive the constant irradia-
tion from solar ultraviolet rays. As a result, the
implication was that this methane, found in rel-
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Martian soil on the doors of the Thermal and Evolved Gas Analyzer (TEGA), onboard the Phoenix Lander, Octo-
ber 7, 2008. (NASA/JPL-Caltech/University of Arizona/Max Planck Institute)



atively significant amounts, had to be replen-
ished. Two production methods were possible,
one geological and the other biological. On
Earth, methane can be produced geologically in
the conversion of iron oxide to serpentine min-
erals. This requires carbon dioxide, water, and
an internal heat source. Mars has carbon diox-
ide, and thanks to the results from Mars Phoe-
nix in 2008, it is known to have subsurface
water at least in some locations. With a source
of heat, serpentine mineral production on Mars
might be possible. A biological origin would in-
volve digestive processes by microorganisms.
Data presented at this Science Update could not
be used to discern whether biology or geology
was responsible for the methane.

At the time of this important announcement,
NASA was well into the selection process for
identifying suitable landing sites for the Mars
Science Laboratory (MSL), set for a 2011
launch. This discovery had the potential to shift
the three-decade-old paradigm used in Mars ex-
ploration: following the water. Instead, consid-
eration was immediately given to the search for
a methane vent on the surface of the Red Planet,
so that the nuclear-powered MSL might be able
to conduct in situ analyses of samples and
thereby determine whether Mars’s methane
was of geological or biological origin. If the lat-
ter proved to be true, it was likely that the prim-
itive life-forms would subsist in subsurface lay-
ers in the presence of water and heat.

Jennifer L. Piatek and David G. Fisher
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Mars’s Atmosphere
Categories: Mars; Planets and Planetology

Because many similarities exist among the
planetary atmospheres, the study of one
planet may contribute to the understand-
ing of others. The atmosphere of Mars, with
its simple structure, can be used to model
certain aspects of Earth’s atmosphere and
is therefore a valuable aid in comprehend-
ing the past, present, and future of that at-
mosphere.

OVERVIEW

One goal of planetary scientists is to unravel
the history of the Earth in the context of the ori-
gin and evolution of the solar system. Because
all data record what is presently observed, con-
ditions and processes of the past must be in-
ferred from current conditions and processes.
Scientists construct a model of an atmosphere’s
history from those inferences and use that
model to project the future evolution of the at-
mosphere. The model is revised as better data
are gathered.

Astronomers generally assume that the ter-
restrial planets (Mercury, Venus, Earth, and
Mars) have had two atmospheres. Primitive at-
mospheres would have existed soon after the
formation of the planets and would have been
distinctly different in composition from those
that exist today. These atmospheres contained
hydrogen, helium, and other lightweight com-
pounds with speeds near or above the escape ve-
locities of terrestrial planets. Consequently,
primitive atmospheres would be lost over a rea-
sonably short time, even as the planets cooled.

Secondary atmospheres developed as nitro-
gen, carbon dioxide, water, and argon were re-
leased from the planetary interiors as molten
rock outgassed and volcanoes erupted. Vol-
canoes on Earth emit mostly carbon dioxide and
water. Because scientists assume that the plan-
ets formed from the same cloud of protoplan-
etary material, they also assume that the gases
coming from the interiors of different terrestrial
planets would be similar. Therefore, the second-
ary atmospheres of Venus, Earth, and Mars
should contain the same compounds, but the
specific quantities of those compounds should
vary as conditions on the planets vary. Venus
should have mostly water vapor because it is
nearer the Sun and has a higher surface tem-
perature than does Earth. Mars should have
mostly solid water because its distance from the
Sun makes it a colder planet than Earth. Of
course Earth has water in all three phases: gas,
liquid, and solid.

Until the first spacecraft reached Mars, there
was no accurate method for determining the
pressure, composition, and temperature profile
of its atmosphere. Mars was expected to have a
thin atmosphere, with its low escape velocity of
5.0 kilometers per second. Most estimates of
Mars’s atmospheric pressure made during the
first half of the twentieth century were between
1.2 and 1.8 pounds per square inch (Earth’s is
14.6 pounds per square inch at sea level)—high
enough for liquid water to exist on the surface of
Mars as long as the temperature is not above
310 kelvins. Most scientists did not believe that
Mars could retain much water, but if pressure
estimates were accurate, the existence of water
on Mars could not be eliminated from models of
the planet and its atmosphere.
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Composition of the Martian atmosphere was
difficult to determine from Earth because the
Earth’s own atmosphere obscured much of the
information that came from the planet. Because
the atmospheres of the terrestrial planets were
expected to have similarities, astronomers
looked for nitrogen, oxygen, water, and carbon
dioxide. Nitrogen is very difficult to observe, so
no one was surprised when it was not detected
in visible light. Astronomers, however, expected
to find a significant amount of nitrogen when a
spacecraft arrived at the planet. Earthbound
telescopes also failed to detect oxygen or water
but found carbon dioxide. Astronomers used
this information and their assumptions to pre-
dict that the Martian atmosphere was largely
nitrogen with some carbon dioxide present.

During the late 1960’s, a series of United
States Mariner spacecraft flew past Mars and

found that atmospheric pressure was less than
0.09 pound per square inch. Roughly 95 percent
of the atmosphere was carbon dioxide, with 1-3
percent nitrogen. Many astronomers concluded
that Mars was dead and Moon-like. More recent
analysis of the Martian atmosphere has shown
its composition to be 95.3 percent carbon diox-
ide, 2.7 percent nitrogen, 0.13 percent oxygen,
0.03 percent water, and 1.6 percent argon, with
trace amounts of krypton and xenon.

Average temperatures at the surface of Mars
are about 215 kelvins. The warmest spot on the
planet may reach 300 kelvins near local noon,
but temperatures drop to less than 192 kelvins
at the Viking 2 landing site. Polar regions are
much colder, as confirmed in 2008 by the Mars
Phoenix lander after it touched down on the Red
Planet’s northern polar region. Liquid water
will not exist under these conditions. During the

summer days, however, the
surface temperature is high
enough for liquid water to ex-
ist briefly. Because the vapor
pressure of water in the atmo-
sphere is very low, this liquid
water evaporates quickly. As
winter begins, the water mole-
cules freeze to cold dust parti-
cles in the atmosphere. Carbon
dioxide molecules also attach
themselves during the cold
nights, and when particles
have enough mass, they fall to
the surface. The temperatures
during the day are high enough
to vaporize carbon dioxide but
not water. Pictures of the soil
around the Viking 2 lander
show a frost of these water-ice-
coated dust grains. Clouds or
ground fog of water ice crystals
form about half an hour after
dawn in areas heated by the
Sun. Beyond latitudes of 65°,
winter conditions cause car-
bon dioxide to freeze, and a
hood of carbon dioxide clouds
and haze hangs over the polar
regions. The coldest regions on
Mars are the poles during win-
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On October 11, 2008, the Mars Reconnaissance Orbiter’s Mars Color
Imager took this picture of the north polar ice cap on Mars; a 37,000-
kilometer-diameter dust storm is moving counterclockwise through the
Mars Phoenix landing site. (NASA/JPL-Caltech/Malin Space Science
Systems)



ter. Polar caps made of carbon di-
oxide ice change size as the sea-
sons change, but a permanent cap
of water ice remains at each pole,
where the temperatures never get
warm enough to allow water to
melt or vaporize. Mars Phoenix
dug trenches into the soil near the
lander and found evidence of the
permafrost layer not very far be-
neath the surface. The perma-
nent cap at the south pole is
smaller than the one at the north
pole because Mars is much nearer
the Sun during the south pole’s
summer than during summer in
the northern hemisphere. The to-
tal atmospheric pressure changes
by 26 percent seasonally because
of the vaporization/condensation
cycle of carbon dioxide at the
poles. Much of the carbon dioxide
vaporized at one pole moves to-
ward the other pole and precipi-
tates there.

In the northern and southern
hemispheres, high-pressure sys-
tems form during summer months and low
pressure develops during winter. The pressure
difference is the greatest when it is summer
in the southern hemisphere and winter in the
northern hemisphere. Large-scale wind cur-
rents flow toward the north pole during north-
ern winter and toward the south pole during
southern winter. Dust particles picked up by
these winds cause large-scale dust storms.
These storms cause little erosion, because the
thin Martian atmosphere can carry only small
dust particles. Viking 1 measured wind gusts
up to 26 meters per second as a dust storm ar-
rived. The most vigorous storms may involve
wind velocities greater than 50 meters per
second. The Mars Pathfinder landing stage
provided wind speed and direction data dur-
ing 1997. It picked up mostly light winds, with
direction varying considerably over the mis-
sion. The Mars Exploration Rovers imaged
dust devils. Indeed some of the dust devils per-
formed a useful function for the rovers as they
blew off dust that had accumulated on solar

panels. This cleaning effect boosted spacecraft
power.

Some data imply that the Martian atmo-
sphere was denser at one time than is presently
observed. Channels (not canals) found by the
Mariner spacecraft have the same appearance
as channels formed on Earth by flowing water.
Many craters show more erosion than is possi-
ble with the current atmosphere. Indirect evi-
dence indicates that significant quantities of ni-
trogen, water, and carbon dioxide have been
outgassed from the Martian interior. Many as-
tronomers thus believe that the Martian atmo-
sphere was once denser and warmer than now
and that it became moist periodically as polar
caps melted. Rivers may have flowed during
these periods. As time passed, pressure gradu-
ally decreased as water vapor and carbon diox-
ide were lost from the atmosphere. Those losses
reduced the capacity of the atmosphere to retain
heat. A change in the tilt of Mars’s rotational
axis and a change in Mars’s orbital path also
reduced the temperature. As temperatures
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Mars’s Atmosphere Compared with Earth’s

Mars Earth

Surface pressure 6.1-9 millibars 1.014 bars
Surface density (kg/m3) ~0.020 1.217
Avg. temperature (kelvins) ~215 288
Scale height (km) 11.1 8.5
Wind speeds (m/sec) 2-30 up to 100
Composition

Argon 1.6% 9,430 ppm
Carbon dioxide 95.32% 350 ppm
Helium — 5.24 ppm
Hydrogen — 0.55 ppm
Hydrogen deuteride 0.85 ppm —
Krypton 0.3 ppm 1.14 ppm
Methane 1.7 ppm —
Neon 2.5 ppm 18.18 ppm
Nitrogen 2.7% 78.084%
Nitrogen oxide 100 ppm —
Oxygen 0.13% 20.946
Water 210 ppm 1%
Xenon — 0.08 ppm

Note: Composition: % = percentages; ppm = parts per million.
Source: Data are from the National Space Science Data Center,

NASA/Goddard Space Flight Center.



dropped, water from the atmosphere was per-
manently trapped in the polar caps. Eventually,
much carbon dioxide was also deposited in the
polar caps, and the current cycle of vaporization
and condensation was established. Exposed
solid water ice was seen to sublimate away dur-
ing Mars Phoenix investigations in 2008.

In mid-January, 2009, the National Aero-
nautics and Space Administration (NASA) an-
nounced a discovery that held the potential to
become a paradigm shift in the nature of Mar-
tian exploration by future robotic spacecraft.
Using ground-based telescopes at great altitude
atop Hawaii’s Mauna Kea, astronomers de-
tected the infrared signature of methane in the
thin Martian atmosphere. Lacking protection
from solar ultraviolet radiation, methane mole-
cules in the atmosphere would be subject to dis-
sociation. Thus, the detection of significant
amounts of methane indicated that the gas was
almost certainly being replenished. Methane

production could have a geologi-
cal origin, but it also could have
a biological one. A geological
source for Martian methane
could involve the conversion of
iron oxide into serpentine min-
erals, a process that would re-
quire water, carbon dioxide,
and an internal heat source;
this process does occur on Earth.
A biological origin for Martian
methane seen in the atmosphere
would involve digestion pro-
cesses inside microorganisms.
The methane data NASA re-
ported could not be used to dis-
tinguish between a biological or
geological source for Martian
methane production. As a re-
sult, the space agency began
to consider sending the next
planned rover, Mars Science
Laboratory, to the location of
a methane vent to conduct
analyses that might determine
whether biology was involved in
methane production on the Red
Planet or if it came from a geo-
logical process.

METHODS OF STUDY

Astronomers face the challenge of collecting
data on objects that are millions of miles away.
Earth-based telescopes collect light that is ana-
lyzed for relevant information. This technique,
however, often does not provide the precision
needed for study of planets. The advent of the
space program gave astronomers new opportu-
nities to gather data as sophisticated spacecraft
traveled to the remote parts of the solar system.
Mariner 4 took the first close-up spacecraft pho-
tos of Mars on July 15, 1965. It was followed by
Mariner 6 and 7 flybys in 1969, the Mariner 9
Orbiter in 1971, and the Viking Orbiters and
Landers in 1976.

Although the Mariner spacecraft had deter-
mined that carbon dioxide was the main compo-
nent of the Martian atmosphere, concentrations
of other compounds present in small amounts
were still unknown. As the Viking landers de-
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At the Mars Phoenix Lander’s site in the north polar region, a dust devil
(circled) can be seen near the horizon (just right of the mast of the
lander’s meteorological station). (NASA/JPL-Caltech/University of
Arizona/Texas A&M University)



scended through the atmosphere, they looked
for nitrogen, argon, and other elements whose
molecular weight was less than 50. Amass spec-
trometer, an instrument specifically designed
to find compounds and identify them according
to their masses, analyzed the atmosphere at al-
titudes above 100 kilometers. Nitrogen was dis-
covered with an abundance of roughly 3 per-
cent. Argon, an inert gas, was found with an
abundance of 1.6 percent. Another instrument,
the retarding potential analyzer, showed that
many hydrogen and oxygen ions were escaping
from the atmosphere. Because these two ele-
ments combine to form water, their loss can be
expressed in terms of water loss. Roughly
240,000 liters of water were lost each day.

The gas chromatograph mass spectrometer
was used in analyzing gases emitted from ex-
periments with the soil samples; however, it
was also used to find krypton and xenon, which
could not be detected by the upper atmosphere
mass spectrometer because the atmospheric
concentrations of these two elements were too
low. Concentrations of these gases were en-
riched by a procedure in which Martian air was
pumped into the sample chamber, from which
carbon dioxide and carbon monoxide were re-
moved. By repeating this process several times,
krypton and xenon concentrations were in-
creased to measurable levels.

The meteorology boom contained sensors to
measure temperature, wind direction, and wind
velocity. These sensors are thin bimetallic
wires. As they change temperature, they induce
an electric current. The size of this current de-
termines the temperature. Wind cools the
wires; by measuring the current passed through
the wires to warm them to their original tem-
perature, researchers can determine the veloc-
ity of the wind. Wind direction is measured by
monitoring which of the sensors is cooling
faster. Atmospheric pressure was measured by
a sensor containing a thin metal diaphragm.
The amount of movement of the diaphragm was
used to determine the pressure.

CONTEXT

Planetary exploration has as its broad goals
the search for life and for clues concerning the
origin of the solar system. Atmospheric condi-
tions that include the presence of water and
nitrogen must exist in order for the basic mate-
rials for life to exist. The dense, hostile atmo-
sphere of Venus destroyed any hope of finding
life there. The Martian atmosphere in some
ways resembles Venus’s atmosphere more than
Earth’s; in fact, Venus and Mars each have
about 95 percent carbon dioxide and 3 percent
nitrogen, but atmospheric pressure on Venus is
more than nine thousand times that on Mars.
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The Mars Global Surveyor’s cameras sent back these images of a storm over Mars’s north pole in 1999 as the Mar-
tian summer was ending and autumn beginning. (NASA/JPL/Malin Space Science Systems)



Although there is evidence that water once
flowed on the Martian surface and that the at-
mosphere was once thicker than it is now, there
is no absolutely conclusive evidence that there
has been enough water in the atmosphere to
cause rain. Conditions for the development of
life do not seem to have existed in the Martian
atmosphere, but much more investigation is
necessary to discount the possibility.

Further exploration of the planet will con-
tinue to be conducted by robotic spacecraft. As-
tronomers would also like to send scientists to
explore Mars and set up a long-term research
base much like those international scientists
have established at the South Pole of Earth. Be-
cause the Martian atmosphere has a simple
structure and because there are no bodies of
water to affect the airflow, the atmospheric
movement follows predictable patterns. Study
of this simple system could lead to a better un-
derstanding of the more complex atmospheres
of Earth and perhaps Venus. On Earth, this un-
derstanding could lead to better prediction of
weather patterns, increased agricultural pro-
duction, and decreased danger from natural di-
sasters. Because carbon dioxide plays an impor-
tant role in the greenhouse effect, study of the
Martian atmosphere could reveal important in-
formation on how to deal with the increasing
concentration of carbon dioxide in Earth’s atmo-
sphere.

The beginning of the twenty-first century
saw a tremendous concern that Earth might be
suffering global warming, whether from natu-
ral causes or from human impact on the planet.
However, understanding of atmospheric phys-
ics was insufficient to predict with any certainty
the future course of changes in Earth’s climate.
A more basic issue than global warming needs
to be investigated before a better model of
Earth’s total climate system can be developed:
the conditions that led to the evolution of the
terrestrial planets’ atmospheres. Venus, Earth,
and Mars have a great deal in common. Essen-
tially they started with similar early conditions.
Why did Venus develop a thick carbon dioxide
atmosphere and a runaway greenhouse effect,
which left the planet’s surface tremendously
hot, whereas Mars became arid and cold, with
a thin carbon dioxide atmosphere? Why did

Earth’s atmosphere develop in a way that led to
the production of life as we know it?

Astronomers also believe that a better under-
standing of Earth’s atmosphere will help them
to draw conclusions about the possible existence
of other planets like Earth in other solar sys-
tems. If life can form from inorganic matter, a
careful study of the atmospheres on Earth and
Mars could set limits on the range of conditions
suitable for life to exist. Such a study may even
conclude that life cannot spontaneously erupt
from nonliving matter. Such a conclusion would
require a total revamping of modern scientific
thought.

The major question to be answered in under-
standing the climate and atmospheric evolution
on Mars involves where its water went. If that
water remains on the planet in large quantities,
it could have huge impact upon future explora-
tion of the planet.

Dennis R. Flentge
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Mars’s Craters
Categories: Mars; Planets and Planetology

Examination of Mars’s craters reveals in
part the history of modification of Mars’s
surface. Images transmitted from the first
spacecraft sent to fly by Mars revealed a
cratered surface somewhat resembling the
lunar surface rather than one that might
have been more Earth-like. However, crat-
ers on Mars undergo weathering processes
that are different from those on either
Earth or the Moon.

OVERVIEW

There are two classes of craters on any planet
or other terrestrial body: impact craters, caused
by meteors or comets crashing into the surface,
and volcanic craters. On all the known bodies of
the solar system, including Mars, impact crat-
ers outnumber volcanic craters by the thou-
sands.

Early views of the planet Mercury and the de-
tailed knowledge of Earth’s moon depicted both
bodies as heavily cratered. Most of this crater-
ing occurred in the earliest 500 million years, af-
ter the planets had formed by accretion out of
the primordial material that constituted the
early solar nebula and Sun. During this period,
the planets were heavily bombarded from space
by meteors and planetesimals caught in the
gravitational pull of the newly forming planets.
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Unlike Mars, Mercury, and its own moon,
Earth does not show evidence of having been
heavily cratered, although it was subjected to
the same rate of incoming meteors; Earth’s
thick atmosphere burns up and destroys any in-
coming body of less than 1,000 kilograms in
mass. Earth’s widespread weathering processes
also quickly erase evidence of meteoritic crat-
ers. Any trace of a meteor falling into the ocean
is either totally erased or largely mediated by
the water. On airless, inactive bodies, however,
there are few mechanisms to erase cratering,
even though some occurred billions of years ago.

The biggest craters on Mars, typically caused
by very large impacting bodies (such as aster-
oids), are called basins. The largest such basin
on Mars is called Hellas Planitia; with a diame-
ter of 1,600 kilometers and a depth of 3 kilome-
ters, it is the deepest point on the planet’s sur-
face. (As large as it is, it is still not the largest
known in the solar system. The lunar basin
called Oceanus Procellarum—the Ocean of
Storms—has a diameter of some 2,500 kilome-
ters.) Other such large features are Isidis (1,400
kilometers) and Argyre (900 kilometers).

The most common type of crater found on
Mars is called a rampart crater, first described
by planetary geologist J. F. McCauley in 1973.
Rampart cratering seems almost unique to
Mars. This interesting morphology consists of a
central crater wall with an ejecta pattern that
resembles a resolidified flow pattern radiating
outward from the crater wall as a low ridge and
radial striae. This flow pattern hints that the
impact actually liquefied the subsurface mate-
rials, causing them to flow away from the im-
pact point, then resolidify as a rampart, or
gently sloping wall. Causes of this fluidized
ejecta are thought to have been entrapment of
atmospheric gases in the ejecta or, more signifi-
cantly, water in the ejecta material, such as per-
mafrost, which acts as a lubricant, allowing the
materials to flow away from the impact point.
The latter concept is a favorite one of those who
hope to discover immense amounts of water
locked up in subsurface deposits as permafrost.
Since rampart cratering is prevalent on much of
Mars, such planetwide deposits of permafrost
would be a very positive sign for eventual hu-
man exploration of the planet.

One of the most unusual craters found on
Mars is the pedestal crater, formed by weather-
ing action that cuts away at the base of the
crater until the crater takes on the appearance
of a pedestal. The unique meteorology and geol-
ogy required to produce such craters are found
on Mars between 40° and 60° north latitude.

In examining craters on Mars, planetary sci-
entists are able to define the crater’s age, and
hence that of the surrounding terrain, through
a process of observing certain of its characteris-
tics. The process of a crater eroding away is
called degradation. Examining the original im-
pact that formed the crater is a starting point; a
new crater with little or no degradation is one
with sharp edges and fresh ejecta outlying its
central diameter. As a crater degrades through
natural processes, its rim loses sharpness, and
crater walls slump and lose their definition. Ul-
timately, the walls may form gullies and even-
tually become completely degraded to surface
level. In the final stage, the crater is hardly no-
ticeable over the terrain, and some planetary
scientists even call such a crater a ghost.

On Earth, the most profound degradation
process is weathering, which can erase even
large craters relatively quickly, in geologic
terms. On Mars, such processes occur much
more slowly. Since liquid water does not pres-
ently flow on the Martian surface, weathering
processes are confined to wind erosion, or ae-
olian (wind) processes. It is estimated that ae-
olian erosion is responsible for filling in craters
on Mars at the rate of 0.0001 centimeter per
year. From these crater studies, there is consid-
erable evidence that such erosion has slowed in
the planet’s recent geologic past. The last period
of relatively heavier erosion occurred roughly
600 million years ago, according to some crater
studies.

The interior morphology of Martian craters is
highly variable. It is typically dependent on the
mass of the incoming projectile and the com-
position of the impact site. In smaller craters,
the bottom usually assumes a more spherical
shape. In larger craters, the central region of
the crater flattens out until, in craters greater
than 25 kilometers in diameter, a central peak
is formed. Such flatness is often caused by the
impacting body liquefying the crust or by
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magma welling up from the planet’s interior to
fill in the crater.

By examining craters formed within other
craters in a process called superimposition,
planetary geologists are able to determine the
age of whole regions of Mars’s surface. With an
overall planetary comparison, which includes
mass crater counts, it has been discovered that
there are areas that have changed little since
Mars was formed, while other regions, notably
volcanic regions, have changed in the recent
geologic past.

In some of the most fascinating crater studies
accomplished to date, scientists have attempted
to determine the age of what appears to be mas-
sive river channels on Mars. Although condi-
tions on Mars at present will not allow liquid
water to exist on the planet’s surface, it appears
that water once flowed in an extensive series of
channels. Planetary geologists have examined
craters that overlie the enigmatic channels.
They range in age from 3.5 billion years to as
young as fewer than 200 million years, strongly
suggesting that the channels have been formed

on a cyclic basis throughout the geologic history
of Mars.

Mars has the largest volcanic craters in the
known solar system, resulting from volcanoes
between ten and one hundred times larger than
the largest volcano on Earth, Mauna Loa in Ha-
waii. Four very large volcanic craters exist in
close proximity in the Tharsis region. The larg-
est volcano is Olympus Mons, a 200-million-
year-old volcano with a crater 80 kilometers
across. These Martian volcanoes, called shield
volcanoes after their earthly counterparts, have
craters nested inside one another. Three other
Tharsis volcanoes are roughly alike in size, all
much larger than Mauna Loa. The crater on
Arsia Mons is 140 kilometers in diameter (com-
pared to Mauna Loa’s 2.8 kilometers. The larg-
est Pavonis Mons crater is 45 kilometers in di-
ameter and 5 kilometers deep (compared to
Mauna Loa’s 0.2 kilometer of depth). The larg-
est of the Ascraeus Mons craters is roughly the
same diameter as the largest Pavonis Mons
crater. The volcanic plains spreading away from
the Martian volcanoes are dated according to
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The High Resolution Imaging Science Experiment (HiRISE) relayed this image of the Mars Phoenix Lander,
attached to its parachute (enlarged view lower left corner), as it drifted down to the landing site in Mars’s arctic
region on May 25, 2008. The 10-kilometer-diameter Heimdall Crater occupies most of the image area. (NASA/
JPL-Caltech/University of Arizona)



crater distribution. The youngest is Pavonis
Mons, at 80 million years.

METHODS OF STUDY

Earth-based telescopic observations of Mars
cannot clearly reveal its distinct surface fea-
tures. The distance is too great and the com-
bined effects of Earth’s and Mars’s atmospheres
reveal only indistinct and blurred splotches of
color. The means for collecting aggregate crater
data is basically orbital photography from
spacecraft. Almost all such data have come from
flyby spacecraft, orbiters, and landers.

The first distinct images of the planet’s sur-
face came from NASA’s Mariner 4 spacecraft on
July 14, 1965. This robotic spacecraft transmit-
ted nineteen photographs of the Martian sur-
face back to Earth. In the twenty-two minutes
that it took to transmit the photographs, previ-
ous speculation about the Martian surface was
laid to rest. The most surprising and pro-
nounced of the Mariner 4 revelations was the
extensive cratering of the Martian surface, a
finding few planetologists had expected. Popu-
lar interest in Mars waned at this point, how-
ever, because the planet appeared to be rather
Moon-like instead of perhaps a place where life
might have had a chance to develop.

Based on observations from Earth-based
telescopes, it was widely expected before 1965
that there was enough weathering on Mars to
have erased most of its primordial cratering.
Mariner 4 clearly showed that this was not the
case. The most immediate implication was that
Mars was far less active meteorologically and
geologically than was initially thought. Later,
both extreme views were mediated by data from
spacecraft that gave rise to more detailed stud-
ies, which showed that Mars has an active
weathering process, though not as vigorous as
that of Earth.

The twin Mariner 6 and 7 spacecraft flew
past the Red Planet only a few weeks after the
Apollo 11 astronauts returned to Earth follow-
ing the first crewed landing on the Moon. At this
point, interest in sending humans to Mars was
at a precarious stage: Some were thrilled that
Apollo had achieved its goal but now were no
longer interested in pursuing expanded human-
based scientific exploration of space; others

were eager to build on the success of Apollo and
fly to Mars during the 1980’s. The supposition of
many was that the picture of Mars as revealed
by Mariner 4 was atypical of the entire planet.
However, both Mariners 6 and 7 sent back a cat-
alog of images of the Red Planet that dashed the
hopes of those expecting Mars to be more Earth-
like. The majority of the images displayed
cratered features with no evidence of surface
water.

NASA program designers in the 1960’s in-
cluded sending a pair of spacecraft toward a
planetary target to ensure mission success if a
launch or other accident resulted in the loss of
one. The wisdom of that policy had been demon-
strated when Mariner 1 suffered a launch acci-
dent but Mariner 2 encountered Venus. In early
Mars exploration, Mariner 3 had failed but
Mariner 4 was a huge success. Both Mariners 6
and 7 were successful, but of the pair of orbiters
in the Mariner Mars next sent to Mars by
NASA, Mariner 8 suffered an upper stage shut-
down 265 seconds after liftoff and fell back into
the Atlantic Ocean. Mariner 9, however, be-
came the first spacecraft to enter orbit about an-
other planet on November 13, 1971.

Whereas Mariners 4, 6, and 7 had revealed
an inactive world more like the Moon, pock-
marked with craters, Mariner 9 returned im-
ages with resolutions as good as 0.1 kilometer
per pixel and thus revealed an entirely new side
of Mars’s surface characteristics. In addition to
craters, Mariner 9 provided evidence of large-
scale flows of water across the planet’s surface
in the distant past. Volcanic craters were im-
aged to greater resolution, but no evidence was
obtained to indicate present-day volcanic activ-
ity or hot spots near Mars’s huge volcanoes. The
images and data from Mariner 9 helped scien-
tists determine how and when to attempt the
next stage of Mars exploration: sending landers
to the surface in 1976.

Viking 1 and 2 each consisted of a joint or-
biter and lander. Whereas the orbiters contin-
ued to image as much of the Martian surface as
possible—including craters, valleys, volcanoes,
and polar regions—the primary focus of the
landers was to search for conditions that might
support in the present, or might have supported
in the past, primitive life on Mars. Viking 1
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landed on Mars on July 20, 1976, in western
Chryse Planitia, and Viking 2 on September 3,
approximately 200 kilometers to the west of the
crater Mie in Utopia Planitia. Both landers ana-
lyzed the soil but failed to find any organic ma-
terial or evidence of life. It would be twenty-two
years before another successful powered land-
ing of a spacecraft on the Martian soil. Mars
Phoenix successfully touched down on the Red
Planet’s northern arctic region on May 25, 2008,
in an area largely devoid of large rocks. The
landing site was chosen because it offered a high
possibility of the spacecraft’s encountering per-
mafrost with a layer of ice either on the surface
or not very deep beneath.

Russian plans for extensive exploration of
Mars ended with the Phobos 1 and 2 spacecraft
in 1988 and 1989. One failed en route to Mars,
the other as it approached the satellite Phobos.
With the dissolution of the Soviet Union in
1991, Russian plans for Mars programs dis-
solved as well.

Between the Viking (1976) and Mars Phoenix
(2008) landings, NASA refined its plans for
Mars exploration at least twice. As a result of

the indication that water had once flowed across
the cratered Martian surface, a new wave of
Mars spacecraft were sent to the Red Planet. It
began with Mars Observer, which unfortu-
nately exploded as it prepared to execute its
Mars orbit insertion burn. Mars Observer was
followed by Mars Pathfinder, a surface rover;
Mars Global Surveyor, an orbiter; Mars Climate
Orbiter, which failed to achieve orbit and
burned up in Mars’s thin atmosphere; Mars Po-
lar Lander, which crashed in the southern polar
region; Mars Odyssey, an orbiter; twin Mars Ex-
ploration Rovers named Spirit and Opportu-
nity; the European Space Agency’s Mars Ex-
press; the Mars Reconnaissance Orbiter; and
the Mars Phoenix, a powered surface lander.
The thrust of scientific investigation of all of
these second-generation Mars probes was a
search for Martian water, but that required in-
vestigation of Martian geology. This search in-
cluded the possibility of water ice deposits in
craters and the erosional aspect of water on
crater walls.

In the process, these spacecraft provided
greatly improved images of Mars. Some re-
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Victoria Crater, about 800 meters in diameter, near the Martian equator, as imaged by the Mars Exploration
Rover on May 6, 2007. (NASA/JPL/Cornell University)



turned data over long periods of time, including
detailed meteorological observations from both
orbit and the surface. From this information,
Martian cratering and morphology were as-
sessed in detail. Some of the most elemental as-
sessments of crater morphology include crater
size, composition of ejecta, composition and be-
havior of impacted terrain, modification pro-
cesses of the crater, and its effect on surround-
ing craters and terrain. These findings led to a
determination of the ages of the craters, sur-
rounding crater fields, and even the impacted
terrain. Assessments were made of crater sizes,
numbers, distribution, and ages within selected
planetary areas.

Techniques for analysis of Martian craters
vary with the aim of the study. For example, a
statistical counting method borrowed from
other applications, called a frequency distribu-
tion, is used to determine the number of craters
located over a given area. This information may
lead to determination of the age of the area un-
der study, given a uniform crater deposition
rate. Other statistical counting methods in-
clude cumulative distribution, logarithmic in-
cremental distributions, and incremental fre-
quency distributions, all of which are specific
methods of presenting collected crater popula-
tion data. Some appear as graphs, others as nu-
merical tables, and others as simple maps show-
ing locations of craters over a given area. In the
largest distribution sampling exhibit, the entire
planet of Mars is presented with its crater dis-
tributions marked. All of these are unique rep-
resentations designed to give the researcher in-
formation in a specific way so that the concept
under study, such as the age of an area, can be
efficiently gauged. Inferences are made from
these statistical presentations about such broad
concepts as crater production and erosion.

Planetologists have arrived at a rate of
cratering for Mars that is equivalent to three
hundred meteors, of one kilogram or larger,
striking each square kilometer every million
years. From this baseline of impacts, current
photographs can be compared to establish
which areas are very old and which are younger
geological formations. The logical extension of
such knowledge is the ability to date such for-
mations as plains, volcanic flows, and stream-

beds, as well as to establish a baseline for re-
gional aeolian erosion.

CONTEXT

The study of Martian craters allows plane-
tary scientists to determine from orbital photo-
graphs many varied characteristics of Mars.
From information relating present conditions
on Mars all the way back to its earliest geologi-
cal history, crater studies have allowed much of
the planet’s chronology to be traced. Orbital
studies of Mars’s craters may lead to answers
about the planet’s most significant geological
history, such as whether water ever existed on
Mars in liquid form, what formed the vast river
channels and canyons, and what happened to
the water. Answers to such questions will deter-
mine what humanity will have to do to survive
on Mars should this neighbor planet be visited
and perhaps colonized, as proposed in the Bush
administration’s 2004 Vision for Space Explora-
tion.

Crater studies also address questions of im-
portance relative to Earth’s own history and fu-
ture. Planetologists seek to understand why
Mars is so different from Earth and what indeed
happened to its once apparently abundant
water. Such questions of planetary history re-
late to what may one day happen on Earth. If
the scientific community is eventually able to
draw enough parallels from the study of other
planets, it may be able to apply rigid mathemat-
ical projections of Earth’s own future based on
present conditions and trends.

Dennis Chamberland
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Mars’s Polar Caps
Categories: Mars; Planets and Planetology

In 1666, Gian Domenico Cassini observed
Mars’s surface and described two polar
caps, the planet’s most visible features.
These caps have been studied extensively
since, both telescopically and by means of
the Mariner, Viking, Mars Global Sur-
veyor, Mars Odyssey, Mars Reconnais-
sance Orbiter, and Mars Express space
probes.

OVERVIEW

When Gian Domenico Cassini observed the
polar caps of Mars in 1666, little was known
about the planet’s surface features. Adecade be-
fore Cassini, the Dutch astronomer Christiaan
Huygens suggested the presence of polar caps
on Mars, but it was not until 1672 that he actu-
ally saw the planet’s south polar cap, Mars’s
most apparent feature when one views it
through a telescope. No one before Cassini had
seen the polar caps in detail, because no instru-
ment had existed to allow sufficient magnifica-
tion.

After the invention of the telescope, early as-
tronomers who observed some of the surface
features of Mars reached conclusions based on
analogies with Earth, the only planet whose at-
mosphere and chemical composition they knew
in detail. It is not surprising, then, that the Mar-
tian polar caps were presumed to be like the po-
lar caps found on Earth: composed of ice, snow,
hoarfrost, or a combination of these forms of
water. This theory presupposes that Mars has
water, considered a requisite for life, and there-
fore the individual components of water, hydro-
gen and oxygen. This notion gave rise to the pop-
ular theory that Mars could support life in some
form, a theory that was subsequently brought
into considerable question and that remained
controversial after the early Mariner and Vi-
king missions to Mars.

In 1719, the Italian astronomer Giacomo
Maraldi discovered that the polar caps are not
centered at Mars’s precise geographical poles.
Maraldi also divined from his observations that
the south polar region of Mars has a much

greater mass than its northern counterpart.
Subsequent research and observation have sub-
stantiated Maraldi’s theories, revealing that
the planet’s north polar cap lies about 64 kilo-
meters from its geographical north pole and
that the south polar cap lies some 400 kilome-
ters from the geographical south pole. This phe-
nomenon occurs because of the planet’s elon-
gated orbit.

Italian astronomer Giovanni Schiaparelli
trained telescopes on Mars repeatedly during
the 1877 opposition of the Red Planet and drew
highly detailed maps of Mars’s surface. Those
maps documented networks of linear features
Schiaparelli was convinced existed in great
number between 60° north and south in lati-
tude. Reports of these linear features were
taken out of context in public accounts.
Schiaparelli had termed these features canali,
which from Italian translates as “channels.”
However, these linear features were most often
referred to as “canals,” with the obvious impli-
cation that they were artificial structures (in
turn implying that they were built by intelligent
life-forms) to convey water from one location on
the planet to another. Thus the notion of canals
on Mars was born and proceeded to take on a life
of its own in science fiction as well as in pseudo-
science.

The wealthy astronomer Percival Lowell de-
veloped a fascination with the planet Mars. He
built the Lowell Observatory in Flagstaff, Ari-
zona, atop Mars Hill and spent the final twenty-
three years of his life deeply engaged in astro-
nomical investigations, especially focusing on
Mars. Lowell sought to use advanced telescope
technologies to search for the canals of Mars
prominent in Schiaparelli’s maps of the Red
Planet. Lowell believed in and popularized with
the public the notion that the canals were evi-
dence of alien technology. In three books, Lowell
advanced the theory that the Martians had
built an elaborate system of canals to bring pre-
cious water from the polar ice caps to population
centers suffering from increasingly arid condi-
tions.

Lowell’s notions were not well received by the
scientific community (although he later would
expend considerable effort to locate a body be-
yond Neptune, which bore fruit after his death
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with the discovery of Pluto by Clyde Tom-
baugh). The present atmosphere of Mars is
known to be such that there can be no accumu-
lated areas of free liquid water, such as lakes,
ponds, rivers, or oceans on the planet’s surface.
Much evidence suggests, however, that in the
past the Martian surface was extensively cut by
flowing liquid. Most evidence demolishes the
theory that this liquid was lava flowing from the
planet’s once active volcanoes. Current theory
indicates, rather, that in one stage of the
planet’s evolution, water in liquid form was
plentiful.

When everything astronomers knew about
Mars came from their observations through
telescopes, they could gather substantial infor-
mation about the polar caps; they were at odds,
however, in their interpretations of these data.
They could not always be sure what they were
seeing. They also had little means of knowing
with any certainty the depth of the polar caps.
Some scientists thought that they were hun-
dreds of feet deep; others thought the caps were
merely thin coverings of hoarfrost. Common
sense supported the latter idea.
The argument was that if a thin
layer of hoarfrost covered the
poles, it would, under warmer con-
ditions, condense and form clouds.
On the other hand, if the polar
caps were composed of fairly deep
layers of solid water, where would
the melting residue run during the
warmer season? The atmosphere
of Mars was then thought to be al-
most totally dry, yet observations
through telescopes clearly showed
that in the summer, the polar caps
seemed to melt partially. Cer-
tainly they diminished in size, and
the areas surrounding them as-
sumed a dark coloration, suggest-
ing that water was mixing with
minerals and dust at the periph-
ery of the thawing area and caus-
ing what looked like a moist condi-
tion.

The south polar cap covers an
area of more than 10 million
square kilometers in winter and at

times extends almost halfway to the Martian
equator. Even a minimal thawing would pro-
duce water in great quantity, especially if the
water ice ran to great depths; yet, no water from
the polar cap appeared through the telescope to
have penetrated other areas of the planet,
which seemed dusty and dry.

Faced with this anomaly, scientists could do
little to verify their theories until a different
sort of evidence, the kind first provided by the
Mariner and Viking missions, became available
in quantity between 1965 and 1977. Viking 2
measured some of the temperatures of the north
polar cap with a high degree of certainty and
discovered that temperatures in its dark sur-
rounding areas had a range of between 235
and 240 kelvins, and that the white, presum-
ably frozen areas had a range between 210
and 205 kelvins. These temperatures exceed
194 kelvins, the point at which carbon dioxide
sublimates into a solid.

The atmosphere of Mars, thought until the
Mariner 4 flyby in 1965 to be about 85 millibars,
was proved to be a thin 10 millibars; Earth’s at-
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Olympus Mons, the tallest volcano on Mars, appears as a bump in the
lower center of this image from the Mars Global Surveyor, while the
north polar region displays an icy crown. (NASA/JPL-Caltech/Uni-
versity of Arizona)



mosphere at sea level is 1,000 millibars, or
1 bar. The Martian atmosphere is comparable to
Earth’s atmosphere at about 24,000 meters,
where the pull of gravity is all but lost. Such
an atmosphere does not permit freestanding
water, indicating that if the Martian atmo-
sphere had always been the way it is now, the
planet could never have had water, and the po-
lar caps would necessarily be composed of some
other substance.

This sort of thinking gave rise to the theory
that the polar caps were composed of solid
(frozen) carbon dioxide, or dry ice. Lowell had
advanced such a theory as early as 1895; other
eminent astronomers considered it more likely
than the water theory as late as 1971, when
Mariner 9 was uncovering data that would soon
vitiate, although not completely eliminate, the
carbon dioxide theory. Mariner 4, when it made
its flyby of Mars in 1965, had returned data sug-
gesting that the Martian atmosphere was com-
posed largely of carbon dioxide under weak
pressure. This information caused some astron-
omers to cast their lots with Lowell’s theory that
carbon dioxide in its frozen state covered the po-
lar caps but that, when the temperature rose, it
became, through sublimation, gaseous and re-
turned to the atmosphere as mist or fog. This ex-
planation helped to account for the haze often
observed over the polar regions.

Mariner 9 data substantiated the theory that
Mars’s present atmosphere accommodates no
accumulations of liquid water. It also presented

incontrovertible evidence that the polar caps
are composed largely of ice and are minimally
0.8 kilometer deep, indicating clearly that the
Martian climate has changed through the eons
and that it was once such that liquid water, now
locked in the polar caps in solid form, was abun-
dant.

The earliest space missions carried out re-
search only concerning the north polar cap, but
they managed to dispel a substantial number of
misconceptions about Mars, among them the
mistaken idea that the planet is totally dry.
Data sent back suggested that in the northern
latitudes above 60°, the atmosphere is quite
moist; the atmosphere over the north polar cap
has twenty times the water vapor that the at-
mosphere over the equatorial regions contains.
During the Martian summer, surface ice ex-
posed to the Sun evaporates in the morning,
causing a mist that seems to condense, result-
ing later in the day in precipitation. Although
these data were gathered exclusively over the
north polar cap, there was little reason to think
that the south polar cap differed significantly.
At perihelion, the planet’s closest approach to
the Sun, the north polar cap does not face the
Sun directly but is tilted away from it. This tilt
prevents it from getting the full impact of the
Sun’s rays, which would, presumably, melt a po-
lar cap composed of frozen water.

Space probes to Mars indicated that in the
ancient past, water must have been quite plen-
tiful on the planet. The climate of Mars must be
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This panorama of a plain in Mars’s north polar region shows a 360° view around the Mars Phoenix Lander and
surface patterns reminiscent of those seen in permafrost areas on Earth. (NASA/JPL-Caltech/University of Ari-
zona/Texas A&M University)



viewed over eons; the planet is now much drier
than it once was, and scientists think that it
could evolve through this period to one in which
conditions resemble what they were when the
Martian atmosphere allowed the accumulation
of water in bodies similar to the ones on Earth.

It is now widely accepted that portions of
both of the major early theories about the polar
caps were true. Although the evidence is strong
that deep layers of water ice cover the polar re-
gions and although it is known that the deep
crater Korolev in the north polar cap is filled
with water ice, many astronomers think that
during certain seasons there are thin coatings of
carbon dioxide that sublimate into the gaseous
state and cause the clouds or mists that have
been observed over the polar caps.

METHODS OF STUDY

In the three and a half centuries that the
polar caps of Mars have been observed, descrip-
tions of the caps have moved from highly specu-
lative to soundly scientific. In this period, as-
tronomers have moved from primitive optical
telescopes to incredibly complex telescopes of
enormous size and capable of de-
tecting invisible radiation, strate-
gically placed to focus on the sky
and on the planets. Mars has been
the most intriguing planet for most
astronomers to explore, because
it is sometimes a relatively close
56 million kilometers from Earth.
It is also the planet that most re-
sembles Earth in its surface fea-
tures, although its atmosphere
currently precludes advanced life.

The Mariner and Viking mis-
sions first solidified human knowl-
edge of Mars. Telescopic evidence
suggested to many that, because of
reflections detected from the polar
caps, the caps must be composed of
water ice. When the earlier Mari-
ner missions presented evidence
favoring the carbon dioxide the-
ory, astronomers were forced to re-
think their earlier stands. Later
expeditions, however, offered con-
vincing evidence in favor of the

water ice theory. When Viking 1 landed, it not
only photographed the surface extensively and
transmitted the pictures to Earth but also de-
ployed an arm that dug into the Martian surface
and analyzed the composition of the materials it
uncovered. Finding water locked in Martian
rocks established clearly the former existence of
water on the planet.

Mariner 9 was placed into orbit around Mars
in 1971, and it sent back more than seven thou-
sand pictures. It photographed the south polar
cap continuously from November, 1971, until
March, 1972, capturing the waning of the polar
cap as summer advanced. These pictures pro-
vided extremely varied information and reiter-
ated the water ice theory.

The goal of the Viking program was to land
on the surface of the planet and analyze the soil
for signs of life. However, it is often overlooked
that the landers were each transported to Mars
by an orbiter. The Viking 1 orbiter lasted from
orbital insertion on June 19, 1976, until August
17, 1980, when it ran out of attitude control pro-
pellant. The Viking 2 orbiter lasted from August
7, 1976, until July 25, 1978, at which point it
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suffered a fuel leak. During those periods, these
orbiters produced extensive catalogs of images
of a large majority of the Martian surface, in-
cluding photographs of both polar regions,
which over time displayed seasonal changes.

The Mars Observer spacecraft was launched
on September 25, 1992, and was designed,
among other things, to generate a global distri-
bution map of Mars’s elements and minerals.
This spacecraft was one of the largest and most
sophisticated (for its time) to be dispatched to
Mars. Unfortunately, before it could enter orbit
and perform any scientific operations, including
studies of the polar caps, Mars Observer was
lost on August 21, 1993. However, its loss re-
sulted in a new approach to interplanetary ex-
ploration, National Aeronautics and Space Ad-
ministration (NASA) Administrator Daniel S.
Goldin’s infamous “faster, better, cheaper” pol-
icy, which sought to replace expensive, large-
scale probes such as the Mars Observer with

more focused, less expensive
probes sent out into the solar
system with greater frequency
and more risk by using cutting-
edge technologies. “Faster, bet-
ter, cheaper” turned out, as evi-
denced by the subsequent losses
of Mars Climate Orbiter and
Mars Polar Lander and others
to be neither better, faster, nor
even cheaper in the long run.
Goldin’s approach managed to
delay by almost a decade what
had been a well-thought-out
program of Mars exploration
intended to robotically return
rock and soil samples to Earth
by the middle of the first decade
of the twenty-first century. The
impact of Mars Observer also
had serious repercussions for
studies of the Martian polar re-
gions.

Mars Global Surveyor (MGS)
was launched on November 7,
1996, and entered a stable Mar-
tian orbit on September 11,
1997. It was the first successful
American spacecraft to the Red

Planet in twenty years since the two Vikings.
MGS entered a near-polar orbit, so that as it im-
aged geological features across the planet it also
was used to study the polar ice caps. Its purpose,
to search for evidence of water, went far beyond
merely searching for water in the polar regions.
MGS provided images of gullies on the walls of
craters that could be the result of groundwater
eroding the crater walls before freezing. In early
November, 2006, MGS went silent after experi-
encing a problem in directing its solar arrays to-
ward the Sun to generate sufficient electrical
power.

The Mars Climate Orbiter (MCO) was
NASA’s next probe sent to the Red Planet after
the highly successful Mars Pathfinder rover,
which generated tremendous national and in-
ternational excitement in 1997. MCO was
launched on December 11, 1998, to study Mars’s
atmosphere primarily, but also, by investigat-
ing the transport of water and atmospheric

Mars’s Polar Caps The Solar System

432

This model displays the topography of Mars’s north polar region and ice
cap. (NASA/JPL/GSFC)



circulation, it would have indirectly increased
humanity’s understanding of the polar caps.
Unfortunately, the result of a human miscom-
munication between engineers, some working
using the metric system and others using Brit-
ish units, led to MCO’s coming in too close to
Mars on final approach to orbital insertion. On
September, 23, 1999, MCO performed its Mars
orbit insertion burn but never came around the
back side of the Red Planet. Entering orbit at far
too low an altitude, only 57 kilometers above the
surface, MCO burned up and was lost.

The Mars Polar Lander (MPL) was a powered
lander intended to touch down on the surface of
the Red Planet in the southern polar region in
order to search for evidence of water in the soil.
The spacecraft was equipped with a sample
scoop at the end of a robotic arm to dig up sam-
ples. A gas analyzer was included among its sci-
entific instruments in order to heat soil samples
and detect any volatile gases, such as water va-
por, given off in the process. On December 3,
1999, MPL began its entry phase at a speed of
68 kilometers per second. Unfortunately, the
onboard guidance system appeared to cut off the
engines, slowing its speed at an altitude of 40

meters and causing the lander to crash on the
Martian surface.

Mars Odyssey was launched on April 7, 2001,
and entered a nearly polar orbit on October 24,
2001. In addition to being a scientific research
platform, the spacecraft was intended to serve
as a communications relay for later surface
probes (such as Mars Phoenix). Designed pri-
marily to search for evidence of water, perhaps
the most important discovery made by Mars Od-
yssey was detection of enormous amounts of hy-
drogen, which was interpreted as an indication
of subsurface water. An extended mission was
approved to continue observations of the polar
ice caps for contemporary changes.

Mars Express was launched by the European
Space Agency (ESA) on June 2, 2003. It repre-
sented the first planetary mission attempted by
ESAand was followed a few years later by a sim-
ilarly designed probe sent into Venus orbit, the
Venus Express. Mars Express entered Mars or-
bit on December 25, 2003. It carried a radar sys-
tem capable of detecting subsurface water ice in
permafrost regions. In a near-polar orbit, it was
able to study surface changes and make miner-
alogical maps in addition to monitoring sea-
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Spiderweb patterns emerge after the seasonal disappearance of the Martian north pole’s carbon-dioxide ice cap.
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sonal changes in the polar caps. Mars Express’s
Fourier spectrometer discovered that methane
was entering the atmosphere in near-equatorial
regions having subsurface ice. Its Visible and
Infrared Mineralogical Mapping Spectrometer
detailed hydrated sulfates. Radar data provided
evidence of underground water ice. Mars Ex-
press found the signature of water ice in the
planet’s south pole. What some interpreted as a
deposit of water ice was discovered on the floor
of an otherwise nondescript crater in the vicin-
ity of Mars’s north pole.

Mars Reconnaissance Orbiter (MRO) was
launched on August 12, 2005, and injected into
orbit about Mars on March 10, 2006, joining five
other operational spacecraft already perform-
ing scientific investigations of the Red Planet.
MRO was outfitted with the largest imaging
system (HiRISE) ever sent to another planet, as
well as spectrometers and a penetrating radar.
Among its primary science objectives were
searches for water in the polar regions and a
daily determination of meteorological condi-
tions that might lead to changes in the state of
Mars’s water deposits. HiRISE images provided
evidence of banded terrain, suggesting the ac-
tion of water on the surface in relatively recent
geological times. The spacecraft’s radar was
able to detect underground deposits of water
ice.

Mars Phoenix successfully touched down on
Mars’s northern arctic region on May 25, 2008,
in an area largely devoid of large and medium-
sized rocks. Its landing marked the first time
since the Viking spacecraft that a powered
lander had successfully reached the Martian
surface. The landing site was chosen to have a
high possibility of a layer of ice either on the sur-
face or not very deep beneath. Mars Phoenix
was outfitted with a robotic arm, at the end of
which a scoop was attached. The scoop not only
could pick up loose surface soils but also could
scrape the ice. The idea was to lift soil and po-
tential ice into a special gas analyzer that would
process the soil and chemically analyze it for the
presence of water and organic molecules. Very
soon after Mars Phoenix landed, initial photo-
graphs strongly hinted that the lander had
touched down near ice. Under the lander it ap-
peared that exhaust from Mars Phoenix’s rock-

ets had kicked up the soil, exposing subsurface
ice. Early attempts to analyze the soil were
thwarted by communications problems, and the
entryway into the gas analyzer was clogged by
soil that clumped. The very first run of the
lander’s Thermal Evolution and Gas Analyzer
produced a disappointing lack of any water sig-
nature. However, subsequent data did provide
strong evidence of water at the lander’s site.

Also in May, 2008, scientists studying MRO
data revealed that it appeared that Mars’s crust
and upper mantle could be even colder than
originally believed. If true, that would mean
that liquid water would have to be found even
deeper, where internal heat would permit water
to exist in that phase. MRO’s Shallow Radar ex-
periment probed the internal structure of ice,
sand, and dust layers on the north polar cap and
revealed the planet’s lithosphere (combination
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The Martian south pole’s characteristic “swiss cheese”
terrain, carved into the carbon-dioxide ice cap.
(NASA/JPL/Malin Space Science Systems)



of crust and mantle) to be thicker and colder
than previous models indicated, and as such
provided greater support against the stress of
the weight of the polar cap atop it. Radar imag-
ery indicated four zones of thin ice and dust lay-
ers interspersed with rather thick layers of
water ice going down into the lithosphere to a
geological depth such that it recorded changes
in climate on Mars over many millions of years.
The thin layers represented climate changes
perhaps lasting only one million years. These
data did not shed light on the cause of the cli-
mate change, but two strong possibilities were
alterations of Mars’s rotational axis and/or or-
bital eccentricity.

CONTEXT

The question whether there is now or could
ever be life on Mars has long been a matter of
conjecture. If there is, was, or will be life on
Mars, that life would likely be confined to organ-
isms much smaller and less complex than any-
thing resembling human beings. To sustain ani-
mal or vegetable life, it is presumed, some
minimal atmosphere must exist and water
must be present. Research into the polar caps of
Mars provides evidence that water is plentiful
in the planet’s frozen polar caps. The same re-
search suggests that the planet is much drier
than Earth, that its atmosphere is so rarefied
that it cannot support complex organisms, and
that its temperatures (although much less for-
bidding than those on Jupiter or Venus) are not
conducive to life.

In the second quarter of the twentieth cen-
tury, Eugene M. Antoniadi, a Greek-born as-
tronomer who spent his professional life in
France, explained the dark areas on the periph-
ery of the polar caps in summer, designated the
“Lowell bands” for astronomer Percival Lowell.
Antoniadi thought that the fringes of the ice
fields were reduced in brightness by grasses
and bushes that grew in the periphery, presup-
posing by such a contention the existence of life
on Mars and of an atmosphere that would sup-
port life. This theory has been disproved, but it
reflected the widespread notion that life exists
on Mars—although not in the form of the “little
green men” that some works of science fiction
describe.

Spacecraft exploration of the polar caps of
Mars has revealed that water in some form ex-
ists on Mars and has suggested that water in
liquid form was once more plentiful there than
it is currently. The channels of Mars are now
generally thought to have been forged through
the eons by flowing water, and the presence of
the polar ice caps supports this theory. These
explorations have also presented evidence that
the atmosphere of Mars has changed drastically
from what it once was. Climatic change may one
day produce a Mars quite different from the
present planet. Astronomers who make such
projections, however, caution that they are talk-
ing about millions, perhaps hundreds of mil-
lions, of years. Mars is unlikely to change in eas-
ily perceptible ways within the life span of a
single human now living.

In the aftermath of the 2003 space shuttle
Columbia accident, President George W. Bush
redirected NASA to complete the International
Space Station and retire the shuttle fleet by
2010 in order to move on to human exploration
beyond low-Earth orbit. Project Constellation
was intended to take astronauts back to the
Moon by 2020 to begin a permanent research
outpost there and in time to send human explor-
ers to Mars. In order to make both of those goals
happen, the use of local water would be re-
quired. Sending humans to Mars would be pos-
sible only if the robotic search for water on Mars
bore fruit; the polar ice caps would play promi-
nent roles in liberating water from the surface
of Mars for use by future astronauts.

R. Baird Shuman
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See also: Earth-Sun Relations; Ganymede;
Mars: Illusions and Conspiracies; Mars: Possi-
ble Life; Mars: Surface Experiments; Mars’s At-
mosphere; Mars’s Craters; Mars’s Satellites;
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Meteoroids from the Moon and Mars; Planetol-
ogy: Comparative; Planetology: Venus, Earth,
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Mars’s Satellites
Categories: Mars; Natural Planetary

Satellites; Planets and Planetology

The two satellites of Mars, Phobos and
Deimos, almost certainly originated as
captured asteroids. These two small satel-
lites could serve as future way stations for
human exploration of Mars. They may
provide future astronauts visiting Mars
with an orbital base and even essential re-
sources.

OVERVIEW

In early August, 1877, astronomer Asaph
Hall began his search for Martian satellites at
the U.S. Naval Observatory in Washington,
D.C. His search was initiated for two primary
reasons. He found that many astronomy texts
and ephemerides of the day contained serious
errors and incorrect statements. One conten-
tion was that Mars had no satellites; because
none had yet been identified, that statement
was correct for its time. However, Hall knew
from consulting Frederick Kaiser’s summary of
Martian observations in the Annals of the
Leiden Observatory (1872) that few astrono-
mers had even looked for such bodies. While
Mars made its close approach to the Earth
(called “opposition”) in 1877, Hall used the Na-
val Observatory’s 26-inch Clark refractor tele-
scope to search for potential Martian satellites.

Even as he began his search, Hall knew that
the probability of finding a Martian satellite
was slim. Any object even a fraction of the size of
Earth’s moon would have been discovered long
before. Any smaller object could not even exist

at any great distance from Mars, as the Sun’s
gravitational influence would snatch it away.
Hall therefore began his search looking for a
very small satellite orbiting very close to the
planet, one that therefore might be very close to
the visible disk of Mars as seen through the tele-
scopic lens and thus obscured in the planet’s
glare. In view of these discouraging consider-
ations, Hall said, “I might have abandoned the
search had it not been for the encouragement of
my wife.” This statement would become indeli-
bly etched on the discovery. On August 12, 1877,
Hall first glimpsed one of Mars’s two satellites,
which he confirmed on August 16. The next eve-
ning, he discovered a second satellite. The an-
nouncement was made several days later by
Navy admiral John Rodgers, the observatory’s
superintendent. These bodies were named
Deimos (meaning “flight” or “panic”) and
Phobos (“fear”) from Homer’s Iliad: “He [Mars]
spake, and summoned Fear and Flight to yoke
his steed, and put his glorious armor on.”

The first clear images of the satellites were
made by the National Aeronautics and Space
Administration’s (NASA’s) Mariner 9 orbiter in
1972. Five years later, even more dramatic and
detailed photographs were obtained by the Vi-
king orbiters. Those photographs revealed that
the two satellites are among the darkest bodies
in the solar system. Because of their density,
size, and curious orbital characteristics, they
are widely thought to be asteroids captured by
Mars’s gravitational field. They are not circular
in shape. Some have even described their ap-
pearance as potato-shaped; their modest size al-
lows for the weakest of gravitational fields,
which will not permit the body to collapse into a
spherical shape like that of planets and much
larger satellites.

Phobos, the larger of the two Martian satel-
lites, has a size of 28 by 23 by 20 kilometers.
Phobos’s orbit is exceptionally low—directly
above the equator only 9,378 kilometers over
the planet’s surface—so low that it cannot be ob-
served from the surface at latitudes greater
than 70° north or south. The orbit of Phobos is
just barely outside the Roche limit, where tidal
forces would tear it apart. It probably will be
torn apart and crash into the surface of Mars in
the next 38 million years. Phobos’s orbital pe-
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riod is very fast. It circles the planet in only 7
hours and 39 minutes, making the satellite ap-
pear to rise in the west and set in the east.

Deimos measures 16 by 12 by 10 kilometers.
Its orbit is considerably higher than that of
Phobos: 23,459 kilometers above the equator,
with a period of 30 hours and 18 minutes.
Deimos’s orbit is high enough that it should
eventually escape Mars’s gravitational field and
fly off into an independent orbit around the Sun.

Initial observations of the two satellites
showed them to be heavily cratered, suggesting
that their surfaces are very old—nearly as old
as the solar system itself, some 4.6 billion years.
There are two very large craters (relative to the
body’s size) on Phobos. The largest crater, domi-
nating Phobos’s northern hemisphere, is named
Stickney, for discoverer Hall’s wife. The astron-
omer himself has been remembered by a lesser

surface marking: Crater Hall is a 6-kilometer
depression on the satellite’s southern pole.
Crater Roche lies near Phobos’s north pole, a re-
minder of the satellite’s eventual fate as a result
of Mars’s dominant gravitational influence. As a
Viking orbiter flew to within 88 kilometers of
Phobos’s surface, it photographed what ap-
peared to be cracks, as wide as several hundred
meters and up to 10 kilometers in length, ema-
nating from Crater Stickney. These cracks in
the satellite’s surface were almost certainly
caused by the impacting body that formed the
crater itself.

The surface of Deimos is not as spectacular as
that of the larger satellite. A Viking orbiter flew
to within 23 kilometers of Deimos and resolved
a relatively quiescent surface, with smaller
craters (the largest discovered is only 2.3 kilo-
meters across), no visible cracks, and a lack of

a single spectacular forma-
tion.

The theory of asteroid ori-
gins was bolstered by these
visual images. An extraordi-
narily dark surface and a
density only twice that of
water (half that of Mars) lent
credibility to the theory that
the satellites were composed
of carbon and carbon com-
pounds such as are conjec-
tured for type C asteroids,
which populate the outer-
most regions of the asteroid
belt. These bodies may con-
tain up to 20 percent water
by weight. Why their orbits
are so nearly perfectly circu-
lar and equatorial has no
easy explanation. In terms of
capture probability, wayward
asteroids would not neces-
sarily slip into such neat
orbits; the resulting orbit
would most likely be inclined
and considerably eccentric.
Hence, for confirmation, such
theories will have to await
both the physical exploration
of their surfaces and a first-
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Mars Reconnaissance Orbiter’s High Resolution Imaging Science Experi-
ment (HiRISE) on March 23, 2008. (NASA/JPL-Caltech/University of Ari-
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hand look at carbonaceous asteroids
themselves.

The Soviet Union’s probes to the
Martian satellite’s surface were col-
lectively called the Phobos mission.
Two craft, Phobos 1 and Phobos 2,
were launched in the summer of
1988; their mission was to send a
lander to Phobos so that it could ana-
lyze the satellite’s surface. Commu-
nication with Phobos 1 was lost be-
fore it reached Mars’s orbit. Phobos 2
successfully attained orbit around
Mars in 1989 and began returning
photographs of Phobos and Mars.
On March 27, 1989, merely days be-
fore the probe’s planned close en-
counter with Phobos and release of
its landers, the spacecraft spun irre-
trievably out of control, and the mis-
sion was lost.

Intense interest in the tiny satel-
lites of Mars has been generated for several rea-
sons. They provide a natural “space station” for
future Mars explorers. Their tiny gravitational
fields require very little energy to overcome, but
they offer a stable platform for the staging of ex-
peditionary landing and observation teams.
They may also contain substantial quantities of
water that may one day be mined to provide hy-
drogen and oxygen for space travelers, thus re-
ducing the necessary burden of transporting it
from Earth to the surface of Mars. Finally, less
energy is required for a mission to the satellites
of Mars than to and from the surface of the
Earth’s moon because of their weak gravita-
tional fields and hence their low escape veloci-
ties. Such a mission, which would require a min-
imal round-trip travel time of two to three years,
was seriously discussed by both the Soviet gov-
ernment and certain interests in the United
States near the time when the Soviet Union col-
lapsed in 1991. Two decades then passed with
little interest in Phobos or Deimos on the part of
the two major spacefaring nations.

METHODS OF STUDY

NASA spacecraft that encountered Phobos
and Deimos produced photographic studies
from onboard cameras and mass studies based

on flyby navigational data. The most detailed
photographic studies were conducted with Vi-
king orbiter cameras. Viking 1 flew by Phobos
on February 12, 1977. Viking 2 flew by Deimos
on September 25, 1977. The photographic sys-
tem on the orbiters was called the Viking Im-
aging System. It returned a total of 51,539 im-
ages of Mars and its satellites to Earth. The
masses of Phobos and Deimos were estimated
by determining how much the Viking spacecraft
were deflected in their orbits around Mars by
the gravitational fields produced by the satel-
lites. Until the Viking encounters, the masses of
Phobos and Deimos were not precisely known.
Through observation of their orbital motion,
coupled with a Martian mass determination,
these encounters provided good estimates of the
masses of Phobos and Deimos.

Photographic studies alone produced a wealth
of information. A technique known as reflec-
tivity—measuring the amount of light reflected
from the surface of the satellites—enabled plan-
etary scientists to speculate that the satellites
may have been captured asteroids. It has long
been speculated that a class of asteroids made of
carbon and carbon compounds would be exceed-
ingly dark, as Phobos and Deimos proved to be.

The surfaces of both satellites are saturated
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Some Facts About Mars’s Satellites

Phobos Deimos

Semimajor axis* (km) 9,378 23,459
Sidereal orbit period (days) 0.31891 1.26244
Sidereal rotation period (days) 0.31891 1.26244
Orbital inclination (deg) 1.08 1.79
Orbital eccentricity 0.0151 0.0005
Major axis radius (km) 13.4 7.5
Median axis radius (km) 11.2 6.1
Minor axis radius (km) 9.2 5.2
Mass (1015 kg) 10.6 2.4
Mean density (kg/m3) 1,900 1,750
Geometric albedo 0.07 0.08
Visual magnitude V(1,0) +11.8 +12.89
Apparent visual magnitude (V0) 11.3 12.40

*Mean orbital distance from the center of Mars.
Source: National Space Science Data Center, NASA Goddard

Space Flight Center.



with craters, which indicates that their surfaces
are very old. This finding enabled dating of the
asteroids. In addition, the peculiar 10-kilometer
crater on Phobos named Stickney displayed
very large cracks down the surface of the satel-
lite, which hinted to some planetary geologists
that the composition of the body may contain
substantial amounts of water ice. The cracks
also indicated other subsurface structural fea-
tures as well as the depth of the regolith, or top
layer of soil overlying the bedrock.

CONTEXT

Phobos and Deimos may someday become
two of the most important way stations in the
solar system. As the Earth’s focus of exploration
turns to Mars as the next most logical frontier of
exploration and colonization beyond the Moon,
Phobos and Deimos will serve as stepping-off
points to the surface of Mars. They could pro-
vide a base for operations to and from the
planet. They could also provide a communica-
tions base for ground-to-space and -Earth infor-
mation exchanges. Finally, these two tiny satel-
lites might be able to supply water, fuel, and
oxygen to future space explorers.

Plans have been considered for sending a
crewed mission to Phobos as a dress rehearsal
for a later mission to the surface of Mars. This
mission would test the critical life-support and
medical issues that currently limit a Mars mis-
sion, at a fraction of the energy that would be re-
quired to land on the surface of the planet itself.

In the aftermath of the Columbia accident
(February 1, 2003), the Bush administration re-
considered NASA’s mission. In early 2004 the
White House directed NASA to complete the In-
ternational Space Station and retire the space
shuttle fleet by 2010, and then to proceed with
human exploration beyond low-Earth orbit.
This plan called for a return to the Moon to stay
and then an evolutionary approach leading to a
crewed expedition to Mars. Phobos and Deimos
will undoubtedly play a prominent role in even-
tual plans for the human exploration of Mars.

Dennis Chamberland
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Mars’s Valleys
Categories: Mars; Planets and Planetology

Like Earth, Mars has valleys exhibiting
complex geological histories, including
flowing water, hill-slope processes, and
structural control. Unlike Earth, yet simi-
lar to the Moon, Martian valleys may be as
old as 4 billion years.

OVERVIEW

Valleys are low-lying, elongate troughs on
planetary surfaces that are surrounded by ele-
vated ground. On Earth, valleys often contain a
stream with an outlet. About two hundred years
ago, the origin of valleys on Earth was very con-
troversial. In 1788, the Scottish naturalist
James Hutton disputed the prevailing opinion
that valleys formed by cataclysmic flooding,
specifically the Noachian flood of biblical ac-
counts. Hutton hypothesized that valleys
formed gradually through the erosive action of
the rivers and streams that lay on their floors.
The fluvial origin of most valleys was subse-
quently demonstrated by detailed geomorpho-
logical work over the next century.

On the Moon, which lacks significant water
and other volatile chemical components, valleys
are very different. Valleys on the Moon are com-
pletely dry and are thought to have been created
mostly by subsurface forces. Some lunar valleys
may also form by chains of craters left by im-
pacting meteors. Some, called sinuous rilles,
have formed by the erosive action of lava. Oth-
ers are structural depressions formed as surface
blocks dropped between fractures. Such valleys
also occur on Mars and Earth, but they are
much less common than the fluvial forms.

In 1972, spacecraft images revealed the pres-
ence of channels and valleys on Mars that ap-
peared very similar to those on Earth. On Mars,
a very interesting inversion of scale occurs
for channels and valleys. Channels are those
troughs in which fluid flow once completely sur-
rounded the depression that confined it. Mar-
tian channels are up to 200 kilometers wide and
2,000 kilometers long. The channels are much
larger than networks of small valleys in the an-
cient, heavily cratered uplands of the planet.
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The valleys are typically a few kilometers wide
and several hundred kilometers long. Both
Martian channels and Martian valleys are ex-
tremely ancient by terrestrial standards but are
comparable in age to many features on the
Moon. The valleys formed early in the planet’s
history—by analogy to the Moon, more than 3.5
billion years ago—when rates of impact crater-
ing were much higher than they are at present.
The channels are somewhat younger, extending
in age from about 3 to 0.5 billion years ago.

Martian channels were formed by immense
flows of fluid that emanated from zones of col-
lapsed topography known as chaotic terrain.
This fluid seems to have burst onto the surface
as immense floods of water plus considerable
sediment. In the extreme cold of the Martian en-
vironment, the water would have partly frozen
to form ice jams driven by the turbulent water.
Local blockades of ice may have induced second-
ary floods, and the ice itself could have flowed in
a manner somewhat similar to terrestrial gla-
ciers. Processes of cataclysmic water outburst
were probably repeated over long periods of
time. These floods were probably generated

from ground ice in the sub-
surface, perhaps heated by
volcanic activity.

One of the enigmas about
flowing water on Mars is the
present surface environment
of the planet. Surface atmo-
spheric pressure is only about
0.7 percent of terrestrial atmo-
spheric pressure at sea level.
The temperatures measured at
the Viking landing sites on the
planet ranged from 243 kelvins
by day to 193 kelvins at night.
Subsequent landers verified
the surface conditions first re-
ported by the Vikings. Under
these conditions, any standing
body of water would rapidly
vaporize and freeze. Rapid out-
bursts of water that formed the
large channels, however, could
have been maintained because
of the relatively short duration
of the flow events.

The existence of small valley networks of the
heavily cratered terrains of Mars poses a prob-
lem for scientists. The valleys have short tribu-
taries that end in abrupt valley heads, similar
to the box canyons of the western United States.
This valley form is believed to be caused by
spring sapping. Sapping is the process whereby
groundwater undercuts hill slopes; the ground-
water apparently emerged as springs at the
heads of the valleys, providing a subsurface
source for flow.

One way to have maintained the groundwa-
ter flow that sustained Martian valley growth
would have been for precipitation (rain or snow)
to have fallen in the headwater areas. Water in-
filtrating the ground would then have re-
charged the groundwater flow system. This
mechanism, however, requires Mars to have
once had a very different climate from the one
observed today. The atmosphere would have
had to be warm and dense enough to hold con-
siderable water. Atmospheric scientists have
constructed theoretical models of such an an-
cient, hypothetical atmosphere for Mars. They
conclude that increased amounts of carbon diox-
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Ius Chasma’s southern trench, near the Valles Marineris—the “Grand
Canyon” of Mars. Layers of lava flows alternate with bright layers of
sedimentary rock, which may be the alluvia carried by ancient Martian
water flowing on the planet’s surface. (NASA/JPL-Caltech/University
of Arizona)



ide may have been present early in the planet’s
history. The carbon dioxide could have contrib-
uted to a greenhouse effect, whereby the plane-
tary surface is warmed by trapping incoming
solar radiation as heat. An alternative mecha-
nism for maintaining groundwater flow to the
valley networks would have been for geother-
mal systems to drive the flow by convective, or
circulating, heat. Subsurface volcanic rocks
would supply the heat, circulating the ground-
water in a manner similar to that in areas of hot
springs, such as Yellowstone National Park.
Water flowing in the valleys would cool, seep
into the ground, and recharge a recirculating
system driven by volcanic heat. This mecha-
nism would not require a dense, warm atmo-
sphere early in the planet’s history.

Both channels and valleys on Mars are modi-
fied by many other processes besides water
flow. Because these features have hill slopes, a
variety of gravity-induced slope adjustment
forms are present; called mass movements,
these slope adjustments include landslides,
flows of debris, and slow creep of slope materi-
als. All these processes may have been facili-
tated by water and ice mixed with the rock ma-
terials. Movement of debris onto the channel
and valley floors, in some cases, completely con-
ceals evidence of fluvial action that originally
cut into the landscape. The Mars Global Sur-
veyor spacecraft provided images, taken years
apart, that demonstrated slumping of walls, al-
beit in craters, that likely was the result of
water under the surface diminishing the load-
bearing capability of those walls.

Wind action is also facilitated by the confine-
ment of valleys. Wind erodes fine sediment, pro-
ducing a lineated topography that parallels pre-
vailing directions. Eroded materials may locally
accumulate as sets of sand dunes, or they may
be more broadly distributed as sheets of depos-
ited sand or dust.

Valleys also served as troughs along which
erupted lavas descended from volcanic source
areas. Indeed, Martian volcanoes serve as excel-
lent sites in which to observe the evolutionary
sequence of valley development on Mars. Vol-
canoes vary in age and in the character of their
surfaces, thereby providing a kind of natural ex-
periment on the formation of valleys. Studies of

fluvial valley development on volcanoes indi-
cate that incision by flowing water occurs only
when the very permeable lava flows of the volca-
noes are altered to have less permeable sur-
faces. Lowered surface permeability arises from
volcanic ash that mantles local areas. Channels
forming on this ash incise into the volcano. As
valleys form by enlargement of these zones, the
incision is able to tap groundwater in the perme-
able lava flows. This groundwater further sus-
tains valley growth in a headward direction by
sapping. Eventually, the volcano is dissected by
a mature network of valleys adjusted to the wa-
ter flow system that is sustaining their growth.

Many mysteries still surround the valleys on
Mars despite a rich history of spacecraft imag-
ing over four decades from Mariner 4 to the
Mars Reconnaissance Orbiter and Mars Ex-
press. While most valley networks are very
old—older than most rocks on Earth—some are
quite young. Very well developed valleys occur
on the relatively young Martian volcano Alba
Patera. Valleys there are restricted to a local
area of volcanic ash. It may be that water was
introduced by local precipitation, perhaps re-
lated to outburst flooding in the large channels.

Mars has additional surprises, including an
abundance of linear grooves and a lack of
depositional forms. Also puzzling is the fact that
the large channels on Mars contain landforms
that are very different from landforms gener-
ally seen on Earth. The best Earth analogy to
the outflow channels is a region called the
Channeled Scabland in Washington State. This
area of flood-eroded basalt was generated by im-
mense glacial-lake outbursts during the ice
ages. The Channeled Scabland is more similar
to the Martian channels than any other region
on Earth.

METHODS OF STUDY

Channels and valleys of Mars were discov-
ered by remote-sensing observations generated
from spacecraft. Despite Percival Lowell’s ac-
counts of Martian “canals” nearly one hundred
years ago, telescopic views of the planet were in-
adequate to interpret the presence of channels
and valleys. It was not until 1972, when the
Mariner 9 spacecraft returned the first high-
resolution pictures of them from orbit about
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Mars, that the importance of the valleys was re-
alized.

Ages of the valleys are interpreted by the
numbers of superimposed impact craters. Then,
by analogy to known cratering rates and histo-
ries on the Moon, ages can be assigned to the
Martian landforms. The genesis of the valleys
must also be determined by analogy. An inter-
preter of the pictures of the valleys must have a
broad familiarity with natural landscapes,
which is used to infer causes for the combina-
tions of features seen in the channels and val-
leys. Often details of planetary landforms are
somewhat different from what is generally
known from terrestrial experience. On Mars,
such lack of correspondence arises from lower
gravitational acceleration, the low surface pres-
sure, and low temperature.

Details of Martian landforms are analyzed on
special maps that show relationships and pat-
terns. Geological maps elucidate the time se-
quence of development, and geomorphological
maps show relationships among the planetary
features. Quantitative measurements can be
made of the landform shapes, which can be com-
pared to measurements on similar-appearing
terrestrial features.

Model building is the activity whereby an ex-
planation of the valley is provided in a form that
extracts significant elements from the natural
complexity of the phenomenon. The model may
be expressed in abstract mathematical terms; it
can involve laboratory hardware; or it can simu-
late the sequence of landform development
through various kinds of analogy. In all cases,
however, the model is used to express in simple,
predictable terms the complexity of the real-
world system under investigation. Models are
only as good as their correspondence to the nat-
ural system, however, so successful model
building requires an intimate knowledge of the
system under investigation. This knowledge
must be continually checked against new data
about that system gained through ongoing in-
vestigation.

Mars studies can be separated into two dis-
tinct categories. During the initial discovery
phase, Mars was visited by Mariner spacecraft.
Mariner 4 flew by, snapping a small number of
pictures in 1965 that revealed a Moon-like char-

acter to the surface of the Red Planet. It was
something of a disappointment that the more
sophisticated Mariner 6 and 7 flyby missions in
1969 verified the arid, cratered character indi-
cated by the previous Mariner spacecraft. Then
Mariner 9 orbited Mars and revealed valleys
and river features as well as giant volcanoes, in-
dicating that Mars had a dynamic past. The Vi-
king landers examined the plains and found
ambiguous soil analysis results that could not
definitely answer the question about life on
Mars. These missions completed the discovery
phase.

Beginning with the failed Russian Phobos
missions and followed by the National Aeronau-
tics and Space Administration’s (NASA’s) ro-
bust sequence of spacecraft—Mars Observer
(unsuccessful), Mars Pathfinder (a rover), Mars
Global Surveyor, Mars Climate Orbiter (un-
successful), Mars Polar Lander (unsuccess-
ful), Mars Odyssey, the Mars Reconnaissance
Rovers, and Mars Reconnaissance Orbiter—
along with the European Space Agency’s Mars
Express, a second phase of focused Mars studies
examined planetary features in large part seek-
ing an answer to one fundamental question in
particular. That question was essentially where
Mars’s water had gone.

A third phase of Mars exploration will begin
once humans develop a capability to journey to
Mars and complete research in situ and travel
across the Martian surface with sophisticated
instruments.

CONTEXT

The valleys of Mars reflect immense environ-
mental changes that occurred on the planet.
Surface conditions presently are too cold and
the atmosphere too thin for water to exist in its
liquid state. However, in the past, during se-
lected epochs of its planetary history, Mars
seems to have been able to sustain an active hy-
drological cycle that produced river valleys sim-
ilar to those on Earth. Because the small valleys
occur throughout the heavily cratered terrains
of the planet, the scale of environmental change
must have been global. In July, 2008, the Mars
Phoenix lander sampled subsurface water ice
near the northern polar region, providing the
first direct evidence of water still on Mars.
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In 2008 data from the Mars Reconnaissance
Orbiter led to the conclusion that Mars of the
past possessed a wet environment, something
that had been suspected after the tantalizing
images from Mariner 9 led scientists to alter
their assessment of the planet Mars after the
disappointing dry, cratered surface revealed by
the Mariner 4, 6, and 7 flyby missions. Current
studies strongly indicated that ancient high-
lands on Mars, which constitute nearly half the
planet’s surface, contain certain types of clay
minerals that need water in order to form. This
suggests that Mars once had large lakes, flow-
ing rivers, and smaller wet environments for
prolonged periods of time in the distant past.
Water erosion moved the clay minerals into
delta formations. The crater Jezero appears to
have once confined a lake that was later
breached; its water carried the clay minerals
out into a fan-shaped structure.

Earth has also been affected by global envi-
ronmental change. Numerous times over the
past several million years, the planet has expe-
rienced decreased global temperatures with as-
sociated glaciation. During glacial advances, hy-
drological conditions were profoundly changed.
Most recently, the global change of interest on
Earth has become the warming associated with
artificially increased levels of carbon dioxide
and other trace gases in the atmosphere. Thus,
like Mars, Earth oscillates between periods of
increased warmth and cold. By comparing theo-
ries that explain such cycles, scientists hope to
understand exactly how the environmental
change occurs and thus to develop a means of
predicting future change that will affect hu-
manity on its home planet.

In a broad sense, the development of human-
kind has been linked to discoveries associated
with exploration and with the migration of peo-
ples to new lands; the space program is the most
modern manifestation of such trends. When the
channels and valleys of Mars were discovered,
they stimulated an immense scientific effort to
explain the conditions on Mars that made flow-
ing water possible in the past. Scientists gener-
ally agree that most of the water on Mars is now
locked up in its subsurface, frozen as ground ice
in layers of thick permafrost. There is specula-
tion that, if Mars could be made warm, perhaps

by inducing plant growth or by releasing
trapped carbon dioxide, it is not inconceivable
that Martian rivers could be made to flow
again—and might even sustain a population of
emigrants from Earth.

Victor R. Baker
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Mars’s Volcanoes
Categories: Mars; Planets and Planetology

The discovery of enormous volcanoes on
Mars as a result of early images returned
by the Mariner and Viking missions led to
intensified study of Martian volcanic char-
acteristics and activities. It is believed that
this study will help scientists determine re-
lationships between geological processes
on Earth and Mars and develop a unified
theory about the origin and evolution of the
solar system.

OVERVIEW

Volcanoes on Mars are generally larger than
those on Earth. In fact, one should approach the
planet with the understanding that all of its ma-
jor features are gigantic, including its craters,
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plains, valleys, volcanoes, and polar caps. That
is one of Mars’s overall characteristics, and the
enormous size of the Martian volcanoes is typ-
ical.

Observed Martian volcanoes seem to group
themselves into two distinct regions: in the
Tharsis region, atop the Tharsis Dome, and in
the region known as Elysium, a large topo-
graphic region of crustal upheaval. Volcanoes in
other areas tend to be smaller and older than
those in these two regions, although the disper-
sion of Martian volcanoes is not broad. Sixteen
principal volcanoes have been identified in
these two prime areas, both of which are mostly
in the planet’s northern hemisphere. According
to researchers, there are very few or no volca-
noes in other regions of Mars, although the rea-
son for this absence is not completely under-
stood. Scientists speculate that the Martian
crust is much thicker, overall, than Earth’s
crust and that it is much more difficult for
magma to punch a hole through its surface.
Also, the rigid Martian crust does not allow for
tectonic plate movement, such as that which oc-
curs on Earth.

Volcanoes on Mars are created in the same
manner as terrestrial volcanoes, either by erup-
tion through a central tunnel or by eruption
through side vents in the volcano’s walls. There
is ample evidence that both processes have been
at work on Mars in its long geologic past. In the
first process, material from the planet’s interior
pushes up, overflows, and then cools rapidly,
creating an upside-down cone with a hole in the
top that eventually seals, plugging the eruption
tunnel. In the second instance, magma oozes
through breaks in the volcano’s flanks, called
vents. The major characteristics of Martian vol-
canoes, however, are very different from those
of terrestrial volcanoes.

Researchers studying Mars have determined
that there is no tectonic movement, or shifting
of gigantic “plates” of crustal expanse, on Mars
as there is on Earth. As a result, material from
Mars’s interior continues to erupt through the
exact same tunnel over and over again, con-
stantly building the volcano higher and wider.
On Earth, on the other hand, a volcano is likely
to be moved from its original spot, drifting away
by the long-term motion of tectonic plates. This

movement seals the magma tunnel deep inside
the volcano, preventing further eruption.

The second process, eruption of magma
through side vents in the volcano’s flanks,
comes about by the interior materials bursting
through the weakest points in the sides of the
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Olympus Mons, the largest volcano in the solar system
at more than half the size of Arizona, is also three
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The Mars Global Surveyor captured this image in
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volcano. This kind of process occurs on Mars as
on Earth, but the result is usually quite differ-
ent. On Mars, lava flowing down the sides of the
volcano spills beyond the volcano’s base perime-
ter, creating vast lava plains that completely
surround the volcano. Once again, because the
volcano stays in one place, repeated eruptions
through the side vents cause the lava plain to
continue to grow broader and broader. On
Earth, the buildup is considerably slower, if it
occurs at all, because the volcano is moved away
from its original eruption site by tectonic move-
ment.

Volcanoes on Mars dwarf those on Earth. The
largest of the Martian volcanoes are part of a
grouping of about eight near the equator in the
Tharsis Bulge, or Dome. One of the four biggest
is Olympus Mons, a shield volcano judged to
be about 27 kilometers high and 600 kilometers
in diameter. The other three lie in a nearly
straight line to the east of Olympus Mons. Be-
ginning with the northernmost, their names
are Ascraeus Mons, Pavonis Mons, and Arsia
Mons. Although they are not as spectacular as
Olympus Mons, their sizes are still quite im-
pressive.

Martian calderas, large craters at volcanoes’
summits caused by settling of the magma in
their interiors, are similarly immense. The cal-
dera of Olympus Mons, for example, is a highly
complex collection of features measuring about
3 kilometers deep and 25 kilometers across,
with its walls set at a slope of about 32°. The
complex is the result of repeated caldera col-
lapse after extrusions of magma settle and stop.
Calderas of Martian volcanoes are unique, at
least in the inner planets, in having many circu-
lar fractures surrounding the main caldera. In
addition, the entire Olympus Mons structure is
surrounded by a scarp, or cliff, which at some
points is 6 kilometers high. In numerous places,
there is ample evidence that lava has flowed
over the sides of the scarp. Scarp lava overflows
are often referred to as “flow drapes” and are
quite common to Martian volcanoes; they ex-
tend the main volcano structure into the sur-
rounding lava plain, often for many hundreds of
kilometers. Flow drapes at Olympus Mons ex-
tend the volcano structure at least 1,000 kilo-
meters outward over the rigid surrounding

planetary crust. Flow drapes indicate that the
scarp was formed before the time of the eruption
of the magma which created the lava flows, and
they help geologists to determine the age of the
volcano and the extent of the extrusion of
magma.

Terracing is a feature that is highly pro-
nounced on the slopes of Martian volcanoes, cre-
ated by the front lines of immense lava flows
churning down a volcano’s sides. Multiple ter-
racing is often seen; it results from repeated
eruptions, which create well-defined blankets
of lava. Olympus Mons exhibits many such ter-
racing features. It is difficult to imagine the
enormous volume and extent of the rolling lava
required to produce the many examples of ter-
racing on this volcano.

Arsia Mons rises some 16 kilometers above
the Tharsis Dome with a caldera measuring 140
kilometers in diameter. The caldera is sur-
rounded by concentric rings of hummocky to-
pography, some of which are graben (long, lin-
ear depressions usually found between two
parallel faults). The lava flow reaches at least
1,500 kilometers into the surrounding plain, of-
ten covering earlier features of the region. Im-
ages from the Mariner 9 mission, especially, dis-
close many lava-flow fronts and ridges where
the rolling lava came to a stop. Repeated erup-
tions on Mars have thrown out truly copious
amounts of lava, which, in turn, have formed
far-reaching, relatively smooth plains adjacent
to the volcano cones. These plains may extend
hundreds of kilometers or, as in the case of Alba
Patera, more than 1,700 kilometers out from
the central cone. Although relatively flat, these
plains most often show many lava-flow pat-
terns, such as ridges and hummocks at the lead-
ing edges of flows.

The flow of lava down the flanks of a volcano
can take many different forms. All these forms
are present on Mars. The thickness of the lava,
steepness of the slope, and presence or absence
of barrier features all cause the downward
spread of lava to take different forms and
speeds, creating a variety of patterns. Fine-
edged flows, flat-topped flows, and flow ridges
can be seen in various volcano complexes. Ages
of lava flows can be determined by the presence
or absence of craters and other features on the
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volcanoes’ flanks; numerous craters, for exam-
ple, would indicate that the flows are relatively
older and that the craters were formed after the
lava flow, whereas lava that creeps into or flows
over preexisting craters indicates that the flow
came after the crater was created. Some ancient
Martian volcanoes, such as Tyrrhena Patera,
exhibit features that have been degraded by
time, sometimes so much that it is impossible to
determine the location of the primary volcano.
Other features of some volcanoes suggest the
downward flow of ash rather than of lava.

In sum, volcanoes on Mars are somewhat dif-
ferent from volcanoes on Earth. Martian volca-
noes are significantly larger. The volcano cone
is created differently, and the absence of tec-
tonic movement allows a Martian volcano to
stand over the same site for millions of years.
Earth volcanoes in the process of eruption spew
out lava in large amounts, yet Martian volca-
noes eject lava in still larger amounts. When
lava flows down the sides of a terrestrial vol-
cano, it is affected by the landscape—streams,
trees, and boulders which may deflect the flow
pattern this way or that. On Mars, however, the
flanks of volcanoes have no such barriers; in-
stead, they encounter impact craters and the
patterned buildup of previous lava flows.

Finally, terrestrial volcanoes do not change size
appreciably; those on Mars, however, keep
growing bigger.

METHODS OF STUDY

Planetologists have enlisted a wide range of
analytical techniques to study Martian volca-
noes. The most obvious and by far the most
productive have been the early images of the
Martian surface gained through six highly suc-
cessful uncrewed missions conducted by the Na-
tional Aeronautics and Space Administration
(NASA) between 1965 and 1976: Mariners 4, 6,
7, and 9 and Vikings 1 and 2. These flyby, orbit-
ing, and surface-landing missions produced a
huge amount of photographic material with
which geologists have begun to piece together a
profile of Mars’s evolution based on the study of
volcanoes. The study of volcanoes is especially
enlightening because it allows a view of mate-
rial that originated from deep inside the planet.
The success of these early missions permitted
the development of new questions in the study
of Mars, and led directly to more advanced
spacecraft such as Mars Pathfinder, Mars
Global Surveyor, Mars Observer, Mars Recon-
naissance Orbiter, Mars Express, and Mars
Phoenix, many of which were committed in
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large part to the search for water on Mars
rather than volcanic processes.

By comparing Mars’s topographic features
with similar features on Earth, scientists can
gain an enormous amount of information in a
short time. By applying geometry to shadows
and large-scale topography, they can determine
the sizes and trace the short- and long-term de-
velopment of evolutionary features. This infor-
mation is critical in the case of volcanoes; lava-
flow patterns, especially, are revealing about
the structural evolution of volcanic sites and
the surrounding terrain. Photographic evidence
can be enlarged to a surprising degree, and of-
ten, extremely detailed images captured by
remote-sensing technology can be studied si-
multaneously by scientists all over the world.
Television cameras aboard the mission space-
craft gather and transmit digital image data,
which are separated into shades of gray and
then transmitted across space to receiving an-
tennae on Earth. In special receiving stations,
digital data are put together again and stored in
computers. The data can be recalled from the
computers at any time and can be manipulated
by computer operators. Shadow areas can be
lightened or darkened, color can be added and
shaded, and mathematical computations can be
applied to various features, all revealing the
true nature of the topography.

The Viking landers, which descended to the
surface of Mars, contained a multitude of scien-
tific instruments that recorded data about wind
direction and velocity, surface and atmospheric
temperatures, sizes of windblown material,
composition of Mars’s soil, and even viscosity of
the soil. There were two landers, each settling
at a different location on Mars. An arm was ex-
tended from each spacecraft, and at the end of
the arm was a specially designed scoop that dug
a trench in the planet’s surface. By analyzing
the characteristics of the trench, scientists
could deduce such information as the ability of
the soil to cling together, whether or not other
surface material slid into the trench, and the
strength it took to dig the trench. Also, a series
of three instruments aboard the landers re-
ceived the collected soil, analyzed it chemically,
and determined its composition. Data were col-
lected in numerical formats and radioed back to

Earth, allowing scientists to create a profile of
the Martian environment. The profile was then
applied to other regions on the planet, such as
those where volcanoes existed. The picture of
Mars that developed from these instrumented
explorations is one of a cold, lifeless wasteland
without the kind of environment that would al-
low humans to survive even for a short time.

Later landers provided circumstantial evi-
dence for water and found samples of volcanic
origin locally. The next quantum leap in under-
standing the volcanoes of Mars would be to send
geologists to the Red Planet to survey volcanic
regions and perform field geology exercises in
situ.

CONTEXT

Properties of Martian volcanoes are impor-
tant for scientists to study because they par-
tially reveal the planet’s present and past geol-
ogy, providing clues to the planet’s age,
formation, and activity. Considerable study of
volcanoes has disclosed that there is no tectonic
plate activity associated with Mars, and that
the Martian crust is far more rigid than Earth’s.
While there is a scarcity of volcanoes on Mars in
comparison with the large number on Earth,
they do help to establish theories about Mars’s
age and evolution. Volcanic ejecta can reveal
something of the activities deep within Mars’s
crust and of the composition of material in the
planet’s mantle.

If scientists could decipher how Mars evolved
into the planet it is today, they could compare it
to Earth and the other planets and, perhaps,
reach a greater understanding of Earth’s past
and future. One of the keys to unraveling Mars’s
mysteries is volcanic activity; it is a critical
measure of what is or is not happening both on
the planet’s surface and deep inside its interior.
Martian volcanoes are instrumental in the cre-
ation of other topographic features, such as ex-
tensive lava plains and scarps. Most volcanoes
are located in a relatively confined area on
Mars, and scientists want to know why volca-
noes are not formed in other locations as well.
Close study of Martian volcanoes could give sci-
entists some clues about the interior properties
of the planet and allow them to gain new in-
sights into Mars’s internal dynamics.
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Commercially, Mars may harbor wealth in
the form of natural resources. The Martian
surface is characterized by planetwide iron de-
posits and iron oxide, from which Mars derives
its pinkish-orange coloration. Other critical
minerals and resources may exist there as well.
It is important, therefore, to understand rea-
sons for the present dispersion patterns of vol-
canoes in order to determine how volcanic ac-
tions affect mineral deposits and perhaps to
predict future volcanic eruptions in mineral-
rich areas.

Mars and, indeed, all planets must be viewed
as large complex bodies with interacting physi-
cal systems and geological processes. Scientists,
therefore, ask the following questions: What are
the driving elements in the forces which sculpt,
change, and characterize each planet, espe-
cially volcanic action? Is there a common thread
among volcanic activities on all the planets and
their satellites? How do these elements and
forces behave on Earth? The study of Mars has
enabled scientists to arrive at a new method
known as Earth system science.

Thomas W. Becker
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Mars’s Water
Categories: Mars; Planets and Planetology

Knowledge of how much water there once
was on Mars and how much remains
would shed light on the history of Mars and
the solar system, the possible development
of life in Mars’s past, and ways of providing
resources for future Mars colonists.

OVERVIEW

There is water on Mars. How much water and
exactly where it is has become the center of
many questions about the planet, including sev-
eral mounted by the National Aeronautics and
Space Administration (NASA). In 1971, the
Mariner 9 spacecraft returned photographs of
Mars that clearly showed that the surface of the
planet had been extensively scarred sometime
in its distant past, probably by liquid water
flowing over it. Subsequent detailed investiga-
tions by the Viking probes in 1976 and the Mars
Pathfinder rover in 1997 confirmed this evi-
dence and added voluminous data to support
the idea that liquid water had at one time ex-
isted on or close to the planet’s surface.

Under present conditions, it is impossible for
water to exist in liquid form on the planet’s sur-
face. The highest temperature recorded at the
Viking landing sites on the warmest summer
days was 244 kelvins, and the average tempera-
ture is much colder elsewhere on the planet. It
fell to 150 kelvins at the site of the Viking 2
lander during Martian winter. Even if it were
warm enough for liquid water to exist, it would
quickly vaporize in the low atmospheric pres-
sure of Mars. The atmospheric pressure at the
Viking lander sites (the locations where the
NASA probes made a soft landing on the
planet’s surface) was less than one one-hun-
dredth of the Earth’s atmospheric pressure at
sea level. This pressure compares to that found
at an altitude of about 35 kilometers above the
Earth, nearly four times the altitude of Mount
Everest.

Water directly measured by the Viking orbit-
ers was in a vapor state. There was also evi-
dence that water exists in the solid form—as ice
in subsurface permafrost, in the Martian polar
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caps, in the surface rocks and soil, in clouds and
fog, and as frost. The amount of water vapor dis-
covered in the Martian atmosphere was quite
low compared to Earth standards. At the Viking
lander sites, the atmosphere was 0.03 percent
water vapor. This amount compares to the per-
centage of water vapor at an altitude of 9 or 10
kilometers on Earth. Mars is so dry that if all
the water vapor in the atmosphere of the planet
could be condensed into a solid block of water
ice, it would measure only about 1.3 cubic kilo-
meters—a tiny fraction of the water vapor in the
Earth’s atmosphere. The Viking probes mea-
sured the part of the Martian atmosphere with
the greatest amount of atmospheric water va-
por, which was the area nearest the planet’s
north pole.

Even though the Martian air is dry by Earth
standards, because of the low atmospheric pres-
sure it is near a saturated state; daily tempera-
ture variations cause the water vapor to con-
dense in the form of ice fogs, clouds, and frost.
The fog is quite tenuous; typical Martian fogs
are about half a kilometer in depth, and if they
were completely condensed into water, they
would form a layer only a single micron thick.
Frosts of water vapor, sometimes mixed with

frozen carbon dioxide to form an ice called
clathrate, form on the planet’s surface season-
ally.

The Martian poles are repositories of water
ice and frozen carbon dioxide. The depth of
water ice at the north and south poles varies.
The north polar cap is estimated to be one meter
to one kilometer deep. The south cap is less af-
fected by the Martian summers, and its esti-
mated thickness is 0.23 to 0.50 meter. It is pri-
marily solid carbon dioxide. The amount of
water ice in the caps is unknown. Polar water
ice directly exposed to the Martian environment
can undergo a deterioration by sunlight from
solid directly to vapor by a process called ther-
mal erosion.

Estimates show that Mars’s original water,
outgassed from the planet’s interior by volca-
nism (as on the Earth), may have been sufficient
to cover the planet with a layer some 46 meters
deep. Most of it, however, was lost over the
course of the planet’s history in a process called
molecular dissociation. High-energy ultraviolet
sunlight split the water molecules into hydro-
gen and oxygen atoms, which were eventually
lost to space. The equivalent of nearly 270,000
liters of liquid water is lost this way each Mar-
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The Viking 2 lander took this photo of water ice on the rocks at Utopia Planitia in May, 1979. (NASA)



tian day. Orbital photographs show, however,
that the surface is extensively scarred by what
appear to be channels whose only Earthly ana-
logue is caused by running water. Since liquid
water requires an atmospheric pressure and
temperature much greater that those which
now exist on Mars, it is thought that the planet’s
conditions must once have been sufficiently dif-
ferent to allow water to flow. The Pathfinder
mission supplied evidence of massive flooding.

As the orbital Viking probes circled Mars,
they mapped seasonal variations of water vapor
over the planet. It was discovered that as the
spring and summer temperatures rose, water
vapor levels increased also. Most scientists
agree that the source of this water vapor was
ground deposits of water. Water is encapsulated
either in frozen aquifers or within the soil itself.
Such frozen ground is called permafrost. Per-

mafrost is located in the regolith of Mars; the
depth of this upper layer of ice-laden soil is vari-
able. Permafrost in the polar regions may be up
to 8 kilometers deep; in the equatorial regions,
it may extend to 3 kilometers.

Existence of large areas, perhaps planetwide
areas, of permafrost is supported by orbital im-
ages that show four distinct geological forma-
tions: Meteoritic impacts display a kind of fluid
ejecta, flowing away from the main crater, not
seen on the Moon or the planet Mercury, that in-
dicates that the energy of the meteoritic impact
melted the permafrost. Another formation is
called polygonal ground. These distinct polygo-
nal shapes, observed from a high altitude, are
caused by the repeated freezing and thawing of
permafrost on or near the surface. Mass wast-
ing (on Earth, often called landslides or mud-
slides) consists of distinctive downslope move-
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The Mars Reconnaissance Orbiter revealed hydrated rocks, similar to opal, both outside and within Mars’s Valles
Marineris canyons. It follows that water would have run on the surface two billion or more years ago. (NASA/JPL-
Caltech/University of Arizona)



ments of soil, possibly caused by softening
from water. Finally, a geological phenome-
non called thermokarst was observed on
Mars. It is caused by the underground
melting of permafrost or underground ice
formations, which lead to sinkholes or col-
lapsed surface features.

In addition to permafrost, water is
locked molecularly into the crystalline
structure of the Martian soil and rocks.
The Viking landers discovered that 0.1 to 1
percent of the surface materials consist of
water of hydration. This tightly bound
water can be released only by heating of
the materials.

Many of the stream formations may
have been caused by spring sapping dur-
ing a planetary warming cycle. Spring sap-
ping offers evidence of hidden, frozen de-
posits of ice that may thaw during warm
cycles. The Mars Exploration Rovers Spirit
and Opportunity provided evidence of sed-
imentary processes involving water. BB-
sized spherules of gray hematite, referred
to by the planetary scientists of the Mars
Exploration Rover program fondly as “blue-
berries,” were found by the Opportunity
rover around the rim of Victoria crater.
Formation of these gray hematite spher-
ules occurs in the presence of water. Red
hematite is just rust formation without
the need of water, but the gray variety is
found on Earth often in connection with
hot springs where the oxidation of rust oc-
curs in connection with water. However, it
must be pointed out that gray hematite
can be formed in connection with some
types of volcanic activity, so the connection of
the “blueberries” to water is not absolutely con-
firmed.

METHODS OF STUDY

Most of the information regarding water on
Mars came from eleven NASA spacecraft: Mari-
ner 9, two Viking orbiters, two Viking landing
craft, the Mars Pathfinder lander with its small
independent rover Sojourner, Mars Global Sur-
veyor, Mars Odyssey, Mars Reconnaissance Or-
biter, and the Mars Exploration Rovers Spirit
and Opportunity. The European Space Agency

also began its expanding planetary exploration
program by studying the Red Planet from orbit
with its Mars Express spacecraft.

Direct evidence for Martian water came from
orbiting instruments that measured atmo-
spheric water vapor over seasonal periods and
actually photographed the Martian polar caps,
fogs, and cloud formations. Landing craft di-
rectly measured water vapor on the surface of
Mars. They photographed seasonal frost depos-
its and clouds while measuring water of hy-
dration by heating rock and soil samples. The
instrument on the orbiter that measured the
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These fan-shaped, alluvial and delta-like deposits provide
almost indisputable evidence of water flow on the ancient
Martian surface, show that some sedimentary rocks were
deposited in water, and strongly suggest that actual deltas
existed where water met land. (NASA/JPL-Caltech/Malin
Space Science Systems)



water vapor was called the Mars atmospheric
water detector. It examined reflected solar radi-
ation from the Martian surface at a spectral
band of 1.4 microns.

The Viking lander instrument that analyzed
the Martian soil for water was called the gas
chromatograph mass spectrometer. Soil sam-
ples were taken from the surface of the planet
by a robotic arm that directed the sample to a
heating chamber. The soil was heated to 773
kelvins, and materials driven off by the heat
were analyzed. It was discovered, after a series
of samples had been analyzed, that between
several tenths of a percent and several percent
of the surface material was water. Some of the
water was believed to be loosely absorbed on the
surface, but it was likely that a significant frac-
tion was accounted for by water of hydration.

Indirectly, scientists inferred much about
Martian water repositories by comparing or-

bital photographs with high-altitude photo-
graphs of the Earth. Nearly all investigators
were convinced that the only known mechanism
that could form the clearly defined river- and
streambeds was running water. This observa-
tion, coupled with simplified dating techniques
of counting craters in streambeds to determine
approximate ages, enabled speculation about
cyclic Martian warming trends. These periodic
warming trends could conceivably cause sub-
surface ice deposits to melt, and subsequent at-
mospheric pressure increases could allow the
water to flow over the Martian landscape, cut-
ting the stream formations in the soil.

Examination of ejecta patterns all over the
planet led to speculation that permafrost was
a planetwide manifestation. Comparison of
earthly geologic formations of polygonal ground,
mass wasting, and thermokarst with their Mar-
tian counterparts provided evidence for the

widespread nature and even depth of
the Martian permafrost layer. Photo-
graphs of cloud and fog formation over
the planet during subsequent orbits
enabled the calculation of tempera-
tures, saturation levels, and even the
content of cloud and fog banks. After
the lander data had verified the or-
bital photography, a highly accurate
picture of Martian water deposits was
formulated.

The Mars Polar Lander was sent to
touch down in a polar region of Mars
and search for direct evidence of
subsurface water. Unfortunately, the
spacecraft crashed and failed to trans-
mit any data. The Mars Phoenix
lander was designed to attempt the
same thing. Launched in August,
2007, Mars Phoenix landed in the Red
Planet’s northern polar region on May
25, 2008, and began to dig in the soil to
search for evidence of water. Mars
Phoenix accomplished the first suc-
cessful powered landing on Mars since
the Viking touchdowns in 1976.

Mars Phoenix touched down in the
northern polar region on May 25,
2008, at 68.2° north, 234° east, a loca-
tion within what scientists had named

Mars’s Water The Solar System

456

The southern highlands of Mars, in this image from the Mars
Reconnaissance Orbiter, feature braided gullies typical of water
channels. (NASA/Caltech/University of Arizona)



the “Green Valley” of the
Vastitas Borealis region. Lo-
cally, it was late spring at the
time, but the surface temper-
ature was still sufficiently
cold that solid ice permafrost
was strongly anticipated. Af-
ter some difficulties with the
lander’s robotic arm and a
few other critical systems,
Mars Phoenix dug a trench in
the Martian soil and exposed
a white layer just below the
surface. In time that white
layer displayed sublimation,
the phase change from solid
directly to a gas. The rate
at which the white layer sub-
limated strongly suggested
that it must be water ice
rather than dry ice (frozen
carbon dioxide, which subli-
mates at an even greater rate
at the local Martian temper-
ature).

Mars Phoenix was outfitted with a Thermal
and Evolved Gas Analyzer (TEGA), essentially
a combination of an oven and gas spectrometer.
With TEGA, project scientists sought to detect
water vapor released from heated samples of
the white layer delivered to the hardware’s oven
chamber by actions of the robot arm and its
scoop. Initial problems with clogging a TEGA
sample inlet forced project scientists to be ex-
tremely careful in preparing for TEGAanalysis.
This delayed an unambiguous answer regard-
ing whether or not the permafrost was water for
several weeks, as Martian winter approached
and threatened to shut down the Mars Phoenix
lander.

It came as something of a relief when, on July
30, the Mars Phoenix lander’s robotic arm deliv-
ered for the first time some viable subsurface
material to an open chamber in the Thermal
and Evolved Gas Analyzer. Several days of test-
ing with the sticky Martian soil had produced a
method whereby the arm’s scoop could drop
frozen permafrost into the vent leading down to
a TEGA oven. The sample was heated in the
oven and the evolved gases were analyzed. Just

as the science team expected, the signature of
water was confirmed. University of Arizona sci-
entist William Boynton declared:

We have water! We’ve seen evidence for this
water ice before in observations by the Mars
Odyssey orbiter and in disappearing chunks
observed by Phoenix last month, but this is the
first time Martian water has been touched and
tasted.

In the wake of this discovery, NASA announced
that funds would be forthcoming to extend the
Mars Phoenix mission through at least Septem-
ber 30, a five-week extension.

Meanwhile, NASA’s sequence of orbiters—
Mars Global Surveyor, Mars Odyssey, and Mars
Reconnaissance Orbiter (MRO)—trained a va-
riety of instruments on the surface of the Red
Planet. Their investigations were part of NASA’s
continuing program directive to search for
water on Mars. MRO carried the largest cam-
eras ever flown to another planet. The MRO
data indicated the presence of underground
water ice, and its photographs provided circum-
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This three-dimensional image of Mars’s north polar region has helped sci-
entists determine the amount of water that may be in the ice cap. The image
boasts a spatial resolution of 1 kilometer and a vertical resolution of be-
tween 5 and 30 meters. (NASA/JPL/GSFC)



stantial evidence for recent changes in the sur-
face where water may have played a role.

A pair of studies using MRO came to the con-
clusion that Mars once had water to the extent
that large lakes and dynamic rivers existed for
a long time in the distant past. In the July 17,
2008, issue of Nature, data were presented that
showed that the Red Planet’s ancient high-
lands, essentially 50 percent of the plant, con-
tain clay minerals that can form only with
water. Those clay features were later covered by
volcanic lavas. However, the clay was uncov-
ered across the surface by subsequent impact
crater events. Features like the crater Jezero
once confined a lake, and clay minerals were
eroded down from the crater into a delta forma-
tion. The presence of these phyllosilicate miner-
als across the planet added fuel to the possibil-
ity that Mars once enjoyed wet environments
that might have had the potential for develop-
ment of primitive life.

CONTEXT

Mars Reconnaissance Orbiter studies in
2008 concluded that Mars in the past did have a
wet environment as had been originally sus-
pected after Mariner 9 images changed the sci-
entific assessment of Mars. The newest studies
suggested that Mars’s ancient highlands con-
tain clay minerals that form only with water. It
appears that Mars had large lakes, vibrant
rivers, and smaller wet regions that persisted
for thousands and perhaps millions of years.

The question of what happened to Mars’s
water is of critical importance to the next gener-
ation of space explorers. It is also important to
understanding how Earth’s water reserves are
balanced on a planetwide scale. Learning how
nearly an entire planet’s water resources, con-
sisting of many trillions of liters, could simply
vanish is critical not only to our insights into
Mars’s history but also to our understanding of
Earth’s future. Although the mechanisms of
planetary water loss are understood, it is impor-
tant to study Mars to learn exactly how and
where the planet absorbed its remaining water
resources. Scientists use techniques that could
be employed to locate Earth’s diminishing
freshwater resources by space observations.
Scientists may also learn how permafrost water

deposits are linked to the contamination of
water by soil salts and other impurities and how
long-term climatic cycles lead to planetwide
weather changes. If the Earth tilted only a few
degrees, extreme global changes could be intro-
duced that could have ramifications for the
planet’s long-term weather patterns.

Perhaps the most direct knowledge to be
gained, however, is whether future colonists
will be able to use what water there may be on
Mars. Local water will be vital for the establish-
ment of a Mars colony and will ultimately deter-
mine its size and usefulness. Water that is
obtained from atmospheric distillation, the
permafrost, the water of hydration, mining
aquifers, or the polar caps will be used for a mul-
titude of purposes, including drinking, agricul-
ture, cooling equipment, washing and cleaning,
and breaking down of molecular water into
atomic hydrogen, for fuel, and oxygen, for
breathing. Water on Mars may become one of
the most significant aspects of “the desert
planet.”

Dennis Chamberland
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Mercury
Categories: Mercury; Planets and Planetology

Mercury, the planet closest to the Sun, su-
perficially resembles Earth’s moon. Much
that was known about this planet was ob-
tained from experiments on board and
photographic images returned by the un-
crewed Mariner 10 probe, which completed
three flybys of Mercury in the 1970’s. A new
round of investigations began early in the
twenty-first century with MESSENGER
mission.

OVERVIEW

Mercury completes one revolution about the
Sun in only 87.97 days. Mercury’s orbit has a
mean distance from the Sun of only 0.387 astro-
nomical unit (1 AU is the mean Earth-Sun dis-
tance), an eccentricity of 0.206, and an inclina-
tion of 7° with respect to the ecliptic plane.
Mercury rotates about an axis with no obliquity
and has a period of 58.65 days. The ratio of Mer-
cury’s rotational period to its revolution period
is almost precisely two to three (2:3). Mercury’s
mass is 3.30 × 1023 kilograms, and its mean ra-
dius is 2,439 kilometers; therefore, Mercury’s
mean density is 5,420 kilograms per cubic me-
ter. Mercury’s most prevalent features are crat-
ers, scarps, and deformed terrain. Degradation
of original craters has resulted from secondary
impact and ballistic infilling, seismic activity
resulting from impacts, lava flows, and isostatic
readjustment.

Mercury’s surface appears remarkably simi-
lar to that of Earth’s moon, although Mercury’s
radius is about 50 percent larger than the
Moon’s. Both bodies are heavily pockmarked
with impact craters. Closer examination, how-
ever, reveals many important differences be-
tween the surfaces of Mercury and the Moon.
The Moon has greater color variations across its
surface than does Mercury. Mercury’s albedo, or
reflectivity, is 0.12, a brightness similar to that
of the lunar highlands seen on the Moon’s
Earth-facing side. Although there are 20 per-
cent albedo contrasts across Mercury’s surface,
it lacks the dark maria and filled craters so
prevalent on the Moon. On both worlds, younger

craters are often higher in albedo and sur-
rounded by prominent ejecta blankets and
bright rays. On Mercury, most craters are less
than 200 kilometers across. Many of the larger
craters are double-ringed with flat floors that
are usually shallower than their lunar counter-
parts. Central peaks are found in intermediate-
sized craters, but larger circular features tend
not to have central peaks. Other lunar features
are absent or rather rare on Mercury. There ap-
pears to be no evidence of volcanic domes, cinder
cones, or lava-flow fronts on Mercury. Rilles on
the planet are usually straight rather than sin-
uous, are quite deep, and are as wide as 6 kilo-
meters.

Mercury is surrounded by an extremely tenu-
ous atmosphere of helium, argon, and neon.
High daytime surface temperatures coupled
with a low escape velocity lead to degassing, as
the average thermal kinetic energy is sufficient
to permit atmospheric escape in a relatively
short period of geologic time. The average plan-
etary surface temperature is 452 kelvins. How-
ever, the maximum dayside temperature is as
much as 700 kelvins at closest approach to the
Sun, and the minimum nightside temperature
is 90 kelvins. Mercury exhibits the greatest
equatorial temperature variation, more than
600 kelvins, of any planet in the solar system.

Mercury has a magnetic field only 1.6 per-
cent as strong as Earth’s. The origin of Mer-
cury’s magnetic field remains uncertain. A me-
tallic core composed primarily of iron would be
consistent with both the observed density and
the magnetic field; however, Mercury’s rota-
tional speed could be too slow to generate cur-
rents in the core even if it is molten. Mercury’s
small magnetic field interacts with the solar
wind. Mariner 10 recorded a moderately strong
bow shock that traps energetic solar wind par-
ticles.

Although Mercury’s surface resembles the
Moon’s, its mean density is closer to that of
Earth. It is believed that, in proportion to its
size, Mercury contains, in its core, double the
amount of iron found in any other world in the
solar system. High iron content would be consis-
tent with the formation of Mercury by conden-
sation of the solar nebula close to the Sun; heavy
elements would have been more attracted to the
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early proto-Sun than would lighter elements.
Existence of a magnetic field suggests that Mer-
cury’s iron has undergone differentiation and
formed a hot, convecting core. Formation of the
iron core would have generated heat in addition
to the original radiogenic heat, causing expan-
sion and melting of the entire mantle. This pro-
cess would have had to occur before the era of in-
tense cratering, because Mercury lacks surface
expansion features and numerous preserved
lava-flow formations.

According to one model of Mercury’s interior,
the planet’s asthenosphere cooled quickly and
thickened, possibly disappearing altogether.
Mercury’s lithosphere could extend down to the
iron core, hundreds of kilometers below the sur-
face. There is evidence to support such a model.
After core formation, the planet would have
cooled and contracted, resulting in a decrease in
radius perhaps as large as one or two kilome-

ters. Compression of the surface would then
have caused thrust faults, the result of one rock
unit slipping over another. Observed thrust
faults on Mercury indicate a two-kilometer con-
traction.

Mercury’s surface physiography can be clas-
sified into four major terrain types: heavily
cratered terrain, smooth plains, intercrater
plains, and hilly and lineated terrain. Inter-
crater plains are believed to be the oldest, pre-
dating the era of intense impact cratering.
Smooth plains represent the youngest.

Smooth plains, located principally in the
northern hemisphere near the large feature
called Caloris Basin, are flat, lightly cratered
surfaces akin to lunar maria. Craters in the
smooth plains are typically sharp rimmed and
only 10 kilometers across, at most. Some
smooth plains fill the floors of large craters.
Often, plains have sinuous ridges, an aspect

shared by lunar maria. Regard-
less of location on the surface,
Mercury’s smooth plains have
equal impact crater frequency,
which indicates that smooth
plain features were all formed
at about the same time. Smooth
plain features are believed to be
volcanic in origin. There are too
many smooth plains for them to
have resulted from a single cat-
astrophic impact or to be ejecta
from the large Caloris Basin.
Similarities between lunar ma-
ria and smooth plains suggest a
common origin. Lunar maria are
volcanic in nature, so smooth
plains on Mercury are believed
to be volcanic, also.

Intercrater plains, believed
to be the oldest material on
Mercury, form the largest phys-
iographic feature on the planet.
These plains have a greater
crater density than smooth
plains. Craters that pockmark
rolling plains are typically less
than 10 kilometers in diameter,
and generally represent sec-
ondary rather than primary im-
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Mercury, in this October, 2008, image sent back from MESSENGER,
sporting massive impact craters and a series of rays from north to south.
(NASA/Johns Hopkins University Applied Physics Laboratory/Carne-
gie Institution of Washington)



pacts. Intercrater plains were
formed by a variety of different
events occurring over long pe-
riods. These plains are probably
primordial crust that has been
subjected to impact cratering,
but their origin is by no means
clear. The variety of intercrater
plains suggests several alterna-
tive origins.

Heavily cratered terrain is
reminiscent of the lunar high-
lands, being areas of many over-
lapping craters. Crater diame-
ters vary between 30 and 200
kilometers. Ejecta deposits can-
not be clearly identified with in-
dividual craters because of high
degrees of overlap and disrup-
tion. This variety of terrain was
formed as the era of intense bombardment was
ending.

Hilly and lineated terrain is found directly
opposite the Caloris Basin on Mercury and may
have been formed by the Caloris impact event it-
self. This heavily deformed terrain, often re-
ferred to simply as Weird Terrain, covers about
250,000 square kilometers. It is made of hum-
mocky hills 5 to 10 kilometers wide at the base
and 0.1 to 1.8 kilometers high. Seismic energy
from the Caloris impact apparently underwent
antipodal focusing through the planet’s core
and broke or jumbled this region into hills and
depressions.

The Caloris Basin is the largest single sur-
face feature revealed by Mariner 10 photo-
graphs. More than 1,300 kilometers across,
Caloris resembles the Moon’s Imbrium Basin.
It may represent an important event in Mer-
cury’s history, just as the Imbrium Basin does
for the Moon. The basin is rimmed by moun-
tains 30 to 50 kilometers wide and several kilo-
meters high. Inside the basin are smooth plains
scarred by small craters, ridges, and grooves in-
dicative of lava flows modified by tectonic activ-
ity. Seeing the entirety of the Caloris Basin was
a high-priority early objective of Mercury Sur-
face Space Environment, Geochemistry, and
Ranging (MESSENGER) flybys prior to begin-
ning prolonged orbital studies.

METHODS OF STUDY

Mercury is a planet known to the ancients.
However, Mercury reveals few of its secrets to
visual observation from Earth. Because it is so
close to the Sun, it is often hidden by solar glare
and can be seen only briefly, visually or tele-
scopically, at twilight or daybreak. The Hubble
Space Telescope could not be used to obtain
high-resolution images of Mercury’s surface be-
cause of the tremendous brightness of the Sun,
which would overpower and damage that orbit-
ing observatory’s sensitive instruments. Never-
theless, Mercury studies have advanced greatly
since the first days of visual observations of this
innermost planet in our solar system. Astrono-
mers once incorrectly assumed that Mercury
did not rotate as it revolved around the Sun.
Few surface features were known before the
Mariner 10 encounters. Indeed, for all intents
and purposes, almost all that was known about
Mercury prior to 2008 was obtained through
scientific investigations performed by the Mari-
ner 10 spacecraft on its three brief flybys in
the mid-1970’s. That probe was equipped with
seven primary experiments; they involved high-
resolution television imaging, infrared radiom-
etry, radio wave propagation, extreme ultravio-
let spectroscopy, magnetometry, plasma detec-
tion, and charged particle flux measurements.

Mercury’s atmosphere was studied during a
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Mercury Compared with Earth

Parameter Mercury Earth

Mass (1024 kg) 0.3302 5.9742
Volume (1010 km3) 6.083 108.321
Equatorial radius (km) 2,439.72 6,378.1
Ellipticity (oblateness) 0.0000 0.00335
Mean density (kg/m3) 5,427 5,515
Surface gravity (m/s2) 3.70 9.80
Surface temperature (Celsius) –170 to +390 –88 to +48
Satellites 0 1
Mean distance from Sun

millions of km (miles) 58 (36) 150 (93)
Rotational period (hrs) 1,407.6 23.93
Orbital period (days) 88 365.25

Source: National Space Science Data Center, NASA/Goddard Space
Flight Center.



solar occultation using Mariner 10’s ultraviolet
experiment. The instrument measured the drop
in the intensity of solar ultraviolet radiation as
Mercury’s disk and tenuous atmosphere ob-
scured it. Data provided a profile of atmospheric
concentration above the planet’s surface. Other
atmospheric data were gathered by monitoring
radio waves emitted by Mariner 10 as it passed
behind Mercury and then reemerged. The infra-
red radiometer, fixed to the spacecraft body on
the sunlit side, had apertures which shielded
the detectors from direct solar radiation. This
experiment determined Venusian cloud tem-
peratures as well as measuring surface temper-
atures on Mercury. Heat-loss data obtained as
Mariner 10 crossed the planet’s terminator, the
line separating daylight from darkness, helped
scientists infer information about the planet’s
surface composition. Surface brightness temper-
ature was measured in a pair of spectral ranges,
34 to 55 micrometers and 7.5 to 14 micrometers,
which represented temperatures
of 80 to 340 kelvins and 200 to
700 kelvins, respectively.

Mariner 10 measured Mer-
cury’s magnetic field with a mag-
netometer package consisting of
two three-axis sensors placed at
different spots on a 6-meter-long
boom. The use of two sensors pro-
vided the capability to isolate the
spacecraft’s own magnetic field
from the weak field of the planet.
Magnetic field measurements in
interplanetary space were also
made.

High-resolution images of any
planetary surface can provide a
wealth of information concerning
that planet’s past, its present
geologic activity, and its surface
composition. Mariner 10’s televi-
sion imaging system included
two vidicon cameras attached to
telescopes. The assembly was
mounted on a scan platform that
permitted the horizontal and ver-
tical movements necessary for
precise pointing. Cassegrain tele-
scope systems were used in the

imaging system. Powerful enough to resolve or-
dinary print at a distance of more than 400 me-
ters, this system provided narrow-angle, high-
resolution images. The television system also
included an auxiliary optical system to obtain
wide-angle, lower-resolution photography. This
system was mounted on each of the television
cameras. Experimenters were able to switch
from narrow-angle to wide-angle imaging by
moving the position of a mirror on the system’s
filter wheel. The vidicon cameras had 9.8-by-
12.3-millimeter apertures and could make ex-
posures of between 3 milliseconds and 12 sec-
onds. Analog signals from the vidicon camera
readout were digitized for transmission to re-
ceiving stations on Earth. An individual televi-
sion image consisted of 700 vidicon scan lines,
with each scan line consisting of 832 pixels.

The principal objectives of Mariner 10’s tele-
vision imaging program included collection of
data useful in studying Mercury’s planetary
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The MESSENGER 2008 second flyby produced this image of a previ-
ously unknown surface region, with both impact craters and tectoni-
cally smoothed terrain. (NASA/Johns Hopkins University Applied
Physics Laboratory/Carnegie Institution of Washington)



physiography, making a precise determination
of Mercury’s radius and rotation rate, evaluat-
ing Mercury’s photometric properties, and cate-
gorizing the morphology of surface features.
Television scans were made of the space sur-
rounding Mercury in an attempt to locate un-
known satellites, but none was found. This sys-
tem was also used for studies of Venus and
Comet Kohoutek before Mariner 10 even ar-
rived near Mercury.

Data from Earth-based radar investigations
of Mercury strongly suggest that at least part of
the planet’s core could presently be molten.
Such a molten layer would have large implica-
tions for the production of the planet’s global
magnetic field and variations in Mercury’s spin
rate if the liquid core is decoupled from the solid
mantle. In a 1992 issue of Science, Martin A.
Slade et al. presented the results of two studies
using the Arecibo radio telescope, the Very
Large Array, and the Goldstone tracking an-
tenna to send radio waves to Mercury at se-
lected frequencies and detect the reflected sig-
nals. Essentially radar-astronomy exercises,
the aim of both studies was to generate a radar
reflectivity map of Mercury’s surface at a reso-
lution of about 15 kilometers. In the process,
radar-bright returns that were highly depolar-
ized were encountered near the planet’s north
and south poles. Data suggested the totally un-
expected presence of ice on Mercury. Ice very
effectively reflects radar at the gigahertz fre-
quencies used in these studies and depolarizes
those reflected radio waves greatly. Some of the
radar-bright areas detected in these studies co-
incided with crater-sized spots. This provided
evidence for the supposition that ice existed in
crater areas that were permanently shadowed
from solar radiation and therefore not heated
tremendously, as was the rest of the planet
when under daylight conditions. One of the big-
ger radar-bright areas was the large crater
Chao Meng-Fu at Mercury’s south pole. Plane-
tary scientists supposed that the proposed ice
came from either meteoritic bombardment or
planetary outgassing (or both). Confirmation of
this surprising result would have to await MES-
SENGER studies.

MESSENGER carried seven instruments
that produced a great deal of data during the

spacecraft’s January 14 and October 6, 2008,
encounters—information that would take lon-
ger to analyze than the time to the next and fi-
nal flyby before eventual orbital insertion in
2011. The mission’s objectives included photo-
graphing the as-yet-unseen 50 percent of the
planet’s surface, determining the composition
and structure of Mercury’s crust, understand-
ing more about the planet’s geological history,
examining the planet’s thin atmosphere, mea-
suring the planet’s quite active magnetosphere,
searching for water at the poles, and providing
data that would reveal the nature of Mercury’s
large core. This first attempt in thirty-three
years to examine Mercury from close range was
designed to help answer five separate major
questions: What is the elemental and mineral-
ogical composition of the surface? What does the
surface look like at a resolution of better than
hundreds of meters? What is the structure and
temporal variation of Mercury’s magnetic field?
Does the planet’s gravitational field exhibit any
anomalies that might shed light on any uneven
distribution of mass within Mercury? and What
neutral particles and ions are found in Mer-
cury’s magnetosphere?

MESSENGER was outfitted with wide- and
narrow-angle color and black-and-white imag-
ing systems, a laser altimeter, a radio science
experiment, and four multipurpose spectrome-
ters. The spectrometers were capable of mea-
suring spectra of gamma rays, neutrons, ener-
getic particles and plasmas, and reflected light
from Mercury’s atmosphere and surface for
compositional studies. The spacecraft’s laser al-
timeter was designed to determine the eleva-
tion of the planet’s surface features, as well as to
look for wobble in the planet about its rotational
axis. That sort of motion could help verify the
existence of a suspected liquid layer in the core.
The neutron spectrometer was designed to de-
tect water ice at the polar regions. The laser al-
timeter was designed to measure the topogra-
phy of permanently shadowed craters that
might shelter water ice deposits. The ultraviolet
spectrometer was designed to look for sulfur or
hydroxyl deposits atop the water ice.

In May, 2008, researchers published results
of laboratory modeling of Mercury’s core that in-
cluded a separated molten layer surrounding a
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solid core. University of Illinois
and Case Western Reserve Uni-
versity scientists hypothesized
that deep within the planet an
iron “snow” forms and moves
down toward the solid core.
Convection could be set up and
create the planet’s magnetic
field. This experiment investi-
gated the behavior of an iron-
sulfur sample under tremen-
dous pressure and heat. The
iron-sulfur sample was set up to
mimic the suspected core struc-
ture of Mercury. If formed, mol-
ten iron condenses to flake-like
crystals, which would fall to the
core. This heavy iron “snowfall”
would result in lighter liquid
sulfur rising, establishing con-
vection currents. Observational
data for MESSENGER will be
able to determine if this labora-
tory model actually matches
Mercury’s internal structure.

In the meantime other scien-
tists at Virginia Tech reported
results of different simulations
of conditions on Mercury. This
work suggests that the shrinking of the planet’s
crust as Mercury cools over geological time
should produce the thrust faults seen as scallop-
edged cliffs and scarps on the planet. MESSEN-
GER will also shed light on mantle convection, a
process considerably different from that on Ve-
nus and Earth because of the thinness of Mer-
cury’s crust.

Details about the prolonged analysis of MES-
SENGER data collected during its first flyby
surfaced in science journals in early July, 2008.
The data confirmed that volcanic activity had
played a tremendous role in the formation of
Mercury’s surface, especially during a period
lasting from 3 to 4 billion years ago. MESSEN-
GER provided evidence of volcanic vents along
the margins of the Caloris Basin. Other evi-
dence demonstrated that effusion had occurred.
This process sees molten material from below
the crust exude upward and outward across a
planet’s surface, sometimes forming features

that resemble volcanic shields. Mercury had
suffered lava floods that filled in fairly large
craters almost to the wrinkled scarps outlining
the craters. Some layers of lava were deter-
mined to be as deep as 2.7 kilometers.

CONTEXT

Mercury is the Roman name for the Greek
god Hermes, patron of trade, travel, and
thieves. Timocharis is considered to have regis-
tered the first recorded observation of Mercury,
in 265 b.c.e. Very little more was learned about
the planet until the invention of the telescope.
Observation of the phases of Mercury was first
reported in 1639 c.e. by Italian astronomer
Giovanni Battista Zupus. Telescope technology
improved, and evidence of surface features was
found in the early 1800’s, when astronomers
Karl Ludwig Harding and Johann Schröter
measured albedo variations.

It was not until the early 1960’s that Mer-
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A close-up of the 106-kilometer-diameter Machaut Crater acquired on
October 6, 2008, by MESSENGER. (NASA/Johns Hopkins University
Applied Physics Laboratory/Carnegie Institution of Washington)



cury’s rotation rate was precisely measured us-
ing radar observations. Then came the launch
of Mariner 10, the final spacecraft in the his-
toric Mariner series, on November 3, 1973, at
12:45 a.m. eastern time atop an Atlas-Centaur
launch vehicle from Launch Complex 36B at
Cape Canaveral. Photographs obtained during
this flyby mission began the geologic analysis of
Mercury. This spacecraft became the first to use
gravity assists from large solar system bodies to
redirect its trajectory to multiple photographic
targets. It was recognized that the alignment of
Earth, Venus, and Mercury was such that a sin-
gle spacecraft could be launched between 1970
and 1973 from Earth toward Venus and then
reach Mercury. Giuseppe Colombo of the Insti-
tute of Applied Mechanics in Padua, Italy, noted
during an early 1970 Jet Propulsion Laboratory
conference on the approved Mariner 10 mission
that a 1973 launch opportunity existed in which
the spacecraft could enter an orbit with a period
nearly twice that of Mercury. That meant that a
second Mercurian encounter was possible. Mar-
iner 10 was indeed placed on a trajectory that
permitted multiple encounters with Mercury,
and this success demonstrated the feasibility of
gravity-assist trajectories. The technique would
prove tremendously valuable to the Voyager
probes, which were sent to the outer solar
system.

Shortly after Mariner 10’s escape from Earth
orbit, its planetary science experiments were
activated to verify their operating condition.
Mosaic photographs returned to Earth indi-
cated that the spacecraft was in good condition
to image a Moon-like world with high-quality
camera systems. Mariner 10 came within 5,794
kilometers of Venus on February 5, 1974. Dur-
ing eight days of photography, the spacecraft re-
turned 4,165 images of Venus and a wealth of
data about the Venusian atmosphere. After an-
other forty-five days of interplanetary cruising,
the spacecraft reached the mission’s principal
target: the planet Mercury. Mariner 10 began
taking photographs on March 23, 1974, reach-
ing its closest approach, 5,790 kilometers, on
March 29. The spacecraft then passed behind
Mercury, to the nightside. More than two thou-
sand photographs were obtained on this first
encounter. Mariner 10’s trajectory returned the

spacecraft to Mercury on September 21, 1974;
this time, it came as close as 50,000 kilometers.
The probe completed a third encounter in
March, 1975, before running out of fuel and en-
tering a solar orbit.

The MESSENGER orbiter was designed to
continue the scientific exploration of Mercury
where Mariner 10 left off more than thirty years
earlier. MESSENGER launched on August 3,
2004, and was injected into an interplanetary
orbit that brought it back to Earth a year later
for a gravity assist that would slow the space-
craft down to fall into the inner solar system. It
was directed to encounter Venus in October,
2006, and again in June, 2007, for gravity as-
sists that set it up for its first Mercury flyby.
MESSENGER flew by Mercury near its equator
on its first encounter, which took place January
14, 2008. Thus, little useful information about
polar ice deposits was obtained. However, a
highlight of the encounter was the capture of de-
tailed images of the remainder of the Caloris
Basin, not seen during Mariner 10’s flybys. All
spacecraft instruments functioned, signaling
the potential for prolonged study once MES-
SENGER attained orbit. MESSENGER’s flight
path was refined by thruster firings so that it
again encountered Mercury, flying by on Octo-
ber 6, 2008, collecting data and images and also
setting itself up by a gravity assist in such a way
that it would fly by Mercury one more time in
2009 before eventually entering orbit about the
planet in 2011.

Even before entering orbit, as a result of the
three flyby encounters MESSENGER was ex-
pected to give planetary scientists a nearly full
initial map of Mercury’s globe. To achieve orbit,
MESSENGER’s main propulsion system would
fire to slow down by 860 meters per second. This
fourteen-minute-long burn would consume 30
percent of the spacecraft’s total fuel load. The
first orbit would be adjusted until MESSEN-
GER assumed an elliptical orbit ranging from
200 kilometers to 15,193 kilometers inclined
80° to Mercury’s equator. In this nearly polar or-
bit, the spacecraft would orbit Mercury every
twelve hours. Once in orbit about Mercury in
March, 2011, MESSENGER’s primary mission
was to last four Mercurian years (the equivalent
of one Earth year or two Mercurian solar days).
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The European Space Agency (ESA) and Jap-
anese Aerospace Exploration Agency (JAXA)
also plan to investigate Mercury. Both space
agencies intend to launch small probes in 2013.
If successful, these will reach Mercury orbit in
2019. The ESAprobe is named Bepi Colombo af-
ter the late Italian mathematician/engineer
Guiseppi (Bepi) Colombo, father of the gravity
assist. JAXA plans to send two more spacecraft
to Mercury: one designed to conduct mapping
operations, and another to investigate Mer-
cury’s magnetosphere. Although not designed
to last that long, MESSENGER might exceed
its mission life and be able to coordinate with
these other spacecraft in Mercury studies.

David G. Fisher
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Meteorites: Achondrites
Category: Small Bodies

Achondrites are a class of stony meteor-
ites containing abundant silicate minerals
that have formed as a result of igneous pro-
cesses on small planetoids or asteroids.
They closely resemble basaltic rocks found
upon the Earth and Moon.

OVERVIEW

Meteorites are solid materials from outside
Earth’s orbit that have passed through the at-
mosphere and reached the surface. These ob-
jects—made of various combinations of rock and
metal—are called meteoroids while still in orbit
around the Sun. When a meteoroid encounters

the Earth and enters the atmosphere, collisions
with air molecules cause it to heat up and begin
to vaporize. This produces a glowing trail of
superheated air and hot vaporized material
from the meteoroid that appears as a flash of
light streaking across the sky. This phenome-
non is properly called a meteor. (It also is com-
monly called a “falling star” or “shooting star,”
but such names are inaccurate since it is not a
star at all.) It is estimated that the Earth is
bombarded by hundreds of tons of meteoroidal
material every day, but most meteoroids are no
larger than small pebbles, and they vaporize
completely in our atmosphere. If the meteoroid
is large enough to survive its fiery plunge and
land on the Earth’s surface, then it is called a
meteorite.

Meteorites are divided into three main
groups based on the abundance of metallic and
stony minerals they contain: the nickel-iron me-
teorites (often just called iron meteorites or
irons), stony-iron meteorites (or stony irons),
and stony meteorites (or stones). Stony meteor-
ites are composed primarily of silicate and oxide
minerals with minor amounts of metal. They
can be subdivided into two subgroups known as
the chondrites and achondrites.

Achondrites are not as common as chon-
drites; only about 1 in 10 stony meteorites is an
achondrite. Achondrites get their name because
they lack chondrules, mineral droplets that
make up much of the material in chondrites.
Achondrites have crystal textures similar to
terrestrial igneous rocks, thus indicating that
they formed when some larger parent body (per-
haps the size of a small planet or large asteroid),
melted, differentiated, and then cooled and so-
lidified. Some achondrites have large mineral
crystals that resulted from slow cooling as in-
trusive rocks inside the parent body. Others
with smaller crystals were formed by more
rapid cooling on or close to the surface of the
parent body. Some resemble terrestrial lava
flows that are riddled with bubble holes called
vesicles, caused by gases that escaped. Some
achondrites show evidence of collisions in space,
resulting in a rock called an impact breccia that
shows the effects of shock metamorphism. The
pressure of impact causes the rocks to break
apart and the minerals to shatter or deform,
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while the heat generated causes mineral and
rock fragments either to melt slightly or to fuse
together, depending upon its intensity.

Most achondrites are rich in one or more sili-
cate minerals such as olivine (a magnesium-
iron silicate), pyroxene (an iron-magnesium-
calcium silicate), and plagioclase feldspar (a
calcium-sodium-aluminum silicate) in varying
proportions. Other minerals, such as spinel and
chromite (iron-magnesium-aluminum-chromium
oxides), are also found, as are small amounts of
metal (less than 10 percent) in the form of iron
and nickel alloys. In general, achondrites re-
semble a rock called basalt, which is a very
common dark-colored igneous rock found on
the Earth and Moon. With a few exceptions,
achondrites are older and contain rare isotopes
that make them very different from the rocks
found on either the Earth or the Moon.

Achondrites can be subdivided into several
types based on their texture and chemical com-
position. First and most abundant are the
eucrites. They are similar in appearance to fine-
grained terrestrial basalts, and they contain
roughly equal amounts of calcium-rich silicate
minerals such as plagioclase feldspar and
pyroxene. In a hand specimen, a few eucrites ex-
hibit a cumulate texture, which forms by the ac-
cumulation of coarse-grained crystals within a
magma chamber. Still others possess a vesicu-
lar texture (containing many bubble holes or
vesicles formed by escaping gases) and closely
resemble terrestrial basaltic lava flows. Many
eucrites also contain mixed fragments from
other meteorite types and show the effects of
shock metamorphism. The small variation in
abundance of major chemical elements within
all eucrites suggests their origin on the same
parent body. They probably formed as extrusive
and shallow intrusive igneous rocks later
blasted out of the parent body by impacts. The
age of eucrites has been dated using radioactive
rubidium-strontium isotope techniques at 4.5-
4.6 billion years, indicating crystallization very
early in the history of the solar system.

Diogenites are achondrites that have a chem-
ical composition similar to a terrestrial igneous
rock called pyroxenite, which has an abundance
of the mineral pyroxene. Texturally, diogenites
have coarse-grained crystals that indicate slow,

deep cooling below the surface. Based on labora-
tory melting experiments using actual achon-
drite samples, these crystals probably formed
by cooling and crystallization from the same
magma that also produced eucrites or by the
more extensive melting of some eucrite source.
Chemically, diogenites consist of metamor-
phosed accumulations of an iron-and-magne-
sium-rich but calcium-poor pyroxene known as
a bronzite, along with minor amounts (less than
10 percent) of plagioclase feldspar crystals and
some metallic iron. The bronzite crystals have
become chemically homogeneous as a result of
metamorphic heating. Like some eucrites,
diogenites have been found shattered or mixed
with pieces of other meteorites, resulting in a
solid rock of angular broken fragments. Both
diogenites and eucrites probably formed on the
same parent body.

Howardites are a variety of achondrite that
represents mixtures of many different meteor-
ite types. They consist of crushed pieces from
eucrites and diogenites, and they also contain
about 2-3 percent by weight of pieces from
chondritic stony meteorites. Texturally, how-
ardites closely resemble the lunar soil. Under
high magnification, a howardite’s exterior sur-
face is covered with small micrometeorite crat-
ers that contain impact-generated glasses, evi-
dence of their formation by impacts on the
surface of the parent body.

A likely parent body for these three types of
achondrites seems to be the asteroid 4 Vesta.
About 500 kilometers in diameter, it is the only
large asteroid with a surface reflection spec-
trum like that of eucrites and diogenites. Sev-
eral small Earth-approaching asteroids have
similar reflection spectra, and they and the
eucrites, diogenites, and howardites found on
Earth probably were blasted off of Vesta by one
or more large impacts.

Ureilites, another variety of achondrite, were
named for the town of Novo Urei in Russia,
where the first specimen was found in 1886.
They consist of fairly large and abundant crys-
tals of magnesium-rich olivine, some clinopy-
roxene, and a rare type of plagioclase feldspar
set within smaller crystals composed of graph-
ite, iron-rich metals, halite, sylvite, and troilite.
In some specimens, the olivine crystals show a
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preferred orientation from crystal settling
while molten; thus, ureilites exhibit variable
textures. Most specimens have undergone in-
tense high-pressure shock metamorphism that
resulted in the formation of small diamonds
from the graphite. Ureilites are the only
achondrites that contain these tiny graphite
and diamond crystals; the source of the carbon
is unknown.

Aubrites, also known as the enstatite achon-
drites, are composed predominantly of a magne-
sium-rich pyroxene called protoenstatite and a
rare type of plagioclase feldspar. Texturally,
aubrites have large crystals, indicating slow
cooling, but their origin and place of formation
remain unexplained.

SNCs (pronounced “snicks”) are a small, un-
usual, and highly controversial group of related
achondrites that include the shergottites,
nakhlites, and chassignites. Shergottites are
named for the town of Shergotty in the state of
Bihar in India, where the first of these strange
meteorites fell in 1865. Since that time, a few
others like it have been found. As a group, the
shergottites are similar to a terrestrial slow-
cooled, coarse-grained igneous rock called dia-
base, which is rich in pyroxene and plagioclase
feldspar. One of the feldspars found within the
shergottites is maskelynite, a type of feldspar
whose orderly atomic lattice structure has be-
come disorganized from shock impact. Other
minerals to be found are pyroxenes (calcium-
rich augite and calcium-poor pigeonite), cal-
cium- and sodium-rich plagioclase feldspars,
oxidized iron in the form of magnetite, some ol-
ivine, and a rare water-bearing amphibole
named kaersutite. Texturally, the shergottites
are cumulates with elongated pyroxene crystals
that have a preferred orientation, which is prob-
ably the result of flowage of newly formed crys-
tals within the magma while still in a hot liquid
state. Their geologic history records crystalliza-
tion in a relatively Earth-like oxygen-rich envi-
ronment and a period of intense shock meta-
morphism and high-intensity heating probably
caused by impact, as indicated by numerous
quickly cooled glass fragments. The radiometric
age determinations on some of the shergottites’
minerals reveal a comparatively young age of
1.3 billion years. Trapped gas bubbles within

some of the shergottite samples contain nitro-
gen and noble gases such as xenon, krypton, and
argon, very similar in composition to the atmo-
sphere of Mars.

The nakhlites are similar to terrestrial slow-
cooled, coarse-grained igneous rocks known as
gabbro. Mineralogically, these meteorites con-
tain abundant augite (calcium-rich pyroxene)
and smaller amounts of olivine, plagioclase feld-
spar, a few strange sulfide minerals, and metal-
lic iron. Compared to the shergottites, all these
minerals lack shock features, show no evidence
of thermal metamorphism, but have a similar
radiometric age of 1.4 billion years. Although
their overall chemistry is different from that of
the shergottites, nakhlites are believed to have
been derived from either the same or a similar
parent body.

Chassignites are named for Chassigny,
France, where the first specimen was found in
1815. Several others have since been found in
localities around the world. The few existing
samples show that they are composed of abun-
dant crystals of olivine with minor amounts of
pyroxene, plagioclase feldspars, and kaersutite
that show alteration by shock metamorphism.
In a hand specimen, chassignites closely resem-
ble terrestrial olivine-rich rocks called dunite.

Collectively, the SNCs contain cumulate
crystals and a large percentage of volatile gases,
which indicates formation upon a planet-sized
body with a stronger gravitational field than
that of the Moon. As a group, they have an aver-
age age of about 1.3-1.4 billion years, as deter-
mined by radioactive dating techniques. The
chemical abundance and isotopic composition of
gases trapped within small bubbles in these me-
teorites is nearly identical to the Martian atmo-
sphere. The SNCs may have formed on Mars,
from which they were blasted off into space by
large impacts that hit Mars at the correct angle
and speed to be eject material at speeds greater
than 5 kilometers per second (Martian escape
speed); these Martian rocks would eventually
have encountered Earth and landed here as me-
teorites. Specimens from the surface of Mars
will first need to be returned to Earth before it is
possible to confirm that SNCs really originated
there.

In 1974, a single strange meteorite named
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Brachina was found in Australia. It is similar to
the chassignites in mineralogy. Brachina has a
fine-grained texture, contains 80 percent oliv-
ine and 10 percent plagioclase feldspar, lacks
hydrous minerals, is unshocked, and is 4.5 bil-
lion years old (much older than any of the
SNCs).

METHODS OF STUDY

Meteorites arrive daily on the Earth in sizes
ranging from specks of dust to huge masses of
several thousand kilograms. The vast majority
fall into the ocean, never to be recovered, or into
remote, uninhabited areas, to be discovered
much later, if at all. Most achondrite meteorites
probably are passed by unnoticed, because they
closely resemble ordinary Earth rocks.

The best place to find meteorites of all types
is Antarctica. In this remote, ice-covered conti-
nent, meteorites stand out starkly as black
rocks against a white background of snow and
ice. Because of the extreme cold and lack of liq-
uid water, nearly all varieties of meteorites are
found perfectly preserved. Meteorites are usu-
ally named for the closest town or post office in
the vicinity where they are found; however, in
the case of Antarctica, the name of the nearest
mountain range, valley, or other topographic
feature is used.

In the laboratory, the meteorite is weighed
and measured, its density determined, and its
physical appearance described. Thin sections
are sliced from small chips of the meteorite for
viewing under a petrographic microscope, where
the behavior of light passing through the indi-
vidual crystals of the specimen assists in identi-
fying the minerals. The bulk chemical composi-
tion of the meteorite and a detailed analysis of
its individual minerals can be made using an
electron microprobe. When bombarded by an
electron beam, the atoms within the specimen
emit X rays. The atoms of each element emit
X rays with characteristic energies, and the in-
tensity at each X-ray energy indicates the abun-
dance of the corresponding element. The overall
texture of the meteorite and the distribution
and abundance of each mineral present in it are
used to place it in the classification system. Its
bulk chemistry and elemental distribution help
determine the processes that created it.

Extensive studies suggest that most achon-
drites probably came from water-free plane-
toids or asteroids. Based on meteorite melting
experiments in the laboratory, the partial melt-
ing of a parent body with an overall chondritic
composition could produce a eucrite. Other ex-
periments using partially melted igneous rocks
containing olivine and plagioclase feldspar pro-
duced magmas that, under the proper condi-
tions, could form both diogenites and eucrites.
Melting could easily have taken place in the
low-pressure environment of space, provided
that enough heat was generated by the decay of
short-lived radioactive isotopes, such as alumi-
num 26, that once were abundant in these
rocks.

Applying processes similar to those scientists
believe formed the Earth, a parent body may be
modeled that extensively melted and became
partially separated into an upper layer of
eucrite material atop a lower layer of diogenite
material, surrounding a small, metallic iron-
nickel core. The size of this parent body proba-
bly was no larger than a few hundred kilome-
ters, so pressures on the interior core region
would not have been more than 2 to 3 kilobars
(2 thousand to 3 thousand times Earth atmo-
spheric pressure at sea level). The mixing of
eucrites and diogenites to form howardites
probably occurred via meteorite impact, excava-
tion, and lithification on or close to the surface of
the parent body.

CONTEXT

Meteorites are samples of the building blocks
of the planets. They have provided evidence for
reactions in the solar nebula prior to the forma-
tion of the planets, processes occurring in
planetlike bodies during their formation, and
collisional impact events between solar-system
objects. Continued study of the achondrites,
along with other meteorite types, will provide
more clues as to how the planets formed about
4.5 billion years ago.

Steven C. Okulewicz
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Meteorites: Carbonaceous
Chondrites
Category: Small Bodies

The carbonaceous chondrite meteorites are
the most primitive remnants of the prime-
val nebula from which the Sun, Earth, and
all other bodies of the solar system origi-
nated. The hydrocarbon molecules present
in these meteorites indicate the types of
carbon-bearing molecules that most likely
were present on the primitive Earth and
may have been the building blocks of life.

OVERVIEW

Carbonaceous chondrites are a class of stony
meteorites that are both chemically and physi-
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cally primitive. They are chemically primitive
in that, except for the elements hydrogen, car-
bon, oxygen, and the noble gases, the propor-
tions of the elements in these meteorites are
very similar to those observed in the Sun. They
are physically primitive in that the carbona-
ceous chondrites escaped the thermal alter-
ation (exposure to heat that causes changes in
chemical composition and mineralogy) that af-
fected almost all the meteorites in the other
classes. Because of the primitive nature of the
carbonaceous chondrites, they are thought to
be the best samples currently available of the
solar nebula out of which the Sun, Earth, and
other solar-system objects formed. Thus, the
composition of carbonaceous chondrites is gen-
erally taken as the starting point for models of
the formation and subsequent evolution of the
Earth.

The carbonaceous chondrites are relatively
scarce, constituting only about 5 percent of all
the meteorites recovered soon after their fall to
Earth was actually observed. They are com-
posed of millimeter-sized chondrules, individ-
ual grains whose mineralogy and texture indi-
cate their crystallization from molten material,
set in a matrix of finer-grained material. The
carbonaceous chondrites are easily distin-
guished from all other meteorites by their dull
black color, friability, generally low density,
and almost total lack of nickel-iron grains, but
not all carbonaceous chondrites are alike. Dif-
ferences in composition, mineralogy, and tex-
ture allow the carbonaceous chondrites to be
separated into several distinct types.

The most primitive type of carbonaceous
chondrite, called the CI (or C1) type, is ex-
tremely rare, represented by only five meteor-
ites. Of these, only Orgueil, a fall of about 127
kilograms, is large enough for extensive study.
The others, Ivuna (0.7 kilogram), Alais (with lit-
tle remaining of a 6-kilogram fall), Tonk (7.7
grams), and Revelstoke (only 1 gram), are all
very small. The CI carbonaceous chondrites are
different from all other chondrites, both carbo-
naceous and ordinary, in that they lack chon-
drules and consist almost entirely of low-
temperature minerals, particularly clays.

Another type of carbonaceous chondrite,
named CII (or C2 or CM), contains numerous or-

ganic compounds, including amino acids, that
may have served as the basis for the develop-
ment of life on Earth. At the very least they pro-
vide clues as to the types of organic material
likely to have been present on the early Earth to
serve as building blocks for life.

The CB carbonaceous chondrites exhibit a
high oxidation state, with an abundance of vola-
tile substances. The CO type is slightly less oxi-
dized but contains metal and sulfides. The CV
type closely resembles the CO type in mineral
composition and oxidation state but contains
large quantities of chondrules and whitish ag-
gregates with a high calcium-aluminum con-
tent. Together, the CV and CO types are some-
times referred to as the CIII (or C3) type.

The carbonaceous chondrite types other than
CI consist of a matrix, similar in chemical com-
position to bulk CI material, mixed with chon-
drules and aggregates of minerals that formed
at high temperatures from a condensing gas
and that exhibit a depletion in volatile elements
from what is observed in the CI matrix. As the
abundance of high-temperature material in-
creases from about 1 percent in the CI type to
about 60 percent in other types, the similarity of
the bulk composition to that of the Sun de-
creases.

At one time, it was thought that the high-
temperature material might be derived from
the matrix by heating, which would eliminate
the volatile material. Recent studies, however,
show significant differences between the chem-
ical and isotopic compositions of the high-
temperature and low-temperature components
of the carbonaceous chondrites, which make it
impossible to derive one from the other by any
simple process.

Much of the recent research on carbonaceous
chondrite meteorites has focused on under-
standing the process by which these objects
formed from the solar nebula, the gas and possi-
bly dust that collapsed to form the Sun, Earth,
and other solar-system objects. As the most
primitive relics of the formation process cur-
rently available for laboratory analysis, the car-
bonaceous chondrites have been used to deter-
mine the chemical composition of the solar
nebula, to establish the sequence and duration
of events in the formation process, and to deter-
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mine the temperatures characteristic of the pro-
cess.

Major advances in the study of carbonaceous
chondrites began in 1969. In February of that
year, the Allende carbonaceous chondrite fell in
northern Mexico, and about 2,000 kilograms of
material were recovered for analysis. Later that
same year, an even more primitive carbona-
ceous chondrite, the Murchison, fell in Austra-
lia. In addition, the return of lunar samples in
1969 spurred the development of research labo-
ratories for the study of extraterrestrial materi-
als. With the end of the Apollo lunar landing
program, many of these laboratories shifted
their emphasis to meteorite research and began
to use highly sophisticated instruments per-
fected for lunar sample analysis to study mete-
orites.

Organic matter (chemical compounds of car-
bon, nitrogen, and oxygen) has been detected by
spectroscopic methods in comets, on some aster-
oid surfaces, and on some planetary satellites.
Study of the properties of this extraterrestrial
organic matter would provide indications of the
organic material likely to have been present on
the Earth at the time life developed on this
planet. The meteorites, particularly the carbo-
naceous chondrites, have been subjected to in-
tensive examinations to determine whether
they contain samples of this organic matter.

The search for organic matter in the carbona-
ceous chondrites was hampered for decades by
terrestrial organic contamination of these mete-
orites from the time of their recovery until their
analysis. By the time of the fall of the Murchison
meteorite in 1969, researchers were aware of
the contamination problem and efforts were
made to preserve samples properly for organic
analysis. In addition, several laboratories had
recently developed procedures and instrumen-
tation to search for organic material in returned
lunar samples and to distinguish terrestrial
contaminations from extraterrestrial organic
material. The first analyses of the Murchison
meteorite provided evidence for the presence of
amino acids, which are the building blocks of
proteins. Subsequent analysis of carbon in the
organic matter indicated that the isotopic com-
position, the ratio of carbon 13 to carbon 12, was
inconsistent with terrestrial contamination. It

has now been demonstrated that several carbo-
naceous chondrites contain a varied suite of or-
ganic compounds. These same organic com-
pounds have been duplicated in laboratory
experiments by purely chemical processes and
consequently are not evidence for life in space,
but they are taken to indicate the types and va-
riety of organic material likely to have been
present on the Earth to serve as building blocks
for life.

METHODS OF STUDY

Scientists have employed a variety of tech-
niques and instruments to uncover the secrets
locked in the carbonaceous chondrite meteor-
ites. The chemical compositions, molecular
abundances, mineralogies, isotopic ratios for in-
dividual elements, and present radioactivity
have all been studied. Because of the small
amount of carbonaceous chondrite material
available for scientific study, especially of the
rare CI type, many of the techniques employed
to examine these meteorites have benefited
greatly from the sophisticated instrumentation
developed in support of the lunar sample analy-
sis program.

The observation that the carbonaceous
chondrites are primitive—that is, relatively un-
affected by thermal processes—was established
by detailed chemical analyses of individual min-
eral grains. The effect of prolonged heating is to
cause the compositions of minerals of the same
type to equilibrate, meaning that all grains of
the same mineral from a single meteorite would
have approximately the same composition if the
meteorite were heated above the equilibration
temperature. Such an effect is seen in most ordi-
nary chondrites, but not in carbonaceous chon-
drites.

The compositions of small mineral grains are
usually determined using an electron micro-
probe, an instrument that bombards the sample
with an intense beam of electrons and detects
the X rays emitted by the sample. When struck
by an electron, each element emits X rays of spe-
cific energies. Thus, for example, the number of
X rays emitted at the energy characteristic of
the element iron gives the iron abundance in the
sample. When the mineral grains in carbona-
ceous chondrite meteorites are examined by
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this technique, grains of olivine, the most easily
altered of the major minerals in the matrix, ex-
hibit a relatively wide range of compositions. In
the Allende meteorite, for example, magne-
sium-rich olivine chondrules are found in direct
contact with iron-rich matrix olivine. Such con-
tacts eliminate the possibility that significant
thermal events have occurred since the time at
which the Allende meteorite was formed.

Observation of radioactive effects can also in-
dicate the thermal history of these meteorites.
The elements uranium and plutonium decay by
nuclear fission, a process by which the nucleus
splits into two fragments, each about one-half
the mass of the original nucleus. These frag-
ments fly apart with high energy, traveling a
few thousandths of a centimeter before coming
to rest. The host material can be damaged along
the path of each fragment. This damage, called
a fission track, is more easily attacked by reac-
tive chemicals than is the surrounding mineral.
After chemical etching, the fission tracks can be
observed through a microscope. This damage,
however, can be healed by heating. Thus, if fis-
sion tracks are revealed by chemical attack, the
mineral has not been heated above the healing,
or annealing, temperature after the fission
event. The presence of tracks from uranium and
plutonium fission in minerals from the carbona-
ceous chondrites indicates that they have not
been heated above a few hundred degrees Cel-
sius since their formation.

Similar radioactive decay processes can be
used as clocks, providing a way to determine the
ages of these meteorites. One such clock de-
pends on the radioactive decay of rubidium 87,
an isotope of the element rubidium, into stron-
tium 87, one of the four stable isotopes of stron-
tium. One-half of any initial sample of rubidium
87 decays to strontium 87 in 47 billion years. In
any given sample, if the abundance of rubidium
87 as well as the amount of strontium 87 pro-
duced by radioactive decay could be measured,
the elapsed time, or age, required for that
amount of decay could be determined. In prac-
tice, application of this radioactive clock is com-
plicated by a number of factors, including the
migration of the strontium 87 from its decay site
because of heating and the fact that not all the
strontium 87 in the sample is from rubidium 87

decay. When appropriate corrections are made
for these effects, however, the rubidium-stron-
tium clock, as well as similar decay clocks using
other pairs of elements, gives a consistent pic-
ture that the carbonaceous chondrites formed
4.55 billion years ago. Results for the oldest
rocks on the Moon give essentially the same age.
The extensive thermal activity in the early his-
tory of the Earth has apparently destroyed most
or all evidence of the earliest rocks to form on
this planet, but the observation that both the
meteorites and the oldest lunar rocks have a
common age suggests that the entire solar sys-
tem, including the Earth, formed at that time.

Radioactive elements also provide clues to
the duration of solar-system formation. Decay
of aluminum 26, which is reduced to one-half of
its starting abundance in only 720,000 years,
produces magnesium 26. Magnesium has three
stable isotopes, which are usually found in fixed
ratios to one another, but the ratio of magne-
sium 26 to the other two isotopes of magnesium
will increase when aluminum 26 decays. In
some of the high-temperature aggregates from
the Allende meteorite, significant enrichments
in magnesium 26 were found by mass spectrom-
etry. Detailed examination of the minerals con-
taining these enrichments showed that the size
of the magnesium 26 enrichment increased in
proportion to the aluminum concentration in
that mineral. This suggested that radioactive
aluminum 26 was incorporated into the mineral
and subsequently decayed to magnesium 26.
For this to be true, however, the high-tempera-
ture aggregates would have to have formed
within a few million years of the isolation of the
solar nebula, or most of the aluminum 26 would
already have decayed. Thus, the high-tempera-
ture aggregates in Allende and some other car-
bonaceous chondrites provide evidence that
mineral grains condensed very early in the
solar-system formation process.

CONTEXT

As a group, the carbonaceous chondrites
have provided a wealth of information on many
different aspects of planetary formation and the
development of biological processes that may
have occurred in the early solar system. They
exhibit a variety of conditions of formation that
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range from a high-temperature, low-pressure,
volatile-poor environment to one that was at a
lower temperature and volatile-rich. They ap-
pear to have experienced only minor alteration
since their formation from the collapsing gas-
eous nebula that became our solar system, and
thus they preserve a record of that early era of
solar-system history. The chemical composition
of the least altered of these meteorites is almost
identical to the composition of the Sun, except
for a few gaseous elements. Thus, the carbona-
ceous chondrite composition is taken to indicate
the bulk composition of the Earth, which cannot
be measured directly since the Earth’s interior
is inaccessible.

Radioactive clocks in the carbonaceous chon-
drites indicate that they formed 4.55 billion
years ago. The consistency of this age with the
age of the oldest rocks brought back from the
Moon by the Apollo lunar landings is taken to
indicate that the entire solar system, including
the Earth, formed at that time. Isotopic relics of
other radioactive elements, now extinct, dem-
onstrate that some minerals in the carbona-
ceous chondrites formed within as little as a few
million years of the isolation of the solar nebula
from addition of new galactic radioactive iso-
topes.

The carbonaceous chondrites also contain or-
ganic molecules, including amino acids, which
are the building blocks of proteins. Although
there is no evidence of biological activity on the
parent body of the carbonaceous chondrites,
these or similar organic molecules are likely to
have been available on Earth to serve as build-
ing blocks for the development of life.

George J. Flynn
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Meteorites: Chondrites
Category: Small Bodies

Chondrites are a class of stony meteorites
that contain chondrules, small mineral
droplets that make up a prominent part of
their material. Chondrites are the most
common type of meteorite.

OVERVIEW

Meteorites are divided into three main
groups based on the abundance of metallic and
stony minerals they contain: the nickel-iron me-
teorites (often just called iron meteorites or
irons), stony-iron meteorites (or stony irons), and
stony meteorites (or stones). Stony meteorites
(or stones) are the most abundant of the three
groups. They are composed mostly of the silicate
minerals olivine, pyroxene, and plagioclase feld-
spar. Metallic nickel-iron grains occur in vary-
ing small amounts and are accompanied by an
iron-sulfide mineral called troilite, which is very
rare on Earth. Stony meteorites have the great-
est variety in composition, color, and structure.

One particular structural feature called
chondrules divides the stony meteorites into
two main subgroups: the chondrites, those with
chondrules, and achondrites, those without.
Chondrites are much more common than
achondrites; about nine of ten stony meteorites
are chondrites. The words “chondrule” and
“chondrite” are derived from the Greek word
chondros, meaning grain. Chondrules are
small, rounded particles generally made of
high-temperature silicate minerals whose tex-
ture indicates rapid crystallization from molten
material. These chondrules range in size from
less than a millimeter to just under a centime-
ter. They can be either whole or partial and are
embedded within a matrix of fine-grained
opaque minerals and glass. The most common
types of chondrules are the barred olivine, the
excentroradial “feathery” pyroxene, and the
porphyritic olivine and pyroxene varieties.
These mineral textures, along with the intersti-
tial glass, are indicative of rapid cooling from a
high-temperature liquid.

Mineralogically, most chondrites typically
are composed of about 45 percent olivine, 25
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percent pyroxene, 10 percent plagioclase feld-
spar, 5 percent troilite, and 2 to 15 percent
nickel-iron alloy minerals (kamacite and
taenite). Chondrites that tend to be poorer in ol-
ivine have a correspondingly higher metal con-
tent, and the reverse is also true. This relation-
ship gives rise to a classification scheme in
which the three main groups of chondrites are
defined: the H type (high iron content), the L
type (low iron content), and the LL type (very
low iron content). Visually, specimens may be
roughly classified into one of these groups by
the amount of metal observed on a cut surface.
Texture also can play a part in identifying spe-
cific types, as the LL type tends to be more
brecciated (composed of rock fragments) than
the H and L types. These three groups make up
the vast majority of chondrites, but other, rarer
groups are also recognized. The E type (or en-
statite) chondrites are named for the predomi-
nance of the mineral enstatite (an iron-free
magnesium-rich pyroxene); iron, constituting
about 15 to 25 percent of this type’s composition,
commonly occurs in the metallic state. The prin-
cipal differences in the mineralogy of these
chondrite types can be attributed to different
oxidation states and thus reflect specific condi-
tions of formation. The H, L, and LL chondrites
are indicative of a relatively high oxidation
state. The E chondrites, on the other hand, are
indicative of more reducing conditions and offer
an interesting insight into variations in meteor-
ite formation processes.

Another rare group, the carbonaceous
chondrites (C type), derives its name from the
carbon found in their bulk chemistry, which far
exceeds the normal trace amounts found in the
ordinary chondrites. Most chondrites (the ordi-
nary chondrites) contain little or no carbon, but
a few (the C type, or carbonaceous chondrites)
contain a suite of carbon compounds. The carbo-
naceous chondrites exhibit a wide variation in
their chemistries and conditions of formation.
These differences divide them into several dis-
tinct types. The most primitive type of carbo-
naceous chondrite, called the CI (or C1) type, is
different from all other chondrites, both carbo-
naceous and ordinary, in that carbonaceous
chondrites lack chondrules and consist almost
entirely of low-temperature minerals, particu-

larly clays. The CII (or C2 or CM) type contains
numerous organic compounds, including amino
acids, that may have served as the basis for the
development of life on Earth. The CB carbona-
ceous chondrites exhibit a high oxidation state,
with an abundance of volatile substances. The
CO type is slightly less oxidized but contains
metal and sulfides. The CV type closely resem-
bles the CO type in mineral composition and ox-
idation state but contains large quantities of
chondrules and whitish aggregates with a high
calcium-aluminum content. Together, the CV
and CO types are sometimes referred to as the
CIII (or C3) type. The carbonaceous chondrites
exhibit a variety of conditions of formation that
range from a high-temperature, low-pressure,
volatile-poor environment to one that is at a
lower temperature and volatile-rich. As a group,
the carbonaceous chondrites have provided a
wealth of information on many different aspects
of planetary formation and the development of
biological processes that may have occurred in
the early solar system.

Chondrites show varying degrees of similar-
ity to Earth rocks, yet they are distinct from any
Earth rock. Their basic mineralogy reveals that
most chondrites were originally formed under
high-temperature conditions from molten ma-
terial like igneous rocks but were later broken
up and reassembled, like sedimentary rocks.
Once incorporated into a new mass, the chon-
drites were subject to variations in tempera-
tures and pressures, thus becoming metamor-
phosed. It is evident that they have had a rather
complex evolutionary history and can therefore
provide interesting evidence for the interpreta-
tion of early solar-system history.

The study of chondritic meteorites therefore
raises important questions based on variations
in their chemical compositions and textural fea-
tures. How did they condense from the solar
nebula, and what type of parent body produced
all these variations? To try to provide some an-
swers, a hypothetical parent body between 200
and 300 kilometers across is proposed. This
body would have been chondritic in nature and
subjected to partial melting, presumably be-
cause of the short-lived radioisotope aluminum
26. Later bombardment by smaller bodies
would produce localized melting and the brec-
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ciation that is common to most chondrites. This
model is highly speculative but does offer a rea-
sonable explanation for many of the features of
the different types. In addition, some of the
chondrites retain some of their pre-parent-body
characteristics and offer evidence of the con-
ditions that existed before the accretion of
asteroid-sized bodies. Thus the chondritic mete-
orites play an important part in the under-
standing of planetary formation.

METHODS OF STUDY

Chondritic meteorites are studied by many
different analytical methods. The first is the
determination of bulk chemical content. This
can be achieved through basic wet chemical
techniques or by the use of more sophisticated
methods such as neutron activation analysis
and X-ray fluorescence. Where individual min-
erals are large enough, X-ray diffraction can be
employed for a positive identification of the par-
ticular mineral phase. However, the mineral
grains in most chondrites usually are too small
and require an alternative approach using an
electron microprobe. This instrument utilizes a
microscope to locate tiny individual mineral
grains, and then electron bombardment of the
grain causes the atoms of each element in it to
emit X rays with characteristic energies, mak-
ing it possible to determine very precise mineral
phases at the microscopic level.

Once the meteorite’s mineralogy is known,
it becomes possible to employ radioisotope dat-
ing techniques to learn the age at which the
minerals crystallized. This can be achieved by
use of potassium-to-argon (K-Ar), rubidium-to-
strontium (Rb-Sr), uranium-to-lead (U-Pb), and
thorium-to-lead (Th-Pb) radioactive decay rates.
It is from such data that some chondritic mete-
orites have been established as the oldest
known solid materials in the solar system.

To determine what has physically happened
to the chondrite over the eons requires optical
analysis with a petrographic microscope. This
instrument offers a magnified view of the tex-
ture of the meteorite and the minerals it con-
tains, which in turn provides a look at features
that relate to the original condition of the mete-
orite and the significant changes that occurred
at later dates. In this technique, a thin slice

(about 0.03 millimeter thick) of the meteorite is
cut and adhered to a glass plate, thus permit-
ting light to pass through. In this way, research-
ers can easily identify mineral grains, examine
the nature and appearance of any chondrules,
and look for evidence of metamorphism and the
characteristics of thermal and mechanical al-
teration resulting from shock impact.

Experimental petrology—laboratory experi-
ments designed to reproduce the mineralogies
and textures found in chondrules—has provided
valuable data for developing theories to explain
chondrule formation and the accretion process
of the chondrites themselves. Mathematical
models and computer simulations also are used
to try to explain chondrite origin. All these dif-
ferent techniques provide clues about the condi-
tions and processes of meteorite formation and
their relationship to planetary formation.

CONTEXT

Meteorites in general provided humans’ first
contact with extraterrestrial materials. Chon-
drites are similar to certain types of Earth rocks
in both their chemistry and their mineralogy.
The chondrules they contain have proven to be
the oldest known solid material in the solar sys-
tem. Detailed examination of these chondrules
and their matrix material reveals evidence of
the processes leading to the formation of the
planets.

The carbonaceous chondrites provide infor-
mation about the organic chemistry that devel-
oped in space and the origin of the compounds
that eventually may have led to the beginning of
life on Earth. The study of chondritic meteorites
has revealed much about the conditions that ex-
isted when the solar system was formed. They
indicate a set of unique conditions that may
have lasted only a short period of time and
therefore may be the key to understanding how
the terrestrial planets came to exist. They have
given us new perspectives about our origins and
our home, the Earth.

Paul P. Sipiera
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Meteorites: Nickel-Irons
Category: Small Bodies

Nickel-iron meteorites (often simply called
iron meteorites) are one of the three main
groups of meteorites. The nickel-iron group
has an approximate composition ratio of
more than 80 percent metals to less than 20
percent stony material. The metal in them
mostly is iron, with nickel present in much
smaller amounts.

OVERVIEW

Meteorites are objects of extraterrestrial ori-
gin that have intersected the orbit of the Earth,
survived passage through the atmosphere, and
reached the Earth’s surface in various stages of
preservation. Mineralogically, meteorites may
contain various proportions of nickel-iron al-
loys, silicates, sulfides, and various other minor
minerals. They are broadly classified into three
major groups: nickel-iron meteorites (often
called iron meteorites or just irons), stony-iron
meteorites (or stony irons), and stony meteor-
ites (or stones). This classification is based on
the ratio of metallic to stony minerals. The irons
generally contain more than about 80 percent
metals, the stony irons have about a 50-50 ratio,
and the stones generally contain more than 80
percent stony minerals.

Stony meteorites are by far the most com-
mon, accounting for approximately 95 percent
of the meteorites observed to fall to Earth and
the large number of meteorites that have been
collected in Antarctica. Iron meteorites once
were thought to be much more common than
they actually are, since most meteorites that
had been found (not just those observed falling)
were irons. This was because iron meteorites
are more easily noticed on the ground, standing
out more distinctly from terrestrial rocks than
the other types do. Collecting meteorites in Ant-
arctica, where all types stand out prominently
against a white background of snow and ice,
has now shown that irons account for only about
3 to 4 percent of recovered meteorites. Stony
irons are even rarer, accounting for no more
than 1 percent of the total.

Iron meteorites are composed of nickel-iron

alloy minerals that occur in the metallic state.
There is no native terrestrial equivalent for
these minerals, and in fact the only native me-
tallic iron found on Earth is in small amounts on
Disko Island, Greenland, and in Josephine, Or-
egon. The most common form in which terres-
trial iron is found is in the oxide state, in the
minerals hematite, magnetite, and limonite. In
contrast, the conditions under which meteoritic
iron formed were oxygen-poor. This absence of
oxygen, combined with the percentage of nickel
alloyed with iron, indicates an extraterrestrial
origin.

Iron meteorites, or siderites as they were
once called, are characterized by the presence of
two nickel-iron alloy phases consisting of
kamacite (Fe93Ni7) and taenite (Fe65Ni35), com-
bined with minor amounts of troilite (FeS) and
other rare mineral phases. Based on the per-
centage of nickel to iron present, iron meteorites
are divided into three subgroups: hexahedrites,
octahedrites, and ataxites. Hexahedrites pos-
sess a bulk chemical composition of 4-6 percent
nickel, occurring principally in large single
crystals of the mineral kamacite. Octahedrites,
which are the most common, contain increasing
amounts of nickel, appearing in the mineral
form of taenite along with kamacite. The third
group, the ataxites, has a nickel content in ex-
cess of 18 percent, with taenite and an inter-
growth mixture of kamacite and taenite called
plessite present.

The two nickel-iron alloy minerals kamacite
(up to 7.5 mass percent nickel) and taenite (be-
tween 20 and 50 mass percent nickel) are the
two most abundant minerals in iron meteorites.
More than forty other minerals have also been
identified but are present in only minor
amounts. Among these minerals, troilite, dia-
mond, and graphite are the most significant.
The others have no terrestrial equivalent and
have been reported only from meteorite studies.

The mineralogy of iron meteorites is unique
also in textural appearance as a result of the re-
lationship between the coexisting kamacite and
taenite during the meteorite’s cooling process. A
mixture of kamacite and taenite produces a geo-
metric pattern of intersecting crystals called
Widmanstätten structure, named for its discov-
erer, Alois Josep Widmanstätten (1754-1849),

The Solar System Meteorites: Nickel-Irons

481



director of the Imperial Porcelain Works in Vi-
enna. This weave-like or crosshatched pattern
is revealed when a cut surface of the iron mete-
orite is polished and then etched with nitric
acid. The pattern results from plates of kama-
cite occurring in octahedral orientation with the
spaces in between filled with taenite. The band-
width of the pattern depends on the width of the
kamacite plates, which varies according to their
nickel content. The pattern is thought to be the
result of slow cooling over millions of years
while the iron resided inside a small asteroid-
sized body. The Widmanstätten pattern does
not occur in any known terrestrial rock; it is an
important criterion in positively identifying a
piece of iron as an iron meteorite.

The formation of the three subgroups of iron
meteorites is directly related to the amount of
nickel originally present, falling temperatures,
and the resulting rearrangement of iron and
nickel atoms; each subgroup was produced as a
certain temperature was passed. The process
began as the temperature fell below about 1,700
kelvins (1,400° Celsius), allowing taenite to
crystallize. When the temperature dropped be-
low about 1,120 kelvins (850° Celsius), diffusion
of nickel occurred, and the crystal structure of

the taenite readjusted to accommodate the for-
mation of kamacite. That was possible because
both minerals have crystal structures with cu-
bic symmetry, but the size difference between
nickel and iron atoms gives each mineral a
different crystal form. Kamacite has a “body-
centered” crystal lattice; each atom is found at
the center of a cube and is surrounded by eight
neighboring atoms. In contrast, taenite has a
“face-centered” crystal lattice, with an atom
centered on each face of a cube; each atom is sur-
rounded by twelve neighboring atoms. The
packing arrangement of the atoms in taenite is
more compact, thus allowing it to fill the spaces
between the kamacite plates.

The study of cooling rates as determined for
numerous iron meteorites reveals a wide range.
This finding implies that they originated at sev-
eral different depths rather than in a single
core, as once thought. If so, the parent body
would have been relatively small (probably be-
tween 100 and 300 kilometers in diameter) and
would have had a mass insufficient to melt its
interior totally. Partial melting could have
taken place as a result of radioactive heating as
isotopes such as aluminum 26 decayed; this
could have created pockets of molten nickel-iron

randomly scattered through-
out the parent body. Later
impacts with similar-sized
bodies could have freed them
to assume independent or-
bits as relatively pure lumps
of metal alloys. The shock
deformation lamellae (called
Neumann lines) seen in the
hexahedrites may be evi-
dence of such events.

METHODS OF STUDY

Field recognition of a me-
teorite is not an easy task,
unless one is very familiar
with its distinctive charac-
teristics. Usually the most
obvious feature of a meteor-
ite will be its unusual heavi-
ness as compared to terres-
trial rocks of similar size.
This is especially the case for
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iron meteorites, since they are generally about
three times denser than typical Earth rocks.
Another easily testable property of an iron me-
teorite is its strong attraction to a magnet. The
surface of a meteorite is fairly smooth and fea-
tureless but will often exhibit flowlines, fur-
rows, shallow depressions, and deep cavities.
One very characteristic surface feature is shal-
low depressions known as thumbprints, be-
cause they resemble the imprints of thumbs
pressed into soft clay. Newly fallen meteorites
can also exhibit a fusion crust, which shows the
effects of intense atmospheric heating upon its
surface. In appearance, this crust resembles
black ash, but it will weather to a rusty brown
and even disappear with time. The fusion crust
on iron meteorites is not particularly distinctive
and does weather rapidly.

In most cases, positive confirmation of an
iron meteorite must be made in the laboratory.
A small corner of the specimen can be cut, pol-
ished, and etched with acid to look for Widman-
stätten patterns. If these patterns are found,
then the specimen is definitely an iron meteor-
ite, but not all iron meteorites show Widman-
stätten structure. A relatively simple chemical
test for the presence of nickel can be made by
dissolving a small amount of the specimen in
hydrochloric acid; then tartaric acid, 1 percent
solution of dimethylglyoxime in ethanol, and
ammonium hydroxide are added. If the solution
contains nickel, a scarlet precipitate will result.
A quantitative analysis is conducted then to de-
termine the actual mass percentage of nickel.
Because nickel content in meteorites falls
within a very specific range, this determination
will confirm the sample’s identity.

Over the years, various criteria have been
used to classify iron meteorites. Some of the
more obvious have been chemical, structural,
and mineralogical; others include cosmic-ray
exposure ages and cooling rates. A widely used
system, which goes back to the late 1800’s, is
based on the bandwidth of the Widmanstätten
structure (the octahedral array of kamacite) as
seen on a cut, polished, and etched surface. The
width of these bands of kamacite is dependent
on both nickel content and cooling rates. Bulk
nickel content generally increases as the band-
width of kamacite decreases, thus providing a

criterion for assigning individual specimens to
common groups. Chemical studies for trace ele-
ments have extended this classification scheme
by including analyses for gallium and germa-
nium. A good correlation has been found be-
tween bandwidth size and gallium content, thus
permitting a finer separation of iron meteorites
into smaller subgroups.

Studies that classify the irons into specific
types also provide clues to the meteorite’s origin
and the nature of its parent body. An estimation
of the cooling rate for the coexisting kamacite
and taenite can provide evidence of conditions
at the time of the meteorite’s origin. This cooling
rate has been determined from crystallization
experiments in the laboratory and from direct
observation of the mineral phases found in iron
meteorites. The estimated cooling rates vary
with the bandwidth sizes of the kamacite phase,
and this provides a correlation between cooling
rates and bulk chemical composition.

The determination of the cosmic-ray expo-
sure age of a meteorite indicates when the ob-
ject broke out of its parent body. This technique
may also lead to the matching of individual me-
teorite specimens to a common event. In addi-
tion, the compositions and abundances of minor
and trace minerals, along with the extent of
shock damage to their structures, might give a
clearer picture of the events that led to and oc-
curred during the parent body’s breakup.
Studies such as these reveal clues not only
about the origin of the meteorite but also about
the formation of the Earth.

CONTEXT

Nickel-iron meteorites had an effect on early
human history and technology. Some of the ear-
liest historical records from ancient Egypt
speak of iron falling from the sky, and it was un-
doubtedly meteoritic iron that was first fash-
ioned into iron tools and weapons. Studies have
shown that iron tools manufactured on South
Pacific Islands, where no local source of iron
could be found, were actually forged from mete-
oritic iron. Some ancient cultures also wor-
shiped “heavenly” iron and placed it in the
burial tombs of their leaders; it was thought to
be a gift from the gods and served as a symbol of
wealth and power. In Europe, as the Bronze Age
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ended, iron actually became more valuable than
gold. Perhaps in the not-too-distant future,
space colonists will be mining iron asteroids to
provide for their industrial needs.

Today, nickel-iron meteorites are helping re-
veal the processes of planetary formation in the
early solar system. They provide evidence of
what the interiors of the terrestrial planets may
be like. The Earth’s core probably is composed of
a nickel-iron alloy similar to that found in iron
meteorites.

The scars of giant impacts, many due to iron
meteorites, dot the Earth’s surface from Ari-
zona to Australia. Perhaps the most recent tes-
timony to the effects of a giant meteorite impact
can be seen at Meteor Crater near Winslow, Ari-
zona. At that site, more than twenty thousand
years ago, an iron meteorite weighing more
than 100,000 tons collided with the Earth. The
resulting crater, which measures more than
1 kilometer across and nearly 200 meters deep,
was created by an object about 30 meters across

traveling at a speed of 15 kilometers per second.
The energy released at impact was on the order
of a 2- or 3-megaton nuclear weapon, destroying
most of the meteorite in the process, but that it
was an iron meteorite has been confirmed be-
cause broken fragments and solidified droplets
of meteoritic iron have been recovered around
the site.

The largest known intact meteorite is an
iron meteorite, the Hoba West meteorite, which
weighs an estimated 60 tons and is still embed-
ded in the ground where it fell near Groot-
fontein in Namibia, southwestern Africa. The
largest meteorite on display in a museum is an-
other iron meteorite, the Ahnighito meteorite,
which weighs 34 tons; it was found by the arctic
explorer R. E. Perry near Cape York, Green-
land, in 1894, and brought to New York for dis-
play in the American Museum of Natural His-
tory.

Paul P. Sipiera
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About twenty thousand years ago, near Winslow, Arizona, an iron meteorite struck Earth, creating what is now
known as Meteor Crater, 200 meters deep and 1 kilometer in diameter. (D. Roddy, U.S. Geological Survey/Lunar
and Planetary Institute)
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Meteorites: Stony Irons
Category: Small Bodies

Stony-iron meteorites are intermediate in
composition between stony meteorites and
iron meteorites. The two major types of
stony-iron meteorites are the pallasites and
the mesosiderites. The study of pallasites
provides evidence for constraints on plane-
tary differentiation processes. The meso-
siderites record a history of repeated im-
pacts of projectiles on the basaltic surfaces
of their parent body.

OVERVIEW

Meteorites are divided into three broad cate-
gories: stony meteorites (or stones), nickel-iron
meteorites (or irons), and a group called the
stony irons that have both stone and iron com-
ponents. These stony-iron meteorites are quite
rare, constituting only about 1 percent of all the
meteorites recovered soon after their fall to
Earth was actually observed. The stony irons
are more important than their low abundance
suggests, however, since they provide a link be-
tween the stones and the irons and serve as
probes of certain planetary processes. There are
four distinct types of stony-iron meteorite:
pallasites, mesosiderites, siderophyres, and
lodranites. The pallasites and mesosiderites are
the most common stony irons; the siderophyres
and lodranites are quite rare, represented by
only a few specimens each.

Pallasite meteorites are composed of milli-
meter- to centimeter-sized angular or rounded
fragments of magnesium-rich olivine set in a
continuous matrix of nickel-iron. In these mete-
orites, the olivine content ranges from 37 to
85 percent by volume, with the nickel-iron
metal accounting for almost all of the remaining
material. The minerals troilite, schreibersite,
and chromite are sometimes found in small
amounts.

The detailed process by which the pallasites
formed is still a subject of scientific debate, but
they appear to sample a boundary region where
nickel-rich iron was in contact with silicate
crystals, an environment analogous to the
Earth’s core-mantle boundary. One mechanism
for the formation of pallasites could have been
the heating and consequent differentiation of a
chondritic parent body. The high-density iron-
nickel-sulfur liquid settled to the center, form-
ing a molten core and leaving a silicate-rich
mantle. As the mantle cooled, olivine, which is
generally the first silicate mineral to crystallize
out of cooling silicate liquids of a wide range of
compositions, formed and settled to the core-
mantle boundary.

The mechanism by which molten metal from
the core surrounded the olivine crystals to pro-
duce the pallasite structure is not yet under-
stood. It has been proposed that perhaps the
mantle shrank as it cooled, squeezing molten
metal out of the core and into the olivine-rich
layer. Alternatively, the core may have con-
tracted during cooling, causing the olivine layer
to collapse into the void, giving rise to the mix-
ing. Further cooling would have resulted in the
solid pallasite material, which later was exca-
vated from the parent body by major impacts.
Therefore, the pallasites are thought to provide
samples similar to the core-mantle boundary re-
gion on Earth.

Comparison of the chemistry of the pallasites
with that of the Earth provides some con-
straints on the Earth’s formation and differenti-
ation process. The Earth is generally assumed
to have formed with the same chondritic compo-
sition as the pallasite parent body. After differ-
entiation, the concentration of nickel in the
Earth’s upper mantle remained at about 0.2
percent. The silicates in the pallasites are much
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more depleted in nickel, having a concentration
of only 0.002 percent. One possible explanation
for the additional nickel in the Earth’s outer lay-
ers is that after differentiation, additional
chondritic material was added to the surface,
presumably by impacting objects.

Constraints on the size of the pallasite parent
body come from a study of how fast these objects
cooled after differentiation. If two objects start
at the same temperature and are allowed to
cool, the smaller object will cool more rapidly,
since it has a larger ratio of surface area to vol-
ume than does the larger object. The cooling
rates determined for the pallasites, and the iron
meteorites related to them, are consistent with
formation in an object much smaller than the
Earth’s moon, perhaps no larger than 10 kilo-
meters in diameter. The texture, composition,
and cooling rate of typical pallasites are consis-
tent with their metal being related to a group of
iron meteorites called the IIIAB irons. If so,
then samples of the pure core material of the
pallasite parent body are also available as the
IIIAB irons.

The differentiation process believed to have
occurred in the early history of the Earth and of
the pallasite parent body has been simulated in
the laboratory by heating chondritic meteorites.
As the temperature increases, the meteorites
melt in stages. The first liquid to appear is com-
posed mainly of iron, nickel, sulfur, and trace el-
ements that have an affinity for these major ele-
ments. Because this liquid is twice as dense as
the remaining silicates, it sinks to the bottom.
Further melting yields liquids of basaltic com-
position and a solid residue of mostly olivine.
The basaltic liquid, which is less dense than the
solids, floats to the top. When cooled, the result-
ing structure has metal at the bottom, an olivine
layer in the middle, and basaltic material on
top. For the Earth, this process would give rise
to a dense metal core surrounded by an olivine-
rich mantle and covered with a basaltic crust.
The absence of samples from the Earth’s deep
interior, however, prevents direct verification of
this structure.

Examination of the pallasite meteorites
strongly suggests that the pallasite parent body
formed with a chondritic composition, was
heated and melted, differentiated into a metal-

lic core and silicate mantle, and subsequently
cooled and solidified. Thus, the pallasites con-
firm that planetary differentiation took place on
the pallasite parent body in the same manner as
proposed for the Earth.

The mesosiderite meteorites are quite differ-
ent from the pallasites. They are composed of
angular chunks of basaltic rocks and rounded
masses of metal. The metal phases constitute 17
to 80 percent of the mesosiderites by weight.
The major silicate minerals are plagioclase feld-
spar, calcium-rich pyroxene, and olivine. The
mesosiderites are polymict breccias; that is,
they are composed of fragments of unrelated
rocks. They contain pyroxene-rich fragments,
like the diogenite achondrite meteorites, and
fine-grained fragments of eucrite achondrite
meteorites. The eucrites and diogenites are
composed of magmatic rocks similar, respec-
tively, to terrestrial basalts and cumulates.

The mesosiderites appear to have formed
from repeated impacts on an asteroidal surface,
which brought together at least three distinct
types of material: diogenitic and eucritic rocks
from the surface of the asteroid and a non-
indigenous metallic component, possibly from
the impacting objects. If the metal fragments in
the mesosiderites are projectile material from
the core of a previously fragmented asteroid,
these fragments must have struck the surface of
the diogenite-eucrite parent body at a very low
velocity. Impacts at velocities higher than about
1 kilometer per second lead to very low concen-
trations of the projectile material in the result-
ing breccias. This low-impact velocity would
suggest that the parent body exerted a very
small gravitational attraction on the falling
metal, indicating that the diogenite-eucrite par-
ent was a relatively small asteroid, not a planet-
sized object.

The mesosiderites are similar to lunar sur-
face breccias, which also formed by multiple
impacts into basaltic rock. They allow the pro-
cesses of basaltic volcanism and impact breccia-
tion to be examined in a different solar system
region and an earlier time than occurred on the
Moon.

There are a few other meteorites that contain
mixtures of metal and silicate phases, but they
are otherwise dissimilar to the pallasites and
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mesosiderites. The siderophyre type, repre-
sented only by the single meteorite known as
Steinback, is composed of the silicate mineral
bronzite (an iron-magnesium pyroxene) and
metal. The lodranites are composed of olivine,
calcium-poor pyroxene, and metal. These two
rare types of stony-iron meteorite have not been
as well studied as the pallasites and mesosid-
erites.

METHODS OF STUDY

The pallasite meteorites have been well stud-
ied by a variety of techniques, because, along
with the iron meteorites, they provide a window
on the processes and conditions in the deep inte-
rior of their parent bodies and clues to similar
processes thought to have occurred on Earth.
Much of the evidence concerning these pro-
cesses comes from detailed analyses of the
chemical abundances of major and trace ele-
ments in individual minerals from each meteor-
ite. Detailed modeling of the differentiation pro-
cess suggests that certain metal-seeking trace
elements will concentrate in the metallic core,
while other trace elements concentrate in the
silicate mantle.

Early studies of the metal phases in iron and
stony-iron meteorites were done by examining
their textures, because the abundances of the
trace elements were difficult to determine.
More recently, however, the abundances of
these trace elements, present at the level of no
more than a few atoms in every million atoms of
bulk material, have been measured by neutron
activation, X-ray fluorescence, and electron
microprobe analysis.

Detailed measurements of the abundance of
trace elements, emphasizing the elements gal-
lium, germanium, and iridium, in iron meteor-
ites, show twelve to sixteen distinct composi-
tional clusters, indicating that the irons sample
a minimum of twelve different parent bodies.
Almost all the pallasites have metal composi-
tions and textures, suggesting that they are re-
lated to a single group of iron meteorites, the
IIIAB irons. This relationship suggests that the
metal portion of the pallasites samples the core
of the same parent body as the IIIAB irons.

Chemical analysis of the olivine grains in
pallasites indicates that the olivine has a very

narrow range of compositions. Within each me-
teorite, the olivine crystals are homogeneous;
that is, they show no significant compositional
variation from grain to grain. This narrow
range of olivine compositions suggests that the
grains formed from a silicate liquid of uniform
composition. Most of the pallasites, then, ap-
pear to sample the core-mantle boundary of a
single parent body.

A few pallasites differ from the majority in
that they contain olivine richer in iron than the
common pallasites. A few of these pallasites are
also enriched in nickel and the trace elements
germanium and iridium and depleted in gal-
lium relative to the common pallasites. The
trace element abundances suggest that these
pallasites sample a parent body different from
the common pallasites; however, the metal in
these cannot be identified with any iron meteor-
ite group.

The cooling rates of pallasite meteorites,
from which the size of the parent bodies can be
inferred, are determined by examination of the
metal. Meteoritic metal consists of two distinct
nickel-iron alloys: kamacite, an alloy that can
be no more than 7 percent nickel, and taenite,
which frequently has more than 20 percent
nickel. Metallic liquid cores generally are
thought to have a higher nickel content than
can be accommodated in the kamacite structure
alone. As the metal cools, the amount of
kamacite increases, and nickel atoms diffuse
from the newly formed kamacite into the nearby
taenite. Since nickel diffuses more rapidly in
kamacite than in taenite, however, the nickel
will build up at the kamacite-taenite bound-
aries. There will therefore be more nickel at the
edges of the taenite than near the center. This
distribution of nickel in the taenite varies with
the cooling rate.

Electron microprobe analysis of the taenite
grains gives the abundance of nickel as a func-
tion of distance from the edge, which allows the
cooling rate to be estimated. The nickel distri-
bution in the metal of the normal pallasites is
consistent with a very rapid cooling rate, imply-
ing an extremely small parent body (less than
10 kilometers in diameter). The same technique
suggests that the cooling rate of the IIIAB iron
meteorites, with which the pallasites are appar-
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ently associated, was somewhat slower, imply-
ing a parent body of 200 to 300 kilometers in di-
ameter. The reason for this difference is not yet
understood.

The mesosiderites, although they are also
mixtures of stone and metal, are quite different
from the pallasites. The silicate portion of the
mesosiderites is rich in the minerals plagioclase
feldspar and calcium-rich pyroxene. These min-
erals melt at relatively low temperatures and
are common on the surface of the Earth and the
Moon. Unlike the olivine found in the pallasites,
the basaltic minerals found in the mesosiderites
were probably never in direct contact with the
metal in the core of the parent body.

Detailed examination of the mineralogy of
the mesosiderites shows that they consist of a
mixture of three distinct components, each
represented by a distinct type of meteorite. The
silicates are fragments of both eucrite and
diogenite achondrite stony meteorites; the
metal phases resemble the iron meteorites. The
eucrites are basaltlike meteorites composed
mainly of calcium-poor pyroxene and plagio-
clase feldspar thought to have crystallized on or
near the surface of their parent body. The
diogenites are composed mainly of bronzite (an
iron-magnesium pyroxene) which resembles
the pyroxene cumulates found in the Stillwater
complex and in other layered terrestrial intru-
sions. This combination of eucrite and diogenite
fragments in the stony-iron mesosiderites, and
in the howardite achondrite stony meteorites,
is taken as evidence that the eucrites and
diogenites formed on the same parent body. The
metal in the mesosiderites occurs mainly in the
form of nuggets, sometimes up to 9 centimeters
in diameter, or fragments. They are quite dis-
tinct from the metal veins that are continuous
throughout the pallasites. Trace element analy-
sis of the metal in the mesosiderites suggests a
similarity with the IIE iron meteorites; how-
ever, the link is much weaker than that of the
common pallasites with the IIIAB iron meteor-
ites.

CONTEXT

The process of differentiation (the melting of
a primitive parent body and the concentration
of iron-nickel-sulfur in the core and the lighter

silicate minerals in the mantle) is believed to
have taken place on Earth. The study of the
pallasite meteorites, which are composed of a
mixture of iron-nickel core material and olivine
mantle material, confirms that this process of
differentiation did occur early in solar-system
history, at least on the pallasite parent body.
Though the chemical compositions of most
pallasites are consistent with a single parent
body, the few pallasites of unusual composition
suggest that the pallasite meteorites sample
core-mantle boundaries of several parent bod-
ies. That indicates that the differentiation pro-
cess was relatively common. The good match be-
tween the postulated chemical compositions of
the core and mantle and the compositions actu-
ally seen in the metal and olivine phases of the
pallasites confirms the model of chemical segre-
gation developed for the differentiation of the
Earth. It is believed, however, that the common
pallasites sample the core-mantle boundary of a
much smaller body than the Earth.

The mesosiderites, although they also consist
of a mixture of metal and silicates, are quite dif-
ferent from the pallasites. The silicates in the
mesosiderites apparently sample basaltic mate-
rial similar to that found in the lunar surface, in
the Earth’s crust, and, as implied by chemical
measurements taken by spacecraft, on the sur-
faces of Mars and Venus. The iron fragments
may be projectiles that struck the rocky surface
of the mesosiderite parent body and were incor-
porated into the rock produced by the impact.
The mesosiderites demonstrate that basaltic
rocks similar to those on Earth occur on the
surfaces of some asteroids and that the impact
processes that dominate the lunar landscape
also occurred in the early history of the solar
system.

George J. Flynn
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Meteoroids from the Moon
and Mars
Categories: Mars; Small Bodies

Prior to the 1969 Apollo lunar landings,
meteorites represented the only extraterres-
trial material available for scientific study.
In 1979 scientists found an unusual mete-
orite in Antarctica that resembled a certain
type of moon rock. Numerous comparative
studies confirmed that this Antarctic mete-
orite was of lunar origin and the result of
an impact event. Subsequent studies on a
small group of anomalous meteorites pro-
vided evidence to support their Martian or-
igin.

OVERVIEW

Throughout human history people have been
aware of rocks falling from the sky. In earlier
times they were thought to be either gifts from
the gods or the result of severe weather picking
up rocks from one location and then dropping
them at another. Later, as human curiosity de-
veloped into science, people began to look differ-
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ently at these strange rocks and associated the
appearance of a bright fireball with the fall of a
meteorite. They also noted that meteorites were
composed of different substances. Some were
made of nearly pure metal, while others had the
appearance of some volcanic rocks. Scientists
later performed chemical and mineralogical
analyses that identified elements and minerals
in meteorites that were either rare or unknown
on Earth. Eventually all this evidence led to the
conclusion that meteorites originated in space
and were not from the Earth.

Meteorites were once the only extraterres-
trial material available for scientific study.
That changed when the six Apollo lunar land-
ings returned to Earth more than 383 kilograms
of rocks and other lunar samples. Later, Soviet
Luna missions returned a small sampling of
lunar material. Among the rock specimens col-

lected were examples of breccia, basalt, anor-
thosite, and gabbro. Along with regolith sam-
ples, this sampling of lunar rocks has provided
scientists with enough information to gain a
good understanding of the Moon’s composi-
tion, internal structure, and geological history
throughout time. However, Apollo samples
were limited to only six locations, and a couple
of these sites were very similar to each other in
their geological settings. Vast areas of the lunar
surface, including the lunar far side, were not
represented. Scientists were anxious to get
their hands on rock specimens from these unex-
plored regions. Little did they know that mete-
orites would once again provide the required re-
search material.

Along with the 1969 Apollo lunar landings,
another rather important event took place in
planetary science that year. In Antarctica, a
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team of Japanese scientists working in the
Yamato Mountains region came across nine me-
teorites sitting on the ice in close proximity to
one another. Later, after these meteorites had
been classified, it was determined that they rep-
resented several different falls. This was ex-
traordinary and suggested that Antarctica
might be a “treasure house” for meteorite finds.
Subsequent search teams have recovered tens
of thousands of meteorites, confirming the the-
ory that Antarctica offers a unique situation for
meteorite finds. Found among this huge num-
ber of specimens is the full range of stone, stony-
iron, and iron meteorite types. Also present are
a relatively large number of the biologically im-
portant carbonaceous chondrites and a variety
of achondrites.

During the 1979-1980 Antarctic field season,
another group of Japanese scientists searching
for meteorites in the Yamato Mountains recov-
ered what was at first believed to be an anoma-
lous achondrite. Upon later examination, re-
searchers recognized the appearance of a lunar
breccia. After additional analyses and compari-
son to Apollo lunar rocks, this specimen was de-
termined to be a lunar meteorite. It had been
blasted off the Moon’s surface during a large im-

pact event and was later pulled to Earth and en-
tered the atmosphere just like any other
meteorite. Confirming that this specimen came
from the Moon could not have been possible
without the availability of the Apollo lunar
specimens for comparison.

Confirmation that lunar rocks have reached
the surface of Earth as meteorites excited the
scientific community. Not only did these finds
provide additional lunar material for study;
they also represented material from areas on
the Moon that had not been explored by the
Apollo astronauts. Each year, as more lunar
meteorites were being found in Antarctica, me-
teorite dealers and collectors from around the
world began to search other locations to find lu-
nar meteorites. Soon the deserts of Australia,
Northwest Africa, Libya, and Oman became
prime search areas for meteorites. Within a rel-
atively short period, meteorites, found by the lo-
cal inhabitants, began turning up in market-
places and were quickly purchased by mineral
dealers. Gradually these meteorites found their
way to the scientists for study. Found among
the huge numbers of ordinary meteorites were
the occasional gems, the lunar meteorites and
the equally exciting SNC meteorites.

Prior to the discovery of lu-
nar meteorites in Antarctica, a
small group of achondrite mete-
orites called SNCs (pronounced
“snick” and standing for sher-
gottites, nakhlites, and chassig-
nites), could not be readily ex-
plained. They were different
from most meteorites because
of their relatively young radio-
metric ages and the fact that
they were essentially volcanic
rocks. When compared to the
isotopic chemistry of Earth or
Moon rocks, they were clearly
different and their origin was
unknown. At this time it was
generally believed that all me-
teorites came from the asteroid
belt as a result of numerous im-
pact events early in the history
of the solar system. This clearly
was not the case for the SNCs.
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As early as 1979, based on the new understand-
ing of lunar meteorites, some scientists sug-
gested that the SNCs might have come from
Mars. Initially most scientists did not readily
accept this theory, but that quickly changed. A
couple of the suspected Martian meteorites con-
tained glass in which a tiny amount of gas had
been trapped long ago, while the rock was on
Mars. When scientists analyzed this gas it was
found to have a nitrogen and noble gas content
that closely matched the gases found in the
Martian atmosphere, as sampled by the Viking
Landers in 1976. Also, many geologists believed
that the massive volcanoes on Mars such as
Olympus Mons could have been active at the
time that these meteorites were believed to be
on Mars. When scientists connected the rela-
tively young age of the SNC meteorites to the
volcanoes, it seemed to make sense that the
SNCs might be of Martian origin.

To many scientists it seemed quite clear that
the best place of origin for these intriguing SNC
meteorites had to be Mars. For others, the evi-
dence was not as convincing. The main argu-
ment against a Martian origin for the SNC me-
teorites rests on the fact that scientists do not
have a documented sample of a Martian rock for
comparison. No astronauts or robotic explorers
have collected samples from the Martian sur-
face and returned them to Earth. With no defin-
itive Martian rocks for comparison, the SNCs
cannot be verified as truly Martian. The robot
explorers Pathfinder, Spirit, and Opportunity
have traveled across Mars and viewed hun-
dreds of rocks close up, but they have not seen a
type of rock that matches any of the SNC mete-
orites. Although this lack of evidence does not
preclude the possibility that SNCs are of Mar-
tian origin, it will take a major sampling effort
by both robotic and human explorers to make
that determination, and therefore the debate
over the origin of the SNC meteorites will con-
tinue to spark scientific discussions for years if
not decades to come.

KNOWLEDGE GAINED

The basic study of meteorites paved the way
for the development of the scientific technology
that was required for the examination of mate-
rials brought back from the Moon by the Apollo

astronauts. Geologists and geochemists study-
ing meteorites have a more difficult task than
those who study Earth rocks. The average mete-
orite fall usually consists of a relatively small
amount of material. Proper classification and
additional detailed studies require destructive
analyses. With only a small amount of material
available, scientists had to develop analytical
techniques that require only minimal amounts
of the precious material available to them. In-
struments such as the electron microscope, elec-
tron and ion microprobes, and mass spectrome-
ter gave the researcher tools to explore the
secrets of the universe from the chemical com-
position of a meteorite. As is usually the case,
technology specifically developed for pure scien-
tific research was immediately integrated into
the commercial market and became valuable
tools for industry and medical applications.

The rock and regolith samples returned by
the six Apollo landings were not representative
of the entire Moon and its major geological ter-
rains. Many questions concerning the Moon’s
origin and relationship to Earth could not be an-
swered with only the Apollo material. Scientists
would have to wait patiently for some future
missions to bring back samples from different
areas. The 1979 find of lunar meteorites in Ant-
arctica changed all that, giving scientists the
opportunity to study additional lunar materi-
als. A lunar meteorite represents material
blasted off the Moon’s surface during an impact
event; hence, it does not represent a single loca-
tion but could have originated anywhere on the
lunar surface. By examining lunar meteorites
that originated from different locations on the
Moon, scientists have been able to construct a
more comprehensive picture of lunar geology.

The case for Martian meteorites proved to be
equally exciting, especially with the meteorite
ALH 84001. This unique meteorite was found
during the 1984-1985 field season in the Allan
Hills region of Antarctica. Initially classified as
an anomalous achondrite, it was later reclassi-
fied as a SNC Martian meteorite. Then in 1996,
after years of intensive study, scientists at the
National Aeronautics and Space Administra-
tion (NASA) announced the discovery of possi-
ble microscopic fossil bacteria within carbonate
deposits present in the meteorite. This revela-
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tion created much excitement within the scien-
tific community and sparked intense contro-
versy and debate. Additional studies provided
evidence that the features in the meteorite re-
sembling bacteria could have been the result of
an inorganic process, too. Neither side in the de-
bate could definitely prove the other wrong, so
in the end the “fossil” was deemed inclusive
with regard to the evidence of organic material,
and scientists concluded that additional evi-
dence was required.

Although the argument for fossil bacteria in
ALH 84001 was not fully accepted, it inspired
other scientists to look for microscopic evidence
of life in more promising meteorites, notably the
carbonaceous chondrites. The recognition of lu-
nar and Martian meteorites also suggests that
planets can exchange material with each other
and possibly distribute the essential chemical
compounds of life through giant impacts.

CONTEXT

Confirmation of lunar meteorites led to the
possibility of meteorites coming from Mars.
Once scientists became comfortable with the
idea that rocks could be blasted off the Moon’s
surface and pulled to Earth, they expanded
their options to include other worlds. Because of
its relative closeness to Earth and similar geo-
logical features, Mars became the logical first
choice. Using the same technology developed for
lunar studies, scientists began to look at a num-
ber of intriguing anomalous meteorites (SNCs)
with uncertain places of origin. By comparing
gas compositions and isotopic data from these
meteorites to data obtained through the Viking
Mars Project, it was concluded that they could
have come from Mars in a manner similar to the
way lunar meteorites arrived. Although this
Mars-origin theory for these meteorites is not
conclusive, most scientists seem to have ac-
cepted it as fact and moved on from there. Now
other anomalous types of meteorite are being
examined for evidence that may have them com-
ing from Mercury or possibly Venus. Perhaps
one day a particularly interesting meteorite

may produce an ancient piece of Earth rock
tossed out by an early giant impact event that
has finally returned home.

Paul P. Sipiera
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Meteors and Meteor
Showers
Category: Small Bodies

Meteors are those streaks of light produced
by small solar-system bodies (meteoroids)
entering the Earth’s atmosphere. Frag-
ments from asteroids produce sporadic me-
teors, while debris left along the orbit of a
comet causes meteor showers. Both provide
information about the origins of the solar
system, especially if they reach the ground
and are recovered as meteorites.

OVERVIEW

Scientific study of meteors and their relation
to meteorites did not start until the beginning of
the nineteenth century. Earlier meteorite falls
were observed, with stones recovered, but most
witnesses were ridiculed, and “sky stones” were
treated with suspicion. In the Bible, Joshua
10:11 records a battle in which the enemy was
defeated by “stones from heaven,” which may
have been meteorites. Acts 20:35 refers to the
image of Diana of Ephesus standing on a stone
that fell from heaven.

Anaxagoras, Plutarch, and several Chinese
recorders from as early as 644 b.c.e. described
stones falling from the sky. A stone preserved in
a corner of the Kaaba in Mecca fell in the sev-
enth century. The oldest authenticated meteor-
ite in Europe, a 120-kilogram stone that fell in
Switzerland in 1492, is still preserved in a mu-
seum. In spite of this evidence, much doubt re-
mained among scientists in Europe. When a
stone fell near Luce in France in 1768, it was
studied by French chemist Antoine Lavoisier
and two other French scientists, who concluded
that it was an ordinary stone struck by light-
ning.

In 1794, Czech acoustic scientist Ernst
Chladni published an account of numerous re-
ported meteorite falls, giving strong evidence
that some of them must be of extraterrestrial or-
igin. He stated that the flight of such an object
through the atmosphere caused the bright, lu-
minous phenomenon known as a fireball.
Chladni found few supporters for this idea, as

most held to Aristotle’s view that comets and
flashes of light across the sky were atmospheric
phenomena (the word “meteor” comes from the
Greek word for things related to the atmo-
sphere, as in meteorology). Chladni’s cosmic
theory of meteors was finally confirmed in 1798
by two students at the University of Göttingen,
H. W. Brandes and J. F. Benzenberg, who had
read his book. They made simultaneous obser-
vations of “shooting stars” from two different lo-
cations separated by several kilometers and
used a simple triangulation method to show
that the light flashes originated at least 80 kilo-
meters above the ground from objects moving
several kilometers per second from a source be-
yond the atmosphere. Most doubts about mete-
orite falls were removed after the physicist
Jean-Baptiste Biot reported an unusual fall of
two or three thousand stones at L’Aigle in 1803,
which eyewitnesses said was preceded by a rap-
idly moving fireball and explosion.

On a clear, dark night, a diligent observer
may be able to witness on average six meteors
per hour. More are visible after midnight than
before, increasing to a maximum just before
dawn. In the 1860’s, Italian astronomer Gio-
vanni Schiaparelli, famous for his discovery of
Martian canali (channels), explained the in-
crease in meteors at certain times as resulting
from the Earth’s orbital and rotational motion.
Before midnight, the observer is on the trailing
side of the Earth’s motion and can see only those
meteors that overtake the Earth. After mid-
night, an observer is on the leading side of the
Earth’s motion and will intercept meteors in
front of it. Thus, meteors will appear brighter
because they are entering the Earth’s atmo-
sphere at a higher velocity. Because the Earth’s
orbital velocity is about 30 kilometers per sec-
ond, and the escape velocity from the Sun at the
Earth’s orbital distance is about 43 kilometers
per second, solar-system objects should range in
speed from 13 to 73 kilometers per second. Be-
cause no meteors have been observed with a
faster speed, it is believed that they come from
within the solar system rather than from inter-
stellar space.

Most meteors become visible about 100 kilo-
meters above the Earth’s surface and are com-
pletely consumed when they reach about 70 ki-
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lometers, although a few larger ones reach
about 50 kilometers. Most meteors range in size
from a few microns up to several millimeters.
Survey estimates indicate that about 25 million
meteors are bright enough to be seen over the
entire Earth in any twenty-four-hour period.
Telescopic surveys suggest that several billion
meteoroids enter the Earth’s atmosphere every
twenty-four hours, with an average total mass
of about 100,000 kilograms. Most of this is con-
sumed in the atmosphere as meteoroids are
heated by friction to incandescence, but on aver-
age about 1,000 kilograms per day are deposited
on the Earth as meteorites.

More than half of all meteors are called spo-
radic because they appear at any time and from
any direction in the sky. The remaining meteors
are associated with meteor showers that appear
to radiate from a common point in the sky, called
the radiant; they actually move along parallel
paths but appear to diverge from the radiant—
much like the divergence of railroad tracks
when viewed in perspective. Meteor showers re-
cur on an annual basis, with about a tenfold in-

crease over the usual sporadic rate. They are
named for the constellation in which the radi-
ant appears to be located. Annual showers occur
when the Earth crosses a meteroid stream that
fills the orbit of a comet, while periodic showers
occur less frequently, when Earth crosses a
meteroid swarm in the wake of a comet. The
most spectacular periodic meteor showers are
the Leonids, whose radiant is located in the con-
stellation Leo. Historical records as far back as
902 c.e. mention the Leonids. A spectacular dis-
play on October 14, 934, is described in Chinese,
European, and Arabic chronicles. The Japanese
recorded a six-hour display in 967, and Chinese
records continued to describe them every thirty-
three years for several centuries.

The modern study of meteor showers began
with the famous naturalist Baron Alexander
von Humboldt. He observed the Leonids by
chance during a trip to South America in 1799
in a two-hour display of hundreds of thousands
of meteors. Humboldt was the first to suggest
that these meteors might originate from a com-
mon point in the sky. The greatest Leonid dis-
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The Leonid meteor shower, in an image captured by an aircraft on November 17, 1999. The Leonids occur when
Earth passes through the debris field of Comet Tempel-Tuttle. (NASA/SAS/Shinsuke Abe and Hajime Yano)



play in the nineteenth century was observed in
the United States and Canada on November 12,
1833. About one thousand meteors per minute
were counted, and the appearance of the radi-
ant was confirmed. The following year, two
Americans, D. Olmstead and A. C. Twining,
suggested that the annual Leonids were caused
by the Earth passing through a cloud of meteor-
oids each November. A few years later, German
astronomer Heinrich Wilhelm Olbers proposed
that the more intense periodic meteor showers
of 1799 and 1833 were caused by a denser
swarm of the Leonid meteoroid stream. In 1864,
H. A. Newton of Yale College reached the same
conclusion independently and showed a period
of recurrence of just over thirty-three years
from historical records, beginning with the
shower of 902. Their prediction of a spectacular
display in 1866 was confirmed. Later, English
astronomer John Couch Adams, who theorized
the existence of the planet Neptune, succeeded
in computing the Leonid stream orbit.

In the 1860’s, other meteoroid streams were
identified and traced back through history. Rec-
ords back to the tenth century in England re-
corded meteor showers associated with the fes-
tival of St. Lawrence (August 10), known as “the
tears of St. Lawrence” but now identified as the
August Perseids from their radiant in Perseus.
In 1861, the American astronomer Daniel
Kirkwood, who later discovered gaps in the as-
teroid belt, suggested that meteor showers re-
sult from debris left in the wake of a comet
through which the Earth occasionally passes. In
1866, Schiaparelli announced that the August
Perseids appear to occupy the same orbit as
Comet Swift-Tuttle (1862 III). Soon after,
Urbain Le Verrier and C. A. F. Peters identified
the November Leonids with Comet Tempel-
Tuttle (1866 I), which had a recurrence period of
thirty-three years. Both the May Aquarids and
the October Orionids have been associated with
Halley’s comet. The greatest naked-eye meteor
observer was W. F. Denning, who published a
catalog in 1899 of several thousand radiants,
mostly of minor meteor showers of less than 10
meteors per hour, based on more than twenty
years of observation.

Like comets, meteor streams may be per-
turbed by planets into new orbits. Those with

high inclinations to the ecliptic plane (the plane
of the Earth’s orbit) or in retrograde orbits (op-
posite to the Earth’s motion) are least affected,
such as the Leonids, Perseids, and Lyrids. After
the Leonid display of 1866, the main body of the
stream passed close to Jupiter and Saturn. Its
associated comet could no longer be found, and
only a few meteors were observed in 1899 and
1933. The comet was found again in 1965, and
then, on the morning of November 17, 1966, the
Leonids returned, with meteors as bright as Ve-
nus. Viewed from the western United States,
they reached a maximum rate of more than two
thousand per minute before dawn, producing
the greatest meteor display in recorded history.

Only the bright fireball meteors, sometimes
brighter than the full Moon, are produced by
meteoroids large enough to survive passage
through the Earth’s atmosphere and fall to the
ground as meteorites. Almost all of these are
sporadic meteors; even among the fireballs, less
than 1 percent yield meteorites. Dozens of mete-
orites fall to the surface of the Earth each day,
but very few are recovered. About 95 percent of
“falls” (seen falling and then recovered) are clas-
sified as “stones” (about 75 percent silicates and
25 percent iron), but 65 percent of “finds”
(whose associated meteors are not observed) are
“irons” (90 percent iron and 8 percent nickel),
because irons are easier than stones to identify
on the ground as meteorites.

Dozens of craters apparently formed by large
meteorites have been identified around the
world. The first such identification was made
about 1900 by Daniel Barringer at Canyon
Diablo in Arizona. This crater is 1.3 kilometers
across and 180 meters deep, with a rim rising 45
meters above the surrounding plain. About
25,000 kilograms of iron meteorite fragments
have been found in and around the crater. It is
estimated that the crater was formed by an ex-
plosive impact about 50,000 years ago from a
60-million-kilogram meteorite. In 1908, a bril-
liant fireball meteor exploded in the Tunguska
region of Siberia, leveling trees over a distance
of 30 kilometers and killing some 1,500 rein-
deer. No large crater or meteorite has been
found, but its effects were estimated to be equiv-
alent to the explosion of a billion-kilogram
meteroid. In 1972, a fireball meteor with an es-
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timated mass of a million kilograms was photo-
graphed in daylight some 60 kilometers above
the Grand Teton Mountains before leaving the
atmosphere over Canada.

METHODS OF STUDY

Information about meteors can be obtained
with the unaided eye, but much greater scope
and precision results from the use of photo-
graphic, radar (radio echo), and space-probe
techniques. Modern photographic meteor obser-
vations were begun by Fred Whipple in 1936 at
the Harvard College Observatory using short-
focal-length, wide-angle cameras. These were
later replaced by ultra-fast Super-Schmidt cam-
eras that could detect meteors as small as a mil-
ligram. To measure the height, direction, and
velocity of a meteor, simultaneous
photographs of the meteor trail are
taken from two stations separated by
about 50 kilometers. Each photo-
graph shows the positions of the
meteor trail against the background
of stars from each station so that its
trajectory can be calculated by trian-
gulation. The velocity of the meteor is
measured by using a rotating shutter
to interrupt the meteor trail up to
sixty times per second. The velocity
vector and the known position of the
Earth in its orbit make it possible to
compute meteor orbits.

The density of a meteoroid can be
estimated from its deceleration in
the atmosphere, showing that most
meteoroids are of lower density than
are meteorites. Statistical studies
have shown that meteoroids with the
greatest meteor heights have aver-
age relative densities of 0.6, while an-
other group appearing about 10 kilo-
meters lower have relative densities
averaging 2.1. The few meteoroids
that penetrate deep into the atmo-
sphere have average relative densi-
ties of 3.7. Several hundred fireball
meteors have been photographed,
their masses ranging from 100 grams
to 1,000 kilograms, including one
meteorite fall near Lost City, Okla-

homa. Experiments with artificial meteors and
theories of meteor burning led to estimated ini-
tial meteoroid masses from observed optical ef-
fects. Meteors comparable in light to the bright-
est stars have initial masses of a few grams and
diameters of about 1 centimeter, producing more
than a megawatt of power. Meteor showers are
produced by the most fragile (lowest-density)
meteoroids, and different showers produce me-
teoroids of different character. In general,
short-period comets exposed more often to the
Sun produce higher-density particles than do
long-period comets, because of greater evapora-
tion.

During World War II, it was accidentally dis-
covered that meteors could be detected by ra-
dar. The radar method of studying meteors is
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The Geminid meteor shower over the mountains of Georgia in
1985. Unlike many meteor showers, the Geminids originate from
the debris of an asteroid, 3200 Phaethon. (Jimmy Westlake)



especially valuable because it can detect mete-
ors in daylight and is sensitive to meteoroids as
small as a microgram. This method depends on
the fact that meteors separate electrons from
atoms, producing ionized gases that can reflect
radio waves. Meteor heights can be measured
from the time delay of the return signal, and ve-
locities can be determined from the frequency
shift (Doppler effect). Observations from three
stations are needed to calculate a meteoroid or-
bit. Several important meteor showers that oc-
cur only in daylight hours were discovered by
radar, including the Beta Taurids, which are
probably associated with Comet Encke. Radar
also shows that radiants can be complex struc-
tures that appear to overlap and shift positions
within a few hours.

Micrometeoroids with masses of a few mi-
crograms or less have been collected by high-
altitude aircraft and rockets. Micrometeoroids
are fluffy particles containing carbonaceous
material different from normal meteorites but
consistent with comet theories. They can be
studied with microphone detectors in space
probes by measuring the intensity of their colli-
sions. The weak structure of these particles in-
dicates that they are gently separated from
their parent material, suggesting dust emitted
from evaporating ice in a comet, rather than vio-
lently ejected from high-temperature or collid-
ing meteoroids. Particles of less than a milli-
gram contribute the largest fraction of the total
mass swept up by the Earth each day. Rocket-
borne mass spectrometers have recorded metal-
lic ions (charged atoms) of apparent meteoric or-
igin, and meteor spectroscopy has provided
chemical analysis of all the major meteor
streams. These data indicate significant differ-
ences betwen cometary meteor material and the
composition of meteorites.

Radioactive-dating techniques indicate that
most meteorites have existed as solid bodies for
about 4.5-4.7 billion years, close to the esti-
mates for the ages of the Earth, Sun, and Moon.
This suggests that all the matter of the solar
system condensed at approximately the same
time. Cosmic-ray dating from the amount of un-
usual isotopes produced in a meteorite by cos-
mic rays colliding with atoms in its crystalline
structure usually indicates only a few million

years since its formation, presumably by some
fragmentation process from a larger asteroid.
Fine bands are also observed in such meteor-
ites, similar to those that occur in metal crystals
subjected to sharp collisional shock. This find-
ing has led to the idea that meteorites probably
come from asteroids that were shattered in col-
lisions.

CONTEXT

Meteors and meteor showers not only are in-
teresting as visual phenomena but also provide
one of the most important sources of informa-
tion about asteroid and comet composition and
deterioration, as well as clues to the origin of
the solar system. Fortunately, most meteors
are caused by very small particles (less than
1 gram) and are completely vaporized high in
the atmosphere. Meteors enter the Earth’s at-
mosphere with solar-system speeds and ran-
dom inclinations to the ecliptic (plane of the
Earth’s orbit); thus, it appears that most mete-
ors are associated with comets or with asteroids
that have small inclinations.

A cometary origin for most meteors is sup-
ported by the phenomenon of meteor showers,
which can be traced to particle swarms in vari-
ous orbits with random inclinations around the
Sun. Many of these showers can be associated
with comets or former comets. They appear to be
caused by particles released when cometary ices
were evaporated by solar radiation. These par-
ticles either concentrate in a swarm of meteor-
oids behind the cometary nucleus or eventually
become distributed in a stream around the en-
tire orbit of the comet. Annual meteor showers
occur when the Earth crosses a meteoroid
stream, while more intense periodic showers oc-
cur when the Earth passes through a meteoroid
swarm. The densities and compositions of these
meteoroids are also consistent with a cometary
origin.

The few meteoroids large enough to survive
their passage through the atmosphere and yield
meteorites are associated with the rare fireball
meteors. Their trajectories tend to have low in-
clinations to the ecliptic, similar to asteroids.
The crystalline structure of the metal in meteor-
ites indicates that most were formed at high
temperatures and slowly cooled over several
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million years. Thus, it appears that they did not
come from icy comets; rather, they probably
originated with asteroids. Calculations show
that the rocky outer shell of an asteroid would
insulate its hot metallic core, causing it to cool
at the very slow rate suggested by the crystal-
line structure of iron meteorites. Furthermore,
the cooling rate in a planet is too slow to fit this
observed crystal pattern.

Meteoroids in asteroidal orbits enter the at-
mosphere with an average velocity of about 20
kilometers per second. Most are slowed rapidly
by the atmosphere. If they survive as a meteor-
ite, they simply fall to the ground at free-fall
speeds and cool rapidly, since most of the hot
surface material is swept off. Meteoroids larger
than about one million kilograms (10-meter-
sized) strike the ground with most of their ini-
tial velocities, producing impact craters. A 50-
meter, 100-million-kilogram object moving at
high speed can produce a one-kilometer-wide
crater, causing widespread devastation by its
shock waves and by throwing dust into the up-
per atmosphere, with marked effects on climate
and life on Earth. Some evidence from large
craters and geological layers of meteorite debris
suggests the possibility that kilometer-sized ob-
jects strike the Earth about every twenty-six
million years, coinciding with major extinctions
of life-forms. One attempt to explain these data
theorizes that the Sun has a dim companion
star in a twenty-six-million-year eccentric orbit.
At its closest approach to the Sun, its gravity
would disturb many comets in the outer solar
system, causing some of them to strike the
Earth.

Joseph L. Spradley
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Part of the Voyage Through the Universe se-
ries. Heavily illustrated and for the general
reader.

See also: Ceres; Comet Halley; Comet Shoe-
maker-Levy 9; Comets; Dwarf Planets; Eris
and Dysnomia; Interplanetary Environment;
Kuiper Belt; Meteorites: Achondrites; Meteor-
ites: Carbonaceous Chondrites; Meteorites:
Chondrites; Meteorites: Nickel-Irons; Meteor-
ites: Stony Irons; Meteoroids from the Moon and
Mars; Oort Cloud; Pluto and Charon.

Milky Way
Category: The Cosmological Context

Our Sun and solar system belong to the
Milky Way galaxy, a large system of several
hundred billion stars, gas, and dust. Be-
yond our galaxy are billions of other galax-
ies. The study of our galaxy adds to our
knowledge of galaxies in general, while the
study of other galaxies has revealed fea-
tures later discovered in the Milky Way.

OVERVIEW

The Milky Way galaxy is a vast grouping of
several hundred billion stars, gas, and dust to
which the Sun and solar system belong. All the
stars visible to the unaided eye in the night sky
are a part of this same huge collection. Most of
the stars, gas, and dust observed in our galaxy
are contained in a thin disk more than 100,000
light-years in diameter, with a lens-shaped
bulge at its center. This central bulge, also
called the galactic nucleus, contains the great-
est concentration of stars and, right at its cen-
ter, a supermassive black hole. Within the disk
are several spiral arms in which new stars form.
Surrounding the disk and central bulge of our
galaxy is the roughly spherical galactic halo, a
few hundred thousand light-years in diameter,
sparsely populated with old stars and old star
clusters, but with virtually no gas or dust. The
Sun and solar system are located in the disk,
within one of the spiral arms or arm branches,
about 26,000 light-years from the center. It

takes the Sun and solar system more than 200
million years to complete one orbit around the
galactic center.

This current picture of our galaxy had its ori-
gins in the 1600’s, and it developed in its mod-
ern form during the twentieth century. How-
ever, speculations and myths about the Milky
Way date back to ancient times, since it is such
an obvious feature of the dark night sky. On any
clear, moonless night away from city lights, the
Milky Way is easily seen as a beautiful, pale
white, diffuse band of light stretching across the
sky. In ancient times it was given the name
“Milky Way” because of its pale, milky appear-
ance. (The English word “galaxy” comes from
the Greek word gala, meaning “milk.”) In some
mythologies (including Greco-Roman), the
Milky Way was the milk of the gods spilled on
the sky. Some other cultures viewed it as the
path by which departed souls ascended to the
realm of the gods. In all, there were many imagi-
native mythological explanations for it.

In 1610, Galileo scanned the Milky Way with
his small telescope and found it to be composed
of lots of faint stars. By the 1700’s, the arrange-
ment of stars making up the Milky Way was de-
scribed using terms such as “sheet,” “disk,”
“millwheel,” and “grindstone.” In 1784, William
Herschel developed a model of the Milky Way
using a technique that he called “star gauging”
in which he counted the number of stars he
could see in his telescope’s field of view when he
pointed it in different directions. Based on his
star counts, he described the Milky Way as a
layer of stars with crooked or jagged outer edges
and the Sun near its center. During the follow-
ing century, Herschel’s technique and model
were refined, and by the early 1900’s the Milky
Way galaxy was pictured as an oblate ellipsoid,
about 60,000 light-years in diameter and 13,000
light-years from top to bottom, with the Sun not
far from the center.

In 1918, Harlow Shapley of Harvard Univer-
sity concluded that the Galaxy was much bigger
than previously thought, and the Sun was not
near its center. Based on his study of the distri-
bution in space of globular clusters (large clus-
ters of about 100,000 to 1,000,000 very old
stars), he determined that the galactic center
was located about 50,000 light-years from the
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Sun and solar system in the direction of the con-
stellation Sagittarius. During the 1950’s, the
Milky Way’s disk was found to have spiral struc-
ture. First, in the early 1950’s, several spiral
arm segments were traced optically using the
locations of gaseous nebulae and young stars,
objects that are concentrated in spiral arms.
In the late 1950’s, the first radio maps of the
Galaxy’s disk were produced, using radio radia-
tion with a wavelength of 21 centimeters (and
frequency of 1,420 megahertz), produced by
hyperfine “spin-flip” transitions in neutral hy-
drogen atoms. The 21-centimeter radio maps
traced the distribution of neutral hydrogen,
which is concentrated in the spiral arms.

During the last half of the twentieth century,
the Milky Way was observed over the entire
electromagnetic spectrum, from radio waves to
gamma rays, and this resulted in further refine-
ments to our ideas about our galaxy. In current
models, the galactic disk has an overall diame-
ter of 100,000 to 130,000 light-years, possibly
with a warped outer edge. The Milky Way
seems to be a multiarmed spiral, with at least
four and possibly more spiral arms, and smaller
branches and spurs. There may be a central bar

running through the galactic nucleus, with the
spiral arms originating from the ends of it. Al-
though visible light from the galactic nucleus is
blocked by interstellar dust in the galactic disk
between our location and the galactic center,
the central region has been studied with radio
waves, infrared, and gamma rays, all of which
can penetrate the dust. The galactic nucleus is a
packed concentration of stars, gas, and dust,
with a supermassive black hole of several mil-
lion solar masses at the center. The galactic nu-
cleus and flat galactic disk are contained within
a nearly spherical galactic halo of widely sepa-
rated old stars and globular star clusters. An
even more spread-out corona or outer halo ex-
tends beyond it, as far out as 150,000 to 300,000
light-years. The total mass of the Galaxy is cal-
culated to be between several hundred billion
and 2 trillion solar masses, based on the ob-
served motions of stars and gas within our gal-
axy and small satellite galaxies on the fringes of
the Galaxy.

However, only a fraction of the mass has ac-
tually been observed; the mass that has not yet
been observed is called “dark matter,” but as-
tronomers and cosmologists are not sure what it

is. The distance of the Sun
and solar system from the ga-
lactic center has been re-
duced to half of Shapley’s
original value, about 26,000
light-years. The Sun, as well
as most of the stars, gas, and
dust in the galactic disk, has
a nearly circular orbit around
the galactic center. The or-
bital speeds of these solar-
system bodies are between
about 200 and 250 kilome-
ters per second, and they
take between about 200 mil-
lion and 250 million years to
complete one orbit around
the galactic center. Some
stars, particularly those in
the galactic halo, have much
more elongated orbits that
carry them close to the center
and then far out into the dis-
tant parts of the Galaxy.
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Hydrogen, the most abundant element, ex-
ists in our galaxy as ionized and neutral single
atoms, as well as diatomic molecules. Ionized
atomic hydrogen is the most obvious form, be-
cause it can be seen at visible wavelengths as
glowing clouds called H II regions. Hydrogen at-
oms are ionized by ultraviolet radiation from
nearby hot stars, and visible light is produced
when electrons recombine with the bare hydro-
gen nuclei. Clouds of neutral atomic hydrogen,
called H I regions, were first detected in our gal-
axy in 1951, at the radio wavelength of 21 centi-
meters (frequency of 1,420 megahertz) emitted
by hyperfine (“spin-flip”) transitions in neutral
hydrogen atoms. Astronomers had thought mo-
lecular hydrogen could not exist in interstellar
space because ultraviolet radiation from hot
stars would break the molecules apart into indi-
vidual atoms. The discovery of interstellar mol-
ecules of carbon monoxide in 1970 spurred the
search for other molecules. Since then, more
than one hundred different molecules, includ-
ing molecular hydrogen, have been detected in
large, dense, cold molecular clouds, some of
them hundreds of light-years across. The mole-
cules in these clouds withstand the effects of ul-
traviolet starlight because they are shielded by
interstellar dust. Making up about half of the

Milky Way’s interstellar gas,
these clouds provide the cold,
dense environment needed
for the birth of new stars. Gi-
ant molecular clouds are con-
centrated around the central
bulge and in the spiral arms.

The dust in our galaxy is
confined for the most part to
the central plane of the ga-
lactic disk. There it is very ef-
fective in obscuring the view
of more distant objects at vis-
ible and shorter wavelengths.
The Great Rift, the Coalsack,
and the Horsehead nebula
are some prominent dark
concentrations of dust. How-
ever, longer wavelengths are
able to penetrate the dust,
and the longer the wave-

length, the less the dust blocks the view. This
provides a clue to the size of the dust grains.
Small, solid particles are very effective at scat-
tering electromagnetic radiation with wave-
lengths comparable to or shorter than the size of
the grains. Therefore the size of the grains is a
bit larger than the longest wavelengths of visi-
ble light, or about 0.001 millimeter. Polariza-
tion studies suggest the grains probably are
elongated, perhaps needle-like. The dust grains
probably are composed of iron alloys, silicate
minerals, carbon compounds, various ices, or a
combination of these.

Our galaxy appears to have at least four spi-
ral arms, marked by clouds of gas and dust, as
well as young stars that have recently formed in
them. Objects near the galactic center revolve
around it in less time than objects farther out. If
spiral arms were permanent collections of ob-
jects, they would quickly “wind up” because the
orbital period around the galactic center in-
creases as the distance from the center in-
creases. A solution to this “winding dilemma” is
provided by the spiral density wave theory,
which postulates that the spiral arms are pro-
duced by an underlying density wave pattern
that propagates through the gas and dust of the
galactic disk. The entire spiral pattern rotates
with the same period around the galactic center.
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The stars, gas, and dust in the galactic disk
move faster than the pattern, regularly over-
taking the spiral-shaped density waves. Stars
are not affected much by the slight increase in
density, so they pass right through the density
waves. Clouds of gas and dust, however, are
slowed by the increase in density, so they pile up
and are compressed, triggering star formation.
The spiral arms are highlighted by young stars
that have just recently formed and the gas
clouds in which stars can form.

An intriguing feature of the Milky Way gal-
axy is its central region, since it is hidden from
visual observations by thick clouds of dust. Ra-
dio radiation from the galactic center was first
detected in 1932 by Karl Jansky, an engineer at
Bell Telephone Laboratories. He was studying
long-range radio communication for Bell Labs
when he discovered steady radio static emanat-
ing from the galactic center in the direction of
the constellation of Sagittarius. Obscured by in-
terstellar dust at visible wavelengths, the ga-
lactic center received little attention until the
1960’s and 1970’s, when advances in radio and
infrared astronomy made it possible to study.

Infrared images of the central region re-
vealed giant molecular clouds and lots of stars.
Near the center, the average distance between
stars is on the order of a few light-weeks (com-
pared to a few light-years in the neighborhood
around the Sun). A number of radio sources
have been found in the central region, including
several supernova remnants. The most promi-
nent radio emitter there is an extended region
named Sagittarius A (Sgr A). At the center of
Sgr A, there is an extremely strong, very com-
pact radio source named Sgr A* (pronounced
“Sagittarius A star”). The orbital motion of sev-
eral individual stars around Sgr A* has been re-
corded with high-resolution infrared imaging.
These stars are at distances of only a few hun-
dred to a few thousand astronomical units from
Sgr A* and are moving at speeds of a few hun-
dred to a few thousand kilometers per second,
which indicates they are orbiting an object with
several million solar masses. The only thing
this massive that could fit inside the orbits of
these stars is a supermassive black hole, which
presumably is powering the Sgr A* radio
source.

By the late 1970’s, objects in the outer parts
of the galactic disk were discovered to be revolv-
ing around the Galaxy at about the same speed
as objects in the inner part of the disk, implying
the existence of a substantial mass distributed
throughout the Galaxy out to large distances.
However, the mass that actually can be ob-
served using any part of the electromagnetic
spectrum falls far short of accounting for the
needed mass. Originally referred to as “missing
mass,” the unobserved mass now is called “dark
matter,” since it is not really missing (at least if
gravity behaves as physicists think it does). The
most likely location for the dark matter is the
galactic halo, which could contain considerable
mass spread very thinly throughout its im-
mense volume. Astronomers have yet to deter-
mine what dark matter is, but possible candi-
dates include faint low-mass stars, dead stars,
planets, rocks, black holes, neutrinos with
mass, weakly interacting massive particles
(WIMPs), massive compact halo objects (MA-
CHOs), or some other form of matter.

CONTEXT

The Milky Way galaxy is only one of billions
of observable galaxies that have a variety of
sizes and shapes. The Milky Way is a reason-
ably large spiral galaxy. Galaxies also may have
elliptical or irregular shapes, and they range in
size from giant galaxies with at least several
trillion solar masses down to dwarf galaxies
with as little as several million solar masses.
The distribution of galaxies in space shows a hi-
erarchy. Galaxies tend to occur in groups called
clusters of galaxies. In turn, clusters of galaxies
tend to form larger groups called superclusters.
The Milky Way galaxy is one of the two largest
galaxies in a small cluster called the Local
Group, consisting of about forty known member
galaxies spread out over about 3 million light-
years. The Local Group is part of a supercluster
centered on the rich Virgo cluster of galaxies.

The continuing study of the Milky Way has
advanced our knowledge of galaxies in general.
A case in point concerns the origin and develop-
ment of galaxies. Galaxies, including the Milky
Way, are thought to have condensed from large
clouds of gas, probably starting between one
hundred million and one billion years after the
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creation of the universe in
the big bang about 13 to 14
billion years ago. This is con-
firmed by the ages of the old-
est surviving stars in our
galaxy, which are about 12
billion years old. Each proto-
galactic cloud was composed
of hydrogen and helium, since
those were the only elements
produced in any significant
amounts by the big bang. As
the protogalactic cloud for
the Milky Way contracted
gravitationally, some parts
were denser than others, and
in these denser regions the
first stars and star clusters
formed. Since these stars and
star clusters formed from
material falling inward to-
ward the center of the cloud,
they developed elongated or-
bits that would carry them in close to the center
and then back out into the outer fringes, where
they spend most of the time. This became the
halo of our galaxy. As the contraction pro-
ceeded, the protogalactic cloud began to spin
faster to conserve angular momentum. The
rapid rotation caused the protogalactic cloud
to flatten, forming an equatorial disk around
a central bulge of material. Thus the galactic
disk and nucleus were born. The supermassive
black hole at the galactic center probably devel-
oped very early because of the growing density
as the galactic bulge or nucleus contracted.
Massive stars synthesized chemical elements
heavier than helium as they generated energy
through nuclear fusion reactions in their in-
teriors. When the massive stars exploded as
supernovae, they dispersed the heavier ele-
ments and enriched the gas from which new
generations of stars and planets would form.
The Sun and solar system formed about 4.5 bil-
lion years ago, at which time about 2 percent by
mass of the gas cloud from which it formed con-
sisted of elements heavier than helium. Star
formation continues to the present time in the
disk of our galaxy, as it does in other spiral gal-
axies.

A variation of this basic scenario is that gal-
axies formed not from a single protogalactic
cloud for each galaxy, but rather through the
merger long ago of many smaller “seed galax-
ies.” According to this version, small seed galax-
ies formed first after the big bang. After a first
generation of stars formed in them, they began
to merge, forming larger galaxies. There is
growing evidence that our galaxy has “de-
voured” other smaller galaxies through a pro-
cess known as galactic cannibalism, and is con-
tinuing to do so at the present time. Other
galaxies show evidence of both galactic merger
(two comparable size galaxies joining together)
and galactic cannibalism (a larger galaxy de-
vouring a smaller one).

Clark G. Reynolds and Richard R. Erickson
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Miranda
Categories: Natural Planetary Satellites; The

Uranian System

Miranda is the one satellite of Uranus
about which there is good information. The
whole Uranus system is different because
Uranus is tilted. Miranda is different from
any of the other natural satellites that have
been studied.

OVERVIEW

Miranda is the eleventh of the twenty-seven
known moons of Uranus, a “gas giant” planet
that is the seventh planet from the Sun.
Miranda was discovered by a Dutch-born Amer-
ican astronomer, Gerald Peter Kuiper, in 1948.
Miranda was the daughter of the magician
Prospero in William Shakespeare’s play The
Tempest. Features and places on Miranda are
named for characters in Shakespeare’s plays.
When Miranda was discovered, photographic
emulsions and techniques had just developed to
the stage to be very useful in astronomy. Kuiper
was using the McDonald Observatory to photo-
graph the four satellites of Uranus that were
known at that time: Oberon, Titania, Umbriel,
and Ariel. Upon developing the film, he found a
bright spot. A few days later, it was proven that
the spot could not be a star and determined that
it was, rather, a satellite of Uranus.

Miranda is synchronous with Uranus; that
is, Miranda presents the same face to Uranus
all the time. As a synchronous satellite,
Miranda revolves about Uranus in its orbit in
the same time that it rotates about its own axis:
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33.9 hours (1.41 days). Miranda turns in the
same direction as Uranus; that is, it has a
prograde rotation. Miranda’s orbit is about four
degrees out of the plane of Uranus’s equator;
that is, its inclination is 4.3°. The inclination is
large enough to cause doubt about whether
Miranda was formed by the same process by
which Uranus was formed, or if Miranda in-
stead was captured in a close encounter.

Because Uranus is tipped on its side,
Miranda’s orbit is almost perpendicular to the
orbit of Uranus. Miranda’s eccentricity is small,
meaning that the orbit is close to circular. The
larger the eccentricity, the more elliptical an or-
bit; an eccentricity of zero means a circular or-
bit. Miranda’s orbit is only slightly elliptical,
with the maximum distance from Uranus being
132,000 kilometers and the minimum distance
128,000 kilometers. Miranda is a triaxial ellip-
soid, with a 480-kilometer diameter along the
axis pointed at Uranus. The equatorial axis is
468 kilometers, and the pole-to-pole axis is 466
kilometers.

The surface of Miranda is so fractured that it
seems as if Miranda was torn apart and the
pieces put back together in a haphazard man-
ner. Some scientists have stated that Miranda
was torn apart and reformed at least five times.
Other ideas are that tidal forces caused partial
differentiation. Differentiation is a separation
of materials, with heavier rock sinking and forc-
ing water ice to the surface. Near-infrared spec-
trometry has confirmed that the surface is ice.
The surface shows it to be intensely cratered
from meteor bombardment, although some of
the craters have been reduced in height either
by a change in the surface or by material ejected
by other meteors covering up the crater as the
material fell back to the surface. One crater is
25 kilometers across. There are more craters on
Miranda than on other outer moons of Uranus.
That is to be expected, since the closer a satellite
is to the planet and its gravitational pull, the
greater the density of meteors it encounters.

There are also coronae—large, 400-kilometer-
wide areas of alternating light and dark stripes
that are unlike anything seen in the universe.
They look like racetracks with several tracks
side by side. There are three of these on Mi-
randa, named Arden, Inverness, and Elsinore.

From space, Inverness looks like a chevron of
bright material on a dark surface. The edges of
the Arden and Inverness coronae are a trench
with a cliff surrounding the coronae. These cliffs
can be 10 to 20 kilometers high. The coronae
seem to be at a lower altitude than the sur-
rounding surface. Two of the coronae, Arden
and Inverness, have albedos (reflectivity) that
differ from that of the surrounding material.
Elsinore does not have the exterior trench and
has much the same albedo as the surrounding
material. The coronae were formed in order:
first Arden, then Inverness, and then Elsinore.
Arden is in the leading hemisphere. Elsinore is
in the trailing hemisphere. The sharp tip of the
chevron edge of the Inverness corona is very
close to the south pole of Miranda.

There are fracture lines and gorges running
across the older cratered surface. There are few
craters in the coronae, suggesting that they are
not as old as the cratered surface area. Some sci-
entists draw a correlation between the partial
differentiation and the coronae. The coronae are
a feature of partial differentiation, caused by a
Miranda-Umbriel-Ariel orbital resonance. For
some reason, the differentiation did not finish,
but the rise of ice and sinking of heavier mate-
rial formed the coronae.

Two other satellites of Uranus, Umbriel and
Ariel, seem to interact with Miranda. A gravita-
tional pull occurs when the satellites are close
and then dissipates when they are far apart.
This pull, along with the gravitational pull of
Uranus, causes the interior of Miranda to flex.
This tidal flexing may be the cause of the heat
leading to the coronae and surface fractures.
The gravitational interaction also causes a
change in the orbit of Miranda.

A surface temperature of 86 kelvins, deter-
mined by Voyager 2, may be enough to melt an
ammonia-water mixture. Near-infrared spec-
trometry not only shows that the surface con-
tains a large amount of water ice; there is also a
feature in the spectra that may indicate the
presence of ammonia hydrate. This mixture
would lower the melting point enough that tidal
flexing could account for the fracturing and co-
ronae. The other surface material is carbona-
ceous and/or silicate matter. The density of
Miranda (1.25 grams/centimeter3) is close to
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that of ice (1.0 grams/centimeter3) so there can-
not be a large percentage of other material. The
rock fraction can only be 33 percent.

The albedo of Miranda was measured by Voy-
ager at 32 percent. Hubble Space Telescope
(HST) measured it at a lower value. One ques-
tion is, therefore, whether the change in value
indicates a real difference, meaning that the
northern hemisphere imaged by HST is darker
than the southern hemisphere imaged by Voy-
ager, or whether there is another explanation
for the difference in values.

There are at least four theories about how
Miranda and the other satellites were formed.
One is the co-accretion model. Solid particles
that were a part of the solar nebula were col-
lected by Uranus’s gravitational force to form a
disk that later coalesced into satellites. The ac-
cretion disk model, by contrast, postulates that
the gravitational force of Uranus collected ma-
terial from the solar nebula. This material
formed a disk and later collected into a satellite.
A third model is the spin-out model, which sug-
gests that some of the material spun out from
the planet as it contracted, forming Miranda
and the other satellites. The blow-out model
theorizes that an Earth-size body struck Ura-
nus, causing Uranus to tilt and ejecting mate-
rial that formed a disk and later satellites. Some
also subscribe to the theory that Miranda was a
small body captured by Uranus’s gravitational
force as it came close to the planet.

KNOWLEDGE GAINED

Miranda can be seen with Earth-based in-
struments, but it is so close to Uranus that it is
difficult to study its characteristics. Near-infra-
red spectra obtained using the United Kingdom
Infrared Telescope (UKIFT) revealed much of
what we know about the surface composition of
Miranda. Earth-based instruments also serve
well to study orbits, even for a faraway satellite
like Miranda. Once Miranda was known, it was
clear that it had been seen in other photo-
graphs. Putting all of the sightings together
produced a knowledge of the satellite’s orbit.

Goals for the Voyager studies for Miranda
were twofold: observational and magnetic. The
magnetic goals were to see if Miranda had a
magnetic field (it was determined that it does

not), how Miranda interacted with Uranus’s
field, and if there were charged particles in the
atmosphere. The observational goals for Voy-
ager were to note the satellite’s size, shape,
mass, density, shape changes with time; types
of surface structures; surface processes; and
albedo change with phase angle. Voyager data
concerning albedo are similar but slightly lower
than that obtained from the Hubble Space Tele-
scope. Voyager data and years of observations
from Earth were used together to calculate
better values for Miranda’s orbit, eccentricity,
and angle of inclination. The measurement of
the mass of Miranda was made from radio sci-
ence data. Imaging data were used to determine
size, which is more complicated than merely
measuring distances in a single image. Several
images were needed to cover Miranda. By refer-
ence to the same feature in at least two images,
researchers then generated a mathematical
model to calculate where each feature should
be. From that model the size could be calcu-
lated.

Comprehensive photometry has been done of
Miranda using the HST. All possible phase an-
gles from Earth were studied. A phase angle
is the angle between the Sun-to-Miranda line
and the Earth-to-Miranda line. The geometric
albedo and opposition surge were measured for
Miranda. Opposition surge is the brighter re-
flection that occurs at phase angle of zero.

Together, the data from Voyager and the
HST not only vastly increased our knowledge of
Miranda but also added to what is known of
Uranus’s satellites in general. Prior to these
space-based observations, the number of known
satellites of the gas giant was five; it is now
known that there are at least twenty-seven
Uranian satellites.

CONTEXT

Data gained by a study of Miranda may be
second in importance to the new ideas gener-
ated by its unusual surface features. Scientists
have to develop new explanations for the gener-
ation of the features of Miranda. Some informa-
tion is known, but the total explanation will re-
quire innovative ideas.

Ideas about tectonics and how surfaces of
worlds can move and change will help scientists
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to understand the creation of Earth and the sep-
aration of the continents. Studies of tidal flex-
ing, such as that which occurs in the Uranian
system, may be important to the study of
Earth’s plates tectonics. The effect of gravity on
the tides is visible, but is that all the effect that
gravitational pull has on the Earth? Scientists
are also learning more about melting points and
sublimation values of mixtures as they try to ex-
plain Miranda.

The best way to study Miranda will be to
mount another interplanetary probe such as
Voyager, but until such a mission can be
planned, new techniques are being developed
for using land-based instruments and the Hub-
ble Space Telescope to study Miranda and other
distant worlds. Humanity will have to improve
the instrumentation used presently, and new
devices and techniques will have to be designed
and tested to expand the study of Miranda.

C. Alton Hassell
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N
Nemesis and Planet X
Category: Planets and Planetology

Scientists developed the Nemesis and
Planet X theories in an effort to explain
why mass extinctions on Earth appear to
have occurred roughly every 26 million
years. Each theory suggests that a still un-
discovered star (Nemesis) or planet (Planet
X) periodically perturbs the orbits of com-
ets, sending them into the inner solar sys-
tem where some could collide with Earth.

OVERVIEW

Nemesis and Planet X are theoretical astro-
nomical bodies whose existence has been sug-
gested as a possible driving force for periodic
mass-extinction episodes. Nemesis and Planet
X theories both propose that about every 26 mil-
lion years movement of an astronomical body
through space causes massive extraterrestrial
objects to collide with Earth. The resulting cata-
strophic changes in the Earth’s environment led
to the widespread extinction of species. The pe-
riodicity of the mass-extinction episodes, and
the impacts causing them, are themselves theo-
retical.

The Nemesis theory hypothesizes that the
Sun is orbited by a companion star so small,
dim, and distant that astronomers have yet to
discover it. This dark, low-mass star is thought
to move in a highly elongated orbit at a distance
between 25,000 to 150,000 astronomical units
(AU) from the Sun. About every 26 million
years, when it most closely approaches the Sun,
the companion star is believed to pass through
the huge “comet reservoir” known as the Oort
Cloud. This vast region, which may contain any-
where from 100 billion to 10 trillion widely sepa-
rated comets, surrounds the solar system, ex-
tending to a distance of perhaps 50,000 AU from
the Sun. As the companion star moves through
the Oort Cloud, its gravitational field disturbs
the orbits of nearby comets. Some are deflected

into deep space, while others are pushed toward
the inner solar system. Of those comets enter-
ing the inner solar system, it is likely that some
could collide with Earth. Because of the role
that the Sun’s companion star is thought to play
in causing periodic devastating impacts on
Earth, researchers have dubbed it Nemesis, af-
ter the Greek goddess of vengeance.

The Planet X theory, which also involves
cometary perturbation, proposes that the solar
system has a massive, undiscovered tenth
planet whose orbit lies beyond that of Pluto. The
“X” represents both “the unknown” and the Ro-
man numeral X (ten). Researchers have sug-
gested that this Planet X may have so far es-
caped detection because its orbit lies outside the
plane of the solar system. Planet X is believed to
be at least as large as Earth and 50 to 100 astro-
nomical units from the Sun. It is thought to or-
bit the Sun in about 1,000 years, along a highly
elongated, eccentric path. According to this the-
ory, the orbit of Planet X slowly precesses over a
period of 58 million years—that is, it regularly
changes orientation in space. The precession is
such that about every 28 million years (roughly
one-half the precession period), Planet X per-
turbs comets within the Kuiper Belt. This disk
of comets located beyond Neptune at a distance
of roughly 35 to 1,000 AU from the Sun is re-
garded by some astronomers as merely the in-
ner portion of the Oort Cloud. Although Planet
X has cleared a path through the Kuiper Belt,
roughly every 28 million years its precession
brings it close to the margins of the cleared area,
where comets fall under its gravitational influ-
ence. As in the Nemesis scenario, gravitational
forces deflect some comets into the inner solar
system, leading to periodic cometary impacts on
Earth.

Many scientists link such cometary impacts
to mass extinctions experienced throughout
Earth’s history. Earth’s fossil record shows that
over the past 600 million years there have been
several mass-extinction events, forming the
boundaries between the major divisions on the
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geologic timescale. For example, it was in the
boundary between the Cretaceous and Ter-
tiary periods (also known, from the German, as
the K-T boundary) that the dinosaurs, nearly
all marine plankton (tiny photosynthesizing
plants), and 15 percent of marine invertebrate
families became extinct. Evidence strongly sug-
gests that the K-T extinction 65 million years
ago was related to extraterrestrial impact.

If a comet or other large extraterrestrial body
were to collide with Earth, the environmental
effects would be severe and widespread. The im-
mediate area of impact would be devastated by
heat energy and a powerful shock wave; tsuna-
mis and earthquakes might also result. Massive
quantities of dust and gases would be thrown
into the atmosphere, and a portion of the atmo-
sphere itself might be ripped away. Fireballs
formed by coalescing dust and gases would set
off large-scale wildfires. The resulting smoke,
combined with the dust and gases, would block
sunlight for months, reducing global tempera-
tures and impeding photosynthesis.

Depending on where the collision occurred,
conditions could be even more severe. If the im-
pact site were rich in limestone and evaporite

minerals (as is believed to be the case for the K-T
event), sulfur and water vapor released from
the rock could combine with atmospheric gases
to produce nitric and sulfuric acid, which would
eventually fall to Earth as acid rain. In combi-
nation with atmospheric gases, carbon freed
from the limestone would produce carbon diox-
ide, a “greenhouse gas” capable of trapping heat
and causing global warming. Plant and animal
species unable to withstand the extremes and
fluctuations in temperature, disruptions in the
food chain, and other inhospitable conditions
would face extinction.

METHODS OF STUDY

The Nemesis and Planet X theories span
several disciplines. Paleontologists, geologists,
chemists, physicists, and astronomers are
among the scientists whose studies have led to
the development of these and associated con-
cepts. Both theories are rooted in the idea that
extraterrestrial impacts have caused or contrib-
uted to extinction events and that these impacts
occur periodically.

Some researchers have used iridium data to
link extraterrestrial impacts to mass extinc-

tions. Iridium, an element re-
lated to platinum, is rare in the
Earth’s crustal rock (its average
abundance is 0.001 part per bil-
lion). Gravity drew most of this
extremely dense and unreactive
element to the Earth’s core
when the planet was still mol-
ten. By contrast, laboratory
analysis of meteorites (rocks of
extraterrestrial origin found on
Earth) has detected concentra-
tions on the order of 500 parts
per billion. The iridium found in
surface sediments typically orig-
inates from space and is most
often deposited as a light but
steady rain of small cosmic par-
ticles. Where elevated iridium
concentrations are present, ex-
traterrestrial impact may have
occurred. (Some scientists favor
the alternative theory that irid-
ium has reached the Earth’s
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Nemesis and Planet X theories both propose that about every 26 million
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extraterrestrial objects to collide with Earth (artist’s rendition). (Don
Davis, NASA)



surface through volcanic ac-
tivity.) High concentrations of
iridium have been found at the
Cretaceous-Tertiary boundary
in rock and sediment samples
from around the world. While
iridium anomalies have also
been noted in association with
other boundaries marking ma-
jor extinction events, the cor-
relations are less striking and
more problematic. To deter-
mine iridium concentrations
in a sample, chemists use
neutron activation analysis,
whereby material to be ana-
lyzed is exposed to neutrons
from a nuclear reactor. Once
the iridium has been made ra-
dioactive, a gamma-ray detec-
tor system determines the ele-
ment’s concentration.

Researchers have identified
other signs of possible extra-
terrestrial impact, all within
Cretaceous-Tertiary boundary sediments. Grains
of quartz and other minerals have undergone
shock metamorphism, a change in crystal struc-
ture and density that results from the passage
of high-pressure shock waves. Also present are
tektites, glassy silicate-rich balls of varying
composition, which are believed to form when
rock and soil vaporized by an extraterrestrial
impact recondense and fall back to Earth. Soot
in boundary-layer samples from around the
world suggests extensive burning. In addition,
geophysical methods have revealed a huge,
half-submerged, 65-million-year-old crater,
Chicxulub, off Mexico’s Yucatán Peninsula. An
impact structure almost 180 kilometers in di-
ameter, Chicxulub Crater is buried beneath
roughly 2 kilometers of sediment and was de-
tected during oil exploration by means of mag-
netism and gravity surveys.

To determine whether extraterrestrial im-
pacts are periodic in nature, paleontologists
have compiled vast amounts of data on the fos-
sil record of life, notably data on when organ-
isms appeared and disappeared. Researchers
noted a possible periodicity in extinction events

after creating graphs and conducting statisti-
cal analyses using computerized data indexes.
Some have also performed similar computer
analyses using a list of known impact craters
and their ages; periodicities of 28 million to
31 million years have been reported. It should
be noted, however, that there is considerable
uncertainty in the dates assigned to many of
the craters.

Scientific evidence suggesting impact-related
extinction and periodic extinction episodes led
scientists to develop the Nemesis and Planet X
theories. Both theories assume that the extra-
terrestrial agents in question are comets. Aster-
oids, rocky astronomical bodies smaller than
planets, can also strike the Earth and wreak
havoc. However, their travels are considered too
erratic to account for the periodicity discussed
here. To validate either the Nemesis or Planet X
theory, scientists must find an astronomical
body whose observed characteristics correlate
with predictions.

The Planet X theory is generally considered
to be the weaker of these two proposed models.
In 1985, when the theory was first published,
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Between the Cretaceous and Tertiary periods, about 65 million years ago,
a catastrophic event occurred, which many scientists believe to be an as-
teroid or cometary impact, that resulted in the extinction of nearly all ma-
rine plankton, 15 percent of marine invertebrate families, the large dino-
saurs, and many other species. (Don Davis, NASA)



the existence of a massive tenth planet
provided a viable explanation for minor
irregularities in the movements of the
outer planets. (Pluto’s mass proved insuf-
ficient to account for the anomalies.) Re-
searchers suggested that a tenth planet
had escaped detection because efforts to
find it had concentrated on the plane of
the solar system, while Planet X’s orbit
was inclined in relation to the plane. By
the mid-1990’s, these arguments were
less convincing. Although astronomers
have an idea where to look, they have yet
to observe Planet X. In fact, the lack of or-
bital irregularity in the outer planets
makes it unlikely that a planet massive
enough to perturb comets lies in the area
predicted by the Planet X theory.

The search for a star matching Neme-
sis’s description continues. Because more
than half the known stars are believed to
have a companion, the existence of a com-
panion to the Sun would not be unusual.
If this companion were a red dwarf star,
too small and too dim to be observed
readily despite its relative proximity to
the Sun, it could escape detection. More-
over, because astronomers have yet to
determine the distances to many red
dwarfs, it is possible that Nemesis has
been observed but not recognized. At
present, Nemesis would be halfway
through its orbital cycle, near its greatest
distance from the Sun (and roughly 13
million years away from its next impact-
triggering passage through the Oort
Cloud). Researchers are scanning the
skies using a computer-controlled re-
flecting telescope to automatically record
and compare images of red dwarf stars.
This computerized system observes each
candidate over time and uses parallax
shift to assess how far away it is. Parallax
is the apparent displacement of an object
against a background of more distant ob-
jects when it is viewed from a different lo-
cation; the movement of the Earth in its
orbit provides the necessary change in
viewpoint. The closer an object is to the
viewer, the greater the parallax; because
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Did an Asteroid Kill the Dinosaurs?
In 1977, Luis W. Alvarez and his son Walter began

an investigation of a single-centimeter layer of clay
that was sandwiched between two limestone strata
containing large deposits of Cretaceous-Tertiary fos-
sils. Such fossils were significantly absent elsewhere
in the sample. The clay deposit dated from the bound-
ary between the Cretaceous and Tertiary periods, re-
ferred to as the “K-T boundary,” roughly 65 million
years ago, when the dinosaurs disappeared and mod-
ern flora, apes, and large mammals appeared.

Alvarez and his son used a trace of iridium in the
composition of the clay sample to determine how long it
had taken for the clay to be deposited and so to calcu-
late the time that had elapsed during the Cretaceous-
Tertiary transition. Iridium is basically an extrater-
restrial substance. All the iridium in Earth’s crust is
only one ten-thousandth of the iridium abundant in
meteorites. Alvarez selected iridium because it was
the best material to use in determining the amount of
debris that fell on Earth during this crucial period.
Iridium is deposited uniformly around Earth, and
Alvarez wanted to account for these uniform deposits.
He began with the theories of Sir George Stokes, who
formulated the viscosity law, a calculation of the rate
at which small particles fall in the air. Stokes had
based this law on his observations of the fallout of ash
from the huge eruption of the Krakatoa volcano near
Java in the 1880’s. After discounting many possible hy-
potheses, such as a gigantic volcanic eruption, a super-
nova, or Earth’s passing through a cosmic cloud of mo-
lecular hydrogen, Alvarez developed the hypothesis
that an asteroid had collided with Earth.

According to his calculations, the asteroid had to be
10 kilometers in diameter. Its impact would have been
catastrophic, far exceeding the worst nuclear scenario
yet proposed. As Alvarez said,

The worst nuclear scenario yet proposed considers
all fifty thousand nuclear warheads in U.S. and Rus-
sian hands going off more or less at once. That would
be a disaster four orders of magnitude less violent
than the K-T asteroid impact.

Alvarez knew that the margin for error in discoveries
was exponential, because of the possibility of mistakes
in the data. As more data were collected from other
sources, however, the argument only became stronger.
Although the asteroid hypothesis has not been fully ac-
cepted by the scientific community, a number of pre-
dictions based on the theory have been verified experi-
mentally and by computer simulation.



Nemesis should be the closest star to Earth
other than the Sun, it should exhibit greater
parallax than others. So far researchers survey-
ing the northern hemisphere have eliminated
more than half of the 3,100 red dwarf stars un-
der scrutiny. The search will continue until as-
tronomers have eliminated all candidates or un-
til Nemesis is found.

CONTEXT

The Nemesis and Planet X theories both
arose in response to other theories dealing with
the nature of extinction on Earth. The idea that
collision with an extraterrestrial object could
trigger mass-extinction events had been consid-
ered before 1980; however, that year saw the
first publication of compelling evidence sup-
porting an impact theory. A multidisciplinary
research team reported in the journal Science
that high concentrations of iridium detected in
rocks at the Cretaceous-Tertiary boundary were
possible evidence that an extraterrestrial agent

had ended the reign of the dinosaurs. Geologist
Walter Alvarez, physicist Luis Alvarez, and
nuclear chemists Frank Asaro and Helen V.
Michel proposed that an asteroid or comet
roughly 10 kilometers in diameter struck the
Earth 65 million years ago, severely affecting
the environment and depositing iridium. Their
post-impact scenario, according to which the
vast quantities of dust and gases flung into the
air affected global photosynthesis and tempera-
tures, caught the attention of researchers con-
templating the effects of nuclear warfare. They
applied the Alvarez team’s projections in devel-
oping a scenario similar to the “nuclear winter”
model advanced by Cornell astronomer Carl
Sagan in the early 1980’s.

In 1984, paleontologists David Raup and
J. John Sepkoski, Jr. published their findings on
the periodicity of extinctions. Using Sepkoski’s
extensive compendium of fossil-record data, the
research team was able to distinguish some mi-
nor extinction episodes from background extinc-

tion levels. They found that over
the past 225 million years sig-
nificant extinction events had
apparently occurred approxi-
mately every 26 million years.

The scientific community re-
sponded quickly with ideas that
united and relied upon both the
impact and periodic-extinction
theories. In April, 1984, the
journal Nature featured several
articles exploring the astro-
physical aspects of Raup and
Sepkoski’s 26-million-year pe-
riodicity. Among them was a
paper by Walter Alvarez and
physicist Richard Muller, who
found a 28.4-million-year peri-
odicity in large, well-dated im-
pact craters. In a separate arti-
cle that gave Nemesis its name,
Muller, along with astronomers
Marc Davis and Piet Hut, pro-
posed the existence of a small,
dim companion to the Sun, a
“death star,” that would period-
ically trigger comet showers on
Earth.
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The 65-million-year-old Chicxulub Crater, off Mexico’s Yucatán Penin-
sula, is buried beneath 2 kilometers of sediment. Gravity measurements
have resulted in this computer-generated gravity map of the crater. (Vir-
gil L. Sharpton, University of Alaska, Fairbanks)



Astronomers Daniel Whitmire and Albert
Jackson independently reached the conclusion
that a distant solar companion drives the ex-
tinctions. In January, 1985, Whitmire and as-
tronomer John Matese published a paper in Na-
ture that presented Planet X as the driving force
for periodic extinction events. Since then, scien-
tists have continued to investigate the possible
connection between extraterrestrial impact and
extinction, studying the distribution and signif-
icance of elevated iridium concentrations, ex-
ploring the idea of periodic extinction, and
searching for the mechanisms that may drive
mass-extinction events.

Nemesis, Planet X, and related theories have
generated considerable controversy and inter-
est within the scientific community. Geologists
and paleontologists learn that “the present is
the key to the past” and that the natural, often
gradual forces observable today can explain
past geologic events. Hence, to many of these
scientists the idea of sudden, violent, global ca-
tastrophe, the likes of which humankind has
never experienced, seems more like science fic-
tion than sound science. These theories also
challenge the notion that evolution’s primary
driving force is an internal force—competition
among species. If cometary impact does indeed
occur every 26 million years, external forces
such as environmental change may play a more
significant role in evolution than scientists pre-
viously assumed.

The connection of an asteroid impact (at
Chicxulub Crater) to the mass extinction at the
Cretaceous-Tertiary boundary is well accepted
within the scientific community. However, in
the early twenty-first century, some research-
ers proposed an asteroid impact to explain the
even greater mass extinction, often referred to
as the Great Dying, that occurred 248 million
years ago at the Permian-Triassic boundary. A
crater much larger than Chicxulub, buried un-
der 1.5 kilometers of ice in Antarctica, is dated
to about 248 million years. That crater also is
positioned such that the Siberian Traps are
located at the antipode of this crater. This hy-
pothesis suggests that seismic energy from the
enormous impact in Antarctica underwent an-
tipodal focusing through the Earth’s core to dev-
astate the area now known as the Siberian

Traps. That area also suffered tremendous vol-
canic activity about 248 million years ago. It
must be said that this scenario was quite contro-
versial in 2008, but then so was the original
Alvarez concept nearly three decades earlier.
More research is required before the Permian-
Triassic mass extinction in which over 95 per-
cent of all life on Earth died out might be ex-
plained in this fashion.

Nemesis and Planet X theories lost favor
with time. A number of researchers pointed out
that a red dwarf far from the Sun in a rather un-
stable orbit would likely escape into interstellar
space after only a few orbits. Continued obser-
vations failed to find a planet beyond Neptune
large enough to account for the disruption
of small bodies that then enter the inner solar
system.

It must also be pointed out that in 2006 the
International Astronomical Union approved a
new classification system for bodies in the solar
system. As a result, Pluto was demoted to the
status of a dwarf planet. This left the solar sys-
tem officially with eight full-fledged planets.
Thus the “X” in the Planet X theory could still
stand for unknown but would be incorrect if
associated with a yet-to-be-discovered tenth
planet beyond Pluto.

Karen N. Kähler
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Neptune’s Atmosphere
Categories: The Neptunian System; Planets

and Planetology

Neptune’s atmosphere exhibits surpris-
ingly rapid changes, large cloud systems,
extremely fast winds, and large-scale verti-
cal motions associated with heating from
outside and inside. These features were
quite unexpected for a planet so far away
from the Sun, where astronomers expected
to find a cold, featureless atmosphere.

OVERVIEW

Current models for Earth’s atmosphere as-
sume that the primary source of energy is solar
radiation. Some basic features of a planetary at-
mosphere can be predicted from the planet’s
mass and surface temperature. The mass has to
be large enough that the escape velocity of gas
at the surface is higher than the random ther-
mal motion speed of most of the molecules. The
temperature must be neither too high (as at
Mercury) nor so low that everything condenses
and freezes. Atmospheric pressure at any level
can then be related to the weight per unit area of
the gas above that level.

Neptune’s mass is 1.02 × 1026 kilograms,
which is roughly 17.09 times that of Earth. It ra-
diates nearly twice as much energy as it re-
ceives from the Sun, so that its internal heat is a
major factor in the atmospheric dynamics.

The “surface” of Neptune is arbitrarily de-
fined as being the level where the gas pressure
reaches 1 bar or 101.325 newtons per square
meter, this being the value of standard sea-level
pressure on Earth. The planet’s radius is de-
fined at this level. At the equator, this radius is
24,764 kilometers. Here the acceleration due to
gravity is 10.11 meters per second squared,
close to the Earth surface value of 9.81 meters
per second squared.

However, the gaseous atmosphere extends
down to levels where the pressure exceeds 1,000
bars. The boundary between the condensed
(solid and liquid) and gas-state substances is ill
defined but is believed to occur at about the
same radius as the Earth’s surface radius,
which is only about one-quarter of the radius of
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Neptune. Substances such as hydrogen, helium,
and methane exist as solids called “ices,” even
though their temperature is on the order of 700
kelvins or more.

The temperature decreases outward from
about 130 kelvins at 10 bars to 59 kelvins at
1 bar, the arbitrary gaseous “surface” of zero al-
titude. At altitudes where the pressure drops
from about 3 bars to 1 bar, the temperature
lapse rate on Uranus, which is similar in many
respects to Neptune, is on the order of 1 kelvin
per kilometer. The temperature drops to a mini-
mum of around 50 kelvins at an altitude of
roughly 50 kilometers, where the pressure is 0.1
bar. This is taken as the tropopause, or top of
the troposphere. The temperature then rises al-
most linearly to about 150 kelvins at about 200
kilometers, where pressure is 0.5 millibar. Tem-
perature remains constant at this level to about
500 kilometers, where pressure is 0.001 milli-
bar, defining the stratosphere. It then rises
again, reaching 275 kelvins at roughly 800 kilo-
meters, where pressure is 1 × 10−5 millibar. This
is the mesopause. At these high
levels, the temperature is be-
lieved to be due to any of three
mechanisms: the “dayglow,”
where diatomic hydrogen gets
dissociated by collision with
low-energy electrons; heating
by production of auroras due to
interaction of the magnetic field
with ions; or joule heating as
ions are accelerated by the mag-
netic field, relative to the move-
ment of the neutral gases in at-
mospheric winds.

The average composition of
Neptune’s atmosphere is 77 to
83 percent hydrogen, 16 to 22
percent helium and 1 to 2 per-
cent methane, with about 0.019
percent hydrogen deuteride and
traces of ethane. Oxygen is pres-
ent in water, nitrogen in ammo-
nia, and carbon dominantly in
methane, though some carbon
monoxide has been detected on
Neptune. Other elements, such
as sulfur, have also been de-

tected. It is believed that in the molten core of
the planet there is silicate rock.

Condensation clouds are present at various
levels in the Neptune atmosphere. Clouds of
water, ammonia, and hydrogen sulfide are pre-
dicted to form with a base at a level where pres-
sure is more than 500 bars and the tempera-
ture around 480 kelvins. Around 75 bars and
320 kelvins, “solution” clouds are present.
At around 50 bars and 270 kelvins, water-ice
clouds are present. Between 2 and 5 bars (100
and 150 kelvins respectively), clouds of solid
particles of ammonium hydrosulfide form.
Frozen ammonia crystal clouds form at around
5 bars and 120 kelvins. An ocean of ammonia
dissolved in water has been postulated to exist
below the 5-bar region. Frozen methane clouds
occur at around 2 bars to 0.5 bar (70 kelvins to
around 55 kelvins), according to predictive mod-
els. The temperature at the cloud tops is approx-
imately 55.1 kelvins. The fraction of methane in
the atmosphere at the 1-bar level is about 2 to 3
percent.
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Absorption of infrared by methane contrib-
utes to the observed light blue color of Neptune.
The fraction of methane drops significantly at
higher altitudes but is still well above the ratio
of methane to hydrogen found in the atmo-
sphere of the Sun. Traces of carbon monoxide
(CO) of about 1 part per million and hydrogen
cyanide (HCN) of about 1 part per billion have
been detected. The HCN is supposed to be
formed through photochemical reactions with
molecular nitrogen in the upper atmosphere.
The abundance of CO in the stratosphere is
greater than what can be explained by photo-
chemical formation. One hypothesis is that CO
comes from the lower regions. Another is that
CO is formed when ice-bearing meteorites ab-
late in the upper atmosphere, with the methane
participating in the reaction.

Neptune orbits the Sun once every 165 years
but rotates on its axis once every 16.05 hours.
The axis is inclined at 29°, so there are notice-
able seasonal changes. Over the past few de-

cades, the south pole has
been closer to the Sun and is
hence warmer. The cloud
cover has become noticeably
brighter, and there is evi-
dence of strong updrafts.

Heidi Hammel and other
researchers have concluded
from analysis of narrow-
angle images from Voyager 2
that large-scale cloud fea-
tures in the equatorial and
tropical regions move fast
enough against the direction
of rotation that their period
of rotation about the axis is
as high as 18.4 hours, com-
pared to the planet’s 16.05-
hour day, which is deduced
from radio signals based on
the planet’s internal rota-
tion. This gives wind speeds
of 325 meters per second, or
1,170 kilometers per hour. A
large “Dark Spot” seen in the
southern atmosphere by Voy-
ager 2 appears to have been
replaced by several dark

spots in the south and later in the far northern
hemisphere. These appear to be storms that
form and dissipate. In the dark spots, wind
speeds up to 2,400 kilometers per hour have
been postulated. Several bright spots seen in in-
frared images appear to indicate warmer rising
plumes of air that come from warm layers deep
down but reach the upper atmosphere.

KNOWLEDGE GAINED

Much of what is known about Neptune comes
from the Voyager 2 spacecraft, which transmit-
ted images from an approach distance of 4.48
million kilometers in 1989. The Hubble Space
Telescope in 1994-1995, mid-infrared data from
the Keck telescope in Hawaii, the National
Aeronautics and Space Administration (NASA)
Mauna Kea telescope, and the Very Large Array
radio telescope in New Mexico have added to our
understanding of Neptune.

Predictive models use data from the observed
emission and absorption through the atmo-
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sphere at various wavelengths of radiation.
Sunlight reflected off clouds in the upper tropo-
sphere and lower stratosphere shows bright
bands between 20° and 50° south. Distinct
bright clouds are seen around 70° south. A
bright south polar “dot” is visible. Observations
in narrow bands corresponding to the absorp-
tion wavelengths of methane and ethane show
that in the south polar regions, these sub-
stances appear to be less abundant. Scientists
argue that this indicates a subsiding flow in the
south polar region that draws the light gases
down into warmer regions of the atmosphere
and prevents them from freezing, as would hap-
pen if they rose into the upper atmosphere. The
subsiding flow heats the lower levels adiabati-
cally, while the lack of frozen crystals in the
“dry” upper atmosphere above the south polar
region makes the atmosphere transparent to
much greater depths and allows the warmer
regions below to be detected. It appears that
air is rising more in the mid-southern and
northern latitudes, and sinking at the equator
and the south pole. This global circulation pat-
tern is partially attributable to solar heating.
Smaller clouds, such as the bands observed
near 70° south latitude, are attributed to local
weather.

A controversial theory for the intense atmo-
spheric activity seen on this distant planet
comes from Glenn Orton and his team, investi-
gating an “electric universe theory.” They have
reported temperatures near Neptune’s south
pole that are high enough to allow gaseous
methane from lower levels to escape into the up-
per atmosphere without freezing. They attrib-
ute this level of energy input to Neptune to an
electrical connection with the rest of the solar
system and out to the surrounding interstellar
environment. Thus the heating is associated
more with perturbations of the magnetic field of
Neptune than with direct optical flow of ther-
mal energy from the faraway Sun. According to
this theory, Neptune is part of the “electric cir-
cuit” and hence can experience levels of energy
input that are impossible to predict using just
the distance from the Sun. Orton and his col-
leagues argue that conventional models of at-
mospheric dynamics based on solar heating fail
when dealing with faraway planets.

CONTEXT

Expected to be much colder and less active
than Uranus because it is 30 AU from the Sun,
Neptune has surprised scientists with its pro-
found seasonal changes in cloud cover and at-
mospheric circulation over the past twenty
years. This is about half of a season. Hammel
and colleagues conclude that cloud-top wind
speeds are roughly the same order for all plan-
ets ranging from Venus to Neptune, even
though solar energy inputs to their atmo-
spheres differ by three orders of magnitude. Es-
timates of Neptune’s internal energy and the
amount of solar radiation that reaches it do not
yet explain this level of activity. Radical theo-
ries of electric current flows from the Sun to the
outer limits of the solar system have been ad-
vanced as alternative explanations. Neptune
demonstrates, therefore, how the study of an ex-
treme situation can challenge models based on
Earth’s atmospheric behavior.

Continued observation of Neptune with both
ground-based telescopes and the Hubble Space
Telescope must suffice until a Neptune orbiter
similar to either the Galileo or Cassini designs
might be dispatched to Neptune. In early 2002,
such a probe, called the Neptune Orbiter Probe,
was investigated but not funded—in part be-
cause of its projected cost and in part because it
would have required nuclear propulsion to
make a trip to Neptune in a reasonable amount
of time. Such propulsion technology was not yet
available. When the James E. Webb Space Tele-
scope, an infrared observatory, enters service, it
will join the instruments currently used to scru-
tinize the dynamics of Neptune’s atmosphere.

Narayanan M. Komerath
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Neptune’s Great Dark
Spots
Categories: The Neptunian System; Planets

and Planetology

An elliptical atmospheric feature in Nep-
tune’s southern hemisphere—one large
enough to contain Earth—was named the
Great Dark Spot in 1989. It was inter-
preted as an anticyclonic storm. This dark
spot eventually disappeared, but others
subsequently appeared in the high north-
ern latitudes. Given our understanding of
terrestrial storms as driven by solar heat-
ing, and that Uranus, which is larger and
closer to the Sun, did not show such activ-
ity until recently, such phenomena on dis-
tant Neptune were very surprising.

OVERVIEW

Images taken through filters that permit the
passage of light at wavelengths of 467 nanome-
ters were taken by the Voyager 2 spacecraft in
1989 at a distance of 2.8 million kilometers.
Those images revealed an elliptic feature
darker in albedo by about 10 percent. Covering
between 30° and 45° of longitude and 8° to 17° of
latitude, the Great Dark Spot (GDS) is about
the size of Earth. It was initially positioned at
27° south latitude, drifting toward the equator
at about 1.2° per month. Given the nomencla-
ture GDS89, the Great Dark Spot was tracked
from 27° to 17° south latitude over eight months
and interpreted as a depression in Neptune’s at-
mosphere, indicating a strong vortex such as a
hurricane. GDS89 had a companion bright
cloud band on one edge. This surprised astrono-
mers after receiving featureless images of Ura-
nus, a planet larger and closer to the Sun, dur-
ing the Voyager 2 flyby in January, 1986.

In order to understand the concept of the
Great Dark Spot, it is helpful to understand the
vortex dynamics of storms. When gas heats up
in the lower atmosphere and becomes less
dense, it forms a “sinklike” flow, moving inward
and then rising. The plume starts rotating,
since conservation of angular momentum am-
plifies any difference in tangential speed as the
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radius decreases. In hurricanes that cover
many degrees of latitude on a planet, the direc-
tion of rotation is predictable because of the
Coriolis effect, whereby wind velocity interacts
with the planet’s rotation. The core remains
clear of clouds and has rising warm air inside,
while clouds revolve fastest around its periph-
ery. As the plume reaches levels with lower den-
sity, the flow spreads out and the rotation slows
outward. The warm, moist air (above Earth)
condenses into clouds. Outside the core, cold air
sinks. Thus, from observed cloud-top movement
and temperature gradients, the strength of the
storm and its axial upflow can be determined,
along with the density differences and energy
input that drive the storm. Prevailing regional
winds and the Coriolis effect drive the storm
across longitudes and toward the equator.

Near GDS89, wind speeds up to 2,400 kilo-
meters per hour were recorded, but prevailing
regional winds were on the order of 900 to 1,500
kilometers per hour. In addition to its drift,
GDS89 showed oscillations of about 14° ampli-
tude about the horizontal, with an eight-day
period. Its aspect ratio fluctuated between 0.35
and 0.55, the longitudinal size varying between
30° and 45°, and the latitudinal extent between
12° and 17°. Over a 225-day
period, GDS89 became increas-
ingly circular. It also showed
“tadpole-like tails,” dark fea-
tures off each of the smaller
sides. A 1990 paper reported a
dynamic model for such oscilla-
tions based on a single isolated
vortex embedded in a shearing
flow, and derived lower limits
for the Rossby radius of defor-
mation relating Coriolis forces
and buoyancy forces.

In 1994, the Hubble Space
Telescope (HST) observed that
GDS89 had disappeared, but
other dark spots appeared in
the northern hemisphere. The
Northern Great Dark Spot
(NGDS32), a very stable dark
spot, stayed near 32° north
from around 1994 to 1996, and
perhaps until 2000. Another

dark spot, NGDS15, stayed near 15° north from
March, 1996, to June, 1997. NGDS32 drifted
across longitudes very steadily at about 36° per
day. The drift rate of NGDS15, being much
closer to the pole, proved harder to estimate.
Bright methane clouds were associated with
specific latitudes in any given period, but the ac-
tive latitudes changed from −25° and −30° in
1989 to −30° and −46° in 1994-1996. Astrono-
mers Heidi Hammel and G. Wesley Lockwood
noted that GDS appeared in images where the
dominant radiation was at 467 nanometers
(blue), close to the brightest spots in the red (619
nanometers) and infrared (889 nanometers) ex-
isting on the planet at the time.

More detailed three-dimensional vortex sim-
ulations in 1998 provided explanations for the
appearance of overlapping ellipses and corre-
lated the drift rate of the spots with the prevail-
ing wind speeds in the region. They predicted
the breakup of these anticyclones near the
equator, with Rossby waves propagating out
over a few weeks. A 2001 paper in Icarus by
P. W. Stratman et al. used simulations of
storms, along with measurements of the bright
accompanying clouds of the GDS, to estimate
the atmospheric level where the top of the GDS
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should occur. If the top were in the stratosphere,
the GDS would drift too quickly toward the
equator and disperse. If the top were deep inside
the troposphere, the clouds would be much
larger than what was seen. Hence the top of a
GDS should be near the tropopause. Based on
this result, the pressure drop along a streamline
threaded through a companion cloud was on the
order of 3 millibars and the temperature change
was on the order of one kelvin, indicating a lift-
ing on the order of half a kilometer and relative
wind speeds between the dark spot and the sur-
rounding winds of 45 meters per second east-
ward.

However, a 2002 paper in Icarus by L. A.
Sromovsky et al. showed that the steady lati-
tudes maintained by NGDS32 and NGDS15 are
not consistent with the model of anticyclonic
storms, which should have moved strongly
across latitudes. Computational fluid dynamic
simulations by R. P. LeBeau and colleagues in
2006 and 2007 captured shape and oscillation
phenomena similar to those of GDS89, but the
size and oscillation amplitudes were off by as
much as a factor of two. They calculated the
shear profile in the background winds of Nep-
tune that would be needed to explain the slow
drift toward the equator of GDS89, but the
much slower rates of the northern dark spots re-
main a challenge to explain.

In comparison, for more than three hundred
years the Great Red Spot (GRS) of Jupiter has
circled that planet along a southern latitude
with minimal longitudinal drift. Attempts to ex-
plain the GRS as the flow around a high solid
surface peak have been abandoned, and it is
now considered to be a shallow cloud system
trapped between shearing layers of horizontal
winds. The redness relative to the surrounding
white ammonia clouds indicates some tempera-
ture difference. Efforts to model the GRS as a
vortical upwelling of fluid from below have met
with limited success. It is not certain that the
dark spots of Neptune are shallow structures, or
that they extend to the cloud tops, rather than
being features lying below clear atmospheric re-
gions.

In 2006, the Hubble Space Telescope de-
tected a dark spot more than 1,000 kilometers
in extent, at 27° south latitude on Uranus. This

observation was made as that planet began ex-
periencing increased atmospheric activity with
the coming of summer in its eighty-four-year
orbit around the Sun. Scientists believe that
Uranus is not as bland as Voyager 2’s images
suggested. Instead, as the amount of solar radi-
ation that the planet intercepts increases, the
planet may develop features seen in the atmo-
spheres of the other gas giant planets.

KNOWLEDGE GAINED

What is known about the Great Dark Spots
comes from images taken by the Voyager 2
spacecraft in 1989, by the Hubble Space Tele-
scope from 1994 to 2000, and by ground-based
optical and radio telescopes, including the Keck
telescope, the Mauna Kea observatory, and the
Very Large Array radio telescope in New Mex-
ico. These are all passive observations, and the
investigations for which they provide evidence
depend on analyzing images taken with various
filters that show specific wavelengths. Given
the great distance, even the latest Hubble ob-
servations do not begin to approach the resolu-
tion achieved with Voyager 2’s 1970’s-vintage
cameras. The narrow-angle camera on Voyager
2 was the instrument used to capture cloud-top
images, which were then used to calculate wind
speeds at that level.

Radio telescopes capture signals that should
indicate rotation of the magnetic field and the
internal structure of the planet, and hence give
rotation rates based on those factors. With a
planet composed mostly of fluid, there can be
large differences between these rotation rates,
which remain unexplained but are attributed to
extremely high winds, which imply large fric-
tional losses that require high energy input.
The structure of the dark spots is derived
mostly from simulations of fluid mechanics
based on what is known of terrestrial storm sys-
tems and the limited data from these planets.

Researchers continue to model the dark spots
using the fluid mechanics of hurricanes. Their
speed of travel around the planet appears to
match what is known or assumed of local wind
speeds. However, their slowness in crossing lat-
itudes requires fortuitous combinations of wind
profiles to explain. Their shorter persistence
compared to the Great Red Spot of Jupiter ap-
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pears consistent with the much higher “wind
speed” and the shear between different zones
prevailing on Neptune. The spectral contrast
suggests the presence of different gases and dif-
ferent temperature in the center of a spot, sug-
gesting strong vertical motions of gas from the
warmer depths of Neptune. The absence of fea-
tures inside the dark spots, unlike the clouds
seen above the GRS, frustrates efforts to derive
their interior structure and vorticity directly.

CONTEXT

The driving engine for Neptune’s dark spots
remains puzzling, since the small changes in so-
lar intensity associated with seasonal changes
do not provide sufficient differences to explain
these mysterious phenomena. If such strong
weather activity can occur with such low inten-
sity of sunlight, clearly much remains to be
learned about why the Earth’s weather behaves
as it does. Observations of summertime on Ura-
nus in the next decade may explain some of the
mysteries, but Neptune’s great dark spots are
unlikely to yield their secrets until spacecraft
descend through the Neptunian atmosphere to
probe the planet’s winds. New discoveries from
such missions could greatly improve our ability
to predict the course and evolution of killer
storms on Earth.

In 2002 a study was convened to investigate
the possibility of a Neptune Orbiter Probe, but
the concept was not funded and was hampered
by the need for nuclear propulsion technology,
still to be developed. Until the development of a
nuclear propulsion system capable of making
the journey to Neptune in a timely fashion with
a large payload, the likelihood of a follow-up
spacecraft-based investigation of Neptune is
relatively small. In the meantime, continuing
study of Neptune and its atmospheric features
will be conducted using the Hubble Space Tele-
scope and ground-based observatories like the
Keck telescope.

Narayanan M. Komerath
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Neptune’s Interior
Categories: The Neptunian System; Planets

and Planetology

Neptune is a gas giant planet, so its interior
structure is completely different from that
of the terrestrial planets and most similar
to that of Uranus, another gas giant. The
most likely structure consists of a relatively
small rocky core, an icy layer, and a molec-
ular hydrogen layer. The interior is then
covered with an atmospheric layer of hy-
drogen, helium, and various other gases.
Neptune’s interior lacks the metallic hy-
drogen layer found in Jupiter and Saturn.

OVERVIEW

It is not possible to conduct direct studies of
planetary interiors, including Earth’s, so as-
tronomers must resort to indirect clues to infer
the interior structures and compositions of
planets. These clues can include characteristics

of the bulk density, the planetary magnetic
field, seismic activity and waves for terrestrial
planets, and heat flow from the interior.

The two major classes of planets in the solar
system are the Jovian planets and the terres-
trial planets. Jupiter is the prototype for the
Jovian planets, which also include Saturn, Ura-
nus, and Neptune. Earth is the prototype for
terrestrial planets, which also include Mercury,
Venus, and Mars. Earth’s moon is also very sim-
ilar in structure to the terrestrial planets. In
oversimplified terms, Jovian planets are big
balls of gas, and terrestrial planets are small
balls of rock and metal.

A planet’s bulk density is one clue to its inte-
rior composition and structure. Density is de-
fined as the mass divided by the volume. Both
an object’s mass and its volume depend on the
object’s composition and how much of that ma-
terial there is. For example, a boulder has a
greater volume and mass than a pebble made of
the same type of rock. However, the amount of
material cancels out when dividing the mass by
the volume. Therefore the density of a boulder
and the density of a pebble made of the same
type of rock will be the same, even if the boulder
is as large as a planet. Density is a property of
the type of material but not how much material
there is, so the density of a planet can tell us
something about its composition. Water has a
density of 1.000 kilograms per meter cubed (km/
m3). Planets with approximately this density
are primarily icy materials or gas. Planets with
a density of approximately 2,000 to 3,000 km/m3

are typically made of rocky materials. Planets
with a density of 7,000 to 9,000 km/m3 would be
primarily metallic in composition. Planets with
densities between these ranges are mixtures
of materials. Neptune has a density of 1,600
km/m3. It must therefore be mostly ice or gas.
This density, the highest of the Jovian planets, is
slightly greater than the density of Uranus and
significantly greater than the densities of Jupi-
ter and Saturn. Therefore, the rocky cores of
Neptune and Uranus constitute a larger portion
of their total mass than do the cores of Jupiter or
Saturn. Because Neptune’s density is slightly
greater than that of Uranus, the two planets
must have differences in their interior composi-
tions, despite their very close similarities.
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Seismic activity can give us clues to the inte-
riors of only the terrestrial planets (which are
solid and therefore have seismic activity). Nep-
tune is a gas giant planet with no potential for
seismic activity, so this potential clue does not
apply to Neptune.

Because the Jovian planets are gas, astrono-
mers can use the ideal gas law for theoretical
calculations of interior properties. This equa-
tion relates the temperature, density, and pres-
sure of the gas.

Planetwide magnetic fields give us clues to
the planets’ interiors. All magnetic fields are ul-
timately produced by some type of electric cur-
rent, so in order for a planet to have a magnetic
field, its interior must contain a liquid or gas
layer that can conduct electricity. The planet’s
rotation helps set up the electric currents in this
layer. A composition of iron or other ferromag-
netic materials can enhance the magnetic field
produced by the interior electric currents but is
not essential. Neptune does have a strong mag-
netic field that is comparable in strength to
those of Saturn and Uranus. Like that of Ura-
nus, Neptune’s magnetic field axis is tilted sig-
nificantly from its rotational axis. The tilt is 46°
in the case of Neptune. The center of Neptune’s
magnetic dipole is displaced significantly from
the center of the planet. This displacement is
even greater than for Uranus. No other planets
have such displacements or tilts of their mag-
netic dipoles. If the icy layer is not completely
solid, but at least partially molten, then the
water can conduct electric currents and produce
a magnetic field. Impurities in the water in-
crease its ability to conduct electricity. Hence
we infer that Neptune’s icy layer is not com-
pletely solid and the molten regions are not
symmetric about the center of the planet.

With the exception of Uranus, the Jovian
planets emit more energy than they receive
from the Sun. Neptune emits about three times
as much energy as it receives from the Sun. This
extra energy must come from somewhere, and
the only place available is the planet’s interior.
Therefore the interiors of the Jovian planets, in-
cluding Neptune, must be hot. When a gas giant
planet forms, its own gravity compresses the
gas. Agas heats up when it is compressed, so the
interiors of gas giant planets should be hot.

Neptune therefore has a hot interior, as ex-
pected from the behavior of gases and confirmed
by the heat flowing outward from the interior to
the surface. The existence of large storms and
weather on Neptune provides additional evi-
dence that heat energy, which is needed to
power storms, flows upward from the interior.

Putting all these clues together, astronomers
can infer the interior structure of Neptune. The
innermost layer is a rocky core. Neptune’s rocky
core is approximately the size of Earth and has
a temperature of about 7,000 kelvins. The mass
of Neptune’s rocky core is most likely a little
less than ten times the mass of Earth, but esti-
mates range from four to fifteen times Earth’s
mass. The rocky core is more massive than
Earth, even though it is about the same size, be-
cause the high temperatures and pressures in
the core of the planet increase the density of the
rock.

Above the rocky core, Neptune has an icy
mantle consisting primarily of water, methane,
and ammonia ice that is not completely frozen.
The ice is slushy rather than completely frozen.
Hence convection currents can flow in this man-
tle. The convection currents carry heat from the
interior to the surface. They also help form Nep-
tune’s magnetic field. As the slushy material
circulates, it is moving in the Sun’s extended
magnetic field. This motion induces electric cur-
rents in the slush. The slushy water ice has am-
monia dissolved in it, so it conducts electricity
very well. These induced electric currents in-
duce Neptune’s magnetic field. Electric cur-
rents induce magnetic fields and moving or
changing magnetic fields induce electric cur-
rents. If the regions where the magnetic field is
generated are far from the center of the planet
and distributed asymmetrically around the
planet, then the magnetic field would be tilted
and displaced as the Voyager 2 data show.

The outermost layer of Neptune’s interior is
molecular hydrogen. The temperature, pres-
sure, and density of the molecular hydrogen
layer increases with depth. The icy layer can
form despite high temperatures because the
freezing temperature of water increases as the
pressure increases.

Neptune’s interior structure is similar to that
of Uranus but dissimilar from the interiors of
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the other gas giants, Jupiter and Saturn, which
have a metallic hydrogen layer in addition to
these layers. Neptune and Uranus do not have
metallic hydrogen layers because the pressure
in the hydrogen layers is not high enough for hy-
drogen to become metallic hydrogen rather than
molecular hydrogen.

KNOWLEDGE GAINED

Most of what is known about Neptune and its
interior comes from the Voyager 2 mission. Af-
ter flying by Jupiter and Saturn, Voyager 1 flew
out of the plane of the solar system. Voyager 2
flew on to Uranus and Neptune. The Neptune
flyby was in 1989. To date, this is the only space-
craft to explore either Uranus or Neptune. All
other observations are from ground-based or or-
biting telescopes. Examples of the knowledge of
Neptune gained from the Voyager mission in-
clude measuring the planet’s magnetic field,
taking more accurate measurements of Nep-
tune’s mass and therefore its density, and dis-
covering its surface storms.

The Great Dark Spot that the Voyager dis-
covered on Neptune is a large storm, similar in
nature to the great red spot on Jupiter. Since
the Voyager mission, the Hubble Space Tele-
scope has been able to take pictures with
enough resolution to allow astronomers to fol-
low weather patterns on Neptune. Storm sys-
tems on Neptune change. Weather and large
storm systems require energy to drive them. On
Earth the energy comes from the Sun, but Nep-
tune is too far from the Sun for solar energy to
drive the storms and weather astronomers ob-
serve. Therefore the needed energy must come
from the interior of the planet. Uranus, though
very similar to Neptune, does not have such
storms. It is deduced, therefore, that Neptune
has a much hotter interior than Uranus.

The interior differences among the four
Jovian planets provide with clues to their for-
mation. Jupiter, Saturn, Uranus, and Neptune
all have rocky cores of approximately the same
size and mass. Jupiter and Saturn, however,
have much more hydrogen and helium sur-
rounding their rocky cores. This observation
suggests that Uranus and Neptune formed
much later than Jupiter and Saturn, at a time
when the protoplanetary disk had dissipated

more of its hydrogen and helium gas. At the
greater distance from the Sun, the small
planetesimals that had to merge to form the
cores of Uranus and Neptune were farther
apart and therefore took longer to merge.

Neptune, like the other planets, is differenti-
ated into layers. The denser materials are closer
to the center. Differentiation in solid terrestrial
planets tells us that they were at one time liq-
uid, because denser materials would sink only
in a fluid, not in a solid. Smaller satellites that
were never liquid are not differentiated.

CONTEXT

Comparing the interiors of other planets
casts light on Earth’s interior, just as knowl-
edge of Earth’s interior provides insights into
other planets. These comparisons of how plane-
tary interiors develop provide clues to the ori-
gins of the planets and to the processes that
shape planetary interiors and compositions.

To date, only one spacecraft, Voyager 2, has
studied the outer planets Uranus and Neptune.
No probes have yet flown by Pluto. This paucity
of robotic probes to the outer solar system limits
our understanding of these planets. When hu-
mans send additional spacecraft to the outer-
most reaches of the solar system, our under-
standing will increase. When we send another
probe to Neptune, our knowledge of the planet
and its interior will increase dramatically. It is
very likely to completely change our ideas about
Neptune’s interior.

Paul A. Heckert
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planets of the solar system summarizes our
understanding of planetary interiors in chap-
ter 8.

Hester, Jeff, et al. Twenty-First Century Astron-
omy. New York: W. W. Norton, 2007. Chapter
8 of this well-illustrated astronomy textbook
is about the Jovian planets and includes a
good discussion of their planetary interiors.

Morrison, David, Sidney Wolf, and Andrew
Fraknoi. Abell’s Exploration of the Universe.
7th ed. Philadelphia: Saunders College Pub-
lishing, 1995. The outer planets are covered
in chapter 16 of this classic astronomy text-
book.

Zeilik, Michael. Astronomy: The Evolving Uni-
verse. 9th ed. Cambridge, England: Cam-
bridge University Press, 2002. An extremely
well written introductory astronomy text-
book. Chapter 10 is an overview of our knowl-
edge of the Jovian planets.

Zeilik, Michael, and Stephen A. Gregory. Intro-
ductory Astronomy and Astrophysics. 4th ed.
Fort Worth, Tex.: Saunders College Pub-
lishing, 1998. Aimed at undergraduate phys-
ics or astronomy majors, this textbook goes
into more mathematical depth than most in-
troductory astronomy textbooks. Chapter 6
covers the basic principles of the Jovian
planets.

See also: Auroras; Dwarf Planets; Earth’s At-
mosphere; Earth’s Composition; Jovian Plan-
ets; Neptune’s Atmosphere; Neptune’s Great
Dark Spots; Neptune’s Magnetic Field; Nep-
tune’s Ring System; Neptune’s Satellites; Plan-
etary Atmospheres; Planetary Classifications;
Planetary Interiors; Planetary Magnetospheres;
Planetary Ring Systems; Planetary Rotation;
Planetary Satellites; Planetology: Compara-
tive; Pluto and Charon; Uranus’s Atmosphere;
Uranus’s Interior.

Neptune’s Magnetic Field
Categories: The Neptunian System; Planets

and Planetology

Neptune is the eighth planet outward from
the Sun. Although classified a Jovian or
“gas giant” planet, Neptune shares more
similarities with Uranus than it does with
Jupiter or Saturn. Neptune’s magnetic
field is inferred to be generated in a man-
ner akin to that which produces Uranus’s
magnetic field.

OVERVIEW

The first planet to be discovered during the
telescope age was Uranus, the seventh planet
from the Sun. The planets from Mercury (clos-
est to the Sun) out through Saturn (sixth from
the Sun) were known to the ancients. No records
exist that pinpoint a discovery event in each of
these planets’ cases. After Sir William Herschel
announced the discovery of Uranus in 1781, ob-
servers began making precise determinations of
Uranus’s orbit about the Sun.

Unexpected motions in the orbit of Uranus
led many to suspect that a planet existed far-
ther out in the solar system, one that exerted
gravitational influences on Uranus that per-
turbed its orbit. A search followed for a new
planet to join the family of seven planets in the
contemporary solar system model. This search
was greatly guided by mathematical analysis
using the young field of celestial mechanics, as
based on an understanding of Newtonian gravi-
tation. The basis of that analysis involved calcu-
lating where a body would have to be located be-
yond Uranus in order to account for measured
variations in the orbit of Uranus.

Who actually discovered Neptune has been a
matter of debate. Calculations in 1843 by John
Couch Adams were dispatched to Astronomer
Royal Sir George Airy, but the latter failed to
be convinced. He even asked Adams to send
proof of the validity of his work. Adams ap-
peared to be either disappointed or insulted by
Airy’s dismissal, and he never responded. Two
years later, Urbain Le Verrier published an in-
dependent calculation that did generate some
interest in Airy. Efforts at Cambridge Observa-
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tory failed to find the eighth planet, but when
Le Verrier asked the Berlin Observatory to aim
a telescope toward a particular region of the
sky, Johann Gottfried Galle reacted immedi-
ately on the request. Neptune was found on
September 23, 1846. Its position was just one
degree off from Le Verrier’s calculation and
twelve from Adams’s. In the aftermath, the
British and French argued over who actually
discovered the new planet. Adding to the con-
troversy was the fact that Cambridge records
indicated Neptune was charted months earlier
than Galle’s observation. However, those rec-
ords did not recognize Neptune as a planet.
Even in the last years of the twentieth century,
there were those who argued against giving Le
Verrier and Adams joint credit as Neptune’s
discoverers.

In the thirteen decades since its discovery,
information about Neptune has been garnered
only by using ever-increasingly large Earth-
based telescopes. Then, in 1977, a special oppor-
tunity arose for sending a single spacecraft to
explore the outer solar system making use of
gravity assists in turn from Jupiter to Saturn to
Uranus to Neptune. The National Aeronautics
and Space Administration (NASA) was able to
launch Voyager 2 on such a “Grand Tour.” Voy-
ager 2 encountered Jupiter in 1979, Saturn in
1981, Uranus in 1986, and then Neptune in
1989.

Just as it had at Uranus, Voyager 2 would an-
swer the very basic question of whether or not
Neptune had a magnetic field. The answer, be it
in the affirmative or the negative, would pro-
vide considerable insight into the interior struc-
ture of Neptune. Voyager 2 indeed found Nep-
tune to be a dynamic world that generates more
heat energy than the radiation it receives from
the Sun. It generates a complex and dynamic
magnetic field that has left scientists with much
to consider concerning the implications of that
magnetic field for the structure and evolution of
the planet.

KNOWLEDGE GAINED

There are a number of means whereby a mag-
netic field can be detected. Most of them make
use of electromagnetic induction in that a volt-
age is induced in a coil by intercepting a time-

dependent magnetic flux within that coil. That
is the basis of sophisticated magnetometers
such as that flown on the Voyager 2 spacecraft.
Scientists had to be careful in interpreting read-
ings from the spacecraft’s magnetometer, in
that it picked up magnetic effects created by the
solar wind even at the distant position of Nep-
tune. Solar wind particles become trapped
within a planet’s magnetosphere, and that gen-
erates its magnetic field.

The Voyager 2 Neptune encounter began on
June 5, 1989, with the spacecraft still 117 mil-
lion kilometers distant from the planet. Voy-
ager first detected radio waves, indicating it
had crossed into Neptune’s magnetosphere, on
August 24. The spacecraft came within 4,400 ki-
lometers of Neptune’s upper atmosphere on Au-
gust 25. The spacecraft remained inside Nep-
tune’s magnetosphere for a total of thirty-eight
hours and noted that Neptune’s magnetic “bub-
ble” was affected by both the planet’s ring sys-
tem and its satellites. The planet’s magneto-
sphere exists for 35 Neptune radii on the
sunward side and out to 72 radii behind the
planet. That varies with the strength of the so-
lar wind. Several days later the Neptune near-
encounter phase ended after Voyager passed
close to Neptune’s large satellite Triton. Triton
especially alters the outermost portion of Nep-
tune’s magnetosphere. Triton revolves about
Neptune in a retrograde fashion. Charged parti-
cles within the magnetosphere near Triton also
include nitrogen ions that originate from cryo-
geyser eruptions on this satellite.

Voyager 2 also found radiation belts trapped
in the planet’s expansive magnetosphere, al-
though charged particle density in Neptune’s
magnetosphere was found to be less than that at
Uranus. The composition of the trapped parti-
cles primarily includes protons, electrons, and
ionized molecular hydrogen and helium.

Analysis of Voyager 2 data from both the
spacecraft’s magnetometer and radio astron-
omy experiment indicated that Neptune’s mag-
netic field varies considerably as the planet
rotates in the presence of the solar wind.
Neptune’s magnetic field is dominated by its
dipole character, but it also has a strong
quadrupole component. A quadrupole can be
understood as if it were two bar magnets ori-
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ented at right angles to each other. The field
strength near the equatorial region is 1.42
microteslas. Neptune’s dipole strength is 2.2 ×
1017 tesla-meters cubed. Uranus’s dipole mo-
ment is nearly double that value. The planet’s
quadrupole moment is due in large part to an
offset of the field center from the planet’s center.
Octupole and higher moments could not be de-
termined accurately.

The center of Neptune’s field is displaced
from the planet’s center by approximately 0.55
planetary radius, which corresponds to 55 per-
cent of the planet’s radius. The planet’s mag-
netic field is also tilted significantly, 47° rela-
tive to the planet’s rotational axis, as was the
case at Uranus.

On Earth, trapped particles spiral around
magnetic field lines and dip down into the atmo-
sphere over polar regions, creating auroras by
exciting atmospheric gases. Voyager 2 detected
auroral activity in Neptune’s atmosphere, but
in large part because of the complexity of Nep-
tune’s magnetic field structure, the observed
auroral activity was not confined to areas near
the magnetic poles of the planet.

Observations of Neptune’s magnetic field
provided insight into Neptune’s interior. Like
Uranus, Neptune is believed to have a liquid
layer of high electrical conductivity in motion
powered by internal heat flow from the core
beneath. This results in a dynamo effect from
this fluid mantle region, which is composed of
water, ammonia, methane, and lesser amounts
of volatile substances. Planetary rotation re-
sults in complex variations of Neptune’s mag-
netic field.

Neptune is a radio source as a result of its ro-
tation and the fact that it possesses a reason-
ably strong magnetic field. Rotation of the mag-
netic field is determined by the observed
periodicity in the planet’s radio emissions. That
provided a better means of determining Nep-
tune’s rotation rate than attempting to monitor
the time taken for atmospheric features, such as
streamers or large storms, to make a compete
rotation. A gas giant’s atmosphere rotates dif-
ferentially. The planetary core is involved in
producing the magnetic field, and radio emis-
sions led scientists to determine Neptune’s core
rotates once every 16.11667 hours.

CONTEXT

After Uranus, Neptune was the second
planet in the solar system to be discovered by
telescopic observations. Just as the search for
Neptune originated based on irregularities no-
ticed in the orbit of Uranus, perturbations of
Neptune’s orbit led to a search for yet another
planet in the outer solar system. In 1930, Pluto
was discovered by Clyde Tombaugh, but ironi-
cally Pluto did not explain Neptune’s orbital ir-
regularities. Also, as of 2006, the International
Astronomical Union no longer classifies Pluto
as a planet, but rather Pluto is now considered
to be either a dwarf planet or the first represen-
tative of a class of objects called plutoids.

For more than one hundred years since the
planet’s discovery, the only means to investi-
gate Neptune was by using ever-larger Earth-
based optical telescopes. Then, with the advent
of the space age and the confluence of a special
configuration of planets in the outer solar sys-
tem that arises only once every 176 years, it be-
came possible to send a spacecraft from Earth:
Voyager 2. It traveled in turn to Jupiter, Sat-
urn, Uranus, and Neptune. The Voyager 2 flyby
of Neptune generated the best available data
and images about this mysterious blue world to
that time.

After that Voyager flyby, the Hubble Space
Telescope was used in the 1990’s and 2000’s to
make continual observations of Neptune. How-
ever, at this time only a new spacecraft mission
can advance our knowledge of Neptune’s mag-
netic field. A proposal advanced in 2002 for the
Neptune Orbiter Probe was investigated in
2003 as part of NASA’s response to the Bush ad-
ministration’s Vision for Space Exploration but
was not funded at that time. Planetary scien-
tists continued to indicate strong support for a
mission, in the class of the Cassini orbiter, to in-
vestigate both Uranus and Neptune. The need
to develop nuclear propulsion to get to the outer
solar system, however, will need to be met first.

David G. Fisher
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Neptune’s Ring System
Categories: The Neptunian System; Planets

and Planetology

While all of the gas giant planets have ring
systems, Neptune’s are unique. They con-
sist of a series of concentric rings and par-
tial arcs. Why Neptune’s rings developed
differently is still a matter of debate among
scientists.
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OVERVIEW

After Uranus’s discovery, scien-
tists noticed that it did not behave as
expected. They concluded that gravi-
tational effects of a yet unknown
planet caused discrepancies noted in
Uranus’s orbit. In the early 1840’s,
British astronomer John Adams and
French mathematician Urbain Le
Verrier independently calculated the
unknown planet’s orbit and mass. In
1846, German astronomer Johann
Galle discovered Neptune within one
or two degrees of its predicted loca-
tion.

It was not until 1984, however,
that scientists at two observatories
found the first evidence of a ring sys-
tem around Neptune. On July 22 of
that year, Neptune occulted star
SAO 186001. Astronomers use the
occultation of stars to look for rings
and satellites or to measure a planet’s
exact size. The observatories (which
were located in Chile about 100 kilo-
meters apart) recorded a brief occultation last-
ing just a second. The starlight was reduced by a
mere 35 percent when Neptune passed across
the line of sight from Earth to the star. Usually
this would be considered evidence of a new sat-
ellite. In this case, however, to fit with the data,
a satellite would only have been only 10 to 20 ki-
lometers in diameter. The astronomers con-
cluded instead that they had discovered a ring
around Neptune. However, neither observatory
noticed any reduction in starlight on the other
side of Neptune.

Neptune’s arc-type ring structures remained
a mystery until the Voyager 2 spacecraft ar-
rived at Neptune in 1989. The first images from
Voyager were taken at a distance of about 20.8
million kilometers during Voyager’s approach
to Neptune. The photographs showed two arcs
around the planet. The first arc was about
48,000 kilometers long and tilted at a 45° angle
with respect to Neptune. The inner arc was
about 9,600 kilometers wide, at a distance of ap-
proximately 51,680,300 kilometers from Nep-
tune’s center. Both arcs were found near recently
discovered satellites of the planet. Voyager 2 lo-

cated the partial rings early enough for scien-
tists at the spacecraft’s headquarters in Califor-
nia to redirect its camera toward them. Initial
photographs showed a differing brightness in
the rings, which scientists thought might have
resulted from size, density, or rock variations
among the ring particles. Saturn’s F ring has a
similar varying brightness.

On August 23, 1989, Voyager 2 transmitted
images back to Earth that solved the partial
ring arc mystery. The arcs are actually full rings
that encircle Neptune but are not completely
visible from Earth. The spacecraft photo-
graphed the rings in both forward and back-
ward scattered light. Microscopic particles can-
not be seen from Earth, since they are too small
to reflect enough sunlight to be seen at such a
distance. However, when they were backlit—
imaged with the Sun behind them—Voyager 2’s
cameras were able to detect them as small dust
particulates.

In total, Neptune has five rings and partial
arcs. The innermost ring, named Galle, is inside
the orbit of Neptune’s satellite Naiad. This ring
is composed mostly of dust, resembling the par-
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tial arcs. The Le Verrier ring is next closest to
Neptune. It is also the second most prominent of
the rings. It is narrow and dusty, located 700 ki-
lometers outside the orbit of Despina. The wid-
est ring, Lassell, extends for 4,000 kilometers. It
is one of the less dusty and more complete rings.
Its outer edge, which is significantly brighter
than the rest, has been named the Arago ring.
The outer and most prominent ring is named af-
ter one of Neptune’s discoverers, Adams. Or-
biting Neptune about 1,000 kilometers outside
the path of Galatea, it is narrow and dim in com-
parison to the bright rings of Uranus and Sat-
urn. The Adams ring also contains five ring
arcs: Courage, Liberté, Égalité (1 and 2), and
Fraternité.

After Voyager 2 reached Neptune, astrono-
mers knew that the planet had a complete ring
system. They still did not know, however, what
had caused the arcs of the Adams ring to remain
incomplete. In 1991, planetary scientist Caro-
lyn Porco postulated that the arcs were a result
of Neptune’s signature satellite Galatea. The
small satellite orbits Neptune 1,000 kilometers
inside the Adams ring. Porco argues that Gala-
tea acts as a shepherding moon, whose gravita-
tional effects keep the matter in the arcs from
forming a complete ring. Analysis of data col-

lected by Voyager 2 shows that the arcs “wig-
gle,” or shift positions, by up to 30 kilometers.
Porco believes arc distortion occurs at the right
speed to be attributed to the small satellite.
Critics of this theory point out that ring-arc ma-
terial would need to have orbits that intersect
each other in order to maintain its overall
shape. Porco agrees that this would cause colli-
sions leading to the inevitable destruction of the
arcs themselves. Her model also only partly ex-
plains the possible origin of the arcs. It can only
determine places where arcs are more likely to
develop, not specifically where they already
have developed. Because of the lumpiness of the
partial rings, Porco and other scientists believe
they could once have been a small moon that
was destroyed.

In 1999, a group of scientists argued that
Galatea cannot be the sole influence causing
Neptune’s arcs. They studied data collected in
1998 using the Hubble Space Telescope. The
largest change in position was of the Liberté
arc, which was displaced 1.9° compared to the
Égalité arc. The scientists argued that this find-
ing was not a result of varying particle size,
given Voyager data that support size conformity
within the arc. Their findings, however, do not
rule out the shepherding moon theory that re-
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Rings of Neptune

Radius (km)
Radius/

Eq. Radius
Optical
Depth Albedo (×10–3) Width (km)

Neptune equator 24,766 1.000 — — —
Galle (1989N3R) ~41,900 1.692 ~0.00008 ~15 ~2,000
LeVerrier (1989N2R) ~53,200 2.148 ~0.002 ~15 ~110
Lassell (1989N4R*) ~53,200 2.148 ~0.00015 ~15 ~4,000
Arago (1989N4R*) ~57,200 2.310 — — <~100
Unnamed (indistinct) 61,950 2.501 — — —
Adams (1989N1R) 62,933 2.541 ~0.0045 ~15 ~50
Arcs in Adams Ring:

Courage 62,933 2.541 0.12 — ~15
Liberté 62,933 2.541 0.12 — ~15
Egalité 1 62,933 2.541 0.12 ~40 ~15
Egalité 2 62,933 2.541 0.12 ~40 ~15
Fraternité 62,933 2.541 0.12 — ~15

Notes: *Lassell and Arago were originally identified as one ring, designated 1989N4R.
Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,

National Space Science Data Center.



lies on the effects of two satellites. Porco and her
colleague Fathi Namouni published a paper in
2002 again arguing in favor of their Galatea
shepherding-moon model. They believe that
Galatea’s elliptical orbit keeps the arc particles
from having many collisions. By refining the
mathematical model of Neptune’s ring system,
Porco and Namouni proved that Galatea might
still be the answer to the arc mystery. More pre-
cise data concerning Galatea’s orbit and the
partial rings are needed before scientists will be
able to determine what really causes the arcs
around Neptune.

In 2002 and 2003, a group of scientists led by
Imke de Pater photographed Neptune’s outer
rings. Studying the images, they discovered
that all of Neptune’s arcs appear to be fading
away. The Liberté arc showed the most deterio-
ration when compared with the Voyager data. If
the dissipation continues at its current rate, the
Liberté arc will be gone within one hundred
years. Their observation proved that whatever
is holding the ring arcs together is not regener-
ating them fast enough to sustain them.

KNOWLEDGE GAINED

Several stellar occultations with Neptune
were observed, but only five showed evidence of
a ring or arc system. Scientists working at the
European Southern Observatory and the Chil-
ean Cerro Tololo Observatory both witnessed
the same brief occultation of star SAO 186001.
The two teams noticed that the planet itself did
not block the star, because the starlight dimin-
ished by only about 35 percent. Neither group
was able to locate any reduction of light on the
opposite side of Neptune. These data led to the
conclusion that Neptune had only a partial ring
or arc system.

The Voyager program consisted of two space-
craft focused on studying the outer planets of
our solar system. Launched in 1977, Voyager 2
reached Neptune twelve years later. The space-
craft had two video cameras, infrared and ultra-
violet spectrometers, and other instruments. It
was not until Voyager 2 started its approach to-
ward Neptune that the first photographs of the
rings and arcs were taken. Scientists learned
that Neptune in fact did have a mostly complete
ring system, like the rest of the gas giants, but

that the dust particles that composed the major-
ity of the rings were too small to be detected by
Earth-based telescopes. Full rings could be seen
only when backlit by the Sun—a view scientists
can get only with the use of space probes such as
Voyager.

Scientists have more recently been able to
use the Hubble Space Telescope’s Near Infra-
red Camera and Multi-Object Spectrometer
(NICMOS) to study Neptune’s ring system. The
camera was powerful enough to detect ring arcs
during two different occultations in 1998. One
of the difficulties in studying them from Earth is
the visual proximity of the rings to Neptune it-
self. NICMOS solved this problem by using a
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A wide-angle image from Voyager 2, captured in
1989, shows two main Neptunian rings and a faint,
inner ring, behind which stars shine. The long expo-
sure resulted in the brightness of Neptune’s disk.
(NASA)



special filter that blocks wavelengths at which
methane, a main component of Neptune’s atmo-
sphere, reflects light.

Starting around the year 2000, astronomers
were able to use Earth-based telescopes to study
Neptune’s ring system. Imke de Pater and his
colleagues viewed Neptune’s ring arcs using the
10-meter Keck Telescope in Hawaii. Advances
in image resolution and light-gathering power
made this possible. However, the Keck can still
detect only the brighter Adams ring; the others
remain too faint for it to observe. When the Keck
data were analyzed, scientists found evidence
that the ring arcs are fading away, with the
Liberté arc showing the most damage. If the
arcs continue to degrade at the rate they have
since 1989, within a hundred years they will
have disappeared.

CONTEXT

All of the gas giants in our solar system have
ring systems. They all share similarities and
have their differences as well. Neptune’s system
contains five full rings and five arcs. Until tele-
scope technology advances enough to detect the
faint dust particles that compose the rings, only
the brightest, outermost ring, the Adams ring,
will be able to be photographed from Earth.

Learning more about the ring systems prom-
ises to help scientists better understand the ori-
gins and evolution of the solar system itself. Sci-
entists are also still debating what is preventing
Neptune’s arcs from forming complete rings.
The two main competing theories are based on
the idea of shepherding moons that gravitation-
ally trap the particles in arcs. Further advance-
ments must be made before more can be learned
about Neptune’s ring system, and sending an-
other spacecraft, with more advanced instru-
ments, will be the best way to do so. However,
Voyager reached Neptune only through the
“gravity assists” of the other planets, which
were aligned in a way that occurs only once ev-
ery 176 years. Short of waiting another century
for the planets to realign, the only way to send a
new probe to Neptune (preferably one in the
Cassini class) would be to develop nuclear pro-
pulsion systems that are still in the research
and development phases.

Jennifer L. Campbell
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Neptune’s Satellites
Categories: Natural Planetary Satellites; The

Neptunian System; Planets and
Planetology

Neptune’s family of thirteen known satel-
lites has challenged astronomers to push
the limits of their observational technology
and theoretical knowledge. While similar
in some respects to the satellite systems of
the other three Jovian planets, Neptune’s
satellites, especially Triton, have proven to
have unique characteristics, which allow
astronomers to increase their understand-
ing of conditions in the early solar system.

OVERVIEW

Eight days after Neptune’s discovery on Sep-
tember 23, 1846, astronomer John Herschel
sent a letter to colleague William Lassell, sug-
gesting that he might turn his telescope toward
the new planet to search for satellites. Nine
days later, on October 10, Lassell discovered
what would become known as Triton, the larg-
est satellite of Neptune and the seventh largest
satellite in the solar system, with a diameter of
2,706 kilometers. The satellite’s name is cred-
ited to French astronomer Camille Flammarion
and was used unofficially for decades before be-

ing officially adopted. Mythologically, Triton
was the son of the Greek sea god Poseidon (Ro-
man name, Neptune).

Triton proved to be puzzling to astronomers;
unlike most large satellites, it orbits its planet
retrograde, or “backward” (opposite to the direc-
tion of Neptune’s rotation). Its orbit is nearly
circular but is highly inclined to Neptune’s
equator (23°). These anomalous features led as-
tronomers to hypothesize that Triton was cap-
tured by Neptune’s gravity during a close ap-
proach to the planet, despite the fact that other
planetary satellites suggested to be likewise
captured, such as Saturn’s Phoebe, are much
smaller.

Despite several searches, no other satellites
were discovered around Neptune until the
Dutch-born astronomer Gerard Kuiper found a
faint (magnitude 19.5) satellite using the 82-
inch telescope at McDonald Observatory in
1949. The name Nereid was suggested, after the
fifty sea-nymph daughters of Nereus and Doris,
attendants of Poseidon in Greek mythology. As
strange as Triton’s orbit was, Nereid’s was no
less peculiar. Although it orbits Neptune in a
prograde direction at an average distance some
fifteen times greater than that of Triton, its or-
bit is highly elongated (eccentric), with its most
distant orbital point nearly seven times farther
than its closest approach to the planet. Such an
orbit is more similar to that of a comet than the
orbits of most satellites, so—although at a di-
ameter of 340 kilometers Nereid is larger than
most asteroids—some astronomers suggested
that it also was captured by Neptune’s gravity.
Others pointed an accusatory finger at Triton,
suggesting that the capture of Triton might
have disrupted Nereid’s original orbit. The dis-
covery of Nereid thus led to more questions than
answers, some of which awaited the flyby of the
Voyager 2 spacecraft in late August, 1989.

Nereid was too distant (4.7 million kilome-
ters) to be effectively imaged by Voyager 2,
which has proven to be a lingering source of
frustration to astronomers. The brightness of
the satellite is known to change on both short
and long timescales, which astronomers have
interpreted as due to the rotation of the satellite
(although no definitive period can be estab-
lished). The changes in brightness may be due
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to differences in the surface material on differ-
ent sides of the satellite (as in the case of Sat-
urn’s satellite Iapetus) or a nonspherical shape.
Interestingly, water ice has been spectroscopi-
cally found on the surface, leading to specula-
tions that the satellite’s surface might be a mix-
ture of ice and some dark material, similar to
the satellites of the other Jovian planets (and
dissimilar to known Kuiper Belt objects). In ad-
dition, Halimede, the innermost of the outer five
irregular satellites, has spectroscopic similari-
ties to Nereid, and their orbits have a 0.41 in 1
probability of collision during the history of the
solar system. This has led to the suggestion that
Halimede is a splinter of a nonspherical Nereid.

The other three Jovian planets were found to
have many satellites, which could be divided
into two broad classes: regular moons, usually
larger in size with prograde, nearly circular or-
bits nearer the planet; and more distant, irregu-
lar satellites, usually smaller and with greater
orbital eccentricities and inclinations. Irregular
satellites appear to be captured objects, while
regular satellites were considered to be the
“original” satellites of the planet, dating from
the formation of the planet itself. Since Voya-
ger 2 had discovered three new satellites around
Jupiter, four at Saturn, and ten orbiting Ura-
nus, it was not surprising when the Voyager 2
imaging team announced the discovery of a new
Neptunian satellite in June, 1989, two months
before the probe’s closest approach to Neptune.
Now named Proteus for a Greek sea god, it is ac-
tually larger than Nereid (416 kilometers in di-
ameter), although it is exceedingly difficult to
observe from earthbound telescopes because of
its close orbit (roughly a third Triton’s distance
from Neptune).

Three more satellites, all roughly one-third
the size of Proteus and orbiting closer to Nep-
tune, now named Larissa, Galatea, and Des-
pina, were discovered in late July, 1989. It was
later determined that Larissa had been the
cause of a brief dip in brightness seen in a star
that Neptune had nearly occulted in May, 1981,
an observation that had initially been explained
as due to the planet’s then undiscovered rings.
Thalassa and Naiad, each a fraction of the size
of Proteus, were discovered orbiting even closer
to Neptune only a few days before Voyager’s Au-

gust 25, 1989, closest approach. The names
were selected from mythological characters as-
sociated with Poseidon/Neptune, according to
the International Astronomical Union’s (IAU’s)
convention for Neptunian satellites and based
on the historical precedence of Triton and Ne-
reid. For example, Despina was a daughter of
Poseidon and Demeter, and Galatea was one of
the Nereids. All six of the new satellites were
“regular” in the sense that they had prograde
orbits that were nearly circular and, with the
exception of Naiad, were well aligned with Nep-
tune’s equator.

Following the Voyager 2 flyby, numerous at-
tempts were made to discover additional satel-
lites orbiting farther from Neptune than Ne-
reid, which led to the discovery of five
“irregular” satellites in 2002 and 2003: in order
out from Nereid, these were named Halimede,
Sao, Laomedeia, Psamathe, and Neso, all
named after individual Nereids in Greek my-
thology. Sao and Laomedeia have prograde or-
bits, the other three satellites orbit retrograde,
and all five satellites have significant orbital ec-
centricities (0.3-0.6). Each is between approxi-
mately 40 and 60 kilometers wide, comparable
to Naiad or smaller, and are largely presumed
to have been captured by Neptune.

KNOWLEDGE GAINED

Even though Neptune was found to have
both “regular” and “irregular” satellites, signifi-
cant mysteries remained after their discovery.
The five innermost satellites were found to be
potato-shaped (not unexpected for small satel-
lites whose self-gravity is small). However,
some astronomers felt this was more evidence of
violence in the Neptunian system. The large
size of Triton and its surprising orbit suggested
that it had played an important role in the past
and future dynamics of the entire satellite sys-
tem. In 1966, Thomas McCord calculated these
effects and found that Triton is in an unstable
orbit that eventually will lead to its destruction
in possibly tens of millions of years (or more).
When it passes inside Neptune’s Roche limit,
tidal effects will tear it to shreds. McCord also
suggested that Nereid’s peculiar orbit was
caused by the effects of Triton’s capture and
later orbital evolution from an initially para-
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bolic or nearly parabolic orbit to a nearly circu-
lar one.

Later researchers continued to use various
computer simulations and computational tech-
niques to model the evolution of the Neptunian
system, in an attempt to explain both the gross
and subtle characteristics of each moon’s orbit.
Many astronomers presume that Neptune had
an original generation of satellites, possibly
similar to the satellites of Uranus, which was
destroyed in the aftermath of Triton’s capture,
either through mutual collisions between the
satellites or through satellites being gravita-
tionally slingshot out of the Neptunian system.
The debris is posited to have formed a disk,
some of which was accreted by Triton, increas-
ing its diameter and mass, while some of the
material accreted to form the currently ob-
served six regular (inner) satellites. The irregu-
lar (outer) satellites are suggested to be survi-
vors from this catastrophic event. An unknown
number of other satellites collided with each
other or one of the larger satellites, or were
slingshot out of the system. In the process, the
orbits of some of the satellites that were origi-
nally in the retrograde-type orbits (normally
seen in irregular satellites) were changed into
prograde orbits. The orbits of all thirteen satel-
lites have slowly evolved since then through
mutual gravitational effects, and these orbits
continue to evolve today.

The detailed images taken of Triton by Voy-
ager 2 strengthened the assumption that it was
originally a Kuiper Belt object (similar to Pluto).
One of the other important discoveries of the
Voyager 2 Neptune flyby was Neptune’s five
rings, named (in order out from Neptune) Galle,
Le Verrier, Lassell, Arago, and Adams. As in the
case of the other Jovian planets, astronomers ex-
pected the ring system and the inner moons to
have gravitational interactions. It is suggested
that Galatea affects the particles of the Adams
ring, which orbit just beyond the orbit of Galatea,
although the exact nature of the gravitational
resonance is still being debated. Interestingly,
it is the Adams ring that has the famous “arcs”
(which led to its nickname, the “sausage ring”).
Despina, Thalassa, and Naiad orbit between the
Le Verrier and Galle rings. Despina has been
suggested to be acting as a shepherding moon.

Astronomers continue to explore the details
of the satellites’ orbital dynamics through cut-
ting-edge computer simulations and theoretical
models, and in so doing test our assumptions
about the evolution of the solar system in gen-
eral and the Jovian planets in particular.

CONTEXT

The Voyager 2 mission led to an explosion of
knowledge about the Neptunian system, as it
did for the Jovian, Saturnian, and Uranian sys-
tems before it. However, given the late discov-
ery of the regular satellites, Voyager 2 was able
to target only the outermost four of the eight
then-known satellites: Triton, Nereid, Proteus,
and Larissa.

Little is known about the composition of the
other satellites, although they are presumed to
have low densities (0.4-0.8) similar to that of
Saturn’s small satellites Janus, Epimetheus,
and Prometheus. Since the exact orbital inter-
actions between the satellites depends on their
densities, further research into those dynamics
will allow astronomers to put further con-
straints on the satellites’ densities, and hence
compositions, and any future observational evi-
dence gathered on the satellites’ compositions
will lead to further refinements in models of the
Neptunian system’s dynamic history. There-
fore, although Voyager 2 has certainly been a
boon to Neptune researchers, further signifi-
cant breakthroughs certainly await any future
spacecraft visiting Neptune and its thirteen sat-
ellites.

Kristine Larsen
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Neutrino Astronomy
Category: Scientific Methods

Neutrinos—nearly massless particles with
no charge—are generated in nuclear reac-
tions, such as those deep in the interior of
the Sun and other stars or in stellar explo-
sions. Neutrinos do not readily interact
with matter, which makes their detection
difficult, but their detection is important,
because it provides a way to probe basic
energy-generation processes in stars and
stellar explosions.

OVERVIEW

Neutrinos are uncharged, massless or nearly
massless, particles, first proposed in 1930 by
physicist Wolfgang Pauli to account for the ap-
parent missing energy in beta decay. Beta decay
is the emission of an electron from the nucleus of
some radioactive elements. To balance energy
but manage to go unobserved in the experi-
ments that had been conducted, Pauli’s hypo-
thetical neutrino had to interact only very
weakly with ordinary matter. For more than
thirty-five years, particle physicists were un-
able to confirm the existence of Pauli’s elusive
particle experimentally.

Efforts to detect the neutrino rest on observ-
ing one of the consequences of “inverse beta de-
cay,” a process in which a neutrino collides with
a proton and they are transformed into a neu-
tron plus a positron. Neutrino detectors can
function by using a photomultiplier to detect the
Cherenkov light emitted by the relativistic posi-
tron, or by using scintillation counters to detect
gamma rays given off by annihilation of the pos-
itron when it encounters an electron. Crude es-
timates of the likelihood of inverse beta decay
reactions suggest that a single neutrino would
have to pass through a solid wall many billions
of kilometers thick to have, on the average, just
one such interaction. These estimates indicate
that neutrino detectors have to be very large in
order to detect a single neutrino interaction
event.

In 1956, physicists Clyde L. Cowan and Fred-
erick Reines, working at the Los Alamos Na-
tional Laboratory, built the world’s largest scin-
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tillation counter, a device to detect the small
flash of light given off by the interaction of a
neutrino in the apparatus. When placed adja-
cent to the Savannah River Nuclear Reactor, a
high-power reactor that produces about 1018

neutrinos per second, their apparatus detected
only one neutrino interaction every twenty min-
utes. Nevertheless, Cowan and Reines were
able to confirm the existence of Pauli’s elusive
particle.

Thermonuclear reactions occurring in the
core of the Sun also produce neutrinos. High
temperatures and pressures in the Sun’s core
permit nuclear reactions in which two hydrogen
nuclei combine to form a deuterium nucleus, a
positron, and a neutrino. This process, called
the “p-p reaction,” also releases a considerable
amount of energy. The resulting deuterium nu-
clei can then react to form helium and again re-
lease energy causing the core temperature to
rise. This process allows the helium nuclei to
combine to form an even heavier nucleus. Two of
these reactions are important to the production
of neutrinos inside the Sun. In the “beryllium-
electron capture” reaction, a beryllium 7 nu-
cleus combines with an electron to form lithium
7 and a neutrino. Eventually, this lithium 7 will
react with a proton to produce boron 8. The bo-
ron 8 can then decay into two helium nuclei, a
positron, and a neutrino.

Eventually, fusion reactions in a star will ter-
minate when the core has been converted into
iron, since reactions that produce even heavier
elements from iron all use energy rather than
releasing it. At this stage, if the mass of the star
is large enough, the core collapses under its own
weight, converting protons into neutrons and
emitting a burst of neutrinos. The result is a su-
pernova explosion, accompanied by an intense
but short burst of neutrino emission and the for-
mation of a neutron star. Efforts to model the
supernova explosion process indicate that, al-
though a bright flash of visible light can be ob-
served for months after the explosion, about 99
percent of the energy is carried away by the neu-
trinos.

Neutrinos produced in the core of the Sun, be-
cause of their low probability of interaction, can
pass entirely through the Sun and reach Earth
unimpeded. Their number and energies carry

information about temperature, pressure, and
nuclear reaction processes in the core.

There are three major neutrino-producing re-
actions in the Sun: the p-p reaction, which pro-
duces neutrinos with a continuous range of en-
ergies up to about 420,000 electron volts (eV);
the beryllium-electron capture reaction, which
produces neutrinos with a single energy of
862,000 eV (this reaction produces about thir-
teen times fewer neutrinos than the p-p reac-
tion); and the boron-decay reaction, which pro-
duces neutrinos with a continuous energy
distribution up to about 15 million eV (this reac-
tion produces about one ten-thousandth as
many neutrinos as the p-p reaction). Although
the boron-decay reaction produces far fewer
neutrinos than either of the other two reactions,
the high energy of these decay neutrinos makes
them much easier to detect on Earth.

Efforts to develop an apparatus for neutrino
astronomy have concentrated on detecting the
continuous flux of neutrinos emitted by nuclear
reactions in the Sun and short bursts from su-
pernova events. Theoretical models of both pro-
cesses have predicted the number and energies
of the neutrinos to be expected from both
sources.

At the same time that Cowan and Reines
were attempting to detect the neutrino, a chem-
ist at Brookhaven National Laboratory, Ray-
mond Davis, Jr., began experiments that even-
tually led to the detection of neutrinos from the
Sun. Rather than employing an electronic de-
tector, which counted individual events as they
occurred, Davis used an idea, originally sug-
gested in 1948 by Bruno Pontecorvo, for a chem-
ical detector that could accumulate the chemical
by-product of neutrino reactions over several
months. Pontecorvo’s idea rested on the fact
that a neutrino interacting with a neutron in an
atom of chlorine 37 transforms that nucleus into
a nucleus of argon 37. It was hoped that argon,
being a chemically inert gas, could be extracted
easily from large volumes of chlorine-rich liq-
uid. Since argon 37 is radioactive, it could be
identified easily by its decay following extrac-
tion. Between 1954 and 1956, Davis tested a
version of this detector, containing 1,000 gal-
lons of chlorine-rich carbon tetrachloride, lo-
cated near a nuclear reactor at the Brookhaven
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National Laboratory. In the scientific paper de-
scribing their results, Davis suggested that this
detector could be scaled up in size to permit de-
tection of solar neutrinos. The chlorine 37 reac-
tion, however, requires energetic neutrinos, so
it is sensitive only to the high-energy neutrinos
produced by the boron-decay reaction in the
Sun.

After several pilot projects to demonstrate
the effectiveness of the radiochemical tech-
niques for neutrino detection, Davis con-
structed a solar neutrino observatory buried
about 2 kilometers below the surface in the
Homestake Gold Mine in Lead, South Dakota.
The neutrino detector consisted of a large cylin-
drical tank, 6 meters in diameter and 15 meters
long, containing 100,000 gallons of perchloro-
ethylene (containing 520 tons of chlorine). The
tank was surrounded by water to shield the de-
tector from neutrons emitted by trace quanti-
ties of uranium and thorium in the walls of the
mine. The detector was first placed into opera-
tion in May, 1967, and was allowed to sit pas-
sively accumulating argon atoms from neutrino
interactions for periods of one to three months.
Then, Davis would extract the argon produced
during the accumulation period and determine
the argon 37 abundance by counting its decays.
Using this apparatus, Davis succeeded in ob-
serving neutrinos from the boron-decay reac-
tion in the Sun. His detector, however, provided
neither directional information nor time resolu-
tion.

To sort out the signals from a supernova
would require a directional instrument with
real-time response. For these efforts, astrophys-
icists returned to electronic detectors tradition-
ally employed in particle physics but greatly
enlarged because of the low probability for neu-
trino interactions. These detectors consist of
large tanks of water serving as targets for neu-
trino interactions by inverse beta decay. The
water tanks are surrounded by photomultiplier
detectors that see the tiny flash of Cherenkov
radiation emitted by each relativisitic positron
as it traverses the water. A consortium of physi-
cists from the University of California at Irvine,
the University of Michigan, and Brookhaven
National Laboratory (IMB) operates a 7,000-ton
water tank detector in a mine just outside

Cleveland, Ohio. A second such detector, the
Kamiokande II detector, containing 3,000 tons
of water, is operated by Japanese physicists in
the Kamioka Mine about 300 kilometers west of
Tokyo. Both of these detectors recorded neu-
trino emissions from Supernova 1987A, provid-
ing information on the energy distribution and
flux of neutrinos for comparison with theoreti-
cal models of the explosion process.

Neither the chlorine detector operated by Da-
vis nor the IMB or Kamiokande II water and
Cherenkov detector is sensitive to the lowest-
energy neutrinos, which are those from the p-p
reaction. To detect these low-energy neutrinos,
astrophysicists are employing the chemical de-
tection technique. The target is gallium, since
gallium 71 can interact with a neutrino to pro-
duce germanium 71 and an electron. The ger-
manium can be separated from the gallium,
providing a measure of the neutrino flux. A neu-
trino detector consisting of 20 tons of pure gal-
lium was commissioned at Baksan in the Soviet
Union in early 1990. Like Davis’s chlorine de-
tector, this detector, as well as a similar one
planned for operation in Gran Sasso, Italy, pro-
vides no information on the time or direction of
the neutrino. Nevertheless, its sensitivity to
low-energy neutrinos will permit detection of
the neutrinos produced by the p-p reaction in
the Sun.

APPLICATIONS

Astrophysical models of the Sun prominent
in the 1950’s and 1960’s led Davis to suspect
that the neutrino detector would record many
events each month. To describe his results, Da-
vis had defined a new unit, the solar neutrino
unit (SNU), with one SNU corresponding to the
production of a single atom of argon 37 in his ap-
paratus every six days. Theoretical calculations
in 1963 by astrophysicist John N. Bahcall, using
the then current astrophysical models of the re-
actions occurring in the core of the Sun as well
as the accepted physical properties of the neu-
trino, gave an expected capture rate of 50 SNUs.

Initial results from Davis’s detector, from a
40-day run in May and June, 1967, and a 110-
day run in June through October, 1967, were
startling. Davis placed an upper limit of 3
SNUs, almost one-twentieth the expected
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amount, on the solar neutrino flux, but his re-
sults were consistent with detecting no solar
neutrinos at all. Initially, astrophysicists sus-
pected that the experiment was flawed, but Da-
vis undertook a series of calibration experi-
ments to establish the efficiency of his detector.
He concluded that the experiment was not
flawed. Bahcall repeated the theoretical calcu-
lations in 1969, using revised values for the nu-
clear reactions in the Sun. The new results low-
ered the expected flux to 8 SNUs; however,
Bahcall could not explain the much lower re-
sults reported by Davis.

Davis improved his argon decay detector in
1970, increasing the sensitivity of the experi-
ment. This improvement allowed the first detec-
tion of solar neutrinos. Although it lacked direc-
tional sensitivity in the detector, the source
could only be inferred, because the Sun was ex-
pected to be the brightest continuous neutrino
source in the sky. Davis’s measurements contin-
ued almost uninterrupted from 1967 to 1990,
giving essentially the same results over the en-
tire period. The long-term average measured for
more than twenty years is only 2.3 solar neu-
trino units, well below the most recent theoreti-
cal predictions. The low solar neutrino detection
rate observed by Davis was confirmed by the
Japanese Kamiokande II neutrino detector,
which began operation in January, 1986. Since
the Kamiokande II detector is an electronic de-
tector, providing real-time information on the
neutrino’s direction, the Japanese physicists
were able to confirm, as had been suspected,
that most of the neutrinos detected were from
the Sun.

Two general ways have been proposed to ex-
plain the large discrepancy between the flux of
boron decay neutrinos from the Sun and the
number expected from the astrophysical mod-
els. Either the physicists’ basic understanding
of the neutrino and its interactions is wrong or
the astrophysical models of the interior of the
Sun are incorrect. Physicists have suggested
that the neutrino might have a small mass,
which would alter some of the calculated reac-
tion rates, or that the neutrinos emitted by the
Sun might change into a second type of neu-
trino, not able to participate in the inverse beta-
decay reactions on which the detectors rely. As-

trophysicists, on the other hand, have sug-
gested that, since the boron-decay reaction is a
minor reaction in the core of the Sun, the real
test of the solar model will come with the results
from the gallium detectors, which will be sensi-
tive to the p-p reaction.

A resolution to the solar neutrino problem
came from the Sudbury Neutrino Observatory
(SNO) in Canada in 2001. That detector incor-
porated 1,000 metric tons of heavy water (water
where the hydrogen is replaced by deuterium)
and 10,000 photomultiplier tubes located in a
nickel mine 2 kilometers underground. SNO re-
sults were verified by the Super Kamiokonde
neutrino detector array. A ramification of neu-
trinos having even a small value of mass is that
they can change flavor. Electron neutrinos pro-
duced in nuclear reactions deep in the Sun’s
core could transform into muon and tau neutri-
nos before reaching Earth. Previous neutrino
detectors were only capable of registering neu-
trinos of the electron flavor. Although SNO
could detect the other flavors, it could not pre-
cisely determine the neutrino mass. The mass
was estimated to be between 0.05 and 0.18 eV.
Apart from solving the solar neutrino problem,
another ramification of neutrinos having mass
is that they may account for some, but not all, of
the missing mass in cosmological models.

Neutrinos from supernovae were expected to
be of much higher energy than those from the
Sun and clustered very tightly in time. The first
extrasolar neutrino event to be observed was
Supernova 1987A, an explosion in the Large
Magellanic Cloud. Both the IMB and Kamio-
kande detectors saw neutrino bursts, with eight
neutrinos detected by IMB in a seven-second
window and eleven detected by the Kamiokande
II detector in a thirteen-second window. Based
on the detector efficiency, 3 × 1016 neutrinos
from Supernova 1987A passed through the IMB
detector, resulting in eight interactions.

The number and energies of the neutrinos de-
tected from Supernova 1987A were in general
agreement with theoretical predictions. The
Kamiokande II investigators indicate that the
temperature of the explosion, as inferred from
the neutrino energy distribution, is consistent
with supernova models. Also, the time that
elapsed between the neutrino burst and the op-
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tical brightening was consistent with model es-
timates for the blue giant progenitor star. The
Japanese investigators calculated that neutri-
nos carried off 8 × 1052 ergs of energy, much
more than the 1049 estimated to have been car-
ried by the electromagnetic radiation. This find-
ing confirms theoretical models showing that
most of the gravitational energy liberated in the
stellar collapse is carried away by neutrinos. If
these data had been analyzed in real time, they
would have provided an early warning for the
optical astronomers, since the neutrino burst
was observed three hours before the first optical
sighting of the explosion.

CONTEXT

Neutrino astronomy, although still in its in-
fancy, has called into question basic ideas about
how the Sun generates its energy and has con-
firmed models of the supernova explosion pro-
cess.

The discrepancy between the minimum num-
ber of solar neutrinos expected theoretically
and the actual number detected by Davis was
referred to as the “solar neutrino problem.” Ex-
planations for this discrepancy between theory
and experiment have focused on two areas: Ei-
ther the astrophysical models of the Sun are
wrong or the physicists’ understanding of the
neutrino and its interactions is wrong. Modifi-
cations to the models for the Sun would require
that the temperature or the helium content of
the core is lower than modeled. On the other
hand, the neutrinos emitted by the Sun may
change type (from electron neutrinos to muon
neutrinos) on their way from the Sun to the
Earth. Since the detectors are sensitive only to
the electron neutrinos, they would miss the
muon neutrinos. The Sudbury Neutron Obser-
vatory and the Kamiokande neutrino detectors
produced data that indicated that this solar
neutrino problem was resolved as a result of
neutrino oscillation. Earlier detectors could
only pick up the electron flavor, but electron-
flavor neutrinos transform into the muon and
tau flavors. When that oscillation was taken
into account, the validity of solar models was
verified; the solar neutrino problem was no lon-
ger an issue, as the observed neutrino flux
matched theoretical models.

Observation of a neutrino burst from Super-
nova 1987A was a more successful application
of the theory and was consistent with theories
of stellar explosions. Measurements demon-
strated that most of the energy liberated in the
gravitational collapse of a supernova is carried
off by neutrinos. The study of these particles is
important to the understanding of the super-
nova process.

The success of the early experiments in neu-
trino astronomy spurred proposals for other,
more advanced instruments. The Japanese
group proposed a Super Kamiokande detector,
containing 32,000 tons of water. This detector
would be able to register so many solar neutrinos
from the boron-decay reaction that it could mon-
itor the temperature of the solar core with an ac-
curacy of 1 percent over weekly intervals. Also,
the Super Kamiokande detector would be able
to detect about four thousand neutrinos from
each supernova occurring within the Milky Way,
including events near the galactic center, which
are shielded from optical observation because of
the large amount of material along that direc-
tion. Such observation would provide informa-
tion on the dynamics of star collapse. Super
Kamiokande began operation in 1996. Then in
2001, more than 6,600 of its photomultiplier
tubes imploded in a chain reaction. Efforts to
reengineer the design to preclude such an un-
fortunate accident were set in motion. By 2006,
Super Kamiokande II was back in operation.

Other detectors, including the Ga-Ge detec-
tor operated by Russia, will focus their efforts
on observing the low-energy neutrinos from the
Sun. Since the neutrinos are able to pass
through the Sun unimpeded, they provide the
only way to observe directly the nuclear pro-
cesses occurring in its core.

George J. Flynn
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Novae, Bursters, and
X-Ray Sources
Category: The Stellar Context

Many stars undergo violent changes in ac-
tivity during their evolution as their chemi-
cal and physical makeups change. These
stars—which include novae, supernovae,
neutron stars, and black holes—release
tremendous quantities of electromagnetic
radiation (including X rays) during their
violent phases.
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OVERVIEW

The universe consists of perhaps 1 trillion
galaxies. Each of these galaxies contains on the
average approximately 100 billion stars, as-
suming that the universe is homogeneous. A
star is a massive accumulation of hydrogen and
helium atoms initially formed from the big bang
explosion that created the universe, between 13
and 14 billion years ago. An average star such
as the Sun, which is classified as a G2 star, con-
tains the mass of more than 1 million Earths.
Inside a star, the intense pressures and temper-
atures generated by the gravitational attrac-
tion of the hydrogen and helium atoms results
in the fusion, or combining, of these atoms. Ef-
fectively, a star is 100 million hydrogen (fusion)
bombs exploding every second. Hydrogen fuses
to form helium during the star’s early life. Once
hydrogen fuel is exhausted, helium is fused to
form beryllium, lithium, and heavier elements.
This process of thermonuclear nucleosynthesis
continues as the progressively older star burns
heavier and heavier elements.

The heaviest element that can be synthe-
sized inside a star is iron, which the star cannot
burn. Once nothing is left in the star’s core ex-
cept iron, the star may follow two possible routes,
depending upon its star’s size. An average-size
star such as Earth’s Sun will expand and con-
tract, periodically throwing off outer layers of
stellar matter, a phenomenon called a nova.
Eventually, this star will cool and shrink into
a dense, planet-sized white or brown dwarf.
Larger stars will undergo an incredibly fast col-
lapse with the release of enormous amounts of
matter and energy, enough to outshine an en-
tire galaxy for several weeks. Such a collapsing
massive star is called a supernova. After the su-
pernova explosion, all that is left of the original
star is an incredibly dense neutron star or a
black hole.

An average-size main sequence star such as
the Sun proceeds through this evolutionary de-
velopment in approximately 10 billion years.
The Sun is halfway through its life. More mas-
sive stars (for example, blue and red giants, and
supergiants) proceed through this evolutionary
development much more quickly, sometimes in
as short a time as 10 million years.

During their lifetimes, all stars emit electro-

magnetic radiation, which behaves both as par-
ticles called photons and as waves consisting of
crossed oscillating electric and magnetic fields.
Electromagnetic radiation travels at the speed
of light, approximately 300,000 kilometers per
second. Various types of electromagnetic radia-
tion exist, each type having a particular fre-
quency and wavelength. The electromagnetic
radiation spectrum ranges from low-frequency,
long-wavelength radiations to high-frequency,
short-wavelength radiations. The electromag-
netic radiation spectrum includes, in order from
low to high frequency, radio waves, television
waves, microwaves, infrared radiation, visible
light waves, ultraviolet radiation, X rays, and
gamma rays. These radiations are produced
and emitted from the thermonuclear fusion re-
actions inside stars. Certain stars exhibit in-
tense bursts of various types of electromagnetic
radiation during predictable time intervals.
Many of these stars are called pulsating stars.
They include Cepheid variables, RR Lyrae
stars, binary or double-star systems, novae,
supernovae, and the more exotic neutron stars
and black holes.

Cepheid variables and the closely related RR
Lyrae stars represent a class of stars that pul-
sate because they vary in their brightness, or lu-
minosity, over time. These stars brighten, then
dim in predictable, cyclic patterns that may last
for several days for some stars or several weeks
for others. Each such variable star has its own
characteristic period—the time required for it
to proceed through each cycle of brightening
and dimming. Astronomers hypothesize that
Cepheid variables are older main sequence
stars that have used up their hydrogen fuel and
are shifting to helium fusion. This shift causes
the stars to be thermodynamically unstable, re-
sulting in periodic outbursts of energy (that is,
brightening).

Many main sequence stars exist as binaries,
or double-star systems, in which two stars orbit
around a common center of gravity. Many Sun-
like stars exist in binary systems. As the two
stars of a binary system orbit each other, occa-
sionally one will pass in front of the other rela-
tive to Earth, thereby eclipsing the view of the
companion star. When the eclipse occurs, com-
bined light output from the two stars dims.
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Some examples of double stars within Earth’s
galactic vicinity include Alcor-Mizar in the con-
stellation Ursa Major (the Big Dipper) and
Sirius A,B in the constellation Canis Major.

A nova is an eruptive, older star that ejects
outer layers of gas as it slowly shrinks in size.
One theory describing novae maintains that a
nova could result from a binary system in which
one star pulls matter away from the other,
thereby creating instability in the thief star (the
one receiving matter from the other star) and an
occasional ejection of matter from this same
star. Such a nova associated with a binary sys-
tem would release large amounts of energy as
well as matter. X-ray emissions have been de-
tected from nova outbursts in binary systems.

A supernova—the catastrophic collapse and
explosion of a massive star—releases in an in-
stant more energy than all the stars in any
given galaxy. This energy emission includes
high-frequency electromagnetic radiation, such
as X rays and gamma rays. Approximately 1 ×
1050 ergs of energy are released in a supernova
explosion. Following the supernova explosion,
the remains of the collapsed star may be either a
neutron star or a black hole, both of which are
superdense objects that exert strong electro-
magnetic and gravitational fields. According to
theory, whether a star becomes a neutron star
or a black hole depends upon the mass of the

pre-supernova star. A star having a mass at
least 1.4 times greater than the mass of the Sun
should become a neutron star following a super-
nova explosion. If a star has a mass at least ten
times greater than the mass of the Sun, then the
star should contract infinitely into a black hole
after a supernova explosion. Numerous neutron
stars have been located. Black holes are
strongly inferred from images taken by the
Hubble Space Telescope and Chandra X-Ray
Observatory. Supermassive black holes are be-
lieved to power many galactic cores, including
the Milky Way’s.

Neutron stars form when the entire mass of
the star collapses to perhaps a 16-kilometer ra-
dius, thereby producing incredible densities
that crush matter. The density and pressure are
so great that atoms cease to exist and protons
and electrons fuse to produce neutrons. The
neutron star, therefore, is one gigantic atomic
nucleus composed solely of neutrons. If the neu-
tron star is rotating, it is called a pulsar because
it pulsates. Certain regions of the rotating star
are hot spots of radiation emission, including
X rays. As the pulsar rotates, the hot spots ap-
pear periodically with the associated radiation
emission. Neutron stars are believed to exist at
the centers of such supernova remnants as the
Crab nebula in Taurus, Cassiopeia A, and Su-
pernova 1987A. Neutron stars also appear to be
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associated with certain binary star systems. In
such systems, one star is visible because of its
light emission, but the neutron star companion
is invisible because it does not emit visible light.
The neutron star pulls matter away from its
companion star, occasionally ejecting the mat-
ter with an intense burst of X rays.

A black hole is an even more extreme case of
superdensity than a neutron star. A black hole
is hypothesized to occur when a supernova rem-
nant at least ten times more massive than the
Sun collapses to infinite density, thereby creat-
ing a hole, or vortex, in space and time that per-
manently captures any matter or energy that
enters the black hole’s intense gravitational
field. Not even light can escape from a black
hole; however, black holes are intense emitters
of X rays. Furthermore, black holes should
cause intense X-ray outbursts from binary sys-
tems where a black hole draws matter away
from a companion star.

Numerous stellar X-ray sources have been
detected, primarily from the experiments of the
American cosmic-ray astronomers Riccardo
Giacconi and Herbert Friedman. These scien-
tists and others launched X-ray detecting tele-
scopes into orbit to locate X-ray stars that were
undetectable from beneath the Earth’s atmo-
sphere. In 1962, Giacconi discovered the first
extrasolar X-ray source, Scorpius X-1. Scorpius
X-1 is one of several X-ray sources found within
binary star systems. Several others include
Centaurus X-3, Cygnus X-1, and Hercules X-1.
Each of these binary star systems consists of
two objects, one being a visible light-emitting
star, the other being an invisible X-ray emitter.
Scientists believe that the invisible X-ray emit-
ter is pulling matter away from the visible com-
panion star. There is considerable debate over
whether the invisible X-ray emitters are neu-
tron stars or black holes. In several cases, esti-
mates of the invisible companion’s mass within
such binary systems favor a black-hole explana-
tion.

Orbiting X-ray telescopes such as Uhuru
(meaning “freedom” in Swahili) and the Ein-
stein X-Ray Observatory first detected hun-
dreds of stellar X-ray sources. One particular
class of X-ray emitters releases enormous
bursts of X rays over a period of minutes, hours,

or days. Some of these X-ray bursters are associ-
ated with globular clusters, large accumula-
tions of stars located around the halos of most
galaxies, especially surrounding galactic cen-
ters. Other X-ray bursters appear to be as-
sociated with binary star systems containing
neutron stars. In the latter case, the tremen-
dous X-ray emissions most likely are resulting
from the attraction of matter from the visible
star to the invisible companion, which is proba-
bly a neutron star or a black hole. Other stellar
X-ray sources include galactic nuclei and qua-
sars. Galactic nuclei, the centers of galaxies, are
compact clusters of billions of stars from which
X rays emanate. The X-ray emissions could
come from the combined stellar atmospheres of
these billions of stars. An alternative hypothe-
sis is that a supermassive black hole exists at
the center of each galaxy. Because of the mas-
sive clustering of stars in galactic nuclei, this
hypothesis seems plausible. There is strong evi-
dence that black holes exist at the centers of the
Milky Way galaxy

Quasars, quasi-stellar radio sources, are in-
tense emitters of all forms of electromagnetic
radiation, including visible light, radio waves,
and X rays. Quasars are believed to be the old-
est, most distant objects detected in the uni-
verse. They may represent the first major struc-
tures produced from the big bang explosion that
created the universe, or they may represent ves-
tiges of the big bang itself. One theory describ-
ing quasars maintains that they are supermas-
sive black holes 1 billion times more massive
than the Sun. Such black holes would be emit-
ters of enormous quantities of energy and radia-
tion.

X-ray sources appear to emanate predomi-
nantly from unstable processes that occur dur-
ing certain phases of a star’s life or during cer-
tain interactions between stars. The X-ray and
other radiation emissions usually occur in in-
tense bursts, which follow predictable, cyclical
periods. All stars emit some radiation from
thermonuclear fusion, but some (variables, bi-
naries, novae, supernovae, bursters, neutron
stars, and black holes) release large quantities
at specific times. Research continued with even
more sophisticated space-based observatories,
principally the Hubble Space Telescope, Chan-
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dra X-Ray Observatory, and XMM-Newton. As
a result of Hubble images, black holes moved
from the realm of the theoretical to become ac-
cepted astrophysical objects to be studied across
the electromagnetic spectrum.

APPLICATIONS

The discovery of high-level X-ray emitting ob-
jects in the universe helps astronomers to un-
derstand the nature and evolution of the uni-
verse, the evolution of stars, and the fate of
Earth’s star, the Sun. X rays and other high-
frequency electromagnetic radiations are emit-
ted by a variety of stellar sources (for example,
stars, planets, galaxies, quasars, and interstel-
lar hydrogen gas). These X-ray emissions are
natural releases of energy from various chemi-
cal and physical processes.

Astronomers use a variety of sophisticated
instruments to detect and map the sources of
electromagnetic radiation emissions. Optical
telescopes are used to measure the visible light-
emitting objects, such as stars, planets, and gal-
axies. Radio telescopes are used to detect the ra-
dio emissions from the same objects. For X rays,
however, detector telescopes must be launched
above the Earth’s atmosphere. Ground-based
telescopes cannot detect X rays because X rays
are absorbed by the atmosphere.

Optical and radio telescopes can detect vari-
able stars, binary systems, novae, supernovae,
neutron stars, galaxies, and quasars. However,
X-ray detectors are needed above Earth’s atmo-
sphere to determine whether these objects re-
lease X rays and the quantity of radiation re-
leased. From the late 1950’s through the early
1980’s, astronomers at the Naval Research Lab-
oratory in Washington, D.C.; at American Sci-
ence and Engineering, Inc., in Cambridge, Mas-
sachusetts; and at the National Aeronautics
and Space Administration (NASA), Goddard
Space Flight Center in Greenbelt, Maryland,
worked diligently at producing orbiting X-ray
satellites. Among the principal scientists who
were involved in this work were Giacconi and
Herbert Gursky of American Science and Engi-
neering, Inc., and Friedman of the Naval Re-
search Laboratory. While initially attempting
to map the location of radiation hot spots coming
from the Sun and from around the Earth-Moon

system (for example, the Van Allen radiation
belts), they developed suborbital rocket-borne
X-ray detectors to locate extraterrestrial X-ray
sources. Friedman led the efforts with high-alti-
tude rocket launches during which the X-ray de-
tectors mapped X-ray emissions from the Sun.

In the summer of 1962, Giacconi, Gursky,
and their colleagues launched a suborbital
rocket above Earth’s atmosphere. Aboard the
rocket, a tiny X-ray detector located the first
extrasolar X-ray source, Scorpius X-1, in the
constellation Scorpius. Scientists have discov-
ered that Scorpius X-1 is part of a binary sys-
tem. Giacconi, Gursky, Friedman, and other as-
tronomers followed this breakthrough with
more suborbital X-ray telescope launches, locat-
ing many more X-ray emitters in the process.

In 1970, the first orbiting X-ray satellite, the
Cosmic X-Ray Explorer, also called Uhuru, was
launched from Kenya by Giacconi, Gursky, and
other NASA astronomers and engineers. It de-
tected and mapped the locations of hundreds of
new X-ray sources during the early 1970’s. It
was followed in 1978 by the Einstein X-Ray Ob-
servatory, a more sensitive orbiting X-ray tele-
scope that mapped even more X-ray sources out-
side the solar system during its three-year
operational lifetime. Einstein was followed in
1999 by the Chandra X-Ray Observatory. The
data collected from these and other astronomi-
cal projects fueled the theories of astrophys-
ics and cosmology—specifically, the theories
on stellar evolution and black holes. For the
first time, many decades-old ideas could be
tested. The existence of neutron stars was veri-
fied, X-ray emissions from the gas exchange be-
tween binary stars and novae could be substan-
tiated, and considerable evidence supporting
the existence of black holes within certain X-ray
emitting binaries was obtained. X-ray astron-
omy caused a boom in the astronomy and astro-
physics community, and it emerged as an im-
portant branch of astronomy and physics.

The existence of black holes had been hypoth-
esized for more than two hundred years by nu-
merous philosophers and astronomers. In the
first half of the twentieth century, their exis-
tence was championed by the theoretical physi-
cists Subrahmanyan Chandrasekhar, Fritz
Zwicky, and John A. Wheeler. Black-hole phys-
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ics was developed in meticulous detail by the
theoretical physicists Stephen W. Hawking,
Igor Novikov, and Kip Thorne, who explained
the particle and energy emissions from these
objects.

Black holes are the final state of stellar evolu-
tion for very massive stars. Most cosmological
theories that describe the structure and evolu-
tion of the universe support the inevitable for-
mation of black holes. These theories include Al-
bert Einstein’s theory of general relativity. The
universe may be teeming with countless tril-
lions of black holes, with several million in the
Milky Way alone. Black holes may eventually
accumulate all the mass of the universe within
many trillions of years. This scenario is just one
of many proposed end states of the universe, one
in which all matter is absorbed into black holes.
Even then, black holes gradually should evapo-
rate their energy into space, leaving nothing but
an energy-dominated universe with practically
no matter left. By contrast, a more accepted
end-state would have the universe continue to
expand and suffer a cold, entropic death. The
existence of X-ray sources in novae, binary sys-
tems, and galactic nuclei provides evidence sup-
porting or rejecting theories describing the ori-
gin and evolution of the universe.

In the distant future, major X-ray bursters
may be sources of considerable concern for hu-
man space travelers. High-frequency radiations,
such as X rays and gamma rays, penetrate
many materials and living tissue, producing
mutations and sometimes death. X-ray astron-
omy will help astronomers to understand the
universe and to live safely in space.

CONTEXT

X-ray astronomy has enabled scientists to see
the universe from a different perspective. The
fact that many stellar objects release intense
bursts of X rays in predictable cycles has ex-
panded the interpretation of how stars develop
and interact with one another. Intense bursts of
X rays are emitted from stars undergoing insta-
bilities in their development or from violent in-
teractions between pairs of stars, especially if
one star in the pair is a neutron star or a black
hole. Low quantities of X rays are emitted from
a variety of stable objects, including the solar

flares of the Sun and the atmospheres of gas-
eous planets such as Jupiter.

Among the most intense X-ray emitters are
binary star systems, in which one member of the
pair is a nova, neutron star, or black hole. Also,
supernovae are intense X-ray emitters. Vari-
able stars and novae by themselves are X-ray
emitters, but not intense emitters. Large quan-
tities of X rays are released from these objects in
all directions when there is a violent transfer of
matter away from one star onto the surface of
another or when matter is ejected from a super-
nova at incredible speeds, temperatures, and
pressures.

X-ray emissions from normal stars and from
unstable interactions between stars usually are
associated with intense magnetic fields on the
star’s surface. The interactions of matter with
these fields cause the rearrangement of elec-
trons within atoms with a corresponding re-
lease of energy such as X rays. The magnitude of
the interaction determines the quantity of the
X-ray burst.

With X-ray bursts coming from violent stellar
interactions, it is interesting that quasars are
such intense X-ray bursters, possibly reflecting
a violent era of the early universe when matter
and energy were ejected from black holes. The
same situation may be seen in the future as
matter gravitationally contracts and accretes
into new black holes. X-ray bursts could repre-
sent telltale signs of black holes, which are scat-
tered throughout the universe.

David Wason Hollar, Jr.
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Nuclear Synthesis in Stars
Category: The Stellar Context

With the exception of hydrogen, helium,
and a small number of other light ele-
ments, the chemical elements found on
Earth and throughout the universe were
all formed in various stages of nuclear
fusion within stellar interiors. Although
these processes cannot be observed directly,
models for element synthesis and the dis-
semination of that material to interstellar
space help explain the relative amounts of
elements observed in the Sun and other
stars.

OVERVIEW

Nuclear synthesis is the process by which
stars convert light elements, such as hydrogen
and helium, into heavier elements, such as car-
bon, oxygen, magnesium, silicon, iron, and the
rest of the stable elements found on Earth and
throughout the cosmos. The process of nuclear
synthesis requires conditions of high tempera-
ture and high density in order to proceed. Only
under such extremes can positively charged nu-
clei, which must interact to form heavier spe-
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cies, overcome the enormous Coulomb repulsion
that dominates under usual conditions. As a re-
sult, the dominant sites of nuclear synthesis in
the present universe are in the cores of stars.
Even at a temperature of 15 million kelvins and
a tremendous density of 150,000 kilograms per
cubic meter (typical of the environment at the
center of the Sun), only rarely will an individual
collision between nuclei successfully penetrate
the Coulomb barrier and allow the nuclei to ap-
proach within the critical distance (10-15 meters,
or 1 fermi, which is on the order of their radii)
where the attractive strong nuclear force medi-
ates their interaction. Outer layers of stars do
not participate in the synthesis of the elements
but are of great importance for the transport of
energy generated by the nucleosynthesis pro-
cesses taking place inside the core.

The first major nuclear reaction that occurs
in stars is the conversion of four single protons
to a helium 4 nucleus consisting of two protons
and two neutrons (uncharged particles of
roughly the same mass as a proton). This reac-
tion requires several stages to complete. First
two protons must fuse to form a nucleus of deu-
terium (also known as “heavy hydrogen” or hy-
drogen 2) consisting of one proton and one neu-
tron. To maintain charge balance, a positively
charged particle known as a positron, having
the exact mass of an electron, is emitted along
with an uncharged weakly interacting particle
called a neutrino. The deuterium nucleus fuses
with another free proton to form a helium 3 nu-
cleus, which has two protons and a neutron. In
the process, a high-energy gamma-ray photon is
emitted. The entire sequence must be repeated
by another group of protons to form a second he-
lium 3 nucleus. The final stage of the reaction
occurs when two helium 3 nuclei interact to
form a single nucleus of helium 4, consisting of
two protons and two neutrons. Two free protons
are generated in this final step. A careful count
of the particles involved indicates that the net
reaction has resulted in a conversion of four free
protons to a single nucleus of helium. The
amount of energy released in each net conver-
sion is exceedingly small; thus, many such reac-
tions must be taking place within stars to pro-
duce enough energy to keep the temperature
high enough to maintain the gas pressure re-

quired for them to hold up their massive outer
layers against gravitational collapse.

A star like the Sun originally has sufficient
supply of hydrogen to continue the synthesis of
helium in its core for about 10 billion years. Sub-
sequently, the lack of readily available fuel in
the core of the star forces it to change its inter-
nal structure in an effort to find additional
sources of energy. The predominantly helium
core is at too low a temperature to initiate he-
lium fusion, so it can only contract, releasing
gravitational potential energy and growing hot-
ter. This raises the temperature of the hydrogen
immediately outside the core to the point that
hydrogen fusion can occur in a shell around the
core. The outer layers expand and cool, and the
star swells to become a red giant. Meanwhile,
the helium core continues to contract, and its
temperature continues to rise. When the tem-
perature reaches 100 million kelvins, the core
begins to fuse helium into carbon.

Helium fusion is known as the triple-alpha
process. The name derives from the interaction
of three nuclei of helium 4, also known as alpha
particles. Once again, a multistage reaction
must occur. Two alpha particles fuse to form a
nucleus of beryllium 8, which has four protons
and four neutrons. In the process a gamma-ray
photon is emitted. The beryllium 8 nucleus is
unstable and will decay into alpha particles
within 3 × 10−16 second. If, however, during this
brief period, the beryllium 8 nucleus captures
another alpha particle, the result is the forma-
tion of a stable carbon 12 nucleus, again with
the emission of a gamma-ray photon.

The multiple stages required for both hydro-
gen and helium fusion, and the relative in-
frequency of successful fusion events at tem-
peratures typical of the cores of stars, are
responsible for moderating the consumption of
nuclear fuel and the energy output of stars. If
this moderation were not the case, the lifetimes
of stars would be insufficient for the formation
of planetary systems and for the evolution of life
as it is known on Earth.

Once stars manage to build up carbon nuclei
in their cores, the way is theoretically clear for
stars to build up additional elements with rela-
tively simple single-stage interactions. Alpha
particle capture by carbon nuclei produces oxy-
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gen nuclei. Fusion of two carbon nuclei could
form a magnesium nucleus, but it is more likely
to produce a neon nucleus plus a helium nu-
cleus. A great assortment of nuclear species can
form, and with them, the variety of available
pathways for further fusion increases rapidly.
However, one additional requirement must be
met. As nuclei with a greater number of posi-
tively charged protons are formed, the collisions
required to fuse such nuclei must become in-
creasingly energetic to overcome the propor-
tionately larger Coulomb repulsion. Carbon 12,
for example, which has six protons and six neu-
trons in its nucleus, does not fuse until a tem-
perature of 600 million kelvins is achieved at
the center of a star. Silicon 28 (with fourteen
protons and fourteen neutrons in its nucleus)
does not fuse until a temperature of 3 billion kel-
vins is attained.

Stars like the Sun never reach core tempera-
tures high enough for significant carbon fu-
sions, although small amounts of oxygen can
form via alpha particle captures by carbon.
Thus, the Sun will end its life with a slowly con-
tracting carbon-oxygen core, while its outer lay-
ers are ejected eventually to form a “planetary
nebula,” a low-density shell of gas illuminated
by the now-exposed high-temperature core. The
core, which at this point is an extremely small,
high-density sphere known as a white dwarf,
will cool slowly and fade over many billions of
years to become a black dwarf.

Elements heavier than carbon are formed by
stars with a higher mass than the Sun. Stars
with masses greater than about 4 solar masses
but less than about 8 solar masses proceed
through their evolution in much the same man-
ner as lower-mass stars, only faster. The
greater pressure exerted by the more massive
overlying layers increases the temperature and
hence the rates of nuclear reactions in the core;
thus, such stars burn their available fuel more
quickly than 1-solar-mass stars. A 5-solar-mass
star, for example, will form a carbon-oxygen
core within 200 million years. In these interme-
diate-mass stars, ignition of carbon may take
place explosively, and the star may blow itself
apart in a carbon-detonation supernova explo-
sion; however, it is more likely that the star will
have lost so much mass through strong stel-

lar winds that its core will never reach carbon-
detonation temperature.

In stars more massive than about 8 solar
masses, the core temperature rises quickly
enough to allow further nuclear burning to take
place. Although the details are uncertain be-
cause of the complexity and variety of available
nuclear burning pathways, the general pattern
is clear. As high-mass stars burn heavier and
heavier elements, each new nuclear species first
ignites in the core, and then in a shell surround-
ing the core once the core has exhausted that
nuclear fuel. Within 8 million years, a 25-solar-
mass star builds up layer upon layer of heavy el-
ements. Eventually, an inert iron core forms at
the center of this star. Iron 56 nuclei can fuse
into heavier nuclei only with the input of en-
ergy, so it is stable against further fusion. In-
stead, the iron core contracts rapidly in a vain
attempt to liberate enough gravitational poten-
tial energy to hold up the outer layers of the
star. Quickly, the core reaches temperatures at
which the iron nuclei spontaneously disinte-
grate into individual alpha particles, which
drains the core of energy. The star’s outer layers
collapse onto the high-temperature core, and a
spectacular core-collapse supernova explosion
results.

Alternative pathways for the formation of
heavy elements exist, other than those caused
by the fusion of alpha particles with nuclei such
as carbon, magnesium, and silicon, or the fusion
of these nuclei with themselves. During the evo-
lution of stars, a fraction of all the usual fusion
reactions produces free neutrons. These neu-
trons are captured subsequently by other nu-
clei, producing elements (or isotopes of ele-
ments) not synthesized by the usual charged
nuclei process. A nucleus that captures an addi-
tional neutron is often unstable and will sponta-
neously “beta decay” after a time into an ele-
ment with an additional proton. To maintain
charge balance, the nucleus gives up an elec-
tron. The process of neutron capture and subse-
quent beta decay is known as the “s-process” (“s”
for “slow,” because of the relatively slow produc-
tion rate of free neutrons in stellar interiors).
Because the neutron is an uncharged particle, it
need not overcome the repulsion of the posi-
tively charged nuclei in order to interact; thus,
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the s-process can proceed at relatively low tem-
peratures. In the highly energetic environment
of a supernova, many free neutrons are avail-
able. A nucleus may accept a large number of
free neutrons before it has time to beta decay.
This phenomenon, known as the “r-process” (“r”
for “rapid,” because of the rapid addition of neu-
trons prior to the decay of the nucleus), accounts
for the formation of elements heavier than iron.
Eventually, a nucleus saturated with neutrons
will decay, via the emission of alpha particles or
electrons, into other nuclear species.

By a combination of charged-particle fusion
reactions and neutron captures via the s- and r-
processes, the stable elements in the periodic
table are formed. It is important to note that a
single star does not build up all the elements
that are presently observed in its outer atmo-
sphere. Indeed, several generations of stars
must have been born, lived, and died in order for
the elements now found in the Sun to have been
formed. The elements that are created in previ-
ous generations of stars are dispersed and even-
tually mixed into the interstellar medium, the
material between the stars from which future
generations of stars ultimately form. Thus, the
nuclear synthesis of elements is an ongoing pro-
cess.

METHODS OF STUDY

Models of nuclear synthesis in stars are de-
rived from a comparison of the observed abun-
dances of the elements in stars, the Earth, the
Moon, meteorites, and other solar-system ob-
jects against sophisticated computer models for
the synthesis of the elements. Direct confirma-
tion of the nuclear processes is not available, be-
cause the outer layers of stars prevent observa-
tion of the composition of stellar cores, where
the products of element synthesis reside during
a star’s lifetime. Further complications are in-
troduced because the elemental abundances in
relatively recently formed stars, such as the
Sun, are the net result of nuclear synthesis
products formed in many previous generations
of stars with a wide range of stellar masses.
Thus, comparisons of observation with synthe-
sis models necessarily involve assumptions
about the initial mass distribution of stars that
formed in the Milky Way galaxy, the evolution

of stars, the mass loss from the outer atmo-
spheres of stars during their lifetimes, the na-
ture of supernovae, mixing of elements in the
interstellar medium, as well as subsequent pro-
cesses, such as the effects of the impact of cos-
mic rays (high-energy charged particles) on nu-
clei in the interstellar medium. Aself-consistent
picture can be drawn in which the observations
of elemental abundances agree with the model
predictions reasonably well.

The most readily available test for nuclear
synthesis models, and all of their associated as-
sumptions, comes from a detailed inspection of
the elements detected in the spectrum of light
from the Sun. To a first approximation, the
shape of the solar spectrum resembles that of
the Planck curve of blackbody radiation—that
is, the distribution of energy coming from a body
in thermodynamic equilibrium. Superimposed
upon this continuous spectrum are a multitude
of dark lines that form when light is absorbed
selectively by elements present in the solar
photosphere. Patterns and strengths of absorp-
tion lines observed in terrestrial laboratories
and calculated from detailed models of atomic-
energy levels can then be compared to observed
patterns and strengths of absorption lines
found in the solar spectrum. In this way, a de-
scription of the relative abundances of elements
in the Sun’s photosphere can be constructed.
Since it is assumed the Sun was initially well-
mixed, the photospheric abundances should be
representative of the Sun’s original composi-
tion.

Other bright stars in the vicinity of the Sun
have nearly the same relative abundances of el-
ements in their atmospheres, because they
formed at a similar epoch out of interstellar gas
with much the same chemical composition.
Some of these stars are hotter than the Sun;
most are cooler. Patterns and strengths of ab-
sorption lines caused by the elements are af-
fected greatly by the temperature of the stellar
surface, providing a convenient check on models
for line formation under different conditions.
Stars that are much older than the Sun and its
neighbors also play an important role in the
comparison of models for nuclear synthesis in
stars. Stars have been identified in the outer
halo of the Milky Way galaxy that must have
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formed at very early times. From spectra of
these old stars, astronomers obtain a picture of
the production of elements at a time before nu-
clear syntheses from numerous generations of
stars enriched the interstellar medium with
heavier nuclei.

Abundances of elements formed in stars also
can be obtained from chemical analysis of an-
cient rocks and meteorites found on the surface
of Earth and the Moon. An inspection of such
material provides a snapshot of the composition
of the gas and dust from which the solar system
formed about 4.5 billion years ago. Sophisti-
cated laboratory equipment, such as particle ac-
celerators and mass spectrometers, can be used
to obtain very precise estimates of the relative
abundances of the elements found in these
rocks. Though such studies provide important
clues, the interpretation is complicated by the
chemical differentiation and segregation that
must have taken place as a result of past geo-
logic activity on Earth and the Moon. Samples of
material obtained from the asteroid belt be-
tween Mars and Jupiter, as well as samples
from the surfaces of comets, will be extremely
important, as the asteroids and comets presum-
ably have not suffered changes as great as those
that have occurred on Earth and the Moon.

CONTEXT

Modern understanding of the formation of el-
ements in the stars began with speculations for
the source of energy required to sustain stars
over their long lifetimes. Early ideas, which en-
visioned the Sun powered by gravitational po-
tential energy liberated during a slow contrac-
tion, failed when it was demonstrated that the
Earth itself was billions, rather than millions,
of years old. In the early 1900’s, it was realized
that the extreme conditions of temperature and
density at the centers of stars might be suffi-
cient to set loose the energy that was locked
away in the nuclei.

Physicists and astronomers in the 1920’s and
1930’s (such as Henry Norris Russell and Stan-
ley Sir Arthur Eddington) outlined the basic
processes by which the transformation of hydro-
gen nuclei into helium nuclei could lead to the
energy generation required to power stars. Sig-
nificant impetus for these ideas came from the

use of the newly developed quantum mechanics,
in particular by George Gamow, which demon-
strated that a small fraction of the collisions be-
tween hydrogen nuclei in the core of the Sun
could penetrate the repulsive Coulomb barrier.
Further advances came in the 1950’s, when a
concerted attack on the problem of the forma-
tion of the elements was undertaken by the
physicists Ernst Opik, Edwin Salpeter, Fred
Hoyle, and others. Detailed data for the relative
abundances of elements found in the Sun and on
Earth available in the mid-1950’s prompted an
outline of the neutron capture processes jointly
by Margaret and Geoffrey Burbidge, William A.
Fowler, and Fred Hoyle, and independently by
Alistair Cameron.

Dramatic confirmation of the theoretical
ideas for nuclear burning in the late states of
stellar evolution came with the supernova event
of February, 1987 (Supernova 1987A), when a
20-solar-mass star in the nearby Large Magel-
lanic Cloud galaxy exploded (about 160,000
light-years away). Supernova 1987A was the
first nearby supernova to go off in modern
times, and observations by astronomers from
all over the world made it possible, for the first
time, to obtain detailed spectra of the processed
material as it emerged from this explosion. In
the future, details of stellar evolution and the
roles that stars of different mass play in the cre-
ation of the elements should become more clear.
Studies of the oldest stars known, stars with
substantially lower abundances of the heavy el-
ements than are found in the Sun, will illumi-
nate the nature of the first generation of objects
that formed in the galaxy following the big
bang.

Timothy C. Beers
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O
Oort Cloud
Categories: Small Bodies; The Solar System

as a Whole

The Oort Cloud marks the outer boundary
of the solar system where the Sun’s gravita-
tional influence ends, and it answers the
question: where do the long-period comets
come from?

OVERVIEW

Comets are believed to be dirty snowballs.
“Snow” means mostly water snow, but also
frozen carbon dioxide, frozen carbon monoxide,
frozen methane, frozen methanol, and perhaps
others. “Dirty” refers to bits of carbon, silicate
pebbles, and other materials mixing with theses
ices. As a comet approaches the Sun, the ices
sublime to vapor. The swiftly flowing vapors
carry dust aloft, and the dust and vapor form a
cloud called the “coma” around the cometary nu-
cleus. The solar wind passing through the coma
drags the vapors and dust out into a tail. If the
comet comes close to the Earth and if the tail is
spectacular, it can become visible to those on the
surface of Earth.

Based on their orbital periods, comets are
placed in one of two classes. Long-period comets
have orbits that take more than two hundred
years to complete, while short-period comets
have periods of two hundred years or less. The
orbits of short-period comets lie more or less in
the ecliptic plane. The ecliptic plane is the plane
of the Earth’s orbit around the Sun. It is called
the ecliptic because when the Moon is also in
this plane, there might be an eclipse. The orbits
of the other planets are also close to the ecliptic,
but long-period comets come in from all angles
with respect to the ecliptic, and from this as-
tronomers infer that the source of long-period
comets must be a spherical halo surrounding
the solar system.

In 1950 a Dutch astronomer named Jan
Hendrik Oort pondered the source of long-period

comets. In examining the orbits of first-time,
long-period comets, Oort found that on the aver-
age they came in from 44,000 astronomical
unites (AU) from the Sun. (One AU is the dis-
tance from the Sun to the Earth, about 150 mil-
lion kilometers.) Comets coming into the inner
solar system for the first time have more vola-
tile material on and just below the surface than
repeat comets do, so first-time comets develop a
coma farther away from the Sun and brighten
more than repeat comets do. Oort proposed that
there is a vast spherical cloud of comets extend-
ing 100,000 AU outward from the Sun with a
concentration at 44,000 AU. This comet cloud
has since been named the Oort Cloud.

Another peak in the aphelia (orbital points
farthest from the Sun) of first-time comets oc-
curs at 10,000 AU. This suggests that there is
an inner Oort Cloud. This cloud is a wedge-
shaped doughnut centered on the ecliptic plane.
It begins about 1,000 AU out, where it blends
outward from the Kuiper Belt and extends out-
ward to 20,000 AU, where it shades into the
spherical outer Oort Cloud. The inner Oort
Cloud is estimated to contain five trillion com-
ets totaling about 33 Earth masses. The outer
Oort Cloud has about one trillion comets total-
ing about 7 Earth masses.

The concept has been modified. The outer
limits of the cloud may extend outward 150,000
AU or 2.4 light-years, half way to the nearest
stars. The Sun’s gravity is so weak at these dis-
tances that comets there are easily affected by
the gravitational pull of passing stars or by the
tidal forces exerted by the Milky Way galaxy it-
self. The Sun orbits the center of the Milky Way
galaxy, passing through the galaxy’s spiral
arms perhaps four times in 700 million years,
and may come close to massive gas clouds called
nebulae. The gravitational pull from these
clouds may stir up the Oort Cloud of comets. Al-
though they are generally too far apart, occa-
sionally the comets themselves may come close
enough to interact gravitationally. The results
of any stirring of the Oort Cloud may be to ran-
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domize comet orbits so that they occupy a
sphere, to strip some comets from the cloud and
send them out into the space between stars, or
to send them inward toward the Sun. Since com-
ets from the Sun’s comet cloud can escape into
interstellar space, it may be that some of the
comets in the Oort Cloud have drifted in from
other stars. Such alien comets might be recog-
nized by having different isotopic abundances of
various elements than have home-grown com-
ets. So far, no comets from other stars have been
definitively identified.

Another possibility for stirring the Oort
Cloud is that there might be a large planet or
a small star far from the Sun but gravitation-
ally bound to the Sun. Most stars have one or
more companion stars gravitationally bound to
them, so the Sun is in the minority if it has no
companion. Using 2008 technology, an Earth-
sized planet 300 AU from the Sun or a Jupiter-
sized planet 600 AU out would remain unde-
tected. If the Sun has a small brown dwarf
companion, it would need to be even farther
away to remain undetected. If such a solar com-
panion existed and if it had a 30-million-year or-
bit, it would stir up the Oort Cloud every 30 mil-
lion years as it passed through. As a result of
such stirring, for two to three million years the
number of comets striking the Earth would
increase a few hundredfold. If large comets
struck the Earth, a series of mass extinctions
would result.

Periodic comet showers might also result
from the Sun sinking below and then rising
above the disk of the galaxy. The disk contains
most of the stars, gas, and dust in the region of
the Sun’s orbit about the galactic center. As the
planets revolve about the Sun, they move along
with the Sun as it revolves about the center of
the Milky Way. When the Sun is above the disk,
the mass of the disk pulls the Sun downward to-
ward the disk. The Sun will pass through and go
below the disk while the gravity pulls the Sun
back toward the disk. The Sun will stop its
downward motion and begin to rise toward the
disk. It will pass through the disk and rise above
the disk. The cycle will repeat again and again.
The motion is like that of a carousel horse mov-
ing up and down while the carousel carries the
horse around and around. As the intensity and

direction of the disk’s gravitational attraction
on the Oort Cloud changes, the cloud will be
stirred up. This oscillation of the Sun through
the galactic disk may have a period of 30 million
years. If the Sun lacks a companion star, and so
far there is no evidence for a companion, this
will be the dominant external effect on the Oort
Cloud.

If either the mass extinctions on Earth or
crater age throughout geologic history were pe-
riodic, a nonterrestrial cause would be the most
likely, since there are no known cycles on Earth
with periods of tens of millions of years. Neither
the crater age nor mass extinctions display a
strongly periodic timing, however. A 30- to 35-
million-year cycle would match some crater
ages. The Chesapeake Bay Crater and the
nearby Toms Canyon Crater are both dated at
about 35 million years ago. The Popigai Crater
in Siberia, Russia, is dated at 35.7 million years
ago, and the Mistasin Crater in Labrador, Can-
ada, is dated at 36 million years ago. It is believ-
able that all four of the impacting bodies re-
sulted from the same stirring of the Oort Cloud.
The Chicxulub Crater in Yucatán, Mexico, is 65
million years old and marks the demise of the
dinosaurs. Going back another 30 million years
to 95 million years ago, however, there is no
good candidate crater. The conclusion is that
the Earth may be pummeled with comet show-
ers from time to time, but there is no conclusive
evidence of a regular cycle.

KNOWLEDGE GAINED

A possible Oort Cloud object was discovered
in 2003 and named Sedna for the Inuit goddess
of the sea. Its perihelion (orbital point closest to
the Sun) is 76.16 AU, and its aphelion (orbital
point farthest from the Sun) is estimated to be
892 AU, near the beginning of the inner Oort
Cloud. It is 1,200 to 1,800 kilometers in diame-
ter, goes around the Sun in about 11,000 years,
rotates on its axis in about ten hours, and does
not get warmer than 33 kelvins. A second pos-
sible member is designated 2000 CR105. It is
estimated to be 250 kilometers in diameter and
has a 44.3-AU perihelion and a 397-AU aph-
elion.

Since it is not possible to observe any Oort
Cloud object directly, with the possible excep-
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tions of Sedna and 2000 CR105, scientists must
learn about them by studying comets, Oort
Cloud objects that nature has delivered to our
doorstep. Comets seem to be largely water ice
along with carbon dioxide ice, carbon monoxide
ice, methane ice, methanol ice, ammonia ice,
amorphous (noncrystalline) carbon, silicates
and other stony materials, sodium, carbonates,
simple hydrocarbons, and clays. The Deep Im-
pact mission found that Comet 9P/Tempel was
covered by a dust layer tens of meters deep and
that the comet’s nucleus was 75 percent empty
space, making it structurally weak. The minor
constituents, especially, which differ from one
comet to another, imply that comets formed at
various distances from the Sun.

Astronomers have observed extended dust
disks around many stars, including Vega,
Fomalhaut, Beta Pictoris, and Epsilon Eridani.
They correspond with what would be expected
during the formation of planets and perhaps
even during the initial ejection of icy asteroids
into the outer reaches of their systems. The
large number of objects in the Sun’s early
Kuiper Belt would have allowed them to smash
into each other, making the larger ones larger
and smashing smaller ones to dust. Radiation
pressure would then drive the dust from the sys-
tem, or gravity would pull it into the star, de-
pending on the size of the dust particles. In any
case, the system will be relatively free from dust
once collisions cease.

CONTEXT

When astronomers first began finding plan-
ets about other stars by analyzing the star’s
light for minute Doppler shifts, they did not ex-
pect early results, but that is what they got.
They found something no one imagined existed,
namely Jupiter-sized planets very close to their
parent stars, or “hot Jupiters” as they are often
called. Hot Jupiters produce a large signal that
was easy to detect. The immediate problem was
that there should not have been enough mate-
rial available to make a Jupiter that close to the
parent star. Astronomers recognized that the
current understanding of planetary formation
might be insufficient. An alternative was that
perhaps planets migrate away from the location
where they were formed. Theoreticians worked

on the problem and decided that they should
have been including planetary migration all
along. While the disk of gas, dust, and asteroids
not yet incorporated into a planet is still pres-
ent, planets can migrate.

Whether the planets migrate inward or out-
ward depends on the stage of planet formation,
the state of the disk near the planet, and the lo-
cation of the planet in the disk. Jupiter mi-
grated inward by an estimated 2 percent, while
Saturn, Uranus, and Neptune migrated out-
ward by an estimated 10 percent, 15 percent,
and 30 percent, respectively. During the tens of
millions of years of migration, they all flung icy
asteroids inward and outward. Jupiter’s strong
gravity tossed them out into the Oort Cloud,
while Saturn, Uranus, and especially Neptune
launched them into the Kuiper Belt and per-
haps also into the inner Oort Cloud. This ex-
plains conditions in our solar system and is
consistent with what is known of extrasolar
planetary systems and with observed dust disks
around other stars.

Charles W. Rogers
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Optical Astronomy
Category: Scientific Methods

Optical astronomy encompasses all astro-
nomical observations that can be made
using visible light and adjacent wave-
lengths of the electromagnetic spectrum.
This broad area includes highly detailed
studies of intensity, polarization, spectral
features, and other aspects of visible and
near-visible light. Originally done first
with the naked eye and later by look-
ing through telescopes, optical astronomy
evolved to the point where observations
were made photographically during most
of the twentieth century and digitally dur-
ing the twenty-first.

OVERVIEW

Optical astronomy was the first form of astro-
nomical observation. It relied on the human eye
as an instrument capable of detecting light and
discerning color and location. Today the term
optical astronomy refers to observations made
using visible and near-visible wavelengths of
light, even if not made directly with the human
eye.

Gamma, X, ultraviolet, visible, infrared, and
radio waves all are forms of electromagnetic ra-
diation. They differ only in wavelength, fre-
quency, photon energy, and the instruments
used to detect them. The wavelength range to
which the human eye is sensitive, called visible
light, spans only a small part of the entire elec-
tromagnetic spectrum, from violet light, at
about 400 nanometers (10−9, or one-billionth of a
meter), to red light, at about 700 nanometers.
This is the same wavelength range that the Sun
emits most intensely, which is no coincidence;
human eyes evolved to react to the dominant
wavelength range of sunlight. Furthermore, the
Earth’s atmosphere blocks much of the electro-
magnetic spectrum from reaching the ground.
One of the two major wavelength ranges that
can penetrate the atmosphere and reach the
ground produces the so-called optical window;
the atmosphere is almost completely transpar-
ent between about 300 nanometers in the ultra-
violet and 1,000 nanometers in the infrared,
and partially transparent out to about 10,000
nanometers. (The other range is the “radio win-
dow,” between about 1 centimeter and 10 me-
ters.) Today, optical astronomy is considered as
spanning the range from approximately 300
nanometers (the near-ultraviolet) to approxi-
mately 1,100 nanometers (the near-infrared),
based on the optical window and the available
detectors and instruments.

The optical systems that astronomers use are
designed to deliver a beam of light to the surface
of a particular detector or sensor, where it
causes a change in the electrical or chemical
state of the sensor material. This change is then
recorded in some fashion and analyzed to pro-
duce information about the object that emitted
the light. The two basic types of optical tele-
scopes, refractors and reflectors, make use of
two properties of light: it can be refracted
(bent) when it passes through a transparent
medium (a lens), and it can be reflected at the
surface of a material (a mirror). The first tele-
scopes developed in the early 1600’s were re-
fractors using lenses. However, reflectors using
mirrors are more versatile, allowing a variety of
optical paths to focus light. (Because reflection
is the same at all wavelengths without regard
to color, the same basic layout of visible light
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reflectors is used in most nonvisible-radiation
detectors as well, including radio, infrared, ul-
traviolet, and X-ray telescopes. The principal
differences have to do with the materials used
for the mirrors and the detectors employed for
different parts of the spectrum.) Some optical
telescopes actually use a combination of mirrors
and lenses to focus light into an image. In spec-
troscopy, additional optics are needed to take
light from a chosen object and disperse it by
wavelength into a spectrum. This is done using
a prism (a wedge-shaped piece of glass) or a dif-
fraction grating (which has lots of fine grooves
scribed into the surface of some material). In ei-
ther case, different wavelengths are bent dif-
ferent amounts. The spread-out spectrum can
then be focused on a photographic or electronic
detector.

The human eye was the first detector used
behind the telescope. The development of pho-
tography provided a means of preserving tele-
scopic images for later study. Astronomical pho-
tographs usually were made on glass plates
coated with photographic emulsion because of
the stability of glass, but plastic-based films
were sometimes employed where a series of pic-
tures were to be taken and there was no conve-
nient way to change plates. Until the 1980’s,
photography was the method of choice for most
observations. Later, digital electronic detectors
came into wide use because they could record
images more quickly than photography could.
The charge-coupled device (CCD) is an elec-

tronic analog to the retina in the eye. A CCD is
an array (like squares on graph paper) of little
light sensors called picture elements (or pixels)
that are read by a computer. CCDs provide a di-
rect measure of the intensity of the visible light
(or other form of radiation) striking each pixel
and produce images that are stored in and can
be directly manipulated by computers.

Until 1990, optical astronomy was largely
conducted from the surface of the Earth, since
space-based astronomy concentrated on regions
of the electromagnetic spectrum that could not
be detected from the ground. Although a num-
ber of small optical telescopes were carried on
suborbital and short orbital platforms, optical
astronomy did not truly move into space until
1990, when the Hubble Space Telescope (HST)
was launched into Earth orbit. Above the atmo-
sphere, it can obtain much sharper images than
from the ground, where atmospheric turbulence
always blurs images (a phenomenon astrono-
mers refer to as “seeing”) at least to some extent.
The HST has provided a wealth of high-resolu-
tion images after initial post-launch optical
problems were corrected.

APPLICATIONS

Optical astronomy observations can be di-
vided into several techniques: imagery, photom-
etry, spectroscopy, and polarimetry. These, in
turn, are applied to studying various sorts of
objects.

Imagery provides “pictures” of objects, show-

The Solar System Optical Astronomy

559

The Colors in the Electromagnetic Spectrum

White light
Ultraviolet
(invisible)

Infrared
(invisible)

Red Orange Yellow Green Blue Indigo Violet

longer shorter700 650 600 550 500 450 420 400
Wavelength (meters × 10 )-9

The human eye perceives discrete bands of the electromagnetic spectrum as particular colors. Radiation of longer
or shorter wavelengths is invisible, whereas white light contains all visible wavelengths. Wavelength is measured
here in meters × 10–9.



ing their locations, shapes, and other features.
Some of the first measurements in optical as-
tronomy were made with micrometers attached
to telescope eyepieces so visual observers could
measure accurate positions for constructing
star charts. (Earlier charts were made using
naked-eye pointing devices.) Photography and
electronic imaging provide a means of recording
images that can be studied and measured later
and that reveal details that cannot be seen with
the eye peering through a telescope.

Photometry, literally “light measure” or mea-
surements of brightness, also was performed
initially with the eye but was highly subjective;
it was difficult to form a standard of brightness
based on human perception. Then photographic
and electronic systems became available. With
photographic emulsions, brightness could be
measured objectively, by the degree of exposure
recorded. With solid-state photon counters and
other electronic sensors, the instantaneous
brightness of an object can be measured at any
time, and quantitative comparisons can be
made with measurements taken on different
nights or among different objects. Brightness
variations too quick or subtle for the eye to de-
tect also became measurable. Both photo-

graphic and electronic photometry measure-
ments can be made using all available light or
limited to some particular wavelength range us-
ing specific colored filters.

Spectroscopy involves dispersing the light by
wavelength using a prism or diffraction grating.
It allows astronomers to determine a broad
range of attributes of an object. Transparent
gases produce “emission line” and “absorption
line” spectra with distinct bright emission or
dark absorption lines at particular wave-
lengths, while solids, liquids, and opaque gases
produce continuous emission or reflection spec-
tra (all wavelengths present with the intensity
varying continuously by wavelength). The pat-
tern of emission or absorption lines is deter-
mined by the chemical elements that are pres-
ent in the transparent gas as well as its
temperature. The variation of intensity with
wavelength in a reflection spectrum from a solid
or liquid can be compared to reflection spectra of
laboratory samples to determine the probable
surface material of the source. The variation of
intensity with wavelength in a continuous emis-
sion spectrum closely follows a theoretical curve
called the Planck distribution for thermal radi-
ators; the wavelength at which the intensity
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reaches a maximum indicates the surface tem-
perature of the source. Motion of the source to-
ward or away from the observer (or detection de-
vice) along the line of sight shifts the entire
spectrum and all its features to shorter or lon-
ger wavelengths as a result of the phenomenon
known as the Doppler effect. If the source is
moving toward the observer, all the wave-
lengths it emits or reflects are compressed, and
the spectrum is shifted toward shorter (bluer)
wavelengths; this is called a blueshift. If the
source is moving away from the observer, all the
wavelengths it emits or reflects are stretched,
and the spectrum is shifted to longer (redder)
wavelengths; this is called a redshift. The
amount of the spectral shift depends on the
speed of approach or recession. The intensity of
magnetic fields can be measured by Zeeman
splitting, in which pairs or triplets of spectral
lines appear where a single line would be ex-
pected.

Polarimetry measures the linear or circular
polarization of light. Polarization indicates cer-
tain conditions at the source of the emission or
along the light path. The wave model treats
light as associated electric and magnetic fields
(hence the name electromagnetic radiation)
that oscillate in two perpendicular planes as
light propagates. It may be unpolarized (with no
particular orientation to the planes of oscilla-
tion), linearly polarized (with the two planes of
oscillation keeping the same orientation), or
right or left circularly polarized (with the two
planes of oscillation rotating completely around
the light path through each wave cycle). Most
light is emitted unpolarized but can become po-
larized by reflecting off a surface or being scat-
tered by dust particles (which polarizes sun-
light in the atmosphere). Light can also be
polarized when emitted in a strong magnetic
field (such as produces the Zeeman effect in
spectra), or when emitted by electrons trapped
in a magnetic field (synchrotron radiation).
Most polarimetry is conducted with detectors
that use the property of birefringence, which re-
tards light waves vibrating at right angles to
other light waves. Such detectors employ cer-
tain crystals that exhibit birefringence, or
Pockels cells, which become birefringent in re-
sponse to an electric current.

CONTEXT

After millennia of having nothing more to use
than the unaided eye, optical astronomy got a
real boost in the 1600’s when Galileo manufac-
tured his own refracting telescopes and used
them to study the sky. His discovery of moun-
tains and valleys on Earth’s moon, spots on the
Sun, moons orbiting Jupiter, and many stars
too faint to be seen without a telescope (includ-
ing those that constitute the hazy white band of
light called the Milky Way) spurred further
telescopic observations and more discoveries.
Sir Isaac Newton designed the first reflecting
telescope, although problems in fabricating and
silvering the mirrors caused reflectors to lag be-
hind refractors in size and capability for many
years. (Today, all large optical telescopes that
are built are reflectors.)

Even after the introduction of the telescope,
for 250 years more optical astronomy relied on
the human eye as the only detector and the
brain and hand as the only interpreters and re-
corders of data. The advent of photography
sparked a radical change in astronomy. The de-
velopment of dry photographic plates in the late
1800’s allowed long-duration exposures to be
made for imaging faint, extended, diffuse ob-
jects whose central bodies astronomers had
been able to view only dimly by eye. Photogra-
phy also recorded images objectively for later
study by any who were interested. The advent of
electronic detectors in the 1980’s made record-
ing light even more efficient. Improved quan-
tum efficiency of electronic detectors has given
new life to old observatories, allowing them to
record much more of the light (up to 60 to 70 per-
cent now versus 1 percent photographically in
the 1950’s) delivered by their telescopes.

The application of spectroscopy to optical as-
tronomy had a major impact in that the chemis-
try of astronomical sources could be assayed by
the distinct patterns of bright or dark lines in
the spectra of the light they emitted or reflected.
In the early 1800’s, Joseph von Fraunhofer dis-
covered that the solar spectrum had distinct
black lines in it, leading to the discovery that
each chemical element emits or absorbs distinct
wavelengths of light, thus providing a powerful
tool for analyzing chemical compositions. This
led to the discovery of helium in the solar atmo-
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sphere before its discovery on Earth. Perhaps
the most striking contribution of optical spec-
troscopy was the discovery by Edwin Powell
Hubble of the expansion of the universe based
on how most galaxy spectra were shifted toward
longer wavelengths (the red end of the visible
spectrum). He found that spectral redshifts of
galaxies were correlated with their distances,
the farther galaxies having larger redshifts. He
deduced that this redshifting was due to galax-
ies moving away from each other with speeds
proportional to their distances apart; in other
words, space is expanding.

Optical astronomy also provided the first ob-
servational confirmation of a prediction of gen-
eral relativity with measurements (during a so-
lar eclipse) showing that the Sun slightly bends
starlight passing close by its edge. This effect
has now been seen even more dramatically with
the discovery of gravitational lensing by galax-
ies that bend the light of more distant objects to
create multiple images.

The observational techniques of optical as-
tronomy can be applied to study a wide range of
astronomical objects—such as planets, stars,
nebulae, and galaxies. Optical astronomy has
served as the foundation for all the other
branches of observational astronomy that deal
with longer or shorter wavelength ranges, and
it continues to interact with them as astrono-
mers try to identify optical counterparts of new
objects found in the radio, infrared, ultraviolet,
X-ray, and gamma-ray spectral regions. Major
advances have been made in observing all parts
of the electromagnetic spectrum, because as
new technology makes progress possible in one
wavelength range, there is increased effort to
bring the others up to par with it. Optical as-
tronomy continues to serve as the linchpin for
astronomy as a whole, and the future for optical
astronomy remains bright.

Dave Dooling
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P
Planetary Atmospheres
Category: Planets and Planetology

The gaseous envelopes that surround the
planets are known as their atmospheres.
Scientists believe that planetary atmo-
spheres developed in one of two ways: ei-
ther when the solar system as a whole
formed, or later, from materials released
by the planets well after their own forma-
tion in a process called outgassing. One
task of continuing spacecraft investiga-
tions is to seek answers to lingering ques-
tions about planetary atmospheres.

OVERVIEW

Atmospheres are an attribute shared by
seven of the eight planets in the solar system.
(Since 2006 Pluto has been classified by the In-
ternational Astronomical Union not as a planet
but as a dwarf planet.) Crater-covered Mercury
is the only planet that does not have a gaseous
envelope. Even Titan, a large satellite of Sat-
urn, possesses a significant atmosphere. Never-
theless, these atmospheres differ considerably
in chemical composition, structure, and density,
and comparative planetologists’ study of these
differences is key to an understanding of
Earth’s atmosphere and its future.

Planetary scientists believe the planets ac-
quired their atmospheres in one of two ways. In
some cases, the atmosphere formed with the
planet around the Sun out of the solar nebula
around 4.5 billion years ago. In such cases, a
planet is said to have a primordial, or captured,
atmosphere. In other examples, an atmosphere
appears to have been created from gaseous ma-
terial released from within the planet after it
formed. These are called secondary, or out-
gassed, atmospheres.

Atmospheres of the Jovian planets (Jupiter,
Saturn, Uranus, and Neptune) seem to be of the
primordial type. Like the Sun itself, they are
composed largely of hydrogen and helium. On
the other hand, three of the terrestrial planets

(Venus, Earth, and Mars) may have secondary
rather than primary atmospheres. Characteris-
tics and compositions of these atmospheres vary
considerably. The dwarf planet Pluto, which is
neither Jovian nor terrestrial in nature, does
have a very thin primordial atmosphere that
freezes on its surface during the part of Pluto’s
highly eccentric orbit when the dwarf planet is
far from the Sun.

An important determinant of a planet’s at-
mospheric composition and density is its ability
to retain atoms and molecules of gases with its
own gravity. According to kinetic molecular the-
ory, gases are composed of discrete atoms and
molecules traveling in random directions at
a wide variety of different speeds. Collisions
between these atoms and molecules occur,
tranferring energy and altering the speeds of in-
dividual atoms or molecules. The distribution of
those molecular speeds for the gas as a whole is
governed by the temperature of the atmosphere
according to the physics of Maxwell-Boltzmann
statistics. Should the speed of any individual
atom or molecule at some instant exceed the es-
cape velocity of the planet, that atom or mole-
cule will leak away into space. The root-mean-
square speed of molecular motion in the gas is a
function of the composition and temperature of
the gases, while a planet’s escape velocity is a
function only of its mass.

The ability of a molecule to escape the atmo-
sphere is also limited by the likelihood of colli-
sion with other molecules. In the lower atmo-
sphere, this likelihood is so high as to be a
virtual certainty. However, with increasing dis-
tance above the surface, the density of the atmo-
sphere diminishes until a point is reached
where a molecule moving upward and away
from the planet has a very high probability of
not encountering any other molecule. At that
point, if its velocity exceeds the escape velocity,
it will leave the planet. This region of a planet’s
atmosphere is called the exosphere.

Although by far the greatest amount of mate-
rial in the early solar system was hydrogen and
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helium, today these gases are relatively rare in
the atmospheres of the terrestrial planets. In
part, this results from the fact that proximity to
the Sun raises atmospheric temperatures of
these inner planets to the point that molecular
activity of hydrogen and helium atoms exceeds
the low escape velocities of small planets. Some
theorists argue, however, that as the solar sys-
tem formed, most of the interplanetary hydro-
gen and helium in the inner solar system was
pushed away from the region in which the ter-
restrial planets would later form by the pres-
sure of radiant energy coming from the young
Sun as soon as it began to shine.

Whichever theory is true, Earth’s atmo-
sphere today is approximately 78 percent nitro-
gen and 21 percent oxygen. Of the remaining
1 percent, most is argon and only 0.033 percent
is carbon dioxide. At sea level, the atmosphere
has a density of 0.001 gram per cubic centimeter.
This atmosphere is divided into layers accord-
ing to the prevailing characteristics at various
altitudes. The lowest layer is the troposphere. It
contains 90 percent of the atmosphere’s mass
and almost all the water vapor and dust. What
sets the troposphere apart is the process of con-
vection. Warm air currents rise and cool air cur-
rents sink. This distributes the heat from the
Sun, and establishes the dynamics that create
weather. The upper limit of this layer, called the
tropopause, is defined by a temperature of 333
kelvins.

Above the troposphere is the stratosphere,
which extends to an altitude of 55 kilometers. In
the stratosphere temperature steadily in-
creases with altitude. Within this layer, be-
tween 25 and 45 kilometers high, lies a sublayer
in which ozone molecules occurs in a number
density of ten parts per million. This trace con-
centration is enough to absorb ultraviolet radia-
tion very efficiently, thereby protecting life. The
ozone layer also prevents photochemical reac-
tions that would deplete the planet of its water.

The stratosphere ends and the mesosphere
begins at the point where temperature reaches
about 283 kelvins and begins dropping again.
The mesosphere continues to an altitude of 80
kilometers, where the temperature is about 163
kelvins. Above the mesosphere lies the iono-
sphere, so named because a significant number

of the atoms of gas in this layer have been split
into positively charged ions and negatively
charged electrons by the Sun’s intense X-ray
and ultraviolet radiation. The Earth’s exo-
sphere—the layer that marks the transition to
outer space—begins at 400 kilometers and ex-
tends for thousands of kilometers. The determi-
nation by the National Aeronautics and Space
Administration (NASA) that the atmosphere
begins at an altitude of 400,000 feet, the point
where reentry of spacecraft begins, is therefore
somewhat arbitrary.

Presence of free oxygen in abundance is
unique to the atmosphere of Earth. Whether
Earth’s original atmosphere was of the primor-
dial or outgassed type, free oxygen would have
resulted in part from the photochemical dissoci-
ation of water vapor (until the development of
an ozone layer) and then from photosynthesis,
the process whereby early microorganisms such
as cyanobacteria and later plants generate en-
ergy-supplying carbohydrates from water vapor
and carbon dioxide in the presence of sunlight
and chlorophyll. There is fossil evidence of pho-
tosynthetic plants existing on Earth going back
at least 2 billion years ago. It is probably not co-
incidental that rocks 1 to 1.5 billion years old
are the earliest to show strong evidence of hav-
ing formed in an oxygen-rich atmosphere.

The atmosphere of Venus is ninety times
more massive than Earth’s and is composed of
97 percent carbon dioxide. The remaining 3 per-
cent is almost entirely nitrogen, with trace
amounts of water vapor, sulfur dioxide, and
other gases. The atmosphere of Venus is very
hot, resulting from the fact that the dense enve-
lope of carbon dioxide is an excellent absorber of
infrared energy and very effectively traps heat
radiated by the surface. This phenomenon,
called the greenhouse effect, causes the temper-
ature of the atmosphere near the surface to
reach 733 kelvins. Because of this high temper-
ature, any water on the planet should exist as
water vapor in the atmosphere. Its very low
abundance (150 parts per million) presented a
major puzzle for planetologists. Apparently, the
high atmospheric temperature causes water va-
por to rise to a great height, where it is then sub-
jected to photochemical dissociation by strong
ultraviolet radiation.
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The dense atmosphere of Venus is efficient at
circulating heat. The day and night tempera-
tures of the troposphere do not differ apprecia-
bly. Huge, slow-moving convective air currents
called Hadley cells span the planet’s temperate
latitudes from the poles to the equator and are
not affected much by the planet’s slow rotation.
At elevations above 50 kilometers, where the at-
mospheric density is much lower than at the sur-
face (actually about the same as the density of
Earth’s lower atmosphere), a strong westward
current prevails over all but the polar regions
and produces 360-kilometer-per-hour winds that
whip the clouds into enormous swirling patterns.

Astronomers have long realized that the bril-
liance of Venus in the night sky is caused by the

high albedo of the planet’s perpetual cloud
cover. Seventy-five percent of the sunlight
reaching Venus bounces off the tops of a nearly
featureless and visually impenetrable deck of
sulfuric acid-laden clouds suspended between
47 and 70 kilometers above the surface. The
clouds result primarily from photochemical re-
actions driven by strong ultraviolet energy from
the Sun; hence, they have more in common with
Earth’s ozone layer than with Earth’s clouds of
condensed water vapor.

Mars has an atmosphere that is only 1/150
the mass of Earth, but carbon dioxide is the
dominant component, accounting for 95.3 per-
cent of its mass. Nitrogen accounts for an addi-
tional 2.7 percent and argon 1.6 percent of the
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Planetary Atmospheres: Comparative Data

Mercury Venus Earth Mars

Surface pressure ~10–15 bars 92 bars 1.014 bars 6.1-9 millibars
Surface density (kg/m3) — ~65 1.217 ~0.020
Avg. temperature (kelvins) 440 737 288 ~210
Scale height (km) — 15.9 8.5 11.1
Wind speeds (m/sec) — 0.3-1.0 up to 100 2-30
Composition*

Ammonia — — — —
Argon tr? 70 ppm 9,430 ppm 1.6%
Carbon dioxide tr? 96.5% 350 ppm 95.32%
Carbon monoxide — 17 ppm — —
Ethane — — — —
Helium 6% 12 ppm 5.24 ppm —
Hydrogen 22% — 0.55 ppm —
Hydrogen chloride — tr — —
Hydrogen deuteride — — — 0.85 ppm
Hydrogen fluoride — tr — —
Krypton tr? — 1.14 ppm 0.3 ppm
Methane — — — 1.7 ppm
Neon tr? 7 ppm 18.18 ppm 2.5 ppm
Nitrogen tr? 3.5% 78.084% 2.7%
Nitrogen oxide — — — 100 ppm
Oxygen 42% — 20.946 0.13%
Potassium 0.5% — — —
Sodium 29% — — —
Sulfur dioxide — 150 ppm — —
Water tr? 20 ppm 1% 210 ppm
Xenon tr? — 0.08 ppm —

* Composition: % = percentages; ppm = parts per million; tr = trace amounts.



total, with small fractions of a percentage each
of oxygen, carbon monoxide, and water vapor.
Apart from the occasional planet-enveloping
dust storms, Martian skies are generally clear,
but several types of water vapor clouds do form
in localized areas. Clouds of carbon dioxide are
also noted occasionally.

Like Venus, Mars has a very low water vapor
content in its atmosphere, but for a different
reason. The very low pressure and temperature
of the Martian atmosphere are not conducive to
holding moisture at any elevation. In fact, a
water vapor content of a few hundredths of a
percent constitutes high relative humidity on
Mars. This results in the appearance of water
vapor clouds and fogs at lower elevations.

Mars exhibits seasonal wind patterns similar
to those of Earth, with prevailing westerlies,
high-altitude jet streams, and cyclonic distur-
bances. Strong localized winds at the surface
are not uncommon, sometimes reaching 150 ki-
lometers per hour. These are believed to be asso-
ciated with powerful convection currents gener-
ated by the rapid heating of the surface during
the daytime and are similar to dust devils, an
atmospheric phenomenon common in the desert
regions of the Earth. Dust devils on Mars were
imaged from the surface by the Spirit and Op-
portunity Mars Exploration Rovers; those dust
devils had the coincidental benefit of blowing
dust off these rovers’ solar panels, thereby in-
creasing the electrical power available to the
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Planetary Atmospheres: Comparative Data (continued)

Jupiter Saturn Uranus Neptune

Surface pressure >100 bars >100 bars >100 bars >100 bars
Surface density (kg/m3) ~0.16 ~0.19 ~0.42 ~0.45
Avg. temperature (Kelvin) ~129 ~97 ~58 ~58
Scale height (kilometers) 27 59.5 27.7 ~20
Wind speeds (meters/second) up to 150 up to 400 up to 200 up to 200
Composition*

Ammonia 260 ppm 125 ppm — —
Argon — — — —
Carbon dioxide — — — —
Carbon monoxide — — — —
Ethane 5.8 ppm 7ppm — 1.5 ppm
Helium 10.2% 3.25% 15.2% 19%
Hydrogen 89.8% 96.3% 82.5% 80%
Hydrogen chloride — — — —
Hydrogen deuteride 28 ppm 110 ppm ~148 ppm 192 ppm
Hydrogen fluoride — — — —
Krypton — — — —
Methane 3,000 ppm 4,500 ppm 2.3% 1.5%
Neon — — — —
Nitrogen — — — —
Nitrogen oxide — — — —
Oxygen — — — —
Potassium — — — —
Sodium — — — —
Sulfur dioxide — — — —
Water — ~4 ppm — —
Xenon — — — —

Source: Data are from the National Space Science Data Center, NASA/Goddard Space Flight Center.



rovers. Once such a wind pattern forms, it may
lift Martian dust high into the atmosphere,
where the dust grains have a self-propagating
effect, retaining heat and intensifying the wind
disturbance. Periodically, such dust devils grow
into planet-encompassing storms that may last
for months. The Martian atmosphere also ex-
hibits a strong seasonal wind flow caused by the
exchange of carbon dioxide between the atmo-
sphere and the polar caps.

Atmospheres of the “gas giant” Jovian plan-
ets contrast sharply with those of Venus, Earth,
and Mars. Jupiter, Saturn, Uranus, and Nep-
tune are composed almost entirely of gases, but
the pressure deep beneath their cloudy exteri-
ors causes the gaseous mixture to become ex-
tremely dense. Their atmospheres grade gradu-
ally into regions where the gases exist as
liquids.

The chemistry of Jupiter’s and Saturn’s at-
mospheres is very similar, and abundances of
hydrogen, carbon, and nitrogen are, in bulk,
close to those of the Sun itself. These atmo-
spheres are primordial. Both planets display a
striking pattern of many alternating cloud
bands lying parallel to their equators. Colors
are primarily attributable to the photochemical
reactions that occur at and near the cloud tops.
Since Saturn lies about twice as far from the
Sun as Jupiter, it receives significantly less so-
lar radiation and ultraviolet energy. Photo-
chemical reactions are not as strong, or as var-
ied, as they are on Jupiter. The highest cloud
level in Jupiter is a reddish color believed to be
explained by the presence of phosphorus, which
may be photochemically dissociated from phos-
phine gas known to be in Jupiter’s upper atmo-
sphere. The second level of clouds is white, the
third layer is brown (most likely caused by sul-
fur), and the fourth layer is blue. Ammonia and
ammonium hydrosulfide are major cloud-form-
ing molecules present in Jupiter and Saturn. A
better understanding of the relationship of the
observed colors to the chemistry of the cloud lay-
ers must await the descent of instrumented
probes into the atmospheres of the gas giants.
From late 1995 to 2003, Galileo probe gathered
data on Jupiter’s upper atmosphere; its results
did not match the expectations of the contempo-
rary model for Jupiter’s atmosphere.

Studies of features moving in the cloud bands
show that the bands are driven by alternating
patterns of east and west winds. Explaining this
wind pattern presents a difficult challenge to
planetologists. One leading theory holds that
the fluid interior of each planet is organized as if
it were a series of nested cylinders rotating
around axes coincident with the planet’s axis of
rotation. If this is the case, the contra-rotating
cloud bands are the extremities of the nested
structures, visible to Earth at the point where
they are truncated by the spherical limits of the
planet itself. Laboratory studies show that such
structures can develop in rapidly rotating fluids
and that alternating “cylinders” rotate in oppo-
site directions under certain conditions. Jupi-
ter’s Great Red Spot, Saturn’s white spot, and
numerous lesser cyclonic systems visible on
both planets lend support to this theory of the
origin and motion of the cloud bands. These fea-
tures do not participate in the rapid westward
or eastward motions of the cloud bands adjacent
to them, but circle the planets more slowly, roll-
ing like ball bearings between surfaces rotating
in opposite directions. Moreover, if the cloud
bands’ motions are driven by fluid dynamics ex-
tending deep into the planet, the systems must
have enormous inertia, explaining the observed
persistence of the cloudy bands with very little
variation over decades.

Although Uranus and Neptune are Jovian in
nature and possess primordial atmospheres
rich in hydrogen (84 percent) and helium (14
percent), their characteristics differ somewhat
from those of the solar system’s two largest
planets. Among the suggested explanations for
these differences are that Uranus and Neptune
receive substantially less heat from the Sun,
and both are physically much smaller than Ju-
piter and Saturn.

In Uranus’s case, the planet’s radical tilt on
its axis and the resulting pattern of solar heat-
ing must be considered. Uranus displays a
nearly featureless pale blue-green exterior in
which there is almost no hint of the cloud bands
typical of Jovian planets. This is caused by a
high haze of methane and its photochemical by-
products. Spacecraft imaging has revealed that
cloud bands are present beneath this haze,
clearly indicating that the currents that drive
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the cloud bands must be caused by the planet’s
fast rotation rather than by solar insolation.
Uranus was examined during an extended pe-
riod of time when its northern hemisphere was
exposed to continual sunlight and its southern
hemisphere to continual night, yet the wind
flow seemed unaffected by the unequal heating
of the two. Nevertheless, it appears that Ura-
nian cloud bands all rotate in the same di-
rection, and there is no evidence of any large
cyclonic structures being spun between contra-
rotating bands.

Neptune’s atmospheric features are both
more distinct than Uranus’s and more transient
than those of any of the other gas giants. Cloud
bands are visible even in the best terrestrial
telescope images, and Voyager 2 discovered the
Great Dark Spot in the planet’s southern hemi-
sphere, as well as several other smaller dark
spots and bright features. These features tend
to fade in and out, brighten and darken, and
even wander across the latitudinal cloud bands,
like cars changing lanes on a highway. The
Great Dark Spot, evidently very similar to the
big cyclonic features on Jupiter and Saturn, was
observed to change size and shape as it rolled
along between two contra-rotating cloud bands.
Because of the limited amount of sunlight avail-
able to produce photochemical reactions at this
distance from the Sun, the haze of methane and
hydrocarbons is thinner at Neptune than at
Uranus. Below the haze are clouds composed
primarily of methane ice, and below that are
layers of hydrogen sulfide and ammonia clouds.

The existence of an atmosphere around Pluto
is somewhat speculative. If it truly exists as
something more than just a tenuous feature, it
must be very thin, since the planet is so cold. At
48 kelvins almost all gases except hydrogen and
helium would form liquids or solids and settle
on the surface of the planet as ice or snow. Also
the planet is too small to retain hydrogen or he-
lium. It is possible that a small amount of gas-
eous methane exists close to the surface. There
is some evidence that the amount increases and
decreases as the planet varies its distance from
the Sun by 13 percent during the course of its
orbit.

The only satellite in the solar system to pos-
sess a significant atmosphere is Titan, a satel-

lite of Saturn whose diameter is about the same
as that of Mercury. Data from the Voyager and
Cassini missions confirmed a nitrogen-rich at-
mosphere as much as 200 kilometers deep, in
which photochemical and electrochemical reac-
tions have produced a high-altitude haze of
complex hydrocarbons that hide all features of
the surface and lower atmosphere. Of particular
interest is evidence that polymer chains of or-
ganic molecules form in this haze and then sink
to the surface of the planet. This scenario closely
resembles the process proposed to explain the
origin of life on Earth. However, the tempera-
ture of Titan, 94 kelvins, precludes liquid water,
which is also believed necessary for life. Be-
sides, Titan, some other satellites, especially
those that are geologically active (and thus have
conditions for outgassing), have tenuous atmo-
spheres.

METHODS OF STUDY

Understanding planetary atmospheres be-
yond Earth has been facilitated greatly by data
returned by such spacecraft as Mariner 10, a
host of Venus and Mars probes, Pioneer 10 and
11, the two Voyagers, and the Galileo and
Cassini orbiters. Prior to the epic journeys of
these robotic laboratories, knowledge of the gas-
eous envelopes around the planets was severely
limited by the difficulties of extracting mean-
ingful data from faint images seen in telescopes.

Techniques for determining the chemical
constituents of an atmosphere from afar are not
essentially different whether the measure-
ments are made through a telescope on Earth or
from aboard a spacecraft coming within tens of
thousands of kilometers of the planet. In both
cases, the viewing telescope must be equipped
with a spectroscope, an instrument that breaks
the reflected light of the planet up into its com-
ponent colors. It thereby reveals the “finger-
prints” of chemicals present in the source of the
light. Aspacecraft in close proximity to a planet,
however, has more reflected light with which to
work and its target appears big enough that the
instrument can be very discriminating about
what it samples.

Coupled with the accuracy and specificity of
the chemical assays provided by planetary
space probes are the results of radio science ex-
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periments. These can probe the temperature
and density of the deeper atmosphere. A wide
variety of other instruments can image and
sample the planet in many other wavelength re-
gions of electromagnetic energy. In the cases of
Venus and Mars, it has also been possible to
send instrumented probes through the atmo-
sphere, gathering data as they prepared to land
on the surface.

Efforts to explore the solar system fully with
sophisticated robotic spacecraft reached a peak
during the interval between 1976 and 1989.
Some planetologists have termed this the
“golden age” because it produced an unprece-
dented harvest of information about the planets
and converted a field of astronomy that previ-
ously had relied heavily on guesswork into a so-
phisticated branch of science, rich in data and
theories with relevance to Earth. The revolu-
tion in planetary astronomy led to a new field of
specialization called comparative planetology,
which sought to learn more about the features
(such as the atmospheres) of similar bodies by
comparison to one another. A second age of ro-
bust planetary exploration began with ad-
vanced spacecraft in orbit about the planets
such as Magellan and Venus Express (Venus),
Galileo (Jupiter), and Cassini (Saturn). This
period also included a sustained series of land-
ers and orbiters sent to Mars on a fairly regular
basis. Galileo and Cassini shed light on the at-
mospheric dynamics of the gas giants Jupiter
and Saturn, respectively. They were follow-ons
to the Voyagers, which provided tantalizing
glimpses of these two planets as they flew past
Jupiter and Saturn.

CONTEXT

Accompanying the great increase in data
about the nature of the solar system has been a
quantum improvement in the understanding of
how each of the planets formed. This knowledge
rests heavily on information concerning the
planetary atmospheres themselves, particu-
larly as the planets with primordial atmo-
spheres retain vestiges of the chemical makeup
of the solar nebula from which the Sun and all
its planets were born.

Some fundamental questions regarding the
atmospheres of the other planets remain unan-

swered. This is particularly true of the Jovian
planets, since by 2008 only one entry probe, de-
tached from the Galileo orbiter, had entered Ju-
piter’s atmosphere. The depth to which the visi-
ble patterns extend is not known in general, nor
is it clear whether and to what depth the at-
mospheres are layered below the cloud tops.
Whether heat from the Sun or heat generated in
the interior of the planet has the primary role in
driving the circulation of the atmosphere has
also not yet been determined. The next genera-
tion of planetary probes will seek to answer
these questions.

Richard S. Knapp
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sphere; Saturn’s Atmosphere; Uranus’s Atmo-
sphere; Venus’s Atmosphere.
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Planetary Classifications
Category: Planets and Planetology

Since ancient times, no formal scientific
definition of the word “planet” existed. In
2006, professional astronomers for the first
time developed a formal definition of a
planet. The new definition removed Pluto,
previously labeled a planet for seven de-
cades, from the list of planets.

OVERVIEW

The word “planet” comes from the ancient
Greek for “wanderer.” From prehistoric times,
people have looked up and seen stars. Five of
those stars seemed to wander from constella-
tion to constellation. The Sun and Moon also
moved among the heavens. Thus seven bodies
were historically classified as planets. They
were the Sun, the Moon, Mars, Mercury, Jupi-
ter, Venus, and Saturn. The seven days of the
week became associated with these planets.
Other objects were seen to move in the sky, such
as comets and meteors, but they did not move in
predictable paths, and astronomers even de-
bated whether they were celestial or atmo-
spheric phenomena.

Nicolaus Copernicus’s heliocentric model,
though, made the Sun the center of the solar
system, with Earth, Mercury, Venus, Mars, Ju-
piter, and Saturn orbiting the Sun. The Moon
orbits Earth. Proponents of the heliocentric
model began listing planets as the bodies orbit-
ing the Sun. Thus, six planets were recognized
orbiting the Sun. When Galileo Galilei discov-
ered four satellites of Jupiter, they, too, were at
first listed as planets. Soon, however, it was de-
cided that bodies orbiting other planets are not
planets themselves, so the bodies that Galileo
found were by acclamation declared to be
moons, or satellites, of Jupiter. Eventually, as-
tronomers discovered Uranus and Neptune or-
biting the Sun, bringing the list of planets to
eight.

In the late eighteenth century, astronomers
Johann Titius and Johann Bode suggested that
the gap between Mars and Jupiter was dispro-
portionately large and that an unseen planet
may lurk between the two. Then, on January 1,

1801, Giuseppe Piazzi found an object orbiting
the Sun in this gap between Mars and Jupiter.
The body was named Ceres, and it was declared
to be a planet. In the next few years, though, as-
tronomers also found Pallas, Vesta, and Juno,
all orbiting between Mars and Jupiter. Each of
these bodies was classified as a planet. As dis-
coveries continued to mount, however, astrono-
mers realized that it had become unwieldy to
consider all of these bodies planets. Since the
bodies between Mars and Jupiter were all so
small as to not even show a disk in the best of
telescopes, they were deemed too small to be
considered planets and thus were unofficially
declared to be asteroids. For most of the twenti-
eth century, these bodies were called minor
planets by professional astronomers.

Astronomers also came to recognize comets
as bodies orbiting the Sun. By the twentieth
century, comets were known to be icy bodies
that originate in the outer solar system. When
they are disturbed into highly elliptical orbits
that come too close to the Sun, the ices and
frozen gases that make up the comet sublimate
and boil off into space along with dust to form
the tail of the comet. A more modern under-
standing comets is that they may be similar to
asteroids, only with a far larger percentage of
ice and frozen gas.

In 1930, Clyde Tombaugh discovered Pluto.
The planet Neptune had been found by observa-
tions of a perturbation in the orbit of Uranus by
Neptune’s gravity. Early in the twentieth cen-
tury, several astronomers mistakenly thought
that Neptune’s orbit was also perturbed by an-
other planet even farther from the Sun.
Tombaugh was one of many astronomers
searching for that planet when he discovered
Pluto. Therefore, when Pluto was found, there
was a predisposition to believe that it was quite
large. Furthermore, at that time astronomers
knew of only two types of planetary bodies:
small rocky worlds, and gas giants shrouded in
clouds. Pluto was clearly not a gas giant. If it
were rocky, though, then it would have to be
fairly large in order to appear as bright as it
does, since rocky worlds tend to reflect only a
small percentage of sunlight that hits them.
Within a few years, however, Pluto was found to
be icy in nature. Ice is far more reflective than
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rock, so an icy Pluto could be much smaller than
a rocky Pluto.

By the 1970’s, astronomers realized that
Pluto is tiny. It has since been found to be only
about one-fifth the diameter of Earth and about
0.2 percent the mass of Earth. Pluto is even
smaller than Earth’s moon. That makes Pluto
much smaller than any other planet. Astrono-
mers began debating as early as the 1980’s
whether Pluto should really remain on the list
of planets, given that it is so small. Further-
more, Pluto’s composition is more like that
of comets, which also originate in the outer
solar system, than that of the other planets.

However, serious proposals were put
forth to remove Pluto from the list of plan-
ets only after other icy bodies, very much
like Pluto only smaller, were discovered
beyond Neptune. Then, in the early years
of the twenty-first century, objects were
found that were only slightly smaller than
Pluto, making the classification of Pluto as
a planet, while not considering objects
only slightly smaller to be planets, prob-
lematic. Then object 2003 UB313 was dis-
covered. This object, eventually named
Eris, was somewhat larger than Pluto.
Clearly, if Pluto were a planet, this object
should also be a planet. The discovery of
Eris, then, simply added to the arguments
about what constituted a planet.

In 2005, therefore, the International
Astronomical Union (IAU) established a
committee to decide on a definition of what
constitutes a planet. The committee made
a recommendation that any body orbiting
the Sun whose gravity is sufficient to form
the body into an essentially spherical
shape should be declared a planet. Such a
definition retained Pluto’s status as a
planet, added Eris to the list of planets,
and returned Ceres to planetary status.
However, this definition also made about a
dozen other bodies possible planets; their
planetary status would be unknown until
astronomers were able to determine their
shapes.

The committee’s proposal was rejected
by the IAU. In 2006, after some delibera-
tion, the IAU general assembly adopted a

different definition of planet. That definition
states that a “planet” is a body orbiting the Sun
large enough to form itself essentially into a
sphere and sufficiently large for its gravity to
clear the neighborhood of its orbit. A new cate-
gory, called a “dwarf planet,” was defined as a
body large enough to form itself into a spherical
shape but not sufficiently massive to clear its or-
bital neighborhood. All other objects were to be
designated as “small solar system bodies.” Since
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The IAU’s 2006 Classification System

On August 24, 2006, the International Astronomical
Union redefined bodies in the solar system, including
planets, as follows:

The IAU . . . resolves that planets and other bodies,
except satellites, in our Solar System be defined into
three distinct categories in the following way:

(1) A planet1 is a celestial body that (a) is in orbit
around the Sun, (b) has sufficient mass for its
self-gravity to overcome rigid body forces so that
it assumes a hydrostatic equilibrium (nearly
round) shape, and (c) has cleared the neighbor-
hood around its orbit.

(2) A “dwarf planet” is a celestial body that (a) is in
orbit around the Sun, (b) has sufficient mass for
its self-gravity to overcome rigid body forces so
that it assumes a hydrostatic equilibrium (nearly
round) shape,2 (c) has not cleared the neighbor-
hood around its orbit, and (d) is not a satellite.

(3) All other objects,3 except satellites, orbiting the
Sun shall be referred to collectively as “Small So-
lar System Bodies.”

The IAU further resolves: Pluto is a “dwarf planet”
by the above definition and is recognized as the proto-
type of a new category of Trans-Neptunian Objects.4

Notes:

1. The eight planets are: Mercury, Venus, Earth,
Mars, Jupiter, Saturn, Uranus, and Neptune.

2. An IAU process will be established to assign
borderline objects into either dwarf planet [or]
other categories.

3. These currently include most of the Solar
System asteroids, most Trans-Neptunian
Objects (TNOs), comets, and other small bodies.

4. An IAU process will be established to select a
name for this category.



Pluto is only one of many objects of similar size
and has not cleared its orbit, it was reassigned
as a dwarf planet. Likewise, Ceres and Eris are
dwarf planets. The term “asteroid,” never an of-
ficial term, was not mentioned, nor was the
term “comet.” Rather, all comets, asteroids, and
trans-Neptunian objects not large enough for
their gravity to pull themselves into roughly
spherical shapes are lumped together in the cat-
egory of small solar system bodies.

KNOWLEDGE GAINED

Scientists classify objects in order to aid their
study of them. Astronomers are no different
from other scientists in that respect. Classifying
celestial bodies helps to organize knowledge
about those bodies. Knowing that a newly dis-
covered body is a comet or an asteroid gives a
mental picture of its physical characteristics.
However, the classification of objects as planets,
comets, asteroids, and other entities was never
officially defined before 2006. Astronomers had
simply agreed informally on their definitions,
and as a result some bodies did not obviously
fall into one category or another. With the dis-
covery of more and more objects that fell be-
tween classifications—such as icy asteroids and
not-so-icy comets—distinctions became more
difficult. Eventually objects such as Pluto, Eris,
and similar sized icy bodies forced a formal defi-
nition. However, both the original proposed def-
inition and the one finally approved by the IAU
have been criticized as flawed, and with future
discoveries and increasing data and insights,
the issue may be eventually decided again.

There are multiple ways to classify objects in
the solar system. Objects can be classified by
size, by method of formation, and by physical
composition. If size is the primary criterion for
defining a planet, the eight bodies now defined
as planets do indeed meet that criterion, since
they are substantially larger than the other so-
lar system bodies. If method of formation is the
most important factor, then Jupiter and Saturn
would be seen differently, since they formed in a
manner different from thaat of the other bodies.
Certainly, the inner, rocky planets, formed from
components different from those of the outer
planets; most astronomers consider the inner
planets to be formed from smaller bodies such

as the asteroids, which are likely leftovers from
the formation of the solar system. The outer
planets Uranus and Neptune are believed to
have been formed from objects more like Pluto
and the other trans-Neptunian bodies, making
those objects in the outer solar system analo-
gous to the asteroids in the inner solar system.

A major criticism of the 2006 IAU definition
of planet is that it does not define what is meant
by a planet “clearing the neighborhood of its or-
bit.” For example, Jupiter shares its orbit with a
number of asteroids, but those asteroids’ orbits
are dominated and determined by Jupiter’s
gravity. Asteroids in elliptical orbits cross the
orbits of Earth, Mars, and Venus, yet those bod-
ies are considered planets. The asteroids that
cross those planetary orbits are unstable and
cannot continue to cross those orbits forever.
However, the orbits of the inner planets have
not been completely cleared yet. Furthermore,
the degree to which a body must be deformed to-
ward a spherical shape to become a dwarf
planet is not well defined. There are many bod-
ies that are somewhat, but not quite, spherical.
It is unclear if they are to be considered dwarf
planets or small solar system bodies.

CONTEXT

Classification of bodies in the solar system is
important to textbook authors and students,
who often have as their first introduction to the
solar system memorization of the planets and
the types of objects in the solar system. There
are different naming schemes for the different
types of bodies, too, so knowing the classifica-
tion for an object determines what sort of name
is permitted. Planets are named one way, comets
another way, and asteroids in yet a third way.

However, the particular classification of a
body such as Pluto does not in any way change
how professional astronomers view it. For many
years, even before its reclassification as a
“dwarf planet,” astronomers regarded Pluto as
more like a comet or asteroid than like a planet.
With the discovery that other trans-Neptunian
objects were similar in size and composition to
Pluto, astronomers began thinking of Pluto as
simply one of the largest of those bodies. How it
is classified in textbooks does not change how
they regard it.
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Making a rational definition of a planet is im-
portant to scientists in properly grouping bodies
together that have similar characteristics in or-
der to facilitate study of those objects. When the
scientific understanding of a body changes, then
it sometimes needs to be reclassified. This re-
classification is based on scientific principles,
not public opinion. In the aftermath of the 2006
IAU definition, an attempt to mollify public af-
fection for Pluto as the “ninth planet” led to an
another proposal for a definition of “planet” that
did little to clarify the issue in the end. The final
definition was crafted hastily and without suffi-
cient forethought, making it, too, an incomplete
definition. Therefore, the definitions of planets
and other bodies may well be revisited in the
near future.

Raymond D. Benge, Jr.
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Planetary Formation
Category: Planets and Planetology

The processes that influence planetary for-
mation are extremely complicated but rea-
sonably well understood. In the densest
portion of a contracting solar nebula, a star
forms, and, assuming that conditions are
suitable, a family of planets can also form
around that star. Planet formation may be
a very common occurrence throughout the
galaxy.

OVERVIEW

“Planet formation” is the term used to de-
scribe how various planetary bodies formed
from residual material surrounding a forming
star. The two most discussed theories suggest
either a catastrophic or an evolutionary origin
for the planets. In either case, the planets would
have formed in a manner similar to the way the
star formed, but on a much smaller scale and
with considerably less mass.

One theory suggests that the formation of a
solar system begins with the explosion of a mas-
sive nearby star, called a supernova. A super-
nova begins with a slowly contracting cloud of
gas and dust that is capable of forming many in-
dividual stars, called a cocoon nebula. Where
the concentrations of matter are densest, giant
stars will form. If they are massive enough, they
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will progress rapidly through their evolutionary
stages and explode with gigantic force. Energy
released may rival that of a galaxy for a short
period of time. Compressional shock waves gen-
erated by the explosion, along with the excess
matter thrown off, can initiate formation of
smaller nearby stars such as the Sun. Evidence
for such an event is suggested by certain isoto-
pic ratios for various elements present in mete-
orite compositions and even the Sun itself.

The majority of mass in a solar nebula will go
into the formation of individual stars. Some es-
timates indicate that a star will account for
greater than 99 percent of the total mass. The
remaining 1 percent will represent matter
available for planetary formation. Increasing
pressures and temperatures at the gravita-
tional center of a solar nebula will eventually
form a protostar. This is the initial stage that
precedes the beginning of nuclear processes in a
star. The protostar is more representative of a
hot glowing ball of gas than a true star. It is be-
lieved that planets will commence their earliest
formation processes at this time as well.

Planet formation is characterized by three
distinct processes: gravitational collapse, con-
densation, and accretion. The initial process
that took place in the solar nebula was gravita-
tional collapse, the process in which atom at-
tracts atom to form molecules of considerably
greater mass. This greater mass increases grav-
itational pull and thereby attracts more atoms.
As these localized regions became denser
through the infall of matter, temperatures be-
gan to increase. Gases and solid dust grains
that were originally cold now begin to heat up
and glow as more and more matter becomes con-
centrated in a rapidly shrinking volume. Scien-
tists believe that eventually all matter will be
converted into a hot gaseous state.

After the majority of gas has been incorpo-
rated into the star’s formation, residual hot
gases begin to cool and re-form as solids during
the condensation process. Every element has a
specific condensation temperature at which a
phase change takes place. Metallic elements
such as aluminum and magnesium condense
from a gaseous state at very high temperatures,
while gases such as methane or water vapor
condense at low temperatures. Where concen-

trations of matter were greatest near Earth’s
proto-Sun, for example, only heavy elements
condensed. As matter thinned out, tempera-
tures dropped progressively and permitted
lower-temperature elements to condense.
Based on existing temperatures, distance from
the protostar controlled, in part, the abundance
ratios of the various elements found in those re-
gions. This is one reason that the inner planets
are high in iron content relative to the outer gas-
eous planets.

Material in the residual gas rings that sur-
rounded the proto-Sun was pulled to the plane
of the ecliptic by the force of gravity. This mate-
rial tended to clump together as it condensed
out of the cooling gases. Some scientists believe
that in our solar system this condensation
phase was rapid enough to trap some of the
lighter gases within the forming clumps of
heavier elements. This may account for the
large amounts of volatiles present during the fi-
nal stages of planetary formation.

As condensation progressed, only micro-
scopic grains were in evidence. Later, these
combined to form larger and larger particles.
Growth continued through sand-sized to pebble-
sized and then to boulder-sized objects. This de-
scribes the accretion process, where collision
produced a larger mass rather than fragmenta-
tion. Accretion did not stop with boulders, but
continued, eventually forming planetesimal-
sized objects much like present-day asteroids.
They had a size range from 30 meters up to
about 1,000 kilometers in diameter. Finally,
planetesimals collected one another and as-
sumed the planetary dimensions familiar today.

Present-day planets are not uniform in their
chemical compositions. The inner, so-called ter-
restrial planets (Mercury, Venus, Mars, and
Earth) are rich in heavy metals, while the outer
planets (Jupiter, Saturn, Uranus, and Nep-
tune) are gaseous—hence, the so-called “gas gi-
ants.” One explanation for this may be that the
solar nebula was not uniformly hot, because of
nonhomogeneous distribution of material based
on distance from the proto-Sun. Only the area
from the Sun outward to the asteroid belt (a re-
gion of small rocky and metallic bodies between
the orbits of Mars and Jupiter) was sufficiently
hot to experience heating of the original nebular
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material and subsequent con-
densation. Material that was
present at the distance of Ju-
piter and beyond remained
in its unaltered state until it
became concentrated in the
protoplanetary stage of for-
mation.

An additional factor to be
considered in planetary for-
mation is the T-Tauri stage
in the development of a main
sequence star like the Sun.
This is a hyperactive stage in
a young star’s life, as fusion
reactions begin to dominate.
As a result, large quantities
of matter are ejected at a very
rapid rate. It has been sug-
gested that the early Sun may
have lost as much as one-half
its original mass in as short a
period as 1 million years. This
would be evident as an in-
tense solar wind many times
greater than it is today.

Distance would once again
be an influencing factor in
planet formation. As the so-
lar wind came in contact with
the inner protoplanets, it
would have stripped away
the lighter elements, thereby
concentrating the heavier
ones. Yet, even with its great
intensity during the T-Tauri
stage, the solar wind would
have lost most of its effective-
ness at the distance of the
present asteroid belt. It may
have been virtually ineffec-
tive by the vicinity of Jupiter,
thereby leaving the outer
planets with most of their
original mass. In fact, the
Jovian planets may have in-
creased their mass as gravity
collected additional matter
flowing past from the inner
solar system.
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Pierre-Simon Laplace: Solving the Unsolvable
Pierre-Simon Laplace was born on March 23, 1749, to a well-off

farming family in Normandy who could provide their children with
educational opportunities. He studied mathematics at the Univer-
sity of Caen, taught at his former priory school, and then met the fa-
mous mathematician Jean le Rond d’Alembert, who in 1770 recom-
mended him to the École Royale Militaire in Paris.

Turning to astronomy, in 1773 Laplace solved a problem in celes-
tial mechanics that had puzzled many scholars, including the fa-
mous Leonhard Euler and Joseph-Louis Lagrange: Apparent varia-
tions in the speeds at which the
planets revolved around the Sun
seemed to have no reasonable ex-
planation and indicated a worri-
some instability in the solar sys-
tem. Sir Isaac Newton himself had
concluded that the solar system re-
quired intermittent divine inter-
vention to keep it going. Laplace
demonstrated that this planetary
instability was only apparent; in
fact, the variation in the speed of
the planets was a periodic phenom-
enon that could be predicted. This
work opened the door to the Aca-
démie des Sciences, and he would
become its president in 1812.

Laplace’s scientific reputation placed him in an intellectual, so-
cial, and political position that enabled him to have a profound influ-
ence on the changes that occurred in France during the revolution of
1789. In 1790, Laplace was instrumental in developing the metric
system, and in 1795 he was a cofounder and first director of the Bu-
reau des Longitudes. He also served as the director of the Paris Ob-
servatory. In 1806, Napoleon named Laplace a comte d’empire and
gave him the position of minister of the interior in his government.
Much more a scientist than an administrator, Laplace kept his min-
isterial position for only six weeks before gracefully withdrawing. In
1807 Laplace, along with the well-known chemist Claude Louis
Berthollet, organized a group of famous scientists and young re-
searchers called La Société d’Arcueil to encourage promising young
graduates of the Polytechnique to continue their research.

Laplace was elected to the French Academy in 1816, and in 1817
Louis XVIII named him a marquis. When he died at the age of
seventy-eight, Laplace not only had revolutionized astronomy but
also had profoundly transformed the fields of probability, weights
and measures, and mathematics. In a eulogy presented at the French
Academy on November 13, 1827, Laplace’s successor, Pierre-Paul
Royer-Collard, said:

Laplace was born to perfect everything, to deepen everything, to
push back the limits, and to solve all of the things people believe
unsolvable. He would have completed the study of astronomy if
this science could be completed.

(AIP Niels Bohr Library)



In the end, the planets as they are known to-
day were formed. The processes at work were
very complex, involving many variables. Collec-
tively, the aforementioned theories are known
as the nebular hypothesis. It offers reasonably
logical explanations for a very difficult problem.

METHODS OF STUDY

Experimentally, several aspects of the nebu-
lar hypothesis can be examined in the labora-
tory through high-temperature and pressure
studies on various materials believed to have
been present in the nebula. Nevertheless, in the
final analysis, no experiment can reproduce an
actual solar system or a planet. It is possible,
however, to compile all available data into a
computer model and develop a graphic repre-
sentation of what may have taken place.

Scientists do not have to rely totally on com-
puter modeling for answers; there are actual
clues. Evidence for the condensation and accre-
tion phases of planet formation can be found in
the chemistry and mineralogy of stone meteor-
ites. Chemical compositions of minerals found
in meteoritic objects called chondrules bear wit-
ness to an early high-temperature condensation
history. The physical condition of these chon-
drules—as they are found in the meteorite—
also exhibits evidence of a very violent phase
during which collisions were commonplace.
These normally spherically shaped objects can
be found as fragments or in a partially melted
and deformed state. They were incorporated
later into a re-forming object that eventually
would reach planetesimal proportions. Al-
though scientists do not totally agree about the
mechanisms for the origin of chondrules, they
are certain of their primitive nature.

The bulk chemistry of meteorites also pro-
vides additional information about planetary
formation. One type of meteorite, called a type
one carbonaceous chondrite, contains the most
primordial chemistry of all materials in the
solar system. Its chemical composition most
closely resembles the “condensable” part of the
Sun’s chemical makeup. Also present are low-
temperature, water-bearing minerals; carbon-
ate and sulfate minerals; and 8 percent to 22
percent water. High-temperature minerals are
rare, and chondrules are notably absent. This

strongly suggests that this type of meteorite
may be very close in chemical composition to the
original unaltered material of the solar system.

The unique primordial nature of meteorites
was destroyed as they were incorporated into
the growing planetesimals. As the planetesi-
mals accreted further into actual planet-sized
masses, evolutionary processes took over, eras-
ing all evidence of their protoplanetary stage.
For the inner planets, intense bombardment
from infalling planetesimals turned their sur-
faces into a crater-dominated world. Those
planets that had sufficient mass would heat up
internally, with volcanism, plate tectonics, and
erosion eventually reshaping their surfaces. In
contrast, the outer planets never got beyond
their protoplanet stage. Their great masses
kept them hot, and they never cooled off.

The first extrasolar planet was discovered in
1995 using a technique that involves measuring
the gravitationally induced wobble in a star pro-
duced by a planet orbiting it. Ironically, the first
planet found outside the solar system did not fit
the typical model envisioned for a planetary
system. It was a very large gas giant in an ex-
tremely tight orbit about a pulsar. Pulsars had
not been considered likely candidates for solar
systems with planets. Adecade after that initial
exoplanet discovery, more than one hundred
other planets had been detected through a small
number of indirect means. Most extrasolar
planets were hot Jupiters, but some were found
having masses down to a multiple of a Uranus-
class mass. After the first decade of discoveries,
the number of objects beyond the solar system
that were accepted as planets rose dramati-
cally. By 2008, there were more than three hun-
dred recognized exoplanets. The tremendous
variety of these planets and the nature of the so-
lar systems in which they were found forced a
serious reexamination of the theory of plane-
tary system formation.

METHODS OF STUDY

The nebular hypothesis for planetary forma-
tion provides good explanations for many of the
dynamical and chemical properties found in the
solar system, but it is not all-inclusive. Some in-
consistencies do exist, such as the axial tilt and
the rotational direction of Uranus. The possible
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formation of this planet is more representative
of a catastrophic event that may have literally
knocked it on its side.

Comets are another example. Although much
is known about their physical and chemical
characteristics, little is known about how they
fit into the nebular hypothesis. They apparently
come from the outer fringe of the solar system,
but their highly elliptical orbits are not consis-
tent with protoplanetary theory. A likely expla-
nation would suggest that a catastrophic event
is somehow also responsible for the origins of
comets.

One place scientists can look for possible con-
firmation of the nebular hypothesis is in the sat-
ellite systems of the gaseous planets. At their
formation these protoplanetary bodies resem-
bled small stars rather than planets. It is possi-
ble that they acted in a manner similar to a
forming star with respect to their satellite fami-
lies. One can envision a protoplanetary Jupiter
gravitationally gathering in the largest amount
of mass and perhaps radiating a small amount
of energy just as the early proto-Sun did. Its
mass would not permit it to progress further,
but it may have remained hot long enough to in-
fluence the chemical compositions of its inner
higher-density satellites (Io, density 3.5 and
Europa, density 3.0). In contrast, the two larger
outer satellites, Ganymede and Callisto, have
densities of 1.9 and 1.8, respectively. This com-
parison between the satellites of Jupiter and
the arrangement of planets by density is ines-
capable. The inner two Jovian satellites are
composed of rock, ice, and small amounts of
metal, while the outer two are dominated by ice
and dust. Astronomers are investigating if they
truly formed according to protoplanetary the-
ory. Only future spacecraft exploration will tell.

The ring systems of the outer planets may
well answer some of the questions concerning
accretion and planetesimal formation. For ex-
ample, are the rings representative of a frag-
ment satellite, or one just coming together?
What about orbital dynamics and the influence
of shepherding satellites on the orbital motion
of the particles in the rings? These are all valid
questions whose answers will undoubtedly shed
light on planetary origin.

As one moves outward through the solar sys-

tem, the density comparison between satellites
in a given system is not so apparent as it is in the
Jovian system. These satellites all appear to be
relatively uniform mixtures of various ices and
dust. Even large Titan, with a density of 1.9,
does not match up to Io and Europa. It is then ap-
parent that temperatures in these far-removed
regions of the solar nebula were merely too cold
to permit any large concentration of heavier ele-
ments, regardless of the influence of the planet
they orbit.

Perhaps the most striking evidence for accre-
tion can be found in the physical characteristics
of the small Uranian moon called Miranda. Ap-
parent in the Voyager 2 photographs were two
distinctly different surfaces. One was a densely
cratered terrain typical of the low-density ice
satellites of the outer planets. The other had no
comparison. There were circular patterns of an-
gular landforms surrounded by alternating
bright and dark bands, along with fault scraps
and ridges. These were clearly of a much youn-
ger age than the ancient cratered surface. Sci-
entists are searching for a possible explanation
for such a unique satellite. One theory suggests
that Miranda may have experienced an early
partial internal melting. This would have been
followed by a low-velocity impact that broke it in
several pieces. These large pieces remained in
orbits close to one another and in a relatively
short period of time reaccreted into a single
large mass. The patchwork nature of Miranda’s
surface makes this a strong possibility and
would thus provide astronomers with an exam-
ple of an actual accretionary body.

Theory and the examples from the solar sys-
tem can provide valuable evidence for planet
formation, but scientists would like to see the
actual event as it happens. Considering the vast
number of young stars in the Milky Way, this
should be possible, but distance prevents exam-
ination by earthbound telescopes. Methods of
observation that make use of non-visible radia-
tion, however, may provide the information nec-
essary to confirm the nebular hypothesis.

In 1983, the Infrared Astronomical Satellite
(IRAS) began gathering data on various sources
of infrared energy in space. This included en-
ergy emitted from newly forming planetary sys-
tems. One of the first candidate sources was the
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young star Vega. IRAS showed it to be sur-
rounded by a spherical cloud of cool dust, just as
theory predicted for a forming planetary sys-
tem. A second observation showed the star Beta
Pictoris to have a dust cloud surrounding it in a
typical flattened plane. Optical observations
confirmed this disk to have a radius ten times
larger than that of Pluto’s orbit and confirmed
that the dust was orbiting within 5° of that
star’s plane of the elliptic. Evidence such as this
does not necessarily confirm the nebular hy-
pothesis, but it strongly supports it.

The Hubble Space Telescope and Spitzer
Space Telescope have since found many more
protostellar objects and forming planetary sys-
tems. The indirect detection of more than three
hundred extrasolar planets (a number that is
continually increasing), the vast majority of
which do not appear to have formed in a manner
consistent with the model of our solar system
condensing out of a planetary nebula, puts con-
straints on the acceptability of the nebular
hypothesis, or at least its universality. “Hot
Jupiters” close to a star, pulsars with planets,
and a few other unusual star-planet relation-
ships fall well outside the classic planetary neb-
ula model.

Much anticipated is the first direct imaging
of an Earth-class planet about another star. The
Kepler Observatory, designed to detect planets
while transiting their star, was expected to de-
ploy in 2009; if successful, it would survey as
many as 100,000 star systems. It is estimated
that the chances for finding a terrestrial planet
are on the order of 1 in 210; if that low probabil-
ity proves to be correct, then Kepler might de-
tect as many as 476 Earth-class planets. Such
continuing indirect and direct observations of
existing and forming planetary systems will
surely require major modifications to the theory
of planet formation.

In mid-June, 2008, European astronomers
announced remarkable results found using
the European Southern Observatory (ESO) La
Silla Observatory’s HARP spectrograph. Sur-
rounding the star HD40307 were found three
super-Earth-scale planets. HARP was capable
of detecting planets between two and ten Earth
masses—thus, objects on a planetary scale, be-
tween Earth and Uranus or Neptune in mass.

This technique was sensitive to stellar wobbles
of only a few meters per second, something nec-
essary to determine the tiny tug on a star by an
Earth-sized extrasolar planet at significant dis-
tances from its star. These researchers also an-
nounced that they expected to refine data on
forty-five candidate Earth-scale exoplanets
with masses between 1 and 30 Earth masses as
they continued to observe with HARP. How-
ever, an extrasolar planetary system with three
Earth-class planets was unique thus far in the
history of exoplanet identification.

CONTEXT

Prior to the mid-seventeenth century, most
theories for the origin of Earth and the solar sys-
tem were based on either myth or religious in-
terpretation. Later, science would tend to take
either an evolutionary or a catastrophic ap-
proach. It was realized quickly that no compre-
hensive answer would be forthcoming, and the
“best-fit” concept was developed to provide an-
swers based on the best science available.

In 1644, French philosopher René Descartes
presented the first scientific theory for the ori-
gin of the solar system. His model was based on
an evolutionary process. Descartes envisioned
space as filled with swirling gases. Large whirl-
pools developed that would form stars eventu-
ally, with smaller vortices forming planets and
their satellites. In 1755, Immanuel Kant ap-
plied Sir Isaac Newton’s laws of gravity to Des-
cartes’s model and concluded that the swirling
gases would assume a disk shape. In 1796, the
French mathematician Pierre-Simon Laplace
proposed further that the disk would separate
eventually into rings. The planets would con-
dense from these rings. Collectively, the theo-
ries of Descartes, Kant, and Laplace became
known as the nebular hypothesis. It offered rea-
sonable explanations for the flattened appear-
ance of the solar system, the nearly circular or-
bits of the planets, and their similar orbital
directions around the Sun. Nevertheless, it left
many questions unanswered and by the late
nineteenth century had fallen from popularity.

In 1745, French naturalist Comte de Buffon
proposed a catastrophic explanation that con-
trasted with the nebular hypothesis. His theory
suggested that the solar system formed after a

Planetary Formation The Solar System

580



collision between the Sun and another massive
object. The material thrown out by that collision
eventually formed the planets. It was a rela-
tively simple theory that provided answers to
questions left unanswered by the nebular hy-
pothesis. The Buffon theory was resurrected
and modified by American geologist Thomas
Chronder Chamberlin and American astrono-
mer Forest Ray Moulton in 1900, and in 1917 it
was revised by Sir James Hopwood Jeans.
Jeans’s revision had no collision but instead en-
visioned matter being pulled out of the Sun by
the tidal forces of a passing star. This matter
would then condense to form planets. Jeans’s
theory answered certain questions that the neb-
ular hypothesis could not, but it was not a com-
plete explanation.

Technological advances made during the
twentieth and twenty-first centuries gave the
nebular hypothesis new credibility. From the
work of Carl von Weizsäcker, Gerard Peter
Kuiper, and Hannes Alfvén, a revised model of
the nebular hypothesis arose, envisioning a
vast interstellar cloud of gas and dust that frag-
mented and contracted into smaller, dense re-
gions from which stars would form. It is from
within one of these smaller regions that the Sun
and its planets formed.

In astronomical terms, the formation of the
Sun and planets happened relatively quickly,
perhaps in only 100 million years. It is sug-
gested that zones of turbulent eddies once ex-
isted in the gas and dust cloud. Through a com-
bination of processes of regional gravitational
collapse, condensation, and subsequent accre-
tion of solid particles, large protoplanetary bod-
ies approximated the chemical compositions and
were probably the precursors of the present-day
planets.

Theories of planetary formation have given
humankind a better understanding of the cos-
mic origins and the intricacies that led to
Earth’s existence in the solar system. In seeking
answers to such questions, both mental and
technological capabilities have been expanded,
and this has overflowed into everyday lives. Ex-
perimentally, the biggest goal of the search for
extrasolar planets is the detection and later the
imaging of Earth-like planets.

Paul P. Sipiera
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Planetary Interiors
Category: Planets and Planetology

Planetary interiors characteristically have
a nested shell structure, with concentric
layers of differing physical properties and
chemical compositions. Often, planetary
materials are compressed into unusual
forms by the tremendous pressures deep
within planets.

OVERVIEW

The interior of Earth is typical in many ways
of the interiors of other terrestrial, or “rocky,”
planets and serves as a useful starting point for
understanding those planetary interiors. Earth
consists of three layers, differing sharply in
composition and physical properties: a thin out-
ermost layer called the crust, a thick intermedi-
ate layer called the mantle, and a dense central
core.

Earth’s crust consists of two quite different
materials: granitic rocks averaging about 40 ki-
lometers thick beneath the continents and ba-
saltic rocks 5 to 10 kilometers thick beneath the
ocean basins. Sea waters fill the ocean basins
because the crust is thin there and its elevation
low, but there is no direct connection between
oceans and oceanic crust. The crust of Earth
composes only about 0.3 percent of its mass and
about 0.8 percent of its volume. Beneath Earth’s
crust is a dense mantle of iron and magnesium
silicate rocks extending to a depth of about
2,885 kilometers. The mantle occupies about
five-sixths of the volume of the Earth and ac-
counts for two-thirds of its mass.

At the center of Earth is a dense core consist-
ing of two parts. The outer core, with a radius of
3,486 kilometers, is slightly more than half the
diameter of Earth and about the size of the
planet Mars. This outer core is most likely mol-
ten iron and nickel with other elements present
in smaller amounts. Fluid movements in the liq-
uid outer core are believed to be the source of
Earth’s magnetic field. The inner core, which is
solid but similar to the outer core in composi-
tion, has a radius of 1,216 kilometers. The core
occupies about one-sixth of the volume of Earth
and accounts for a third of its mass. The inner
core accounts for only 0.7 percent of the volume
of Earth and 1 percent of its mass.

The composition of Earth’s interior, as well
as that of other planets, is dictated by the chem-
istry of the solar system. If the solar system
formed from a cloud of material similar to the
present Sun in composition, any solid grains
that condensed should have a composition simi-
lar to the Sun, minus those elements that would
have formed gases. In the inner solar system
(above the freezing point of water), most hydro-
gen, nitrogen, and carbon would have formed
gases. Oxygen would largely be tied up in water
vapor, but much would form oxides with various
metallic elements or combine with silicon to
form silicate minerals. Some sulfur would be
available for iron sulfide minerals such as
troilite (FeS). Noble gases (helium, neon, argon,
krypton, and xenon) combine rarely with other
elements and would be nearly absent from any
solid grains. The most abundant elements of the
inner planets should be oxygen, magnesium, sil-
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icon, sulfur, and iron. Direct chemical analysis
of solar system bodies is still largely limited to
Earth, the Moon, meteorites, and more recently
Mars, but these analyses are consistent with
theoretical predictions.

Meteorites are particularly valuable because
they provide samples of the materials that con-
densed in the early solar system. A class of me-
teorites called chondrites closely matches the
theoretically predicted composition of the plan-
ets; they are believed to be samples of very prim-
itive solar system meteorites. Chondrites are
usually the starting point for studies of the
chemical composition of the inner planets. The
presumed composition of Earth’s mantle,
mostly iron and magnesium silicates, agrees
well with the theory that Earth has an overall
chondritic composition. Much of the iron in
Earth has settled into the central core, together
with nickel and perhaps much of Earth’s sulfur.

Pressure deep within the Earth is caused by
the weight of overlying rocks. It is easy to calcu-
late once the distribution of mass within Earth
is known. The gravitational attraction within
Earth is solely caused by the mass of Earth be-
tween the observer and the core; the gravita-
tional effect of a shell surrounding an observer
is zero. In a uniform Earth, gravitational attrac-
tion would decrease steadily toward the center,
but because Earth’s core is dense, gravitational
attraction actually increases slightly with
depth and is about 4 percent higher at the
boundary of the core than at Earth’s surface.
Pressure at the base of Earth’s continental crust
is about ten thousand times greater than
Earth’s atmospheric pressure. Geologists com-
monly use a metric unit, the bar, to measure
pressure. A bar is convenient because it is
nearly equal to the pressure of Earth’s atmo-
sphere at sea level and thus is easily visualized.
A bar is equal to 100,000 pascals. The pressure
at the bottom of the mantle is about 1.4 million
bars, and the pressure at Earth’s center is about
3.6 million bars.

Temperatures deep inside the planet are not
known as precisely as many other physical
quantities. Earth becomes hotter at an average
rate of 25 kelvins per kilometer near the sur-
face, reaching about 1,250 kelvins at the base of
the continental crust. Thereafter, temperatures

increase much more slowly, reaching 3,000 to
5,000 kelvins in the core. Despite high tempera-
tures in the mantle, it is still solid, because high
pressure elevates the melting point of rocks.
Portions of the mantle melt at depths of 50 to
100 kilometers only locally to generate magma
for volcanic eruptions. Much of Earth’s internal
heat is caused by radiogenic heating, but some
may be primordial remnants from the accretion
of Earth or gravitational energy released when
dense material sank to create the core.

Higher temperatures in Earth’s deep interior
create convection, the rise of hot, light material
and the sinking of cooler, denser material. Al-
though the rocks in the mantle are very rigid
over short time spans, they can flow slowly over
long timescales. It is still not known whether
convection occurs throughout the mantle,
whether there is one layer of convective motion
or several, or precisely how the changes in crys-
tal structure of mantle rocks at different depths
might affect convection. Crustal plates consist
of the crust, plus part of the mantle beneath.
The material of the plates, collectively called
the lithosphere, is about 100 kilometers thick.

Movement of crustal plates on Earth results
in recycling of oceanic crust over a period of
about 200 million years. New oceanic crust is
formed as plates spread apart at the mid-ocean
ridges, and old oceanic crust returns to Earth’s
interior at oceanic trenches, mostly around the
Pacific rim. As oceanic crust is drawn back into
Earth’s interior, it melts partially, and molten
material invades Earth’s crust. This molten ma-
terial is enriched in elements of large ionic ra-
dius and large electric charge that do not fit eas-
ily into the crystal structures of mantle rocks.
During Earth’s lifetime, the crust has become
enriched in potassium, rubidium, silicon, ura-
nium, thorium, and rare Earth elements. As a
result the mantle has become depleted. Volatile
materials such as water and carbon dioxide
have also escaped to the surface.

Physical processes active in Earth’s interior
may be at work in other planets as well: internal
heating, recrystallization of rocks and other
materials to denser forms at great depths, grav-
itational separation of a dense metallic or me-
tallic sulfide core, internal flow caused by con-
vection, and segregation of particular materials
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into a crust. These processes are all driven, di-
rectly or indirectly, by internal heat. Small
planetary bodies have less internal heat than
large ones. As the planets accreted from the im-
pact of smaller bodies, impacts released heat.
Smaller bodies had less mass to retain heat and
therefore cooled more quickly than larger ones.
Gravitational separation of a dense core would
also release heat, but separation of a core is less
likely in a body with weak gravity and a cool in-
terior. Small bodies have smaller amounts of ra-
dioactive material for radiogenic heating and
smaller thicknesses of insulating mass to retain
the heat that is produced. Larger bodies of the
inner solar system show considerably more in-
ternal activity than smaller ones.

Spectroscopic evidence indicates that some
large asteroids have basaltic surfaces, which
means that bodies a few hundred kilometers in
diameter have undergone enough internal heat-
ing at some time in their history to melt rocks.
The Moon is believed to have a very small core,
probably rich in iron or iron sulfide. Mercury is
unusually dense for a small planet and probably

has a core with a radius three-fourths that of the
planet itself. Although both Mercury and the
Moon are covered with vast volcanic plains, nei-
ther has experienced significant volcanic or tec-
tonic activity in the last 3 billion years, perhaps
because their interiors are too cool and rigid to
permit much convection or melting.

Venus is only slightly smaller than Earth,
and its interior is probably similar to Earth’s.
The surface of Venus shows many manifesta-
tions of intense internal activity such as fractur-
ing and folding of the crust and widespread vol-
canic activity. Nevertheless, Venus lacks the
sharp division between two kinds of crust that is
so evident on Earth. Also, Venus lacks obvious
topographic features typical of plate tectonics
on Earth: ridges with crustal spreading, frac-
ture zones, or trenches. One possible reason for
its different geology may be that Venus has a
thin, flexible crust that results from its very
high surface temperature (650 kelvins), rather
than thick, rigid crustal plates, as on Earth.

Mars is believed to have a small core of iron or
iron sulfide and shows considerably more evi-
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dence of recent dynamic internal activity than
Mercury or the Moon. A gigantic rift valley,
Valles Marineris, extends more than 5,000 kilo-
meters on Mars. The Tharsis Ridge is close by,
crowned with several enormous volcanoes. The
relative lack of craters on these features of Mars
indicates that they formed much more recently
than the ancient volcanic plains on Mercury or
Venus, probably about one billion years ago.
Nevertheless, the opposite side of Mars consists
of ancient cratered terrain that has been inac-
tive since its early history. Mars never devel-
oped a global system of crustal plates as had
Earth, probably because the planet cooled
enough for a very thick, rigid lithosphere to
form.

In the outer solar system, water ice and other
volatile materials (collectively termed “ices”)
are major constituents of planetary bodies.
Water ice evaporates quickly in a vacuum even
from the solid state. Only at 175 kelvins or a lit-
tle sunward of Jupiter was it cold enough for ice
to form in a vacuum and survive billions of
years. At 150 kelvins, methane hydrate (a solid
mixture of methane and water) condensed, fol-
lowed by ammonia hydrate at 120 kelvins, and
argon and pure methane at about 65 kelvins.
These temperatures are comparable to the sur-
face temperatures on the satellites of Jupiter
(135 kelvins), Saturn (100 kelvins), Uranus (85
kelvins), and Neptune (50 kelvins).

Satellites of all the large outer planets, and
perhaps the dwarf planet Pluto and its satellite
Charon as well, consist of rocky cores sur-
rounded by mantles of ices. One of the great sur-
prises of planetary exploration has been the de-

gree of internal activity that occurs on objects
made largely of ices. A rocky core need not be
very large to generate enough radiogenic heat to
warm water ice to near or above the melting
point, and some larger bodies, especially the
large satellites of Jupiter, may have liquid
water or icy slush within their mantles. A num-
ber of satellites in the outer solar system show
evidence that ice has flowed upward from the
interior to the surface. This process has been
called “ice volcanism,” but it is more nearly akin
to vertical glacial flow. Water ice undergoes a
remarkable series of changes in crystal struc-
ture at high pressure, and these high-pressure
forms of ice are present undoubtedly in the
interiors of large satellites in the outer solar
system.

The icy satellites of the outer solar system
circle very massive planets and experience a
force that is only of minor importance on Earth:
tidal forces. Tidal forces arise because the gravi-
tational attraction between two bodies is
greater on their near sides than their far sides.
Tidal forces distort bodies into ellipsoidal
shapes whose long axes point toward the other
attracting body. The Moon exerts only a small
effect on the solid Earth and a more noticeable
effect on the oceans, but Earth’s tidal force has
locked the Moon’s rotation so that it always
shows the same face to Earth. Tidal stresses
also produce very small “moonquakes” when the
Moon is nearest to Earth in its orbit.

Almost all satellites in the solar system are
similarly locked to their planets. If a planet has
several large satellites, the satellites also exert
tidal forces that tend to twist the satellites into
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alignment with one another. Under the right
conditions, the conflicting tidal forces can gen-
erate a significant amount of internal frictional
heat. The most spectacular example is Io, Jupi-
ter’s innermost satellite. Frictional heating
from tidal forces makes Io’s interior hot enough
to cause active volcanism, despite the fact that
Io is smaller than Earth’s moon. The ultimate
source of energy for this heat is the orbital mo-
tion of Jupiter’s satellites and the rotation of Ju-
piter. Heating of Io is but a negligible energy
drain on these bodies. Other satellites, notably
Europa, another satellite of Jupiter, the Satur-
nian satellite Enceladus, and several satellites
of Uranus have extensive fracture networks
also related to tidal stresses.

Jupiter, Saturn, Uranus, and Neptune, the
so-called gas giants, probably formed by accu-
mulating rock and ice cores several times as
massive as Earth. These large cores were mas-
sive enough to attract and hold large amounts of
gases. Jupiter and Saturn, which were massive
enough to retain essentially all of their gases,
are similar to the Sun in composition. Uranus
and Neptune did not become massive enough to
attract or retain as much hydrogen and are
made mostly of denser gases such as ammonia
or methane. The deep interiors of all of these
planets are very dense gases or fluids. In Jupi-
ter and Saturn, pressures become great enough
that hydrogen is believed to have metallic prop-
erties, a form of matter predicted in theory and
only created in small systems in the laboratory.
Fluid movements in the interiors of the gas gi-
ants are believed to account for their magnetic
fields, in the same manner that fluid motions in
Earth’s core produce a magnetic field.

METHODS OF STUDY

The deepest mine on Earth is 4 kilometers
deep, and the deepest well ever drilled is 12 kilo-
meters deep, about one one-thousandth the di-
ameter of Earth. Direct sampling of the Earth’s
interior has not penetrated through the crust,
much less reached the core. Geologic processes
have brought materials from the deep crust and
upper mantle to the surface, from depths per-
haps greater than 100 kilometers. Knowledge of
Earth’s deep interior is derived from a variety of
indirect techniques, therefore, and knowledge

of the interiors of other planets is based in part
on knowledge of Earth’s interior.

Some information about Earth’s interior can
be derived from the surface. Most rocks have
densities of 2.7 to 3.0 grams per cubic centime-
ter. The size of Earth and hence its volume are
known from mapping. Earth’s mass is known
from its gravitational attraction. The average
density of Earth, 5.5 grams per cubic centime-
ter, implies that there is dense material deep in
the interior. Another observation supports this
conclusion. All rotating objects, including
Earth, can be described by a physical quantity
called moment of inertia. Moment of inertia
plays much the same role in equations of rota-
tional motion that mass plays in equations of
linear motion. Earth’s moment of inertia can be
found from observations of gravitational effects
of the Moon on Earth. It does not match the mo-
ment of inertia of a uniform body with the size
and mass of Earth; instead, Earth’s moment of
inertia indicates that much of Earth’s mass is
concentrated near its center. Similar studies
applied to other planets also provide clues to
their internal structure.

Samples of Earth’s mantle are found in two
geologic settings: as parts of ophiolites (frag-
ments of oceanic crust incorporated into moun-
tain ranges) and as inclusions in kimberlite
pipes, volcano-like vents that appear to have
brought rocks (and occasionally diamonds) from
the mantle to the surface with great speed and
violence. The composition of mantle rocks—
predominantly iron and magnesium silicates—
agrees with the theory that Earth is largely
composed of chondritic raw material and their
mechanical properties match the properties of
the upper mantle as deduced from seismic
studies.

One measure of solar-system bodies can pro-
vide great insight into their composition, even
for bodies not sampled directly: bulk density,
which is the mass of a body divided by its vol-
ume. The volume of a body can be computed
readily once the diameter is known, and diame-
ter can be obtained with high precision with
spacecraft imagery. The same spacecraft that
obtains imagery can also provide an accurate
mass determination, through the gravitational
effect of the body on the path of the spacecraft.
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Bodies with bulk densities of 3 to 4 grams per
cubic centimeter, such as the Moon, Mars, and
Io, are probably composed mostly of silicates of
the type found in Earth’s mantle.

The only solid that is abundant in the solar
system and less dense than silicate rocks is
water ice, with a density of 0.9 gram per cubic
centimeter. Small solid bodies with densities of
1 to 3 grams per cubic centimeter are very likely
made of varying proportions of silicate rock and
water ice. Most of the satellites in the outer so-
lar system are of this composition. The very
large outer planets also have low bulk densities
(Saturn has a bulk density of only 0.7 gram per
cubic centimeter). These planets are known,
from spectroscopic evidence as well as direct im-
aging by spacecraft, to be composed mostly of
dense gases, probably with solid cores.

CONTEXT

Until seismic methods became available, the
only way of knowing anything of Earth’s inte-
rior was by analyzing its exterior properties,
such as mass, shape, and gravitational attrac-
tion. During the eighteenth and early nine-
teenth centuries, accurate determination of the
shape of Earth was at the foremost frontiers of
research in science. Many now-indispensable
advanced mathematical methods were stimu-
lated by study of Earth’s shape and gravitation.

Seismic studies of Earth’s interior began in
the late nineteenth century. John Milne, an En-
glish engineer working in Japan, refined the
crude seismographs then in existence to new
heights of sensitivity. By the 1880’s, seismo-
graphs were capable of detecting earthquakes
at distances of thousands of kilometers. In 1896,
Richard Dixon Oldham argued from astronomi-
cal and geologic evidence that Earth must have
a dense iron core. By 1906, he presented evi-
dence for a core by showing that seismic waves
passing through the center of Earth traveled
more slowly than they did in the mantle. In
1909, the Yugoslavian seismologist Andrija
Mohorovici2 noted that seismic waves for
nearby earthquakes showed an abrupt change
in velocity beyond a certain distance, which he
interpreted as evidence for a thin outer crust.
By 1912, Beno Gutenberg had determined accu-
rately the dimensions of the core. In 1936, the

Danish seismologist Inge Lehmann presented
evidence for the existence of the inner core. Un-
til the 1920’s, most seismographs were me-
chanical, curious blends of massive weights and
delicate lever mechanisms to obtain enough
sensitivity and magnification to record faint sig-
nals. Since that time, electronic signal amplifi-
cation has vastly improved the sensitivity of
seismographs.

One of the great conceptual advances in the
understanding of Earth’s interior was the hy-
pothesis of continental drift, proposed by the
German meteorologist Alfred Lothar Wegener
in 1912. Beginning in the late 1950’s, evidence
began to accumulate that the active processes
for crustal motion on Earth actually were con-
centrated in the ocean basins. Between 1960
and 1975, a modified concept of continental
drift, or plate tectonics, became the generally
accepted view among geologists.

Study of the interiors of other planets was not
possible until spacecraft could provide accurate
dimensions and masses for these objects, as well
as views of their surfaces that might provide
clues to internal processes. The only body be-
sides Earth to be investigated seismically is the
Moon. Apollo astronauts placed seismographs
on the Moon between 1969 and 1972. Some
spent third stages of the Saturn V rocket and
some discarded ascent stage of the Lunar Mod-
ule were purposely impacted on the Moon to cre-
ate seismic events of known magnitude for sur-
face experiments to detect. These impacts
helped to calibrate the experiments, and also to
decipher subsurface structure of the Moon.
Seismic waves caused by natural meteor im-
pacts have also helped probe the lunar interior.

One of the most dramatic insights into plane-
tary interiors was provided by American scien-
tists Stanton Peale, Patrick Cassen, and Ray
Reynolds. They calculated the amount of tidal
heating that might occur on Io and found that Io
could get hot enough to sustain volcanic activ-
ity. They published this hypothesis in the jour-
nal Science less than a month before the Voy-
ager spacecraft returned the first photographs
of volcanic eruptions on Io, the first active volca-
nism ever seen outside Earth.

Steven I. Dutch
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Beatty, J. Kelly, Carolyn Collins Petersen, and
Andrew Chaikin, eds. The New Solar System.
4th ed. Cambridge, Mass.: Sky, 1999. A sur-
vey of the solar system in the light of Voyager
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dantly illustrated and written at the intro-
ductory college reading level.

Blondel, Phillippe, and John Mason, eds. Solar
System Update. New York: Springer, 2006. A
series of reviews of selected topics within
solar-system science. For the professional as-
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Thomas E. Cravens, eds. Exploring Venus as
a Terrestrial Planet. New York: American
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Faure, Gunter, and Teresa M. Mensing. Intro-
duction to Planetary Science: The Geological
Perspective. New York: Springer, 2007. De-
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sciences, this textbook provides an applica-
tion of general principles and subject mate-
rial to bodies throughout the solar system.
Excellent for comparative planetology.

Freedman, Roger A., and William J. Kaufmann
III. Universe. 8th ed. New York: W. H. Free-
man, 2008. A college text on astronomy,
somewhat more advanced than many intro-
ductory texts, with a wealth of detail and
excellent diagrams. Chapters 6 through
16 describe the solar system. Comes with a
CD-ROM.

Hartmann, William K. Moons and Planets. 5th
ed. Belmont, Calif.: Thomson Brooks/Cole,
2005. An updated version of a classic text on
planetary science. Sepate chapters cover all
the planets and their complex systems. Ac-
cessible to the general reader and suited for
use in a college course at the introductory
level. Heavily illustrated.

Irwin, Patrick G. J. Giant Planets of Our Solar
System: An Introduction. 2d ed. New York:
Springer, 2006. Focuses on Jupiter, Saturn,

Uranus, and Neptune and their satellites,
rings, and magnetic fields. Includes discus-
sion of the gas giants’ interiors. Filled with
figures and photographs. Suitable as a text-
book for upper-level college courses in plane-
tary science.

Leverington, David. Babylon to Voyager and Be-
yond: A History of Planetary Astronomy. New
York: Cambridge University Press, 2003. A
historical approach to planetary science, con-
cluding with a summary of spacecraft discov-
eries. Suitable for general readers and the as-
tronomy community. Heavily illustrated.

Lewis, John S. Physics and Chemistry of the So-
lar System. 2d ed. San Diego, Calif.: Aca-
demic Press, 2004. Suitable for an under-
graduate course in planetary atmospheres,
but accessible to the general reader with a
technical background. Includes discussion of
the compositions of planetary interiors.

Morrison, David, and Tobias Owen. The Plane-
tary System. 3d ed. San Francisco: Pearson/
Addison-Wesley, 2003. Planetary atmo-
spheres are treated as important physical
features of the various members of the Sun’s
family. They are discussed individually in
the context of what is known about each
planet’s characteristics and with regard to
theories about their evolution and the evolu-
tion of the entire solar system. Geared for the
undergraduate college student.

Squyres, Steve. Roving Mars: Spirit, Opportu-
nity, and the Exploration of the Red Planet.
New York: Hyperion, 2006. Written by the
principal investigator for the Mars Explora-
tion Rovers Spirit and Opportunity, this fas-
cinating book provides a general audience
with a behind-the-scenes look at how robotic
missions to the planets are planned, funded,
developed, and flown. Discusses surface geol-
ogy, which is influenced by activity in Mars’s
interior in ages past.

See also: Lunar Interior; Neptune’s Interior;
Saturn’s Interior; Uranus’s Interior; Venus’s
Volcanoes.
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Planetary Magnetospheres
Category: Planets and Planetology

Six planets in the solar system possess mag-
netic fields apparently generated through
internal processes. These fields extend
some distance into surrounding space and
interact with charged particles streaming
from the Sun. Electromagnetic interac-
tions occur in the upper atmospheres of
these planets, causing phenomena includ-
ing auroral displays.

OVERVIEW

Planetary magnetospheres are usually cre-
ated by magnetic force fields generated from
the deep interiors of the planets. Six planets of
the solar system—Mercury, Earth, Jupiter,
Saturn, Uranus, and Neptune—exhibit mag-
netospheres of differing magnitudes, appar-
ently produced essentially in this way. The me-
chanics of the generating processes are not well
understood. They differ somewhat among the
planets, but the effect is as if strong bar mag-
nets lay inside each of the affected planets.
Lines of magnetic force radiating from the poles
of each of these magnetic fields arc outward into
surrounding space. The stronger ones link with
corresponding force lines from the opposite pole
to create a roughly spherical magnetic field ex-
tending several planetary radii into space
around the planet. These three-dimensional
magnetic structures are complex and dynamic
regions. They contain plasmas of varying tem-
perature and density, through which high-
energy particles move. Venus and Mars also
have magnetospheres, but they are the result of
induced magnetism created by the action of the
solar wind impacting directly on these planets’
atmospheres rather than by internal processes
near their cores.

The importance of planetary magnetospheres
lies in the ways they control the behavior of elec-
trically charged particles, such as electrons,
protons, and atomic and molecular ions. In the
inner solar system, the heliosphere contains
several charged particles per cubic centimeter
on average, and although this is incredibly ten-
uous by Earth’s standards, it amounts to an im-

portant factor in the overall environment in
which the planets exist.

Most of these charged particles are solar
wind particles streaming outward from the Sun
at speeds averaging 400 kilometers per second.
They derive from the solar corona, a region out-
side the visible disk of the Sun, where the solar
plasma is extremely rarefied and incredibly
hot—about 1 million kelvins. Here, protons
have such kinetic energy that they escape easily
from the Sun’s gravity, with the result that they
create a steady “plasma wind” that blows out
through the solar system. In addition, the com-
plicated and energetic dynamics of the Sun’s
photosphere and chromosphere create a variety
of circumstances in which bursts of charged par-
ticles from within are hurled out into the solar
system, similar to water from a lawn sprinkler
spewing out in a circular pattern.

Were it not for the effects of the solar wind,
planetary magnetospheres would be completely
spherical in shape. The pressure exerted by the
onrushing plasma distorts the magnetic field
lines, and therefore the magnetospheres, into
teardrop shapes. In the sunward direction, the
boundary of a magnetosphere occurs where the
internal pressure of the planet’s magnetic field
balances the pressure of the solar wind. In the
direction away from the Sun, the magneto-
sphere stretches out into a very elongate region
called the magnetotail.

The actual size of a magnetosphere varies
somewhat from day to day, even from hour to
hour, depending on the intensity of the solar
wind. Bursts of intense solar activity result in
“gusts” in the solar wind which, when they en-
counter the planetary magnetic fields, com-
press the magnetospheres. Magnetospheres ex-
pand again when the solar wind diminishes.
The farther out in the solar system a planet
lies, the less is the ambient pressure exerted by
the solar wind. This fact explains why the
magnetospheres of Jupiter and Saturn are so
large that they dwarf the Sun.

Magnetic field lines rotate with the planet’s
interior, from which they originate. As a result,
the entire magnetosphere rotates with what is
called “rigid body motion,” behaving as if it were
a rigid extension of the planet’s core rather than
a tenuous fluid on the fringes of the planet’s
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sphere of influence. The energy expended to
force the magnetosphere to rotate with the inte-
rior of the planet is small but significant in the
long run and gradually drains a planet of rota-
tional momentum.

At the outer boundary of a planet’s magneto-
sphere, the solar wind breaks like sea waves on
a reef. Much of the oncoming material is de-
flected and flows around the planet in the tear-
drop-shaped magnetosheath, but not without
much turbulence and the formation of a shock
wave identical to the wave that forms around
aircraft traveling at supersonic speeds. This is
known as the bow shock. A small percentage of
the particles penetrate the magnetopause (the
outer boundary of the magnetosphere) and en-
ter the planet’s magnetic field.

In addition to the charged particles acquired
from the solar wind, the magnetospheres con-
tain ions and electrons derived from the planet
to which they belong and any satellites or rings
that may orbit the planet within its magneto-
sphere. These particles may have drifted from
the main body of the planet’s atmosphere
through natural kinetic activity, or may have
been knocked free by collisions with high-
energy particles impacting on the upper at-
mosphere. Once within the magnetosphere,
charged particles migrate to particular regions,
depending on their kinetic energy, their electri-
cal charge, and other physical factors. Plane-
tary magnetospheres differ with respect to
some of these regions. One that appears to be
similar in all is the plasma sheet that lies at
the center of the magnetotail. The tail consists
of two lobes of opposing polarity, between which
is a narrow zone where the magnetic field
strength is nil. This narrow but elongate re-
gion becomes a deep “pocket” in which charged
particles can collect. Periodic disturbances such
as intense solar activity produce temporary
changes in the size and shape of the magneto-
tail. These can result in sudden injections of
large numbers of these stored particles back
into the polarized regions of the magneto-
sphere. Such injections become the source of
the particles that create the aurora borealis
(northern lights) and aurora australis (south-
ern lights) long known to be associated with so-
lar activity.

METHODS OF STUDY

Information about Mercury’s interior struc-
ture and magnetosphere depended upon obser-
vations and measurements acquired by instru-
ments aboard the American spacecraft Mariner
10, which reached the planet on March 29, 1974.
Mariner 10 obtained measurements that en-
abled researchers to establish with consider-
able accuracy the size and shape of the mag-
netosphere and thereby infer the strength of the
magnetic field. The field is inclined 12° to Mer-
cury’s rotational axis; however, it is much
smaller and has only about 1 percent the
strength of Earth’s field. In two other important
respects, Mercury’s magnetosphere differs from
the magnetospheres of Earth and the Jovian
planets. It does not possess any radiation belts,
and because Mercury lacks any appreciable at-
mosphere, none of the interactions between a
magnetosphere and an ionosphere is present.
More information about Mercury’s magnetic
field will be obtained when the Mercury Surface
Space Environment, Geochemistry, and Rang-
ing (MESSENGER) spacecraft enters orbit
about the planet, planned for 2011.

Venus lacks an internal magnetic field on a
planetary scale; there may be residual magne-
tism in its rocks. This is believed to be the result
of the fact that the planet spins so slowly on its
axis that no dynamo effect occurs at the planet’s
core. Nevertheless, Venus exhibits a weak iono-
spheric magnetic field created by an induced
magnetism that results from the interaction of
the solar wind with the ionosphere. Lacing
through the ionosphere are a number of unique
magnetic structures called flux ropes, which are
long, twisted lines of magnetic force. Within the
flux ropes, the plasma temperature and particle
densities are high and a wide variety of ions are
found.

The Earth’s magnetosphere extends about
60,000 kilometers in a sunward direction. The
magnetotail stretches out 1,000 radii in the op-
posite direction. Clear evidence that the mag-
netic axis is inclined 11° to Earth’s rotational
axis is seen in the locations of the magnetic
poles; the magnetic north pole lies in northern-
most Canada and the magnetic south pole is
found on the edge of Antarctica. The center of
the Earth’s magnetic field also lies about 500 ki-
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lometers away from the geometric center of
Earth.

Many of the charged particles trapped within
the Earth’s magnetosphere are concentrated in
regions called the plasmasphere and the Van
Allen radiation belts. The plasmasphere begins
just beyond the ionosphere and grades outward
into the Van Allen radiation belts. There are
two belts: The inner belt extends radially from
about 1,000 to 10,000 kilometers, and the outer
belt from 25,000 to 60,000 kilometers. The Van
Allen radiation belts surround the planet like
two concentric doughnuts, encasing the equato-
rial and temperate latitudes but leaving the
poles relatively exposed. Electrons, the least
massive of the charged particles and most easily
deflected by magnetic fields, spiral around the
lines of force in these radiation belts as they
travel back and forth between the magnetic
poles at speeds of thousands of meters per
second.

Poleward of the Van Allen radiation belts
is a region of the magnetosphere that does
not trap charged particles but funnels them
down toward the atmosphere. The impact of the
charged particles upon atoms and molecules in
the polar ionosphere raises the temperature of
this region to more than 1,650 kelvins, causing
atmospheric gases to fluoresce and create what
is known as the northern lights and southern
lights. Seen from a perspective high above the
planet, auroral activity appears as rings of
glowing light girdling the polar ionosphere, like
halos over the Arctic and Antarctic regions.

Spacecraft have detected only a faint trace of
a magnetic field around Mars. Its strength is
less than one-tenth of 1 percent that of the
Earth. This is not considered surprising, since
the planet lacks a liquid core and cannot gener-
ate a field internally. Evidently, what has been
detected is similar to the induced magnetism in
the ionosphere of Venus, but the Martian atmo-
sphere is much thinner, making even this effect
weak. In situ examination of rocks on the sur-
face by the Mars Exploration Rovers Spirit and
Opportunity found residual magnetism in cer-
tain rocks.

Detection of sharp bursts of radio energy
from Jupiter in 1955 was the first indication
that this planet might possess a magneto-

sphere. Further study—particularly of data
provided by Pioneers 10 and 11, Voyagers 1 and
2, and Galileo—confirmed the existence of a
huge magnetosphere and provided many in-
sights into its features. Jupiter’s magnetic axis
is inclined about 10° to the axis of rotation, and
its field is nineteen thousand times stronger
than Earth’s. The magnetosphere extends in
the sunward direction an average distance of
3 million kilometers, while the magnetotail
stretches beyond the orbit of Saturn. The polar-
ity of the field is inverted, as compared with
Earth’s (that is, the magnetic north pole lies
near the planet’s geographic south pole). In the
huge sea of plasma surrounding Jupiter are pro-
tons, electrons, ions, and neutral atoms from
three distinct sources: the solar wind, the
planet’s atmosphere, and the surfaces of some of
its satellites. The third source contributes the
heavy ions that are present through the process
of sputtering. There is no correspondence for
this component in Earth’s Van Allen radiation
belts.

Io, the innermost of the Galilean satellites, is
the site of several active volcanoes. Each of
these sites discharges as much as 100,000 tons
of sulfur or sulfur dioxide per second. Most of
this material rains back down on the surface,
but a very small fraction of it (0.01 percent) es-
capes from Io’s gravity and enters the Jovian
magnetosphere. There it is quickly broken down
by sunlight and fast-moving solar particles
whose impacts cause the formation of heavy
ions of oxygen, sodium, and sulfur. A doughnut-
shaped volume within the Jovian magneto-
sphere, known as the Io Torus, contains a con-
centration of these heavy ions. Io’s movement
through this charged environment generates an
intense electrical current that follows a huge
arcing path between Io and Jupiter, known as
the Io flux tube. As Io orbits above the portion of
Jupiter facing toward Earth, the magnetic
“footprint” of this flux tube faces Earth and un-
usual bursts of radio energy are detected as this
concentration of particles interacts with the
Jovian atmosphere.

The existence of Saturn’s magnetic field was
not detected until Pioneer 11 approached the
planet in 1979. The field is inclined exactly with
the planet’s axis of rotation and is one thousand
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times stronger than Earth’s but nineteen times
weaker than Jupiter’s. Like Jupiter, the mag-
netic polarity is inverted as compared with
Earth’s. On the sunward side, Saturn’s mag-
netosphere extends an average of 1 million kilo-
meters from the planet. Measurement of the
field strength at the cloud tops shows the mag-
netic north pole to be stronger than the south
pole, suggesting that the magnetic center of
Saturn lies about 2,400 kilometers north of its
geometric center. Titan orbits Saturn at a mean
distance of 1,221,400 kilometers, passing out of
the magnetosphere as it comes around on the
sunward side, only to plunge back into the
magnetotail as it continues its journey. Titan’s
significant atmosphere (1.6 times as dense as
Earth’s) is the source of heavy ions of nitrogen
and other molecules, along with a significant
amount of neutral hydrogen. The inumerable
particles in Saturn’s rings, however, have been
shown to be excellent absorbers of the charged
particles in the magnetosphere. Absorption of
electrons by the rings is so complete that a re-
gion beginning at the outermost of the three
main rings (the A ring) and extending all the
way to the planet’s surface is the most radia-
tion-free zone in the solar system.

Uranus’s magnetosphere is generally similar
in size and strength to Saturn’s, but not in com-
position. It contains little other than protons
and electrons derived from hydrogen escaping
from the planet’s atmosphere. The inner mag-
netosphere includes an extensive corona of pro-
tons similar to Earth’s Van Allen radiation
belts. The absence of significant numbers of
heavy ions in the magnetosphere may be attrib-
utable to the fact that the energies of the pro-
tons are lower than is the case with Jupiter and
Saturn, consequently limiting their ability to
sputter heavy ions off the surfaces of the satel-
lites and rings. The magnetic axis is inclined 60°
to the planet’s rotational axis, but since Ura-
nus’s rotational axis is out of phase radically
with the rotational axis of the other planets,
this places the magnetosphere in a fairly nor-
mal orientation to the plane of the solar system.
Its polarity matches that of Jupiter and Saturn.
Not only is the magnetic axis steeply inclined to
the rotational axis, but also it is offset a distance
equal to about one-third of the planet’s radius

from the geometric center of Uranus. The radi-
cal inclination of the two axes gives rise to some
unusual dynamics in the magnetosphere. As
the magnetosphere rotates with the planet’s in-
terior, it creates a corkscrewing effect in the
plasma of the magnetotail.

Neptune’s magnetosphere was first revealed
to the Voyager 2 spacecraft and made its pres-
ence known through weak nonthermal radia-
tion with a sixteen-hour repetitive pattern that
scientists believe is linked to the planet’s period
of rotation. The field shares the same polarity as
the fields of Earth and Mercury. Two unusual
features reminiscent of Uranus are the mag-
netosphere’s rakish tilt of 47° to the rotational
axis and the location of the center of the field at
a point 14,000 kilometers away from the geo-
metric center of the planet. Particle density
within the magnetosphere is the lowest of any of
the planets, with no more than 1.4 protons and
heavy ions per cubic centimeter present. Parti-
cle densities at Uranus and Jupiter are three
and three thousand times greater, respectively.

CONTEXT

At the midpoint of the twentieth century, sci-
entists believed that the Earth’s upper atmo-
sphere trailed away to an utter and complete
vacuum only a few hundred kilometers above
the surface. Today, it is known that the atmo-
sphere grades gradually into the huge magneto-
sphere, within which are pockets of surprisingly
concentrated plasma as well as vast regions
where little exists. The Earth’s magnetosphere
and those of other planets are, in turn, embed-
ded in the much larger solar magnetosphere, or
heliosphere. This complex mesh of electrical
and magnetic fields, electric currents, and par-
ticle flows becomes a conduit by which electro-
magnetic disturbances occurring on the Sun are
conveyed directly to the planet’s ionosphere,
and even to its surface.

Some consequences of this linkage are rela-
tively well known, such as the fact that high lev-
els of solar activity interfere temporarily with
shortwave radio broadcasts by altering the up-
per atmosphere’s reflectivity to radio waves. So-
lar disturbances also interfere with transmis-
sion of electric power and communications over
long-distance cable systems. It is necessary to
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engineer such systems with features that pre-
vent the disruption of service when the Earth’s
magnetosphere is in turmoil because of solar ac-
tivity.

There is growing physical evidence suggest-
ing a connection between solar activity and ter-
restrial weather. Historical evidence links a
prolonged period of solar inactivity from 1645 to
1715 c.e. (known as the Maunder minimum) to
severe climate changes. The mechanism for
these linkages is not yet clear, but there is no
doubt that the ionosphere responds profoundly
to changes in the magnetosphere. Some scien-
tists believe that changes in the ionosphere are
conveyed to the lower atmosphere, where
weather occurs, through an electrical current
that flows between the upper atmosphere and
the ground. This current, called the global cir-
cuit, is involved intimately in the thousands of
thunderstorms occurring over Earth every day.
It has also been suggested that there may be a
connection between solar activity and geophysi-
cal events such as earthquakes.

Records in the Earth’s rocks, particularly the
iron-rich rocks of the seafloor, prove conclu-
sively that the Earth’s magnetic field has re-
versed polarity on many occasions. There is no
cyclical pattern evident in the intervals be-
tween reversals, and their cause is not yet
known. It has been speculated that major
meteor impacts may cause the poles to “flip-
flop.” However, the phenomenon may also be a
response to changes in the Sun’s polarity, trans-
mitted through the charged heliosphere.
Whether there are any environmental conse-
quences to these polarity changes and whether
they can be predicted still need to be deter-
mined.

On a cosmological scale, radio astronomy and
space-age probes have demonstrated that the
universe contains many vast structures of
plasma organized around magnetic force fields.
They are detectable by the radio energy they
give off and are found to surround other stars
and even entire galaxies. In fact, such struc-
tures may occur as frequently as the much more
familiar gravitationally organized ones. The
Earth’s magnetosphere is, therefore, an impor-
tant laboratory in which the behavior of ionized
matter can be studied. It is reasonable to believe

that as scientists understand plasmas and
magnetospheres better, new insights will be
gained, many of which may have important sci-
entific and practical implications.

Richard S. Knapp
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Field; Van Allen Radiation Belts.

Planetary Orbits
Category: Planets and Planetology

Planets in the solar system revolve around
the Sun in elliptical orbits at speeds that
vary with distance from the Sun. Laws that
govern these motions were first deduced by
Johannes Kepler and later quantified by
Sir Isaac Newton.

OVERVIEW

Planets in the solar system move around the
Sun in elliptical orbits. Those whose orbits are
closest to the Sun move more rapidly than those
that are farther away. These simple, univer-
sally accepted observations form the basis of the
knowledge of planetary motions. Gravity—the
force that causes apples to fall from trees and
keeps humans firmly planted on Earth’s sur-
face—plays the central role in the mechanics of
planetary motions.

A simple experiment illustrates the energy
relationships inherent in orbiting bodies. If a
person attaches a string to a small rubber ball
and the ball is swung around the person’s head
in a horizontal circle, the tension along the
string that holds the ball in its “orbit” is analo-
gous to the Sun’s gravity pulling on a bound
planet. The English astronomer and mathema-
tician Sir Isaac Newton (1642-1727) explained
how the force of gravity affects planetary mo-
tion. Newton proved in his laws of motion that
once an object is in a straight-line motion, it will
continue on that course with no further input of
energy (law of inertia) unless its motion is per-
turbed by an unbalanced force. In the case of
planets, this force is provided by the gravita-
tional attraction of the Sun (or more massive
planet, in the case of a satellite). Depending
upon the magnitude of the orbiting body’s “ki-
netic energy” (energy of motion), the body will
move in either a circular orbit or, with greater
kinetic energy, an elliptical orbit. Kinetic en-
ergy counters the attractive force of gravity,
thus preventing a planet from falling into the
Sun, or the orbiting ball, as stated in the exam-
ple, from striking the experimenter.

The scientist who first showed that the orbits
of the planets are actually ellipses rather than
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circles was Johannes Kepler (1571-1630). A
German mathematician, astronomer, and as-
trologer, Kepler worked previously as an assis-
tant to the Danish observational astronomer
Tycho Brahe. After Brahe’s death, Kepler used
detailed position measurements of the planet
Mars to plot an orbit that was not circular. Up to
this time, planetary orbits—including that of
the Moon—were believed to be circular in accor-
dance with precepts developed by the Greek
philosopher Aristotle.

A circle is the locus of points all the same dis-
tance from a given center. An ellipse differs
from a circle in being oval-shaped. An ellipse

contains two internal, evenly spaced points
called foci. It is important to understand how
the foci of an elliptical orbit relate to the posi-
tions of an orbiting planet and the Sun. This re-
lationship is expressed by Kepler’s first law:
Each planet moves around the Sun in an orbit
whose shape is that of an ellipse, with the Sun at
one focus. The other focus is empty. Thus, the
Sun is not precisely in the middle of the ellipse
but displaced somewhat to the side. The degree
of displacement determines the orbit’s eccen-
tricity. As a result, planets move between a min-
imum distance from the Sun in their orbit,
called perihelion, and a maximum distance
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Pluto (dwarf)
5,899 (3,657)

Neptune
4,494 (2,786)

Mars
228 (141)

Venus
108 (67)

Mercury
58 (36)

Earth
150 (93)

Uranus
2,869 (1,779)

Saturn
1,426 (884)

Jupiter
779 (483)

Distances of the Planets from the Sun
in Millions of Kilometers (Miles)



from the Sun, called aphelion. Planetary orbits
have this repetitive pattern as a result of the
central character of gravity; that is, gravity acts
along the line between the gravitationally inter-
acting bodies. The magnitude of the gravita-
tional force follows an inverse square law with
regard to its dependence upon distance between
the interacting masses. If one doubles the dis-
tance between the two objects, their gravita-
tional attraction diminishes not by a factor of
two, but by four.

Kepler’s second law was actually discovered
before his first law. It describes the fact that
planets move more slowly when farther away
from the Sun (their slowest speed is at aph-
elion), and they move more rapidly when closer
to the Sun (their maximum speed is at perihe-
lion). This observation logically would lend sup-
port to the idea that the planet’s orbit is any-
thing but circular. The second law states that a
straight line joining the planet and the Sun
sweeps out equal areas in space in equal inter-
vals of time. Imagine a string attached to a
planet at one end and the Sun at the other.

When the planet is near aphelion (farthest from
the Sun), it moves slowly, so that the triangular
sector swept out by the string during a given
time will resemble a long, slender piece of pie. In
contrast, near perihelion over the same time
period, the planet will move farther (because it
is going faster), so that the sector swept out by
the string resembles a fatter slice of pie. Kep-
ler’s second law states that these two pie slices,
or triangular sectors—although quite different
in radius and opening angle—should have
equal areas. This exercise is a mathematical
way of stating that planets move more slowly as
the Sun-planet distance increases. Planetary
orbits obey Kepler’s second law of motion as
a consequence of conservation of angular mo-
mentum.

Kepler’s third law, formulated in 1619, was
an attempt to quantify the fact that a planet
moves more slowly the farther its orbit is from
the Sun. His task was to determine a precise
mathematical relationship between a planet’s
average distance from the Sun and its period.
Being oval, ellipses have a major axis and a mi-
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This “oblique” view of the outer planets’ orbits around the Sun makes clear how much closer Mercury, Mars (la-
beled), Venus, and Earth are to the Sun than are the “gas giants.” (Lunar and Planetary Institute)



nor axis of different lengths.
A line passing through the
two foci of the ellipse and
ending at both ends of the
figure defines the long axis
of the ellipse and is known
as the major axis. A length
equal to one-half the major
axis is called the semimajor
axis. A line perpendicular to
the major axis passing half-
way between the two foci of
the ellipse is the minor axis.
A length equal to one-half
the minor axis is called the
semiminor axis. A planet’s
mean distance is half the
sum of the perihelion and
aphelion distances. This is
equal to the average dis-
tance of a planet from the
Sun and also is the value of
the semimajor axis. Kepler
found that the cube of the
mean distance for any planet
is equal to the square of that
planet’s period. This equation is expressed
mathematically as p2 = r3, where p is the
planet’s period in Earth years and r is the
planet’s mean distance from the Sun, expressed
in terms relative to the Earth’s mean distance,
150 million kilometers, or one astronomical unit
(AU). If the Earth’s mean distance equals 1.0
AU, then Mars’s mean distance is 1.5 AU, Ve-
nus’s mean distance is 0.72 AU, and so on. Plan-
etary orbits obey this third Keplerian law of
motion as a result of the central character of
gravity as well as its inverse-square-law nature
of gravity.

Newton later reformulated Kepler’s three
laws using more sophisticated mathematics
than was available to Kepler. Newton’s modifi-
cation of the first law states that each planet
has an elliptical orbit with the center of mass
between it and the Sun at one focus. The “center
of mass” is a point between the two bodies (the
Sun and the orbiting planet) where their
masses are essentially balanced. Mathemat-
ically, it is the point at which the product of
mass times length is equal for the two bodies:

M1 L1 = M2 L2, where M = mass, L = length from
center of mass, and subscripts 1 and 2 refer-
ring to bodies 1 and 2. The Sun is such an ex-
tremely massive body that its center of mass
with any planet lies near the Sun’s own center.
Therefore, the Sun does lie essentially at a focus
of the planetary ellipse, as Kepler stated. Its
movement around the center of mass (deep
within its interior) is detectable only as a slight
wobble. For bodies that are more comparable to
one another in terms of mass, such as pairs of
stars, these objects actually revolve around a
common point that lies between them. Pluto
and its similarly sized satellite Charon provide
a good example of that effect. Because the
masses of these bodies are similar, they revolve
around a common point known as a the bary-
center.

Newton revised Kepler’s second law as fol-
lows: Angular momentum in a two-body system
is constant when no net external torque is pres-
ent. This law originally described the fact that
planets move more rapidly when they are closer
to the Sun compared to when they are farther
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Kepler’s Laws of Planetary Motion
Johannes Kepler’s three laws of motion, articulated in the first years
of the seventeenth century, laid the foundation for Sir Isaac Newton’s
law of universal gravitation.

First Law: A planet orbits the Sun
in an ellipse, with the Sun at one
of the two foci.

Second Law: The line joining the
planet to the Sun sweeps out
equal areas in equal times as the
planet travels around the el-
lipse.

Third Law: The ratio of the squares
of the revolutionary periods for
two planets is equal to the ratio
of the cubes of their semimajor
axes. That is, the time it takes a
planet to complete its orbit is
proportional to the cube of its av-
erage distance from the Sun.
The farther from the Sun an ob-
ject is, the more slowly it moves.

Johannes Kepler. (Library of Con-
gress)



away. Newton found that all bodies that rotate
or move around some center have “angular mo-
mentum.” This quantity is expressed as a body’s
mass times its speed times its distance from the
center of mass (mvr, where m = mass, v = linear
speed, and r = distance from the center of mass).
Because angular momentum is constant for any
two-body system in the absence of a net external
torque, if r becomes greater, v must become
smaller to compensate (mass always remains
constant). On the other hand, near the center of
mass (the Sun, for planets), the distance r is
diminished and speed v must increase to com-
pensate. Conservation of angular momentum
comes into play when a spinning skater pulls
her outstretched arms close to her body, initiat-
ing a more rapid spin rate. Physicists and as-
tronomers usually talk about planetary speeds
of revolution or more properly angular velocity,
which is the linear speed per unit distance from
the focus. In such a discussion, angular momen-
tum then involves the product of moment of in-
ertia times angular velocity. There is no net
torque acting on the planet revolving about the
Sun, so this angular momentum expression is
conserved or remains constant. That means
that the distance from the Sun squared times
angular velocity is an invariant throughout the
planet’s orbital motion.

Newton’s revision of Kepler’s third law is es-
pecially important. Newton discovered that the
sum of the masses of the two bodies times the
square of the period is proportional to the cube
of the mean distance, which is expressed mathe-
matically as (M1 + M2)P2 = a3. The masses must
be expressed as a fraction of the Sun’s mass for
the calculation to be valid. The immediate con-
sequence of this equation is that astronomers
could now use this equation to calculate the
masses of distant bodies given information on
the mean distance and period of the orbiting
bodies. In most instances, the mass of the
smaller body (planet or satellite of a planet) may
be neglected because that mass is so insignifi-
cant compared to the Sun’s mass (1.99 × 1030 ki-
lograms, or 332,943 times Earth’s mass). Re-
arranging the equation gives M1 = a3/p2. This
equation can now be used to calculate the mass
M1 of any central body that has a satellite of
mass M2.

APPLICATIONS

Consequences of Kepler’s and Newton’s laws
of planetary motion and gravity had an impact
on the scientific world not only during their own
time but to this very day. The results of their
work continue to be used by astronomers to
solve problems. For example, the flight path of
the Apollo astronauts to the Moon and back was
calculated using all three of Kepler’s laws. The
energy required to propel the Saturn 5 rocket on
its way and later to orbit the Moon was calcu-
lated using Newton’s laws of gravity. The same
can be said for all interplanetary spacecraft,
such as Voyagers 1 and 2, which visited and
photographed the outer planets, Jupiter, Sat-
urn, Uranus, and Neptune. The two Voyager
probes were assisted in their journeys by using
the gravitational attraction of these massive
planets to accelerate them toward their next
target. Calculating gravity assists involves ki-
netic energy and gravitational relationships de-
veloped by Newton.

One of the most useful of Kepler’s laws for
planetary astronomers is the third law as modi-
fied by Newton. This law allows calculation of
the mass of a massive body using data about
mean distance and period of one or more of its
satellites. It has been used to calculate the
masses of all planets that have satellites (which
excludes Mercury and Venus). One of the most
difficult mass determinations was that for the
dwarf planet Pluto and its satellite Charon.
These bodies are so far away from Earth that
Charon was discovered only in 1977. Its orbital
characteristics were determined, with great dif-
ficulty, some time later. The similar masses of
Charon and Pluto cause them to orbit a center of
mass (a barycenter) that lies nearly halfway be-
tween them, but the location of that barycenter
is somewhat closer to Pluto than it is to Charon.
The third law was used to calculate both the
mass of Pluto, using data from Charon’s orbit,
and the mass of Charon, using data for Pluto.
These calculations show that both bodies have
very low masses and are most likely composed
of methane ice.

Another important consequence of the laws
of planetary motion involves the survival of life
on Earth. One theory suggests that periodic
mass-extinction events—such as the demise of
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the dinosaurs—may have been caused by gigan-
tic impacts of asteroids (rocky planetoids with
diameters of less then 1,000 kilometers) or com-
ets (asteroid-sized ice balls) with Earth. In the
solar system, most asteroids are concentrated
in a belt between Mars and Jupiter, whereas
most comets originate in the outer regions of the
solar system and beyond. Occasionally, colli-
sions or gravitational perturbations from the
massive gas giant planets, such as Jupiter or
Saturn, cause asteroids and comets to assume
orbits that carry them near Earth. All these
bodies have sufficient kinetic energy to resist
Earth’s gravitational attraction, so that objects
that graze Earth’s orbit continue by without go-
ing into orbit around Earth. This fact explains
why Earth and other relatively low-mass plan-
ets have few or no satellites (while the gas gi-
ants—Jupiter, Saturn, Uranus, and Neptune—
have many). Therefore, the bodies that do strike
Earth, causing extinctions and making huge
craters if they strike land areas, must make a
direct hit of a moving Earth. Chances of that oc-
curring on a frequent basis fortunately are
rather low, but not zero. Given the billions of
years of the history of Earth, it is probable that
an occasional body will crash into Earth with
catastrophic consequences. The high kinetic en-
ergy of these bodies is converted into heat and
shock waves upon impact, causing considerable
destruction. Newton’s laws of gravity and mo-
tion play a pivotal role, mostly in determining
the trajectories of these dangerous visitors to
the inner solar system. By the same token, New-
ton’s laws reveal ways that gravity could be in-
geniously used to push possible impacting bod-
ies away from a trajectory that otherwise would
have them intersect with Earth, thereby avert-
ing a possibly cataclysmic collision.

CONTEXT

The history of science closely parallels the de-
velopment of astronomy in that the study of
heavenly bodies and their relationship to Earth
dominated philosophical and religious thinking
for millennia. One of the first scientists to study
religious thinking and astronomical phenom-
ena seriously was the Greek philosopher Aris-
totle (384-322 b.c.e.). Unlike most of his contem-
poraries, Aristotle used some observations to

prove his speculations. His major contribution
to planetary motion studies was his belief that
the natural state of matter is to seek the center
of the Earth, which is why objects always fall
when released above the Earth. Although erro-
neous, this and related ideas laid the ground-
work for later studies by Galileo and Newton on
the effects of gravity. Aristotle also believed, as
did many others, that Earth was at the center of
the universe. That the Sun and planets revolved
around Earth in perfectly circular orbits was
advocated first by his great mentor, Plato. Later,
Aristarchus (c. 270 b.c.e.), a Greek astronomer,
adopted the idea that the Sun is at the center of
the known universe. That idea was forgotten
until revived nearly two thousand years later
by Nicolaus Copernicus, whose “heliocentric”
model, published shortly after his death in a vol-
ume titled De revolutionibus orbium coelestium
(1543; On the Revolutions of the Heavenly
Spheres, 1952; better known as De revolutioni-
bus), describes a system in which the planets
orbit the Sun in perfect circles. Although not
completely accurate, the heliocentric model
eventually supplanted the Earth-centered model
of Aristotle and other philosophers.

In the middle of the second century c.e., Ptol-
emy (c. 100-178 c.e.), wrote a text called
Math4matik4 syntaxis (c. 150 c.e.; Almagest,
1948) in which he summarized all that was
known about astronomy up to that time. This
book influenced astronomical thinking for the
next millennium. It included a model of the so-
lar system that was quite accurate in predicting
planetary positions. Using an idea first devel-
oped by Apollonius of Perga (c. 240-170 b.c.e.),
Ptolemy declared that planets move in perfect
circles around Earth. Nevertheless, planets
moved simultaneously in smaller circles called
“epicycles.” These were necessary to explain
why the outer planets occasionally seemed to re-
verse their normally eastern motion relative to
the stars and move west. One of the great tri-
umphs of Kepler’s laws is that they provide an
explanation for retrograde motion (Earth
moves faster and overtakes the outer planets).
Kepler, and before him Copernicus, laid the
foundations for a scientific understanding of
planetary motions that broke the hold on think-
ing imposed by the Almagest.

The Solar System Planetary Orbits

599



Sir Isaac Newton used ideas developed by
Galileo and Kepler to quantify the knowledge of
planetary motion and to explain these motions
in terms of gravitational forces and kinetic en-
ergies. He published his ideas in Philosophiae
Naturalis Principia Mathematica (1687; The
Mathematical Principles of Natural Philoso-
phy, 1729; best known as the Principia). Al-
though it is now known that Newton’s laws do
not work well on atomic and subatomic scales
(treated in the discipline of quantum mechan-
ics) or in cases where bodies are moving relative
to one another at very high speeds close to that
of light (which later were addressed by Albert
Einstein’s relativity theory), Newton’s laws
work perfectly under everyday conditions on
Earth and in the solar system.

Newton’s and Kepler’s time-tested laws con-
tinue to be used by astronomers and other space
scientists to make predictions about planetary
motions and interactions. Relativity is needed,
however, to explain the advance of Mercury’s
perihelion as it orbits so close to the Sun. Space-
craft deep in the gravitational well of the Sun
likewise require calculations involving relativ-
ity to maintain them on their proper courses.

John L. Berkley
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Planetary Orbits:
Couplings and
Resonances
Category: Planets and Planetology

Orbital or rotational (spin) motions of ob-
jects are said to be “coupled” or “in reso-
nance” when the relationships between the
periods of such motions can be expressed as
ratios of small integers such as 1:1, 1:2, 1:3,
2:3, or 3:4. This usually occurs as the result
of the gravitational interaction of the ob-
jects. Many examples of couplings and res-
onances occur in the orbital and rotational
motions of solar system objects.

OVERVIEW

The orbital or rotational (spin) periods of
many solar-system objects have been found to
be related by ratios of small integers, such as
1:1, 1:2, 1:3, 2:3, or 3:4. Such relationships in the
motions are called couplings or resonances.
Usually they have developed over time as the
result of gravitational interactions between the
objects. Because of their ubiquity, couplings and
resonances are thought to have played a ma-
jor role in shaping the structure of the solar
system.

The many couplings and resonances in our
solar system can be categorized into two main
types. One type, called a spin-orbit resonance, is
manifested by a simple ratio between an object’s
period of spinning (rotating) on its axis and its
period of orbiting (revolving) around a more
massive body. For example, the time it takes the
Moon to rotate on its axis exactly equals the
time it takes to revolve around the Earth, a ratio
of 1:1. As a result, the Moon always keeps the
same side facing the Earth. (Because the Moon’s
orbit around the Earth is not precisely circular,
its orbital speed varies slightly. Consequently it
appears to us on Earth as if the Moon rocks a bit
from side to side—a motion called libration—so
we end up seeing slightly more than half the
Moon’s surface during one of its orbits.) Another
example is that Mercury’s period of rotating on
its axis is exactly two-thirds of its period of re-
volving around the Sun, a ratio of 2:3. Thus,
Mercury spins three times on its axis during two
orbits around the Sun.

The other type of resonance, called an orbital
resonance, involves small-integer ratios be-
tween the orbital periods of two or more small-
mass bodies orbiting around a much more mas-
sive object. Such relationships reinforce the
gravitational interactions between the reso-
nant objects. Suppose one of the orbiting small-
mass bodies is much less massive than the other
small-mass body. (Examples include an aster-
oid and Jupiter as both orbit the Sun, and a ring
particle and a satellite as both orbit Saturn.)
The repeated gravitational tugs of the more
massive orbiting body (Jupiter or the satellite)
on the less massive orbiting body (the asteroid
or the ring particle) will tend to pull the less
massive body away from its resonant orbit,
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while the more massive orbiting body is little af-
fected. This clearing of resonant orbits produces
gaps in belt and ring systems. Such gaps, or di-
visions, are observed in the asteroid belt (the
Kirkwood gaps), located mainly at the reso-
nances with Jupiter, and in Saturn’s ring sys-
tem as a result of resonances with some of Sat-
urn’s satellites.

When two or more objects have exactly the
same orbital period around a more massive ob-
ject, they are called coorbital, a special case
of orbital resonance. In 1772, Joseph-Louis La-
grange mathematically discovered five points
at which coorbital bodies could exist in equilib-
rium. These points are called the Lagrangian
points and are labeled L1 through L5. Three of
the points (L1 through L3) are unstable, in that
an object displaced slightly from the point will
drift farther away. However, the L4 and L5
points are stable, in that an object displaced
slightly from the point will remain nearby and
oscillate around the equilibrium position. These
two stable points are located 60 degrees ahead
(L4) and 60 degrees behind (L5) the second-larg-
est body along its orbit around the largest body.
The Trojan asteroids (so called because they
have been named after the heroes, both Trojan
and Greek, of the Trojan War) oscillate around
the L4 and L5 points 60 degrees ahead of and be-
hind Jupiter along its orbit around the Sun.

APPLICATIONS

Several types of resonance manifest them-
selves in the solar system. In all cases, gravity
provides the coupling force, although the way
gravity is applied to cause the resonance varies.
In the cases of spin-orbit resonance, gravita-
tionally produced tides cause the resonances. In
cases of orbital resonance, the gravitational
forces from two bodies combine to produce ei-
ther resonant gaps or stable, coorbital points
where small particles accumulate. Examples of
all these types of resonance can be found within
the solar system.

The most familiar example of spin-orbit reso-
nance is the motion of the Earth’s only natural
satellite, the Moon. Tidal stresses on the Moon
from Earth have locked the Moon in its spin-
orbit resonance so that only one side faces
Earth. Earth dwellers are inclined to think that

the Moon does not spin or rotate, but if viewed
from far out in space, the Moon would be seen to
spin once for every orbit it makes of the Earth.
As an illustration, the Moon has phases because
sunlight reaches all points of the Moon. This in-
dicates that, as viewed from the Sun, the Moon
spins once a month, which is exactly the same
time that it takes to orbit the Earth, and is
therefore in a 1:1, or synchronous spin-orbit,
resonance with Earth. The Moon is often said to
be “tidally locked” to the Earth because of this
resonance and its cause.

The Moon is not the only secondary satellite
in the solar system to exhibit synchronous rota-
tion. Tidal locking appears to be the rule for all
satellites close to a planet. In fact, Phobos and
Deimos are in synchronous rotation around
Mars. The four Galilean moons of Jupiter,
which are some of the largest satellites in the so-
lar system, also exhibit a 1:1 spin-orbit reso-
nance. Of the many other satellites of Jupiter,
two others that had their rotational periods
measured; one of those, the closest one to Jupi-
ter, is synchronous. A similar situation exists
for the satellites of Saturn, where eight are
known to have synchronous rotations; eight
other sizable satellites have not been measured.
At least two Saturnian satellites are nonsyn-
chronous. The largest satellites of Uranus and
Neptune are also in synchronous rotation, and
the smaller ones have not yet been measured.
Pluto’s companion Charon not only is in syn-
chronous rotation around Pluto but also is large
and close enough to have caused Pluto’s rotation
to be synchronous with Charon’s orbit. Thus, all
planets with satellites have examples of syn-
chronously rotating moons.

Mercury, although lacking any moon, also
exhibits spin-orbit resonance. Mercury spins
three times for every two orbits it makes of the
Sun. This 3:2 spin-orbit resonance is related to
the unusually elongated, elliptical orbit of Mer-
cury. As a result of its resonance condition,
whenever Mercury is at perihelion, the same
point on the planet is either facing directly to-
ward or away from the Sun. The Mariner 10
spacecraft identified a huge feature, the Caloris
Basin, at this point on the surface and some
strange surface features, dubbed Weird Ter-
rain, on the planet’s opposite side. These discov-
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eries suggest that a huge, ancient impact that
nearly tore the planet apart made one side of the
planet heavier than the other and probably
elongated and tilted the orbit. Tidal effects over
the years have slowed the rotation of the planet
so that whenever Mercury is at perihelion, its
heavy side points either toward or away from
the Sun, as a tidal bulge would. The fact that the
spin is not synchronous with the orbit, as it is for
Earth’s moon, is most likely the result of Mer-
cury’s large mass and elongated orbit, which
brings it considerably closer to the Sun at peri-
helion than at aphelion.

Evidence of orbital resonance was discovered
in the asteroid belt between Mars and Jupiter in
1866 by Daniel Kirkwood. As he studied the or-
bits of the asteroids, Kirkwood discovered gaps
in an otherwise congested region of space. Since
Kirkwood’s original discovery of gaps at 2:1, 3:1,
and 4:1 resonances with Jupiter, at least five
other gaps have been identified. It is apparent
that the strong and repeated pull of Jupiter
destabilized orbits of asteroids with these pe-
riods and opened up the Kirkwood gaps.

Divisions in Saturn’s rings have a cause simi-
lar to the Kirkwood gaps. Gian Domenico Cas-
sini first observed the largest gap, the Cassini
division, in 1675; in 1867, Kirkwood discovered
that the Cassini division has a 2:1 orbital reso-
nance with the satellite Mimas. Kirkwood also
showed that the Cassini division was in a 3:1 res-
onance with the satellite Enceladus, a 4:1 reso-
nance with the moon Tethys, and a 6:1 resonance
with the satellite Dione, although the Mimas
resonance is probably more significant because
that coupling is stronger and more frequent. In
addition to the Cassini division, there are gaps
in the A ring at resonances with the satellites
Janus (S10) and Epimetheus (S11). Moreover,
the edges of the A and B rings, which are very
well defined, occur at resonance locations.

There are still some mysteries to be found in
the asteroid belt and Saturn’s rings. Surpris-
ingly, at the Jupiter 3:2 resonance location in
the asteroid belt, there is accumulated material
instead of an empty gap. In the Cassini division,
there are ringlets, which may be spiral density
waves excited by resonances with the satellite
Iapetus. Other details of the structure and
shape of the divisions are still not well under-

stood and may be aspects of density waves and
chaotic behavior. Nevertheless, these are de-
tails, and the main features must be caused by
the simple resonances.

Jupiter and Saturn also have several exam-
ples of coorbital satellites. In Jupiter’s orbit
around the Sun, there are clumps of asteroids
one-sixth of an orbit ahead and behind Jupiter
at the Lagrangian points. These coorbital aster-
oids are called Trojan asteroids. In the Satur-
nian system, the satellite Tethys has two
Lagrangian coorbital satellites, Telesto (follow-
ing Tethys) and Calypso (leading Tethys). In ad-
dition, the satellite Dione has a coorbital satel-
lite named Helene at the leading Lagrangian
point. Other examples are expected to exist, but
they have not yet been observed.

Two of Saturn’s satellites, Janus and Epi-
metheus, are also coorbital, but in a different
way from that of the Lagrangian coorbitals. Ja-
nus and Epimetheus have orbits that are so
close together that their gravitational attrac-
tion for each other is sufficient for them to inter-
change orbits without colliding. The difference
between this case and that of the Lagrangian
coorbital satellites results from the fact that Ja-
nus and Epimetheus are nearly the same size
and that one satellite does not always lead the
other.

CONTEXT

The result of the Moon’s spin-orbit resonance
has been known ever since humans became
aware of the world around them, but the mech-
anism for understanding why such a reso-
nance would occur was not discovered until Sir
Isaac Newton formulated his laws. In fact, tides
were explained in his Philosophiae Naturalis
Principia Mathematica (1687; Newton’s Prin-
cipia: The Mathematical Principals of Natural
Philosophy, 1846), in which he first used his
laws publicly to explain Johannes Kepler’s laws
of planetary motion. It was thought that most
satellites would have similar resonances with
their planets, but this extrapolation needed to
be confirmed. Planetary probes have visited all
planets except Pluto, and the New Horizons
spacecraft is on its way to a flyby of the Pluto-
Charon system in 2015. With a few notable ex-
ceptions, many satellites have exhibited spin-
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orbit resonance. Unfortunately, all the satel-
lites were not able to be studied thoroughly to
determine their spin rates; as a result, a com-
plete understanding of which moons are tidally
locked to their planets, and how, will not be
within reach until additional probes or im-
proved technology becomes available. The Gali-
leo probe improved our understanding of Jupi-
ter’s satellites, and Cassini added to what is
known about Saturn’s.

Interestingly, Mercury generally was thought
to be tidally locked to the Sun ever since
Giovanni Schiaparelli made crude maps of the
surface in the 1880’s. This opinion seemed to be
confirmed by later Earth-based observations
that were carried out prior to the early 1960’s. It
was not until Doppler radar techniques were
applied to Mercury in 1965 that the 3:2 spin-
orbit resonance was discovered. In this study,
radar signals were sent from the 300-meter
Arecibo radio telescope in Puerto Rico and
bounced off Mercury. The change in the signal’s
frequency (the Doppler effect) proved that Mer-
cury rotates once in 58.65 Earth days instead of
the 88 days that it takes to orbit the Sun. It was
not until the three Mariner 10 flybys of Mercury
in 1974 and early 1975 that the Caloris Basin
and the Weird Terrain were discovered and the
orbital resonance was confirmed.

Discovery of the Cassini division in 1675 also
predates Newton’s laws, which are essential to
explain the division. It was not until Kirkwood’s
discovery of resonance conditions in 1866 and
1867 that a reasonable explanation for forma-
tion of this division was offered. Kirkwood’s
model for the Cassini division and gaps in the
asteroid belt was thought to be adequate until
the Voyager data became available in 1981. Im-
ages of the Cassini division from the two Voy-
ager spacecraft revealed a number of unex-
pected details. These details require a more
sophisticated application of Newtonian me-
chanics and provide a testing ground for density
wave theories and theories of chaotic behavior.
These theories could help explain the structure
of galaxies.

In contrast to previous cases, Lagrange pre-
dicted in 1772 the location of stable, coorbital
companions to Jupiter and other planets. In
1906, Jupiter’s coorbital companions were

found. The search continues with nearly two
hundred such asteroids discovered to date and
perhaps ten times that number orbiting at Jupi-
ter’s Lagrangian points. The coorbital satellites
in Saturn’s system were undiscovered until the
Voyager flybys in 1980 and 1981. In fact,
Lagrangian coorbital satellites may exist for
Earth, Mars, and other large bodies.

Larry M. Browning
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Planetary Ring Systems
Category: Planets and Planetology

A planetary ring system consists of enor-
mous numbers of relatively small particles
that fan out from a planet in the form of a
disk, orbiting as a complex unit around
that planet. Planetary rings are common in
the outer solar system; each of the four “gas
giant” planets has a ring system of differ-
ent age and degree of complexity.

OVERVIEW

The rings of Saturn are stunning, perhaps
among the most beautiful features to observe in
the night sky. They were first discovered in
1610 by Galileo in Padua, Italy. Galileo’s tele-

scope was not the best of astronomical instru-
ments. What he sketched were two spheres, one
on each side of the planet. Galileo thought he
had discovered that Saturn was a triple planet.
The matter was clarified in 1655, when Dutch
observer and telescope maker Christiaan Huy-
gens clearly saw Saturn’s rings through his
improved instrument. Later, in 1675, Gian
Domenico Cassini, supervisor of the Paris Ob-
servatory, discovered that there was structure
to the rings. An opening in the ring exists about
two-thirds of the way out from the planet. This
gap became known as the Cassini division. The
outer ring was called the A ring and the inner
ring, the B ring.

The rings of Saturn were of intense interest
to scientists throughout the eighteenth and
nineteenth centuries. New gaps and subrings
were subsequently discovered and named. In
1789, English scientist Sir William Herschel es-
timated the rings to be no more than 500 kilo-
meters thick. By 1850, astronomers’ telescopes
could resolve that the rings were largely trans-
parent and that the edge of the planet could be
seen through the formation. In 1848, French
mathematician Édouard Roche rigorously
proved that if a satellite orbited too close to a
planet, tidal forces from that planet would tear
it apart into small pieces. The planet also would
not allow a satellite to form from small pieces in-
side this distance. This limit is known as the
“Roche limit.” The rings of Saturn fell inside the
Roche limit. Roche boldly suggested that Sat-
urn had captured a small satellite that had then
been broken into billions of tiny pieces by the
gas giant’s gravitational forces.

In 1857, the University of Cambridge offered
a prize to settle the question of whether the
rings were rigid, fluid, or made up of small
pieces of matter “not mutually coherent.” Scot-
tish physicist James Clerk Maxwell presented a
mathematical argument that won the prize. In
his proof, Maxwell demonstrated that any solid
ring would be torn apart by gravitational forces.
He also demonstrated that the rings could not
be a liquid. Thus, the rings of Saturn were com-
posed of countless individual particles, each in
its own independent orbit around the planet.

From the mid-nineteenth century until 1979,
discoveries about Saturn’s ring system were
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largely limited to finding new divisions, and it
was postulated that the rings were no more
than 15 kilometers thick. In 1977, rings around
the planet Uranus were observed using a stellar
occultation method. In 1979, the National Aero-
nautics and Space Administration’s (NASA’s)
twin Voyager spacecraft discovered rings
around Jupiter. Voyager 2 confirmed Uranus’s
rings and, in 1989, discovered diminutive ring
arcs around Neptune.

Much about all the planetary ring systems
can be learned from the study of Saturn’s rings,
although the composition of each of the giant
planets’ rings has not been determined as com-
pletely as has Saturn’s. The Saturnian ring sys-
tem is composed almost completely of water ice
fragments ranging microscopic particles to
boulder-sized bodies, whereas the composition

of the rings of Jupiter, Uranus, and Neptune is
not fully known. Saturn’s rings begin only
32,000 kilometers above the planet’s clouds and
extend outward to 230,000 kilometers. The
rings are no more than a few hundred meters
thick. There are seven major rings separated by
what are still known as “gaps” (including
Cassini’s gap between the A and B rings). A
closer inspection by Voyager revealed that the
major rings consist of tens of thousands of ring-
lets that resemble grooves on a vinyl phono-
graph record. The ringlets are not cleanly sepa-
rated from one another but appear to exhibit the
property of wave propagation through the
structure. There are spiral density waves as
well as bending waves. Each ringlet differs in
width from 100 kilometers to less than 1 kilo-
meter.
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The rings are composed al-
most exclusively of ice frag-
ments whose diameters range
from submicron-size to 10 me-
ters or more. Denser regions of
the rings appear to be composed
largely of smaller particles,
while in the gaps, the larger,
meter-sized particles dominate.
There may be many ring parti-
cles as large as 50 kilometers
across within the ring system,
although the extent of these
particles is not known. As of
2009, the Cassini spacecraft
continued to provide images
from its orbit about Saturn that
reveal more structure to the
planet’s complex ring system.

One of the most astonishing
discoveries made by the Voy-
agers was the tremendous dy-
namic complexity of the ring
system. An unexpected dynamic
effect found by Voyager was the
spokelike effect seen in movies
assembled out of individual se-
quences of images taken by the
spacecraft. Radial spokes ex-
tend outward like spokes on a
bicycle wheel. They rotate with
the rings. Spokes tended to
form, widen, then disappear
after about an hour. The most
widely accepted theory is that
spokes are formed by electro-
static forces between the sub-
micron-size particles and the
planet. They are short-lived be-
cause the orbital period of the
inner particles is faster than
that of the outer particles of the
spoke.

Another of the Voyager dis-
coveries was the existence of
what become known as “shep-
herd satellites.” These are tiny
satellites (not readily visible
from Earth-based telescopes)
that orbit on the outside fringes
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Gian Domenico Cassini, Planetary Explorer
In July, 1664, a professor of astronomy at the University of Bo-

logna, Gian Domenico Cassini, made his first major observation:
Jupiter was not a perfect sphere but instead was flattened at its
poles. Over the next few years he measured Jupiter’s rotational
period, observed its moons, and discovered discrepancies in his
own measurements that, at first, he attributed to light having a
finite speed. (However, he later appears to have rejected his own
idea, and in 1676 Danish astronomer Ole Rømer would use
Cassini’s measurements to calculate the speed of light.)

In 1666, Cassini observed surface features on Mars, including
Syrtis Major. Again, he measured the planet’s rotational period
using these features and produced a value of 24 hours and 40
minutes—within 3 minutes of the period now accepted. He also
attempted to determine the rotational period of Venus, which he
calculated as 23 hours, 20 min-
utes. What Cassini observed to
produce this conclusion is un-
clear; Venus is entirely covered
by bright clouds, and its rota-
tional period (about 243 days)
became clear only with the ad-
vent of radar.

By this time Cassini’s mea-
surements had made him fa-
mous throughout Europe, and he
came to the attention of Jean-
Bapiste Colbert, the French min-
ister of finance. At Colbert’s sug-
gestion, King Louis XIV invited
Cassini to head the new Paris
observatory in 1669. In Paris,
Cassini discovered two moons of
Saturn, Iapetus and Rhea. In 1675, he recognized that Saturn’s
ring was divided, separated by a dark gap now called the Cassini
division. In 1677, Cassini demonstrated that Saturn was flat-
tened at its poles, and in 1684 he discovered two more moons,
Dione and Thetys. In 1705, he correctly suggested that Saturn’s
ring might not be a solid disk but rather a swarm of small objects
orbiting the planet. Cassini also observed several comets be-
tween 1672 and 1707, as well as Jupiter’s Great Red Spot.

During his years at the Paris observatory, Cassini organized a
renowned group of astronomers—including Christiaan Huygens,
Ole Rømer, and others—known as the Paris School. Trained in
engineering, he published several works on flood control, served
as inspector of water and waterways, and became superinten-
dent of the Fort Urban fortifications. By 1711 he was blind, and
he died in Paris on September 14, 1712. His son Jacques (1677-
1756) became head of the Paris observatory, and his grandson
César-François Cassini de Thury (1714-1784) and great-grand-
son Jacques-Dominique de Cassini (1748-1845) also became
noted astronomers.

(Library of Congress)



of the rings within some of the gaps. The minus-
cule gravitational field of these tiny satellites is
enough to push ring particles back into the
rings. They help define the rings’ outer edges
(hence the name “shepherd”). Shepherding sat-
ellites also exhibit some rather interesting ef-
fects on the rings. In the case of the F ring, two
shepherding satellites (1980S26 and 1980S27,
later named Pandora and Prometheus, respec-
tively) confine the ring. The F ring appears to be
discontinuous in places, is intertwined in oth-
ers, and is knotted and lumpy in others. The
current theory is that the F ring’s complexity is
caused by the slight eccentricity in the orbits of
the two shepherding satellites. It is speculated
that over time, variant gravitational interac-
tions cause the structural convolutions. Nep-
tune’s ring system of partial arcs exhibited simi-
lar discontinuities and irregularities, but there
was not enough resolution or coverage to dis-
cern shepherding satellites.

Even before the Voyager encounter and the
discovery of the superior structural details, a
concept known as satellite “ring resonance” was
advanced to explain what could be observed
from Earth-based telescopes. This concept indi-
cates that the shape of the rings and the location
of the gaps are determined not only by the orbits
of individual ring particles but also by gravita-
tional influences of Saturn and its major satel-
lites. This theory postulates that Mimas and
Enceladus have a particular influence on parti-
cles of the rings so that the Cassini division is
created by the gravitational interaction of the
satellites on the particles in the ring. The dis-
coveries of Voyager supported part of the reso-
nance theory, but shepherding satellites and
other gaps that had no resonance explanation in
Saturn’s system and that of the other giant
planets left some questions about its ultimate
effect. Those questions were left for the Cassini
orbiter to investigate.

The rings of Saturn are flattened along the
equatorial belt because of countless energy-
dissipating collisions between particles that
have, over the millennia, all but eliminated ver-
tical displacements. Such collisions do not affect
the circular orbital motion of the particles;
hence, the net effect is a disklike flattening.

The ring system at Jupiter was found to be

faint and largely made of dust. Between Voy-
ager and Galileo spacecraft observations, it has
been determined that Jupiter’s ring system has
four components. There is an inner Halo Ring, a
relatively thick torus-shaped collection of parti-
cles. The Main Ring is very thin and relatively
bright. Then there are two Gossamer Rings that
are rather wide, thick, and very faint. One is as-
sociated with the satellite Amalthea, and the
other with the satellite Thebe; these Gossamer
Rings are believed to be composed of material
coming from their associated satellites.

Astronomers had not expected Jupiter to
have rings. Before Voyager, rings there had
never been observed from Earth. As Voyager
passed behind Jupiter on its outbound journey,
it looked back on the giant planet and photo-
graphed the ring particles in reflected sunlight.
It found that the Jovian rings absorbed all but
one ten-thousandth of the sunlight incident
upon them. There are two main rings around
Jupiter, at 47,000 and 53,000 kilometers above
the cloud tops. One ring is 5,000 kilometers
wide, while the outer ring is only 800 kilometers
in width. There is a torus of thick particles that
is not particularly bright, and the small satel-
lites Amalthea and Thebe produce the particles
that compose the two Gossamer Rings. Voyager
was unable to detect ring thicknesses precisely,
but they were estimated to be between 1 and 30
kilometers wide. Voyager scientists estimated
that most of the Jovian ring particles are proba-
bly made up of dust-size pieces, each in an indi-
vidual orbit around Jupiter with an orbital pe-
riod from five to seven hours. Because the tiny,
dark particles are in unstable orbits and are
constantly falling in toward Jupiter, the rings
are probably constantly renewed by the tiny
satellite Adrastea, which was also discovered by
Voyager.

The rings of Uranus were actually detected
before the Voyager spacecraft arrived at that
planet. Voyager discovered five well-defined
rings around Uranus and four other, less defined
rings. The innermost Uranian ring appeared
quite compact and dense, while the outermost
ring was quite diffuse. Aside from the nine dis-
tinct rings around Uranus, from fifty to one
hundred nebulous dust bands were discovered
in outer orbits containing very small particles.
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It is speculated that the Uranian ring system
began when ten to twelve small satellites less
than 200 kilometers in diameter began to break
up. As they broke up in low orbit, the fragments
began to collide with one another, forming the
dust bands and main ring system. Thus, the
Uranian ring system may be constantly replen-
ished so that it may have a lifetime of millions of
years.

Voyager 2 flew past Neptune in August,
1989, and discovered that this gas giant planet
also has a distinct ring system. Voyager found
five incomplete ring arcs around Neptune. The
exceptionally thin, bright, innermost ring of
Neptune was found to be denser than the oth-
ers, some 17 kilometers wide with a distinct,
more diffuse component extending 50 kilome-
ters in toward Neptune. In the outermost rings,
distinct points of light were observed, suggest-
ing that the rings are embedded with tiny,
icy moonlets, which may act as shepherding
agents, as in the Saturnian system. These tiny
moonlets are estimated to be about 10 or 15 kilo-
meters in diameter. The outer
rings of Neptune are much wider
than the inner rings; the third
ring is quite dispersed and tenu-
ous but is some 2,500 kilometers
across.

The rings of all the giant plan-
ets may have been formed by one
of several mechanisms. Ring par-
ticles may have been accumu-
lated from the breakup of a satel-
lite destroyed by tidal forces;
they may have been created
when a satellite and asteroid or
comet collided in orbit; or the
rings may be merely particles left
over from the formation of the
planet inside the Roche limit
that could not accrete into a sat-
ellite because of the tidal forces.
Why the rings of Saturn are so
different from those of the other
giant planets may be explained
by different material origins. It is
possible that the rings around
Saturn were created when a sat-
ellite of icy origin broke up, while

the dark rings of Jupiter represent the remains
of a body made of much darker material. None of
these conjectures will be proved until pieces of
the rings can be directly analyzed.

METHODS OF STUDY

The rings around Saturn are the best under-
stood of the planetary ring systems because
their existence was well known long before the
Voyagers were launched. Much of the informa-
tion gained at Saturn by the Voyagers and later
the Cassini orbiter can be applied to the other
giant planet ring systems, even though the
other planets’ rings appear much different.

As an orbital platform capable of examining
the complex ring system around Saturn with
sensors viewing in several portions of the elec-
tromagnetic spectrum in addition to the visible,
the Cassini spacecraft verified a number of the
Voyager findings and provided even newer in-
sights into ring dynamics, the spokes phenome-
non, and gravitational interactions between
ring particles and shepherding satellites. Cas-
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sini arrived in Saturn orbit on July 1, 2004, and
finished a four-year primary mission. Fortu-
nately, Cassini was given an extended mission
in light of the spacecraft’s good health and con-
stant stream of new and exciting data as well as
ongoing stunning photography. In addition to
all the refinements of Saturn’s ring structure,
Cassini produced hints of a tenuous ring system
around Saturn’s second-largest satellite, Rhea.
Cassini used its Magnetospheric Imaging In-
strument (MIMI) to infer these thin rings based
on a depletion of energetic electrons near that
satellite. MIMI data indicated three drops in
electron concentration symmetrically located
about Rhea, suggesting that particles from deci-
meters to meters in size were absorbing the
electrons. The rings were too tenuous and dark
to image directly.

The evolution of planetary ring systems may
all be the same. Acareful analysis of ring system
material should eventually demonstrate this
fact. The dynamics of ring systems seem to be
relatively similar. Braided and discontinuous
rings were seen in all ring systems. Shep-
herding satellites have been discovered in at
least two of the systems. Spokes seemed to be
confined to Saturn, which may have something
to do with the fact that the mass of material in
the Saturnian system was significantly higher
than in any of the others.

The question of a ring system’s total mass is
an important one and awaits resolution. It may
be that ring systems have definite lives. If there
is no shepherding action, many of the ring parti-
cles may be spun out of the ring system by mul-
tiple piece encounters, along with random grav-
itational and tidal effects from the planet and
its larger satellites. It may be that the complex
Saturnian ring system is relatively young when
compared with the other planets’ rings; it ap-
pears to be better developed. A robust, more
massive ring system, thus, may be a sign only of
its youth, while a devitalized ring system such
as seen on the other gas giant planets may be ev-
idence of their advanced age. This hypothesis,
however, remains speculative at best.

A study of ring systems has direct applica-
tions to the study of newly forming planetary
systems. In this comparison, Saturn can be vi-
sualized as a forming star, while the ring parti-

cles can be seen as the developing stellar nebula
of dust and particles. Such a system has been
theorized for our solar system’s development
some 4.5 billion years ago. In this comparison,
the behavior and dynamics of the particles in
planetary ring systems can be compared with
the early solar system. Even though the Satur-
nian ring particles are prevented from accretion
by confinement within the Roche limit, some
comparisons may be made with other dynamic
system components.

Such a comparison is not only valuable for di-
rect association to the solar system but also
valuable elsewhere in the galaxy. A careful
study of the dynamics of planetary ring systems
may ultimately be used to calculate the proba-
bility of other nebular systems developing
around other solar systems. An extension of
such estimates will make possible more accu-
rate calculation of the number of planetary sys-
tems, where extrasolar planets develop with re-
spect to their star, and perhaps even how many
planets could be expected to develop.

CONTEXT

The Saturnian rings have long held a special
place in the history of science. Because of their
spectacular beauty, they have always been con-
sidered to be the crown jewel of the solar sys-
tem. The application of science to the study of
those rings began with sketches by the first sci-
entist to view them, the reputed inventor of the
telescope, Galileo. The rings became the focal
point for one of the first evaluations of the na-
ture of the solar system from Earth. Mathemat-
ical evaluation of the rings accomplished by
Maxwell foretold of an era of scientific investi-
gation without direct visitation.

The Pioneer, Voyager, Galileo, and Cassini
spacecraft extended humanity’s reach to the
ringed planets and greatly enhanced the meth-
ods of remote study. Evaluating the mass of
data returned by robotic probes will continue to
keep theorists busy for years to come. Enig-
matic spokes, braided rings, and discontinuities
each present problems that are still far from be-
ing solved. Ring resonance and the concept of
ringlets as manifestations of a kind of particu-
late periodicity also have recently been mod-
eled. Some of remaining dynamic and composi-
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tional questions will almost certainly require
direct return of samples and other visits by ro-
botic probes. Explorations of the rings will un-
doubtedly continue, and will provide astrono-
mers and planetary scientists with exciting
scientific opportunities for decades.

Dennis Chamberland
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tronomy. 5th ed. New York: Springer, 2007. A
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Miner, Ellis D., Randii R. Wessen, and Jeffrey
N. Cuzzi. Planetary Ring Systems. New York:
Springer Praxis, 2006. Perhaps the most
comprehensive text on planetary ring sys-
tems that is also accessible to the scientifi-
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of Pioneer, Voyager, Galileo, and Cassini
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bles, figures, and references.
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451. Washington, D.C.: Government Print-
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theory. Includes photographs and an index.
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Planetary Rotation
Category: Planets and Planetology

The rate and direction of a planet’s rotation
record major incidents from that planet’s
past and determine, to a large extent, the
climate that a planet will experience. Study
of the rotation also yields clues to the gener-
ation of the planet’s magnetic field.

OVERVIEW

Physicists recognize two possible changes in
an extended rigid object. Such an object can
change position or can change its orientation (or
both). The first is called displacement and the
second, rotation. A total description of the mo-
tion of an object requires a determination of the
movement of that extended body’s center of
mass and the specification of three angles rela-
tive to a coordinate system fixed with its origin
at the center of mass within the body of the rigid
object. That is to say that full space motion of an
object requires specification of six degrees of
freedom (three coordinates of movement and
three angles defining orientation).

Much of what is known about planetary rota-
tion has been learned, not surprisingly, by ob-
servation and study of our own planet, Earth.
Earth rotates on its axis, but the time to spin
once about its axis depends on the point of refer-
ence used. If stars are used as an example,
Earth rotates twenty-three hours, fifty-six min-
utes, and four seconds back to alignment with
the fixed stars. This rotation is known as the si-
dereal period. If, on the other hand, the Sun is
used as the reference, the Earth rotates in
twenty-four hours, from one noon to the next;
this rotation is a solar day. The reason that the
solar day and the sidereal period are not the
same is that Earth revolves around the Sun. It
takes a shorter period of time for the Earth to re-
align with the stars than it does for it to realign
with the Sun.

The Earth’s axis wobbles. If the positions of
stars were observed overhead at the North Pole
for several months, one would notice that they
change position slightly. Actually, they are not
changing position; rather, the spin axis of Earth
is changing. It is not known precisely what

causes this “nutation,” but winds and seismic
activity may be factors.

The tides are produced by gravitational at-
traction of Earth’s oceans by the Sun and the
Moon. This attraction also produces tides in the
atmosphere and the solid Earth, but these two
tides are not normally noticed. As ocean water
moves across shallow seas on the Earth, it rubs
against the bottom of the basin. This action pro-
duces a friction that slows down the Earth, but
angular momentum must be conserved. Angu-
lar momentum is the product of an object’s
mass, angular velocity, and an appropriate
measure of its size. For rotation, the appropri-
ate measure would be the Earth’s radius. How-
ever, for revolution that measure would be its
orbital distance from the Sun. The Moon is
locked into its present rotation and cannot
speed up or slow down. Since the Moon and
Earth are gravitationally bound to each other,
that is where the momentum is conserved. The
Earth loses angular momentum by slowing
down, but the Earth-Moon system gains it. For
this to occur, the Earth-Moon distance is in-
creasing by roughly 4 centimeters per year. At
one time, the Moon rotated much faster, but
tides in the solid Moon produced by Earth’s
gravitational pull slowed the Moon to its pres-
ent state with the same face always pointed to-
ward Earth.

Earth has been slowing down for hundreds of
millions of years. Scientists look at growth rings
in coral fossils 400 million years old; each ring is
deposited in a day and varies in thickness de-
pending on the time of year. Four hundred rings
were found for one year’s growth, which corre-
sponds to a twenty-two-hour day. Presumably,
Earth was rotating even faster before that time.
Observations of other objects in the solar sys-
tem indicate that a rotation of six to ten hours is
normal. Any rate less than that is caused by a
process, such as the tides, slowing down the ob-
ject.

Earth’s axis of rotation is tipped roughly
23.5° from the perpendicular to Earth’s orbital
plane. This tip produces the seasons. When
Earth’s Northern Hemisphere is pointing to-
ward the Sun, it is summer, while the Southern
Hemisphere endures winter. As Earth orbits
the Sun, six months later, the Southern Hemi-
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sphere points toward the Sun. It will experience
summer, and the Northern Hemisphere will un-
dergo winter. If Earth were not tilted, there
would be no drastic changes in the weather.

Rotation of Earth also creates the Coriolis ef-
fect. If a freely suspended pendulum is observed
over several hours, it appears to shift its posi-
tion relative to the ground. In fact, it is not the
pendulum but Earth that is rotating beneath
the pendulum. This effect also is important in
directing ocean currents. In the Northern
Hemisphere, as the current moves north, the
Coriolis effect pushes water to the right or east-
ward. Water moving east is pushed south, water
moving south is pushed west, and water moving
west is moved to the north. This produces clock-
wise motion of major ocean currents in the
Northern Hemisphere. In the Southern Hemi-
sphere, the motion is counterclockwise. The ef-
fect also explains the way in which areas of
atmospheric high and low pressure spiral clock-
wise and counterclockwise, respectively, in the
Northern Hemisphere. (Water spiraling down a
drain does not do so because of the Coriolis ef-
fect, however; the Coriolis force is much too
weak in comparison to other forces affecting the
water’s motion.)

Several millennia ago, astronomers of the
Middle East discovered that Earth precesses.
Precession is a slow change in the direction of a
planet’s axis of rotation. In general, precession
is a change in the direction of the axis of rotation
of an object resulting from the application of a
torque; torque is any force not acting through a
body’s center of mass. If a toy top is spun, for ex-
ample, its spin axis will point in one direction,
but as the top slows down, the spin axis moves
in a circular motion. The top takes several sec-
onds to precess through one cycle. Earth’s pe-
riod of precession is much greater, roughly
twenty-six thousand years. The reason that the
top precesses results from the fact that gravity
is trying to pull it over, but the top responds by
precessing in a direction perpendicular to the
spin axis and the direction of the force. Earth
precesses because the Sun and the Moon are
gravitationally pulling on Earth’s equatorial
bulge. This pull tends to change the direction of
Earth’s rotation, which responds by precessing.

If one imagines that the heavens are actually

a sphere—the celestial sphere—with the stars
and other objects on it, then one can project
Earth’s spin axis onto the celestial sphere. It
passes near the pole star, Polaris, in the constel-
lation Ursa Minor. In the past, because of
Earth’s precession, other stars such as Vega in
the constellation Lyra have been the pole star.
In the future, as Earth continues to precess,
these stars will again become Earth’s pole star.

As a result of sending spacecraft to other
planets, some surprising information has been
gained, especially about their rotation. Before
1965, the rotation rate of Mercury was not
known. Astronomers assumed that it was the
same as its rate of revolution—in other words,
that it kept the same face toward the Sun. Mari-
ner 10 determined that Mercury’s period of ro-
tation is 58.65 days. Mercury’s period of revolu-
tion is 87.97 days. This means that for every two
revolutions that Mercury makes around the
Sun, it rotates about its axis three times. Mer-
cury is locked into what is called a 2:3 spin-orbit
coupling. Earth’s moon is locked into a 1:1 cou-
pling. It would take tremendous energy to make
either of them rotate at a different rate.

In 1974, Mariner 10 arrived at Mercury to
take photographs and to measure other charac-
teristics. It was suggested that, although the
spacecraft could not be put into orbit around
Mercury, it could be placed in an orbit with a
period that returned it to Mercury once every
two revolutions of the planet. (This calculation
was made prior to the discovery of Mercury’s
period of rotation.) As Mariner 10 approached,
it took pictures of one face. Two revolutions
later, it returned and photographed the same
face, and again two revolutions later, the same
face was photographed. Photographs were
taken of only one hemisphere of Mercury.

The rotation of Venus was another mystery,
since the planet’s surface could not be observed
because of its dense cloud cover. That cloud
cover is also uniform in color, which prevents
determination of the rotation by looking at a
feature, such as a spot. Radar pulses sent to Ve-
nus and reflected back to antennas on Earth
have been used to determine the rate. When the
radio pulse (electromagnetic radiation) is trans-
mitted, it has a specific frequency. As the beam
strikes the surface of the planet, it is reflected,
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but there is a shift in the frequency depending
on the velocity of the surface at the reflection
point. This shift is a result of the Doppler effect.
For example, if a siren is heard approaching
someone, its pitch rises; as it passes, the pitch
becomes lower. In fact, the sound waves emitted
by the siren have not changed, but they have
been compressed relative to the person hearing
them as the siren approaches, and they are per-
ceived as expanded, or stretched apart (hence,
lower in pitch), as the siren recedes from the
hearer. A similar process affects the radar
pulse. If the surface is moving toward Earth, the
frequency of the reflected beam is raised in pro-
portion to the surface velocity. As it is moves
away, the frequency drops in proportion to ve-
locity. The received pulse is analyzed for fre-
quency shift, which is converted into a rotation
rate.

Since Venus is similar to Earth in size and
mass, scientists assumed that its rotation rate
would be similar to that of Earth. They soon re-
alized, however, that Venus rotates once every
243 days (sidereal), which is greater than its or-
bital period. They found that Earth and most
other planets rotate in the counterclockwise di-
rection, as viewed from the North Pole of the
Earth, whereas Venus rotates in a clockwise di-
rection; Venus’s rotation is retrograde. Astrono-
mers have studied other objects in the solar sys-

tem to develop models for the
origin of Venus’s retrograde rota-
tion. One possible explanation for
this retrograde rotation is that a
large object, perhaps the size of
Mars, struck a glancing blow to
Venus. This impact acted like a
brake to slow Venus down and re-
verse its direction. (A similar
event is thought to have occurred
to the Earth, but in this case, ma-
terial was thrown out from the
Earth and some of that material
was later pulled together by grav-
ity to form the Moon.)

Mars rotates once every twenty-
four hours and 37.5 minutes, or
somewhat longer than Earth’s
rate of rotation. The tilt of the axis
is 25.2°, or 2° more than Earth’s.

Like Earth, Mars has seasons, but they are lon-
ger, since Mars takes 1.88 years to orbit the
Sun. A season is 5.6 Earth months long.

Jupiter’s rotation is completed in 9.81 hours
and its axis of rotation is inclined by only 3.1°. It
is the fastest rotating planet in the solar sys-
tem, a fact revealed in its shape. If Jupiter is ob-
served through a telescope, it is not disk-
shaped; it has a definite oval shape. As Jupiter
spins, it develops an equatorial bulge. The
faster the spin, the larger the planet, and the
less rigid it is (Jupiter is a “gas giant”), the
greater the bulge will be. Jupiter’s equatorial
radius is 71,492 kilometers, whereas its equato-
rial radius is 66,854 kilometers. (The rocky
planet Earth, by contrast, has a polar radius of
6,357 kilometers and an equatorial radius 6,378
kilometers, which results in a difference of only
21 kilometers.)

Another effect of Jupiter’s fast rotation is the
banding of its atmosphere, with light-colored
zones and dark-colored belts. Zones are areas of
high pressure and high elevation. They are the
upwelling section of a convection cell in the
planet’s atmosphere. Belts are low-pressure
and lower-elevation sections of the cell. Rota-
tion also is instrumental in producing the many
ovals and eddies visible in Jupiter’s atmo-
sphere. The Great Red Spot, which is larger
than several Earths placed side by side, is the
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Planet Shapes and Rotational Periods
and Velocities

Planet Oblateness
Rotational

Period
Surface Velocity

of Rotation

Mercury 0.0 59 days 10.8
Venus 0.0 –243 days 6.5
Earth 0.003 24 hours 1,670.0
Mars 0.009 24.5 hours 866.0
Jupiter 0.06 10 hours 45,087.0
Saturn 0.1 10.5 hours 36,887.0
Uranus 0.06 –17 hours 14,794.0
Neptune 0.02 16 hours 9,794.0
Pluto (dwarf) ? –6.5 days 128.0

Notes: Oblateness, or ellipticity, is a measure of the planet’s
flatness, or deviation from a perfect sphere. Rotational periods
are rounded to the nearest half day or half hour; a minus sign
signifies retrograde rotation.



largest and oldest of these features. Jupiter’s
rapid rotation is also responsible for its intense
magnetic field. This rapid circulation of the
planet’s liquid metallic hydrogen core generates
this huge field by means of a dynamo effect.

The planet Saturn rotates in 10.63 hours,
which is 0.8 hours more than Jupiter’s rotation.
Since Saturn is also smaller, its equatorial
bulge is less prominent than Jupiter’s, but an
oval outline can still be observed when the
planet is viewed through a telescope. Saturn
also has banding, but it is much less noticeable
than Jupiter’s. Saturn’s lower gravitational
field compresses the atmosphere less than Jupi-
ter’s does. Saturn’s magnetic field is caused by
the rapid rotation of its liquid metallic hydrogen
layer, which is similar to Jupiter’s.

Furthermore, with an inclination of the spin
axis of 26.7°, Saturn should have seasons. One
phenomenon that may be caused by the sea-
sonal shift was observed in late 1990. The Hub-
ble Space Telescope photographed Saturn and
revealed a large cloud of ammonia spreading
across the planet’s atmosphere. Scientists spec-
ulated that Saturn “burped” ammonia from the
atmosphere in response to the seasonal change
of sunlight. Similar clouds have been observed
since, and they occur at the time of the northern
hemisphere’s winter. Astronomers expect to
learn more about this phenomenon from data
returned by the Cassini orbiter.

Uranus poses a major puzzle to astronomers,
since it rotates once in 17.18 hours but has an
inclination of 97.9°. Scientists speculate that a
large object must have collided with Uranus
and knocked it on its side. At this time, material
was thrown from the planet, with some of it
accreting (gradually building up) into the satel-
lites orbiting Uranus. The satellites orbit the
planet in the equatorial plane, which indicates
that they formed after the collision. Uranus has
seasons that are each twenty-one years long,
since it revolves around the Sun in eighty-four
years. For twenty-one years, one pole is pointed
toward the Sun, then for the next twenty-one
years the equator faces the Sun, then the other
pole, and finally the equator again. Although
the planet rotates rapidly, it probably does not
have a liquid metallic hydrogen layer. As a re-
sult, it does not have a strong magnetic field.

The rotation rate of Neptune is 16.05 hours,
with an inclination of 29.6°. Neptune’s satellites
have strange characteristics; the largest, Tri-
ton, has a clockwise direction for its orbit, which
is not the norm for the solar system. Nereid has
a very elongated orbit, which is also unusual for
a satellite. Gravitational interactions between
the planet and its satellites may have produced
this strange situation.

The dwarf planet Pluto is very small, and its
orbit is the most elliptical of the planets. It ro-
tates in 6.387 days and has a 94° inclination. Its
orbit takes it closer to the Sun than Neptune for
twenty years. Neptune was the ninth planet of
the solar system from 1979 until 1999, since
Pluto was closer to the Sun during this time. Its
slow rotation and unusual inclination could be
caused by a gravitational interaction with Nep-
tune and its satellites. Pluto has another oddity:
its satellite Charon. Charon orbits Pluto in the
equatorial plane, and the two keep the same
face toward each other. Charon may be a section
of Pluto that was pulled away during a cataclys-
mic collision.

APPLICATIONS

Orientations and rates of planetary rotation
are important to the solar system. Planetary ro-
tation provides clues to events that have oc-
curred in the solar system. From a practical
point, the rate and orientation of Earth’s rota-
tion are very important to life on this planet.
The rate of rotation sets the rhythm of life. It
provides periods of light and darkness that gov-
ern life’s biorhythms. Some creatures use the
cover of darkness while foraging, while others
(such as lizards) make use of the sunlight to
warm themselves. It is difficult to imagine hu-
man life on a world where the day is ten hours
long, or life on a planet where one face always
pointed toward the Sun. If Earth rotated more
slowly, perhaps with a day of thirty-six hours,
the days would be hotter for a longer period of
time. The nights would be colder and longer. A
greater temperature difference would, in turn,
have produced greater wind speeds and
weather in general would be more extreme. Life
would have had to evolve to handle these
harsher conditions and expend more energy on
survival.
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Orientation of the rotational axis is also im-
portant in determining Earth’s seasons. If
Earth’s inclination were 0°, the climate would
vary little. The reason there are such fierce
storms in spring is the difference in the temper-
ature of the cold ground and the warming atmo-
sphere. As the Sun warms a hemisphere experi-
encing a spring season, atmospheric instability
and subsequent violent weather result. With
zero inclination, the same amount of warming
per surface area would occur each day. The area
near the equator would be very warm and rainy,
while the areas 30° north and south of the equa-
tor would be more arid than now with even less
rainfall. Polar areas would be colder, and birds
and other animals would not migrate as far
north for reproduction purposes. On the other
hand, if the poles were oriented at 90°, the cli-
mate would be very different. For three months,
the north polar region would receive sunlight
for twenty-four hours a day and would be very
warm. The south polar region would be in total
darkness and would be very cold. As Earth re-
volves around the Sun, sunlight would strike
the entire surface for twelve hours, and then
there would be twelve hours of darkness. Win-
ter for the Northern Hemisphere would follow
with continual darkness and cold. Then three
months of spring would follow with twelve
hours of day and twelve hours of night. Such se-
vere changes over a twelve-month period would
be difficult to withstand for life as we know it.

CONTEXT

Recognizing that Earth rotates was a major
scientific advance. By looking at the sky, with
its moving stars, planets, and the Sun, one gets
the impression that the Earth is stationary. The
Greeks believed in a geocentric theory of the
cosmos, where Earth indeed stood still and all
other objects in the cosmos moved around it.
This Ptolemaic theory, named for the Greek as-
tronomer Ptolemy, held sway for more than
twelve hundred years. It eventually became
part of the accepted dogma of Catholicism.

In the mid-sixteenth century, Nicolaus Co-
pernicus stated that Earth and the other plan-
ets revolved around the Sun in circular orbits. It
took 150 years of work by various scientists for
this new “heliocentric” theory of the solar sys-

tem to be accepted by the scientific community.
Also in the sixteenth century, Tycho Brahe com-
piled the most accurate positional data for the
planets. These data were used near the end of
the sixteenth century by Johannes Kepler to de-
rive his three laws of planetary motion. Galileo
made telescopic observations that verified the
heliocentric theory. Sir Isaac Newton provided
the theoretical basis for the motion of the plan-
ets with his law of universal gravitation. He also
used it to reveal the cause of the tides. The Moon
and the Sun pull on different parts of Earth with
different amounts of force, which places Earth
in a tug-of-war that pulls the oceans into the
bulges known as the tides.

James Bradley, an English astronomer, dis-
covered the nutation of the Earth in the mid-
1700’s, when he was making observations of
stellar positions. He published his results after
nineteen years of careful study. The Coriolis ef-
fect was explained by French physicist Gaspard-
Gustave de Coriolis, in 1835 when he investi-
gated motion on a spinning surface such as
Earth.

Although much work on rotation of the other
planets was done before 1957, it was various
early spacecraft, such as Mariner 10, the Vi-
kings, the Pioneers, and the Voyagers, that re-
turned data to enable astronomers to refine our
knowledge of the planets’ rotation. With the Ma-
gellan spacecraft sent to Venus, Ulysses and
Galileo to Jupiter, Cassini to Saturn, and other
planetary spacecraft of the future, scientists
will continue to learn more about physical prop-
erties of the planets.

Stephen J. Shulik
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See also: Earth’s Rotation; Planetary Orbits;
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Planetary Satellites
Categories: Natural Planetary Satellites;

Planets and Planetology

All but two of the planets in the solar sys-
tem have one or more smaller bodies in or-
bit around them. These satellites, popu-
larly called “moons,” are important for
what they tell scientists about the origins of
the planets and the evolution of the solar
system.

OVERVIEW

Of the planets in the solar system, all but
two, Mercury and Venus, have at least one sat-
ellite. There are more than one hundred known
satellites in the solar system, ranging in size
from about 15 kilometers to more than 5,200 ki-
lometers in diameter; the number continues to
grow as spacecraft and telescopic observations
discover more and more relatively tiny satel-
lites about the gas giants, particularly Jupiter
and Saturn. Although the largest satellites of
the solar system’s eight planets have been iden-
tified, a table of known satellites would become
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out of date within a matter of months; more are
being discovered all the time. Satellites are im-
portant scientifically for the clues they provide
to the origin of their parent planets and the so-
lar system in general.

Most models of planetary formation start
with some variation on the “nebular hypothe-
sis” devised by German philosopher Immanuel
Kant in 1755 and later modified in 1796 by
French mathematician Pierre-Simon Laplace.
This hypothesis in modern form suggests that
the Sun, planets, satellites, and smaller debris
in the solar system started as a rotating flat-

tened cloud of gas and dust. This rotating cloud
eventually became unstable and broke into
rings. Material concentrated in the bulging cen-
ter of the cloud became compressed, eventually
giving birth to the Sun. The gaseous rings
cooled eventually, allowing precipitation of
solid crystals that aggregated to form rocky ma-
terials. These aggregates, in turn, accreted over
geological time into larger and larger bodies.
The largest of these bodies became the major
planets, with smaller bodies generally falling
into the planets, adding to their mass. Under
certain circumstances, small bodies were cap-
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Data on Major Satellites in the Solar System

Planet Satellite
Diameter (km)
or Dimensions Mass (kg)

Density
(g/cm3)

Earth Moon 3,476 7.35 × 1022 3.34

Mars Phobos 27 × 22 × 19 9.60 × 1015 2
Deimos 15 × 12 × 11 1.90 × 1015 2

Jupiter Io 3,630 8.92 × 1022 3.53
Europa 3,138 4.87 × 1022 3.03
Ganymede 5,262 1.49 × 1023 1.93
Callisto 4,800 1.08 × 1023 1.70

Saturn Mimas 392 4.50 × 1019 1.43
Enceladus 500 7.40 × 1019 1.13
Tethys 1,060 7.40 × 1020 1.19
Dione 1,120 1.05 × 1021 1.43
Rhea 1,530 2.50 × 1021 1.33
Titan 5,150 1.35 × 1021 1.89
Iapetus 1,460 1.88 × 1021 1.15
Phoebe 220 ? ?

Uranus Miranda 480 7.50 × 1019 1.26
Ariel 1,330 1.40 × 1021 1.14
Umbriel 1,110 1.30 × 1021 1.82
Titania 1,600 3.50 × 1021 1.60
Oberon 1,630 2.90 × 1021 1.28

Neptune Triton 3,800 1.30 × 1023 ?
Nereid 300 2.10 × 1019 ?
1989 N1 400 ? ?

Pluto Charon 1,150? ? 2 ?

Note: Jupiter, Saturn, Uranus, and Neptune also have other, minor satellites. Venus
and Mercury have no known satellites. Pluto, designated a dwarf planet by the
International Astronomical Union in 2006, is considered by some to form a double-
planet system with Charon.



tured as satellites or remained freely orbiting
the Sun as dwarf planets, asteroids, and comets.

Like the major planets, satellites vary in
composition depending on their mean distance
from the Sun. Satellite composition can be ex-
pressed in terms of two major components: ice
and rocky silicate material. Satellites in the in-
ner solar system (Earth’s moon, for example)
are composed almost exclusively of rocky mate-
rial, whereas those orbiting Jupiter and beyond
are mixtures of ice and rocky material. Thus,
satellite density decreases in the outer solar
system. The distribution of ice and rock among
satellites parallels the preponderance of rocky
planets in the inner solar system (Mercury
through Mars) and gas-rich planets in the outer
solar system (Jupiter through Neptune). Pluto
is composed almost completely of ice and has
been reclassified as either a dwarf planet or
plutoid, the first member of a class of objects
from the Kuiper Belt referred to as plutinos.
From this distribution, it can be noted that “vol-
atile” substances (those with low melting and
boiling points) are concentrated in the outer so-
lar system. “Refractory” substances, those with
high melting and boiling points, occur in greater
abundance within the inner solar system. Satel-
lites in the solar system reveal a considerable
diversity in terms of surface composition and
physical characteristics.

Earth’s moon, the nearest satellite to the
Sun, is a refractory-rich rocky triaxial ellipsoid
approximately 3,500 kilometers in average di-
ameter, more than one-fourth the size of Earth.
The Moon is the best-known of all other extra-
terrestrial satellites because of the many space-
craft that have examined it from orbit and
landed on its surface. These robotic missions be-
gan with the 1959 mission by the Soviet Union
to photograph the lunar “far side,” followed by
the National Aeronautics and Space Adminis-
tration’s (NASA’s) successful Ranger, Surveyor,
and Lunar Orbiter projects in the 1960’s. The
most famous lunar project of course was NASA’s
Apollo program, which landed humans on the
Moon. From 1969 to 1972, six Apollo missions
landed twelve astronauts on the Moon, who re-
turned numerous rocks and “soil” samples. The
Apollo astronauts also set up experimental
equipment for measuring “moonquakes” and

other phenomena. Information from all the lu-
nar missions, whether crewed or robotic, indi-
cate that the Moon is a complex, small satellite
with a metallic core, an iron-rich silicate man-
tle, and a silicon plus aluminum-rich silicate
crust.

Nearly two decades transpired before another
spacecraft was sent to the Moon after the Rus-
sian Luna 24 mission returned a small amount of
rock and soil samples to Earth from the Moon’s
Sea of Crises in 1976. By this point, NASA had
moved on to attempting to land robotic space-
craft, the Vikings, on Mars. In early 1998 NASA
sent the Lunar Prospector into lunar orbit. Out-
fitted with five different instruments, Lunar
Prospector’s objectives were to globally map the
lunar resources, determine the Moon’s complex
gravity field and its minor magnetic field, and to
look for any outgassing from the surface. The
surprising result of Lunar Prospector investiga-
tions was the strong indication that between 10
to 100 million metric tons of water ice could be
located in permanently shadowed portions of
craters near the lunar poles.

The presence of water on the Moon as a re-
source that could be utilized would greatly en-
hance the viability of crewed lunar research
outposts, especially if those outposts were con-
structed at or very near the Moon’s poles. This
finding was not direct evidence. The space-
craft’s neutron spectrometer picked up the pres-
ence of protons; the most reasonable extrapola-
tion of the data was that those protons were
bonded together in water ice. The potential find-
ing of water on the Moon was not a total sur-
prise. Two years earlier, a Ballistic Missile De-
fense Organization probe called Clementine
used the Moon as a testbed for new sensor tech-
nologies, among other things. Some of the sen-
sor data hinted at the possibility of water near
the poles. Lunar Prospector took the search for
water to a new level, and the real surprise was
the total amount of water that Lunar Prospec-
tor seemed to find.

The Moon has no significant atmosphere, a
trait it shares with most other small bodies in
the solar system (Saturn’s satellite Titan and
Neptune’s satellite Triton are exceptions). Also,
the Moon’s crust is far less complex than
Earth’s. It consists of densely cratered highland
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areas composed of a feldspar-rich (calcium-
aluminum silicate) rock called anorthosite
(light-colored areas), with dark basalt lava
flows (iron-rich silicate rock) filling huge impact
craters that the Italian astronomer Galileo
named maria (Latin for “seas”). The Moon con-
tains no real granite rocks such as those that
compose much of Earth’s continents.

The Moon always shows the same face to
Earth as it orbits, because the Moon’s rotational
rate is equal to its orbital rate. This situation is
an example of “synchronous rotation,” in which
the rotation rate of a body has some precise

mathematical relationship to orbital period
(time required to complete one orbit). The
Moon’s 1:1 ratio of orbital-to-rotational period
results from the Earth-side of the Moon bulging
out because of gravitational tidal forces be-
tween Earth and the Moon. Eventually, this
bulge (the side facing Earth) comes to lie along
the Earth-Moon line, its most stable configura-
tion. Other bodies in the solar system show sim-
ilar relationships. For example, the satellites of
Mars, Phobos and Deimos, rotate so that the
same side always faces Mars. Many satellites of
Jupiter and Saturn also show this relationship.
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Pluto and its satellite Charon both revolve and
rotate at the same rate. This means that an ob-
server on Pluto would always see Charon in pre-
cisely the same place in the sky all day and
night.

Traveling out from the Sun, the next planet is
Mars, with its tiny satellites Deimos and
Phobos. These oddly shaped, rocky bodies (nei-
ther is spherical) are most likely escapees from
the nearby asteroid belt, a zone between Mars
and Jupiter that contains thousands of small
planetoids (up to about 1,000 kilometers in di-
ameter), rock fragments, and dust. Photo-
graphed up close by the Viking Orbiter 1 in
1977, Phobos and Deimos appear to be com-
posed of the same materials that occur in cer-
tain meteorites.

At Jupiter, a miniature solar system is found.
Jupiter and most of satellites were photo-
graphed extensively by Voyagers 1 and 2 in
1979 and earlier by Pioneer 10. Jupiter’s four
largest satellites are called the “Galilean satel-
lites” because they were discovered by Galileo in
1610. Their densities and rock-to-ice ratios de-
crease with increased distance from Jupiter, a
relationship that is mirrored by the larger solar
system. In addition, geological activity de-
creases from the closest Galilean moon, volcani-
cally active Io, to the highly cratered outermost
satellite, Callisto. The high crater density on
Callisto’s surface shows that its surface is very
old and has not become “resurfaced” by high-
energy processes such as volcanic activity or
erosion. This same reasoning is used elsewhere
in the solar system to deduce relative ages of
satellite and planetary surfaces. Earth’s moon,
Mercury, and many other bodies are heavily
cratered by impacting projectiles and, there-
fore, are considered to have old surfaces. The
Galilean satellites Io and Europa show no crat-
ers because their surfaces are renewed con-
stantly by molten sulfurous compounds on Io
and liquid water that freezes to ice on the sur-
face of Europa. The heat source to produce this
volcanic activity results from tidal forces origi-
nating from massive Jupiter.

Saturn and most of its sixty satellites were
photographed and studied by Pioneer 11, the
two Voyager spacecraft, and the Cassini orbiter.
Most of its satellites are icy, heavily cratered

worlds; one satellite, Titan, is the second largest
satellite in the solar system (Jupiter’s Gany-
mede is larger). Titan appears to have a surface
composed of complex hydrocarbon compounds
and liquid nitrogen, but it is unusual for such a
small “planet” to have its extensive atmosphere,
which is composed mostly of methane (CH4). Its
presence may be caused by the extremely cold
temperatures or by the continual production of
gases by some type of its cryogenic volcanic ac-
tivity.

Uranus, visited only by Voyager 2 in 1986,
has at least twenty-four satellites, of which only
five were large enough to have been observed
from Earth prior to Voyager’s visit; many were
discovered long after that visit. Of all the satel-
lites photographed by Voyager 2, the most sur-
prising by far is Miranda. Miranda has nearly
crater-free dark areas with concentric grooves
and chevron-shaped features that are sepa-
rated by huge fault scarps (cliffs) from heavily
cratered areas. Proposals to explain Miranda’s
bizarre surface features included the breakup
and reassembly of the satellite following a cata-
strophic collision with another body or the
upwelling of heated water to form its dark, bulg-
ing, grooved terrains.

Neptune was visited in 1989 by Voyager 2
and its two major satellites, Nereid and Triton,
were photographed, along with six new ones.
One of those, 1989 N1, measures about 400 kilo-
meters in diameter, replacing Nereid as the sec-
ond largest Neptunian satellite. Nevertheless,
Triton is the most important. It shows a frozen
surface with virtually no impact craters. Tri-
ton’s landscape includes huge frozen “lakes” of
solidified water mixed with ammonia, along
with a so-called cantalouped terrain of inter-
secting grooves and ridges that may represent
fault systems. Frigid Triton has a surface tem-
perature of only 37 kelvins. It has scattered,
dark linear streaks on its surface that may rep-
resent nitrogen-powered geysers spewing dark
organic matter out on the surface. Winds blow-
ing in Triton’s thin methane atmosphere align
these geyser streaks and blow thin, ice crystal
clouds around this miniature planet. Triton is a
unique world that has somehow maintained in-
ternal heating and recent resurfacing. It is truly
a remarkable feat for a body in such a cold place.
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APPLICATIONS

Satellites are studied primarily for what they
tell scientists about the origin of the solar sys-
tem. As intelligent beings who are products of
solar system evolution, humans have a natural
curiosity about the solar system’s and our own
origin. The mechanisms of satellite formation
and eventual capture by larger planets illus-
trate many of the dynamic processes that have
shaped the solar system since its condensation
from the solar nebula perhaps 4.5 billion years
ago.

As an example, Earth’s moon poses interest-
ing problems regarding attempts to understand
the origin of the Earth. Many ideas have been
proposed for the origin of the Earth-Moon sys-
tem. These ideas include the hypothesis that
the Moon formed elsewhere in the solar system
and was later captured by the Earth, or that the
Moon “fissioned” off from the early Earth itself,
possibly leaving a major hole how known as the
Pacific Ocean. Detailed analyses of lunar sam-
ples returned by Apollo astronauts (1969-1972)
and the Soviet robotic Luna missions (which
concluded in 1976) show that lunar rocks are
similar in some important respects to terres-
trial rocks, but they also show critical differ-
ences. Lunar and earthly rocks have the same
ratios of the three oxygen isotopes (nuclei with
the same atomic numbers but different mass
number—hence different amounts of neutrons
but the same number of protons): oxygen 15, ox-
ygen 17, and oxygen 18. This indicates that
their constituents condensed from the same
area in space. Thus, the theory that postulates
the Moon was captured after forming elsewhere
is no longer held in much esteem.

The fission theory contrasts with the idea
that the Moon was formed at some area re-
moved from the Earth. Concentrations of other
chemicals in lunar samples than oxygen iso-
topes display great differences from Earth
rocks. For example, the Moon is richer in iron
and carbon compared to Earth and contains far
more refractory elements (such as titanium and
calcium) compared to volatile substances (such
as water, sodium, and potassium). These differ-
ences indicate that Earth and the Moon could
not have formed from exactly the same starting
materials as would be expected if they con-

densed from a common area of the original solar
nebula. Therefore, the fission theory is also no
longer considered viable.

An idea to resolve the problem of lunar ori-
gin, called the “impactor hypothesis,” involves a
violent collision of the early Earth with a way-
ward, Mars-sized planet (the “impactor”). This
collision would have blasted out material from
Earth all the way to the metallic core and would
volatilize or pulverize most of the impactor. A
mixture of loose impactor and Earth materials
then would have orbited the wounded Earth,
eventually accreting (accumulating) to form the
Moon. Advocates of this hypothesis argue that
mixing of impactor and Earth materials to form
both the Moon and Earth would explain the sim-
ilar oxygen isotope ratios. Yet, because the
Moon and Earth would be composed of different
ratios of proto-Earth and impactor materials,
the two bodies’ differerces in major chemical
components such as water and iron are also ex-
plained. Fortunately for the future evolution of
life, Earth acquired most of the volatiles, includ-
ing water, which is essential to initiate and sus-
tain life. This theory presently is preferred.

The complexity of planet and satellite forma-
tion is well illustrated by bodies in the outer-
most reaches of the solar system; the Neptunian
system and the Pluto-Charon system are partic-
ularly intriguing. Large, icy Triton orbits Nep-
tune in a “retrograde” direction, clockwise when
viewed from “above” the ecliptic plane of the so-
lar system. Most planets and satellites rotate
and revolve in a counterclockwise direction.
Voyager 2 images and measurements show that
Triton and Nereid are very similar to Pluto-
Charon in composition and density. All are
methane-rich ice balls that resemble the comets
that originated in the outer solar system. Theo-
rists speculate that Triton, Nereid, and perhaps
Pluto may be comet-like objects that were cap-
tured by Neptune early in the history of the so-
lar system and revolved around Neptune in the
normal direction. Triton’s retrograde orbit may
have resulted from a collision or close encounter
with a large passing planetoid, an event that
may also have caused Nereid to assume its
strange, elongated elliptical orbit. In this
model, Pluto was split in two (to make Charon)
by the encounter and ejected into the outer solar
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system. Regardless of whether this hypothesis
is correct, the Neptunian system is known to be
unstable, indicating that something has dis-
turbed it since the original formation of the so-
lar system. In about 10 to 100 million years, Tri-
ton will spiral close enough to Neptune to be
torn to pieces by tidal forces, adding greatly to
the mass of Neptune’s current thin system of
partial arcs.

Although most study of planetary satellites
is conducted to learn more about the solar sys-
tem in general and the possible future of Earth
in particular, knowledge of one nearby satellite,
Earth’s moon, will eventually be used to practi-
cal advantage. For example, dark lava flows
(basalt) on the Moon contain abundant tita-
nium, a valuable component in high-tempera-
ture metal alloys (like metal used in rocket bod-
ies). Rocks in the lunar highland areas are
mostly anorthosites, composed primarily of the
mineral plagioclase feldspar, which is a poten-
tial source of aluminum. Some aluminum is ex-
tracted from feldspar deposits on Earth, but the
process to separate aluminum from the rest of
the mineral requires a high-energy input. On
Earth, this process is accomplished commonly
by locating the aluminum smelter near a source
of hydroelectric power; on the Moon, the energy
would have to come from the Sun or a small local
nuclear power plant.

Earth’s Moon is a potential base for launch-
ing spacecraft to other regions of the solar sys-
tem. This endeavor would require the construc-
tion of a lunar base where the Moon’s low
gravity would greatly facilitate spacecraft
launches. Far less energy must be expended on
the Moon to escape its gravity field than is re-
quired on Earth. Wholesale colonization of the
Moon to alleviate population pressures on
Earth, however, is not feasible. One aspect of
the scientific study of the Moon confirms the
distinct lack of concentrated water supplies on
the Moon, although some researchers believe
that subsurface water in localized “permafrost”
deposits will be discovered in the future, such as
those found on Mars. Even if they exist, these
frozen water deposits would not support large
populations of humans.

In 2004, in the aftermath of the Columbia
accident, President George W. Bush charged

NASA with fulfilling his administration’s Vi-
sion for Space Exploration, which called for a
permanent human outpost on the Moon and de-
velopment of technology to expand the human
presence to Mars and beyond. NASA pursued
the Constellation program as a versatile crewed
transportation system to return astronauts to
the Moon, build a base there near the South
Pole where the water appears to be located in
greatest abundance, and then work toward
eventual trips to Mars. A nonbinding deadline
for reaching the Moon was set at 2020.

However, the United States was not the only
nation with an interest in sending humans back
to the Moon. The Chinese had already an-
nounced their plans for sending taikonauts (the
Chinese word for astronaut) into space and in
due course to the Moon. The Europeans sent the
Small Missions for Advanced Research in Tech-
nology 1 (SMART 1) spacecraft to the Moon to
produce the highest-resolution mapping of its
surface. A Chinese satellite named Chang’e 1
was sent into orbit, the Japanese sent their
Kaguya probe to the Moon, and the Indians
launched their Chandrayaan spacecraft on Oc-
tober 22, 2008. For the first time an interna-
tional fleet of probes was investigating the
Moon, and with a government-supported space
program, it appeared that Chinese taikonauts
might reach the Moon by the second decade of
the twenty-first century.

CONTEXT

The five planets known to ancient peoples
were referred to as the “wandering stars” to dis-
tinguish them from the “fixed stars.” At least by
the time of the ancient Greeks, the Moon was
recognized as a satellite of the Earth. Most
Greek philosophers, such as Plato and Aristotle,
believed that all planets and the Sun revolved
around the Earth.

The history of astronomy and of science in
general was influenced profoundly by Galileo’s
discovery of the Jovian satellites. Galileo had
constructed a crude telescope and used it to scan
the heavens. He discovered the four largest sat-
ellites of Jupiter (Io, Europa, Ganymede, and
Callisto) now known as the “Galilean satellites”
in his honor. In 1610, Galileo published his find-
ings in Sidereus Nuncius (starry messenger).
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Before that, the heliocentric (sun-centered)
model of the solar system proposed by Nicolaus
Copernicus was seriously questioned and in-
deed considered heretical by the Catholic
Church. Galileo’s discovery of a “miniature so-
lar system” consisting of satellites around a
planet demonstrated that objects could revolve
around something other than the Earth, thus
displacing the Earth from the center of the uni-
verse.

The next major discovery—the large satel-
lite of Saturn, Titan—was made by the Dutch
astronomer Christiaan Huygens in 1656. By
the end of the nineteenth century, eight more
satellites had been discovered orbiting Sat-
urn, many of them found by the Italian astrono-
mer Gian Domenico Cassini. Huygens also re-
alized that the “ears” on either side of Saturn
first described by Galileo were actually rings,
a feature attributed to individual particles
(tiny satellites) by James Clerk Maxwell in
1857.

Although the distant planet Uranus was dis-
covered in 1781 by English astronomer Sir Wil-
liam Herschel, its five largest satellites re-
quired an additional 167 years to detect. The
last one, tiny Miranda, was discovered by Amer-
ican astronomer Gerard Peter Kuiper in 1948.

Neptune was discovered in 1846 by German
astronomer Johann G. Galle, followed in the
same year by the discovery of its large satellite
Triton by English astronomer William Lassell.
Charon, the largest satellite of Pluto, was dis-
covered in 1978 by James W. Christy of the
United States Observatory after he noticed that
a photographic image he had taken of Pluto
showed a lump on one side. This lump was
shown later to move relative to Pluto, confirm-
ing the existence of a satellite.

These later discoveries of other satellite sys-
tems, along with continuing new discoveries,
have proven crucial to the understanding of the
origin of the planets, as well as the satellites
themselves. Scientific study of satellites shows
that the solar system evolved amid violent colli-
sions, gravitational perturbations of orbits, and
heating and cooling of surfaces and interiors, in
a bewildering variety of combinations. These
studies show that, although they share some
characteristics, every planet-satellite system

formed in some unique way according to condi-
tions prevailing in its particular region of the so-
lar system.

John L. Berkley
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Planetary Tectonics
Category: Planets and Planetology

A tectonic process is any process that
causes movement or distortion of a solid
planetary surface. The gas giant planets do
not have solid surfaces, so tectonics does
not apply to them. The other planets and
satellites in the solar system, however,
have varying types of tectonic activity,
which can include volcanic activity, activ-
ity or movement along fault lines, uplift-
ing, and crust folding.

OVERVIEW

The contours of the eastern coasts of North
and South America fit nicely into those of the
western coasts of Europe and Africa, suggesting
that these continents were at one time a single
landmass. Various geological and fossil pat-
terns also match. On the basis of this evidence,
Alfred Wegener proposed the theory of “conti-
nental drift” in 1912. At the time, few geologists
took Wegener’s ideas seriously; the idea that
continents might move, even if only a few centi-
meters a year, seemed too far-fetched. Further-
more, Wegener was unable to suggest a mecha-
nism that might cause this motion.

Evidence favoring Wegener’s ideas contin-
ued to accumulate, however. By the 1960’s, geol-
ogists had begun to embrace the theory of plate
tectonics. On Earth the crust is divided into sev-
eral large plates that float on the mantle, which
is in a plastic-like state between liquid and
solid. Slow convection currents in the mantle
cause the plates to drift very slowly. Hence, the
theory of plate tectonics confirms Wegener’s
idea of continental drift, provides a mechanism
for the drift, and explains Earth’s geological
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structures and evolution. The theory of plate
tectonics was the major geological advance of
the twentieth century.

On Earth, most earthquakes and volcanic ac-
tivity occur at the boundaries between plates.
Plate boundaries are of three types: divergent,
where plates move apart; convergent, where
plates move together; and transform, where
plates slide horizontally past each other.

Plates diverge along the ocean ridge-rift sys-
tem. An example is the Mid-Atlantic Ridge,
which runs roughly north-south along the floor
of the Atlantic Ocean midway between Europe
and Africa, to the east, and North and South
America, to the west. As the plates on each side
of the Mid-Atlantic Ridge diverge, hot magma
wells up from below and oozes out along a series
of fissures, adding new ocean crust to each
plate. The new crust is elevated into an under-
sea ridge with a central rift. At spots where the
volume of extruded lava is especially large, vol-
canic islands such as Iceland can build up above
sea level.

There are three types of convergent bound-
aries: oceanic-continental, oceanic-oceanic, and
continental-continental. Where an ocean plate
collides with a continental plate, such as along
the west coast of South America, a subduction
zone forms. The oceanic plate, composed of
slightly denser rock, subducts (descends) below
the continental plate, sinking back into the
mantle. The continental plate remains on the
surface, sliding over the subducting ocean plate,
and its leading edge is crumpled and buckled
into a mountain range, such as the Andes.
When two oceanic plates converge, one of them
subducts under the other, and a volcanic island
arc develops along the upper oceanic plate. Sub-
duction zones (at both oceanic-continental and
oceanic-oceanic boundaries) are marked by
deep-sea trenches, formed where the descend-
ing oceanic plate bends downward. The deepest
of these is the Mariana Trench in the western
Pacific Ocean, which drops to more than 11 kilo-
meters below sea level. When two continental
plates collide, neither plate subducts. Instead,
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the leading edges of both plates are compressed
and crumpled, forming along the suture a high
mountain range, such as the Himalayas, which
developed when India collided with the rest of
Asia.

Most transform boundaries are short and off-
set segments of divergent boundaries. A few
transform boundaries are long, like the San
Andreas fault, which cuts across California
from its border with Mexico to north of San
Francisco. The land to the west of the fault is
part of the Pacific Plate, and it is sliding north-
west past the North American Plate, which
forms the eastern side of the fault.

Earth is the only planet with plate tectonics,
but other planets and satellites have had differ-
ent types of tectonic activities. As a general
principle, planets or satellites with very heavily
impact-cratered surfaces have had relatively
little tectonic activity. The heaviest era of crater
formation in the solar system was shortly after
its formation, when there was still plenty of de-
bris to crash into solid planets or satellites to
form impact craters. If a planet or satellite re-
news its surface by some type of tectonic activ-
ity, the renewal obliterates the craters. Hence, a
planetary surface with many impact craters has
not been renewed and has undergone little tec-
tonic activity, whereas one that shows evidence
of surface renewal may have been subject to tec-
tonic activity.

Both the Moon and Mercury are covered with
impact craters, telling us that they have had rel-
atively little tectonic activity in their geologic
histories. This fact is related to their relatively
small sizes. Smaller objects cool faster; a spoon-
ful of hot soup, for example, cools faster than a
large bowl. Small worlds have less interior heat
to drive tectonic activity. Both Mercury and the
Moon have fractures and fault valleys that
formed from meteorite impacts. On the Moon,
basins that formed from large impacts were par-
tially filled in by lava flows to form the maria, or
so-called “seas.” Rilles, such as Hadley’s Rille
near the Apollo 15 lunar landing site, were once
rivers of flowing lava. The lunar lava flowed
much more easily than lava on Earth, so it did
not form extensive volcanoes. Mercury, by con-
trast, has intercrater plains, rather than maria;
these plains probably are lava flows from bil-

lions of years ago. Mercury’s geologic history is,
however, less well understood than the Moon’s.
Mercury also has many scarps, which are cliffs
stretching for hundreds of kilometers. They
probably formed when Mercury’s interior cooled
and shrank, causing the crust to buckle.

Venus has an extremely large number of vol-
canoes. There are approximately sixteen hun-
dred large volcanoes on Venus and perhaps as
many as hundreds of thousands of smaller vol-
canic features. Most of the large volcanoes are
shield volcanoes, which are similar to those on
the Hawaiian Islands. Shield volcanoes form
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when lava flows up through a tube in the center
of the volcano. Venus has much larger volcanic
features called coronae (the singular is corona)
and smaller volcanic structures called either
pancake or volcanic domes. Both of these types
of structures formed when hot lava flowed up
from the mantles and pushed the crust upward,
causing it to swell. In addition to these volcanic
features, about 80 percent of Venus’s surface is
covered with solidified lava flows. Geologic evi-
dence suggests that the surface of Venus was re-
newed by tectonic activity as recently as a few
hundred million years ago. Venus does not have
the types of tectonic features that are associated
with boundaries between tectonic plates on
Earth and thus Venus does not have plate tec-
tonics, as Earth does. Rather than causing
crustal plates to move horizontally as on Earth,
convection currents in Venus’s mantle cause the
crust to move vertically.

Mars has what are probably the most impres-
sive tectonic features in the solar system. The
Valles Marineris is a large tectonic canyon on
Mars formed by a crack in the crust that is
roughly as deep as the Grand Canyon. It is, how-
ever, a few hundred kilometers wide, about as
wide as the Grand Canyon is long. It is long
enough that, if the Valles Marineris were placed
in the continental United States, it would
stretch from about Cape Hatteras, North Caro-
lina, to Los Angeles. Valles Marineris probably
formed when tectonic uplifting from the Mar-
tian interior cracked the crust. Mars’s volcanic
mountains are equally impressive. Olympus
Mons, which is the largest volcanic mountain
known in the solar system, towers about 25 kilo-
meters above the Martian surface. Its base is
about 700 kilometers wide. The Tharsis Ridge
volcanoes are almost as large. These Martian
volcanoes are shield volcanoes but are much
larger than shield volcanoes on Earth, precisely
because Mars does not have plate tectonics.
Shield volcanoes form above volcanic hotspots.
On Earth the plates drift, while the hotspots re-
main stationary. During dormant periods on
Earth, the portion of the drifting tectonic plate
above the hotspot moves. A chain of smaller vol-
canic mountains results. On Mars, however, the
plates do not drift during dormant periods, so
the volcano repeatedly erupts at the same loca-

tion and a single, huge mountain results. Mar-
tian volcanoes are now extinct.

Lacking solid surfaces, the Jovian planets do
not have tectonic activity, but some of the
Jovian satellites do. For example, Io, the inner-
most satellite of Jupiter, is perhaps the most
volcanically active world in the solar system,
with about sixty active volcanoes observed by
the Galileo orbiter. Io also has lava flows and
other features associated with volcanic activity.
The volcanoes on Io are distributed randomly
rather than along tectonic plate boundaries,
suggesting that Io does not have plate tectonics
similar to Earth’s. Jupiter’s second moon,
Europa, has an icy crust covering a water man-
tle. The crust has many cracks caused by
shrinking as the watery layers melted. The tec-
tonic activity on both Io and Europa is largely
driven by tidal forces from Jupiter heating their
interiors. There is also volcanic activity on Sat-
urn’s Enceladus and Neptune’s Triton.

KNOWLEDGE GAINED

Wegener’s continental drift theory was held
in poor regard by geologists for several decades.
By the 1960’s, however, undersea mapping had
revealed the Mid-Atlantic Ridge, a chain of un-
dersea volcanic mountains marking the plate
boundaries. Scientists also discovered match-
ing patterns of magnetism on either side of the
ridge. These lines of evidence, which were not
available in Wegener’s time, led to the theory of
plate tectonics, which encompassed and pro-
vided a mechanism for the continental drift
theory.

With the advent of the space age, exploration
of the solar system provided evidence of tectonic
activity on other worlds. The Apollo missions
sent astronauts to directly study the lunar sur-
face and bring back samples for additional
study. Hence our knowledge of the Moon is sec-
ond only to our knowledge of Earth. Radar maps
of Venus made from Earth using the Arecibo ra-
dio telescope and from spacecraft orbiting Ve-
nus revealed the considerable volcanic activity
on Venus. The most detailed radar maps of Ve-
nus were made by the Magellan spacecraft in
the early 1990’s. The impressive tectonic fea-
tures on Mars were first discovered by the early
Mariner missions, launched in the late 1960’s.
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Each subsequent successful mission to Mars
has increased our understanding of the tectonic
forces that shaped the Martian surface.

The Voyager missions to the outer solar sys-
tem discovered many tectonic surprises includ-
ing the tectonic and volcanic activity on Europa
and Io. In addition, Neptune’s largest satellite,
Triton, is so cold that it has volcanic and tec-
tonic activity related to solid and liquid nitro-
gen. Smaller satellites should have cooled too
much to be tectonically active, but Saturn’s 500-
kilometer-diameter satellite Enceladus shows
signs of tectonic activity discovered by the Voy-
ager mission and further studied by the later
Cassini mission. As humanity continues to ex-
plore the outer solar system, it is likely that
more unexpected evidence of tectonic activity
will be discovered.

CONTEXT

Because we live on Earth and have easy ac-
cess to its tectonic features, planetary scientists
understand tectonic activity on Earth more
fully than for any other world in the solar sys-
tem. Even the best photos from a spacecraft can-
not substitute for a geologist’s ability to stand
on and explore one of Earth’s many tectonic fea-
tures. This knowledge of tectonics on Earth,
however, helps planetary scientists understand
and interpret tectonic features that spacecraft
have revealed on other planets. Similarly plane-
tary scientists who discover new types of tec-
tonic features on other worlds and study how
tectonic processes work on other worlds help ge-
ologists understand tectonic activity on Earth.

Tectonic activity on Earth often manifests it-
self in natural disasters such as earthquakes
and volcanoes. With increased understanding
of planetary tectonics, it may eventually be pos-
sible to predict when tectonic events will occur
on Earth, or at least to forecast the conditions
that may lead to these disasters. The ability to
predict earthquakes, volcanic eruptions, and
tsunamis caused by undersea tectonic events
could save many lives, just as advances in atmo-
spheric science and computer modeling have in-
creased our ability to predict and track major
storms and hurricanes, which now saves many
lives. Space exploration has contributed to this
ability to predict major storms and may simi-

larly make it possible to predict natural disas-
ters caused by tectonic events.

Paul A. Heckert
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ics and astronomy majors, this textbook goes
into more mathematical depth than most in-
troductory astronomy textbooks. Chapters 4
and 5 cover the basic principles of the terres-
trial planets, including tectonic processes.

See also: Earth System Science; Earth’s Age;
Earth’s Composition; Earth’s Core; Earth’s Dif-
ferentiation; Earth’s Magnetic Field: Secular
Variation; Earth’s Mantle; Earth’s Rotation;
Earth’s Structure; Ganymede; Io; Mars’s Vol-
canoes; Planetary Interiors; Venus’s Atmo-
sphere; Venus’s Volcanoes; Venus’s Surface
Features.

Planetology: Comparative
Category: Planets and Planetology

Spacecraft have obtained detailed photo-
graphic, magnetic, radar, and chemical
data from the planets Mercury, Venus,
Mars, Jupiter, Saturn, Uranus, and Nep-
tune as well as from numerous natural sat-
ellites, and even from some asteroids and
comets. Data have been used in the prepa-
ration of models describing the structure
and geological history of planetary and mi-
nor bodies throughout the solar system.

OVERVIEW

Comparative planetology is the study of the
broad physical and chemical processes that op-
erate in and on planets over time. It looks for
patterns in the similarities and differences dis-
played by the planets and seeks to provide ex-
planations for them in terms of planetary ori-
gins and evolution.

The first successful step in planetary explo-
ration using robotic spacecraft was taken on Au-
gust 26, 1962, when the National Aeronautics
and Space Administration’s (NASA’s) Mariner
2 spacecraft was launched on a flyby mission to
Venus. Mariner 4 was sent to Mars on Novem-
ber 28, 1964. Mariner, Pioneer, Pioneer Venus,
Venera, Viking, Voyager, Magellan, Galileo,
and Pathfinder space probes have sent back in-
formation about Mercury, Venus, Mars, Jupi-

ter, Saturn, Uranus, and Neptune. Long after
their primary missions had been completed,
some of these spacecraft continued to transmit
valuable information back to astronomers on
Earth.

The planet Mercury had eluded detailed
analysis by astronomers for centuries because
of its small size and close proximity to the Sun.
Mariner 10, launched in 1973 with a dual mis-
sion of studying the clouds of Venus and of pho-
tographing Mercury, made three passes by Mer-
cury and was able to photograph about 45
percent of the surface of the planet. Mariner 10
was thus the first spacecraft to take scientific
equipment to Mercury. Photographs of Mercury
revealed a heavily cratered surface very much
like that of Earth’s moon. Naturally there are
differences between the Moon and Mercury.
Since the number of craters per square kilome-
ter varies by as much as a factor of ten, it is be-
lieved that some craters may have been covered
by a volcanic process. Still, Mercury’s surface
shows evidence of less volcanic activity than
the Moon’s. Mercury’s largest impact basin,
Caloris, has a diameter of 1,300 kilometers. It is
believed to have been formed when a large as-
teroid struck the planet. Photographs show that
the shock wave from this collision penetrated
the planet and altered the surface on the oppo-
site side, an example of antipodal focusing of
seismic energy by the planet’s core. Compres-
sion scarps (cliffs), which can be as much as 3 ki-
lometers tall and hundreds of kilometers long,
were also found on Mercury. They are younger
than the craters and are thought to have formed
as a result of some internal process such as the
cooling of the core of the planet. Amagnetic field
with a strength of about 1 percent of Earth’s
magnetic field and a very diffuse atmosphere
containing mostly helium were found. Surface
temperature ranges from 90 to 948 kelvins.

Venus has been a difficult planet to study
from Earth because of its dense atmosphere.
Russian Venera probes found a surface temper-
ature of 748 kelvins and an atmospheric pres-
sure of 95 atmospheres. (One atmosphere is the
pressure exerted by Earth’s atmosphere at sea
level.) Photographs of the Venusian surface re-
vealed some areas with smooth plains, while
other areas have a rocky terrain. Radar map-
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ping first by the American Pioneer
Venus probes and later, in higher
resolution and with fuller coverage,
by the Magellan orbiter, shows a
surface that is 70 percent gently
rolling plains, 20 percent lowlands,
and 10 percent highlands. The
Ishtar Terra highland area of Ve-
nus is larger than the United States
and includes the mountain Maxwell
Montes, which stands about 11.3 ki-
lometers tall. Alpha Regio and Beta
Regio are mountainous regions that
may contain shield volcanoes. A
Russian Vega probe observed light-
ning discharges in these regions,
which could mean that the volca-
noes are still active. Lowland areas
have the appearance of a cracked
slab of lava or cemented volcanic
ash. The rocks in the plains are prob-
ably granitic rock or potassium-rich
basalt.

At the relatively low altitude of
26 kilometers, the Venusian atmo-
sphere is clear, with the tempera-
ture dropping to 583 kelvins and the
pressure to 20 atmospheres. A thick
cloud layer, which is about 80 per-
cent liquid sulfuric acid in the upper
portion, exists from 26 kilometers to
60 kilometers above Venus’s sur-
face. A sulfuric acid haze exists from 60 kilome-
ters to 80 kilometers altitude. The overall atmo-
sphere is made up of 96 percent carbon dioxide,
3.4 percent nitrogen, and trace amounts of sev-
eral other gases, and reflects 76 percent of the
light striking it. No planetary magnetic field
was found.

Following the Pioneer Venus probes after
more than a decade’s hiatus, NASA returned to
Venus with the Magellan orbiter. The primary
objective of Magellan was to obtain a high-reso-
lution map of nearly the entire globe of Venus
using a synthetic aperture radar system. Ma-
gellan’s mission was extended to permit more
site-specific investigations. In all, Magellan
produced a map of Venus’s surface that in reso-
lution and coverage exceeded any available
maps of Earth’s surface at that time.

Spacecraft such as Mariner, Viking, Path-
finder, and the Mars Exploration Rovers Spirit
and Opportunity found that the surface of Mars
contains craters, large plains marked by great
sand dune areas, chaotic terrain characterized
by irregular ridges and depressions, and many
volcanoes. The largest volcano, Olympus Mons,
stands 27 kilometers tall, has a base diameter of
600 kilometers, and is 64 kilometers across its
summit. Orbiting probes uncovered unmistak-
able signs of catastrophic floods. Impact craters
on Mars are concentrated in the southern hemi-
sphere. The northern hemisphere, which has
been smoothed by lava flows, has fewer craters,
and their features tend to be sharper, indicating
that they may be younger than those found in
the southern hemisphere. Many of the craters
on Mars show evidence of significant erosion.
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Mars Exploration Rover studies of rocks in situ
revealed evidence of sedimentary processes re-
quiring the presence of water.

Mars’s seasonal polar caps, made of carbon
dioxide, extend well down into the hemisphere,
experiencing winter, but shrink and retreat
quickly in early summer. Residual polar caps
remain throughout the year, although their size
does vary. The southern cap is made of carbon
dioxide only. The northern polar cap is larger
than the southern cap, has a wider temperature
variation, and contains mostly water ice. It may
be one of the main storehouses for water on
Mars. The Mars Polar Lander was designed to
investigate that, but it crashed. In 2008, the
Mars Phoenix landed on the northern polar re-
gion to continue that search for water; by sam-
pling and analyzing the subsurface material, it
provided direct evidence that water ice was
present in significant amounts.

Mars’s atmosphere is 95.3 percent carbon di-
oxide, 2.7 percent nitrogen, and 1.6 percent ar-
gon, with a total pressure of 0.01 atmosphere.
The atmospheric temperature varies from 243
down to 173 kelvins. Sublimation of the polar
ice caps causes the pressure to vary about 20
percent from season to season. Fog forms in
low areas in the early morning. Clouds have
been seen around some of the volcanoes. Winds
with speeds of at least 150 kilometers per hour
pick up surface dust and cause global dust

storms. It can take as long as six months for
all the dust to settle out from one of these
storms. Several spacecraft in orbit at Mars
have had to wait for months until the dust
cleared in order for their cameras to resume im-
aging surface features. Long-lived orbital space-
craft have taken images of certain features at
widely spaced intervals, showing evidence of
wind erosion having altered the surface. Other
features have shown evidence of water slump-
ing of crater walls in recent times; that inter-
pretation remains under consideration, how-
ever.

The atmosphere of Jupiter is thought to be
about 1,000 kilometers thick, with a gaseous
composition of 75 percent hydrogen, 24 percent
helium, and 1 percent other gases. Pressure at
the base of such an atmosphere would be about
100 atmospheres, and the temperature would
be about 813 kelvins. The temperature at the
top of the atmosphere is only about 113 kelvins.
Colored bands, termed zones and belts, are visi-
ble in the atmosphere. Zones are yellow-white
and represent high-pressure areas where warm
currents are rising. Belts are brown, red, or
blue-green and represent low-pressure areas
where colder gases are sinking. Colors have
their source in the interaction of chemical com-
pounds in the atmosphere with sunlight. Very
strong wind currents flow in opposite directions
where the belts and zones touch. Bands are sta-
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Comparative Data on the Planets of the Solar System

Parameter Mercury Venus Earth Mars Jupiter

Mass (1024 kg) 0.3302 4.8685 5.9742 0.64185 1,898.6
Volume (1010 km3) 6.083 92.843 108.321 16.318 143,128
Equatorial radius (km) 2,439.72 6,051.8 6,378.1 3,396 71,492
Ellipticity (oblateness) 0.0000 0.000 0.00335 0.00648 0.06487
Mean density (kg/m3) 5,427 5,243 5,515 3,933 1,326
Surface gravity (m/s2) 3.70 8.87 9.80 3.71 24.79
Surface temperature (Celsius) –170 to +390 +450 to +480 –88 to +48 –128 to +24 –140
Satellites 0 0 1 2 14
Mean distance from Sun

millions of km (miles) 58 (36) 108 (67) 150 (93) 228 (141) 779 (483)
Rotational period (hrs)* 1,407.6 –5,832.5 23.93 24.63 9.9250
Orbital period 88 days 224.7 days 365.25 days 687 days 11.86 yrs

* Retrograde rotational periods are preceded by a minus sign.



ble and have not changed their positions for the
past one hundred years.

Jupiter’s Great Red Spot has been its most
prominent feature for over 350 years. It is about
26,000 kilometers from east to west and 14,000
kilometers from north to south. This large cy-
clonic storm wanders in an east-west fashion
and may be stable enough to last for many more
centuries. Voyager investigations were followed
by the Galileo orbiter and its atmospheric
probe, which entered the atmosphere at a point
where it found relatively little water vapor.

Jupiter’s magnetic field, which is at least ten
times stronger than Earth’s, produces a radia-
tion belt that is strong enough to kill a human
quickly. The radiation belt almost ruined some
transistors in the Pioneer probes. Jupiter’s
radio emissions come from charged particles
trapped in the magnetic field. Voyager 1 found a
ring system whose main ring is 6,000 kilome-
ters wide and 30 kilometers thick. A thin sheet
of material extends to the surface of the planet.

Jupiter has sixty known moons. Fourteen
were discovered by Earth-based astronomers,
while two were found in Voyager 1 photographs.
Others were found by Voyager 2, the Hubble
Space Telescope, and Galileo spacecraft. Active
volcanoes were found on the moon Io, Jupiter’s
innermost moon. An icy crust on Europa is be-
lieved to cover an ocean of liquid water; evi-
dence of crustal movement upon such a water

layer was found in 2008. That provided strong
evidence for internal heating to drive large-
scale movements of the icy crust.

Saturn is the second of the giant planets vis-
ited by spacecraft. Its atmospheric structure is
much like that proposed for Jupiter, but its com-
position is more like the Sun’s, with only 11 per-
cent helium. Belts and zones seen on Jupiter are
also visible on Saturn, but their colors are not as
intense. The outer layer is predominantly hy-
drogen. The temperature at the bottom of this
layer is 70 kelvins.

Saturn has the most highly developed ring
system in the solar system. The ring system has
a width of 153,000 kilometers and a thickness
of 2 kilometers. There are nine distinct rings,
labeled A through G. (Identification of portions
of the planet’s ring system retains naming
schemes from the early days of telescopic obser-
vations, before the full complexity of the rings
was seen; as a result, six parts of the overall ring
system are identified by capital letters, whereas
the rest are given names. Unfortunately, letters
and names do not necessarily provide informa-
tion as to distance from the outer atmosphere;
for example, the C and B rings are outside the D
ring but inside the A ring, and the F and G rings
are outside the A ring.) The rings are very com-
plex, made up of an extremely large number of
ringlets, some of which are only about two kilo-
meters wide. Shepherding moons orbit around
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Comparative Data on the Planets of the Solar System (continued)

Parameter Saturn Uranus Neptune Pluto (dwarf planet)

Mass (1024 kg) 568.46 86.832 1,102.43 0.0125
Volume (1010 km3) 82.713 6,833 6,254 0.715
Equatorial radius (km) 60,268 25,559 24,764 1,195
Ellipticity (oblateness) 0.09796 0.02293 0.01708 0.0000
Mean density (kg/m3) 687 1,270 1,638 1,750
Surface gravity (m/s2) 8.96 8.69 11.00 0.58
Surface temperature (Celsius) –160 –180 –200 –238
Satellites 11 5 2 1
Mean distance from Sun

millions of km (miles) 1,426 (884) 2,869 (1,779) 4,494 (2,786) 5,899 (3,657)
Rotational period (hrs)* 10.656 –17.24 16.11 –153.3
Orbital period 29.46 yrs 84.01 yrs 164.80 yrs 247.70 yrs

Source: National Space Science Data Center, NASA/Goddard Space Flight Center.



the edge of some rings, and their gravity func-
tions to maintain the sharp edge on the rings.
The B ring shows dark features that resemble
spokes in a wheel. The particle size in the rings
varies from a few thousandths of a centimeter to
about ten meters. The spokes rotate as if solid
and appear to be particles electrostatically
raised above the ring plane.

Saturn has at least sixty satellites. The Cas-
sini spacecraft provided images of many of those
satellites detected after the Voyager era. Sat-
urn’s only large satellite, Titan, has received a
great deal of attention, since it is able to retain a
thick atmosphere of nitrogen, methane, and
other hydrocarbons. Its surface is obscured due
to the thickness of that atmosphere. For that
reason, the Cassini orbiter carried a European
Space Agency probe named Huygens that was
detached from the main spacecraft in order to
land on the surface of Titan. Huygens provided
evidence of liquid hydrocarbons at its touch-
down site existing at cryogenic temperatures.
Cassini then was able to image ancient shore-
lines and prove the existence of lakes of liquid
methane across the surface of Titan.

In January, 1986, Voyager 2 passed by Ura-
nus en route to Neptune. Uranus’s rotational
axis is tilted 82° from the plane in which it or-
bits. Its rotational direction is retrograde. Voy-
ager 2 data established the rotational period of
the planet to be 17 hours, 14 minutes. The
greenish atmosphere of Uranus is unusually
free of clouds. The primary components of the
atmosphere are hydrogen (84 percent), helium
(14 percent), and methane (2 percent). The tem-
perature of the atmosphere where the pressure
is 1 atmosphere is about 73 kelvins. Voyager 2
observed a tenuous haze around Uranus’s rota-
tional pole. This haze is probably formed by the
steady irradiation of the planet’s upper atmo-
sphere by solar ultraviolet light. Uranus is a
weak emitter of thermal radiation from deep
within the atmosphere. The planet has been
found to be warmer than thought, which implies
a greater transparency of the atmosphere than
models had predicted. The magnetic field of
Uranus is inclined at a 60° angle to the axis of
rotation. (Earth’s rotational axis and magnetic
field are roughly parallel by comparison.)

Voyager 2 found a large spot on Neptune’s

southern hemisphere in 1989 similar to Jupi-
ter’s Great Red Spot. The probe also confirmed
the presence of three thin, faint rings around
the planet and a magnetosphere. The atmo-
sphere is cold, about 53 kelvins, and its soft,
blue tint comes from the presence of methane in
the upper atmosphere. Neptune has thirteen
known moons, the largest of which, Triton, is
covered with methane and nitrogen ices.

The New Horizons spacecraft was launched
in January, 2006, to fly by the Pluto-Charon
system and thereby complete the initial recon-
naissance of all major systems of the solar sys-
tem. New Horizons was launched when Pluto
was still classified as a planet. Later that same
year, a new identification system adopted by the
International Astronomical Union (IAU) de-
moted Pluto to the status of a dwarf planet. In
June, 2008, the IAU again redefined Pluto, this
time as a plutoid, or plutino. Regardless of
whether Pluto is a full-fledged planet or a
plutoid, New Horizons will provide the first in-
depth investigations and closeup images of
Pluto and its nearly similar sized satellite
Charon sometime in the second decade of the
twenty-first century.

KNOWLEDGE GAINED

Spacecraft data concerning the atmospheric
composition and structure of individual planets
have provided significant insight into the solar
system as a whole. Mercury’s small size and
high temperature made it an unlikely candidate
for having any measurable atmosphere, yet
Mariner 10 found a tenuous atmosphere on the
planet. This condition probably arises from the
solar wind that bathes Mercury. Venus has a
high surface temperature but significantly
more mass than Mercury and has been able to
retain its atmosphere effectively. Venus’s high
temperature prevents the buildup of any signif-
icant quantity of water, so that carbon dioxide
remains in the atmosphere rather than forming
carbonates as it can on water-rich Earth. Mars
perhaps once had a much denser atmosphere,
with large quantities of liquid water—possibly
enough to cover the planet to an average depth
of 10 meters. Channels on the surface point to
large amounts of flowing liquid. As a result of
low temperature and low surface gravity, most
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of Mars’s atmosphere has been lost. Perhaps
water ice is still trapped below the surface or in
the north polar ice cap. Confirming that was the
primary objective of the Mars Phoenix mission
in 2008, and early results from the lander
strongly suggested that white material just un-
derneath the soil was indeed water ice and nei-
ther salts nor dry ice. Mars Phoenix was outfit-
ted with a Thermal Evolution and Gas Analyzer
(TEGA). Before the end of 2008, TEGA obtained
evidence of the presence of water vapor after
heating soil samples that were carefully placed
within its ovens by a robotic arm equipped with
a scoop.

Since the giant planets Jupiter, Saturn, and
Uranus, and Neptune have much more massive
cores and are much colder than the four inner
planets, they can retain light gases such as hy-
drogen and helium effectively. Differences exist
among these four, however, because the core
size differs from planet to planet.

The terrestrial planets, Mercury, Venus,
Earth, and Mars, show many similar surface
features—craters, volcanoes, and mountains.
Only Earth has shown activity of its volcanoes,
but discharges of lightning around the volcanic
mountains on Venus suggests that they may be
active also. Volcanism has also been found on
Jupiter’s satellite Io, Saturn’s satellite Encela-
dus, and Neptune’s satellite Triton.

The giant planets all have ring systems, al-
though each system is different from the other
three. Saturn’s rings are extremely complex,
with small divisions between the rings. Uranus

has a set of narrow ribbons separated by large
spaces, while Neptune has only partially com-
plete ring arcs. Jupiter has a three-component
ring system. The innermost portion is called the
Halo Ring. Further out is the Main Ring, and
that is followed by the wispy Gossamer Rings.
High-resolution images from Galileo at Jupiter,
Cassini at Saturn, and Voyager 2 at Uranus and
Neptune greatly added to the storehouse of
knowledge about diversity in ring system dy-
namics.

One great hope in the exploration of Mars
was that some life-form would be discovered.
Experiments performed by the Viking landers
provided no definitive results. Many astrono-
mers believe that Mars’s environment is much
too harsh presently to support life as it would
exist on Earth. Any primitive non-Earth-like
forms of life might be difficult to detect. Life,
primitive or otherwise, may also be possible on
Europa, Enceladus, or Titan. Few scientists ex-
pect to find organisms on the latter two satel-
lites, but some hold out hope that some degree
of organized life-forms may be swimming in
Europa’s ocean under the satellite’s icy crust.
Until a Europa lander equipped with a subter-
ranean probe can be sent to this satellite, how-
ever, that remains only wishful speculation on
the part of exobiologists.

CONTEXT

Fascination with outer space is evident when
one examines the popularity of space-based
science-fiction books, films, and television pro-
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grams, and when one keeps track of the number
of Internet hits on NASAWeb sites during high-
profile missions like Mars Exploration Rover
landings on the Red Planet or space shuttle
flights to refurbish the Hubble Space Telescope.
Solar system exploration programs are scien-
tific attempts to satisfy human curiosity about
space. One fundamental purpose for planetary
exploration is to seek a better understanding of
the history and perhaps the origin of the solar
system. While current models meet some of the
criteria, many questions remain. Examination
of planetary atmospheres, magnetic fields, ring
systems, satellites, and surfaces allows models
to be improved and planetary history to be more
accurately recorded. For example, the Jupiter
and Saturn systems are large enough for them
and their satellites to constitute small-scale so-
lar systems. Study of such smaller systems
could reveal significant details about the solar
system as a whole.

Humanity also has a desire to know whether
life exists in any place other than Earth. Are we
alone? Is the vastness of the universe just for us,
or is it teeming with life? Chances of detecting
life in another star system are remote, even if it
does exist. The search on the planets of the solar
system is much more easily accomplished. In
the late twentieth century, both the United
States and the former Soviet Union planned
uncrewed missions to Mars that would include
orbiters, landers, balloons, surface-roving vehi-
cles, and a round-trip mission to return soil
samples to Earth. Many of those ambitious
plans were delayed considerably, but early in
the new millennium an armada of robotic space-
craft orbited around the Red Planet and a num-
ber of landers were on the surface searching for
evidence of water.

Dennis R. Flentge

FURTHER READING

Bagenal, Fran, Timothy E. Dowling, and Wil-
liam B. McKinnon, eds. Jupiter: The Planet,
Satellites, and Magnetosphere. Cambridge,
England: Cambridge University Press, 2004.
A comprehensive work about the biggest
planet in the solar system, comprising a se-
ries of articles by experts in theirs field of
study. Excellent repository of photography,

diagrams, and figures about the Jupiter sys-
tem and the various spacecraft missions that
have unveiled its secrets.

Beattie, Donald A. Taking Science to the Moon:
Lunar Experiments and the Apollo Program.
Baltimore: Johns Hopkins University Press,
2003. Explains the science gleaned from the
Apollo lunar landings, including the Apollo
Lunar Surface Science Experiment Packages
(ALSEPs) and their results.

Briggs, G. A., and F. W. Taylor. The Cambridge
Photographic Atlas of the Planets. New York:
Cambridge University Press, 1982. A collec-
tion of the best photographs taken by space
probes from the United States and the Soviet
Union. In addition to the captions accompa-
nying the photos, a discussion of the impor-
tant features of each planet and its satellites
is provided.

Greenberg, Richard. Europa the Ocean Moon:
Search for an Alien Biosphere. New York:
Springer, 2005. A complete description of
current knowledge of Europa through the
post-Galileo spacecraft era. Discusses the
astrobiological implications of an ocean un-
derneath Europa’s icy crust. Well illustrated
and readable by both astronomy enthusiasts
and college students.

Grinspoon, David Harry. Venus Revealed: A
New Look Below the Clouds of Our Mysteri-
ous Twin Planet. New York: Basic Books,
1998. A thorough examination of the geology
of Venus that incorporates Magellan map-
ping and other data. Explains the Venusian
greenhouse effect. A must for the planetary
science enthusiast who wants an integrated
approach to science and history. Includes
speculation about Venus’s past.

Harland, David M. Cassini at Saturn: Huygens
Results. New York: Springer, 2007. Essen-
tially a complete collection of NASA releases
from the start of Cassini flight operations
through the majority of Cassini’s seventy or-
bits of its primary mission. Provides a thor-
ough explanation of the entire Cassini pro-
gram, including the Huygens probe’s landing
on Saturn’s largest satellite. Cassini’s pri-
mary mission concluded a year after this
book was published. Technical but accessible
to a wide audience.
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_______. Water and the Search for Life on Mars.
New York: Springer Praxis, 2005. A histori-
cal review of telescope and spacecraft obser-
vations of the Red Planet up through the
Spirit and Opportunity rovers. Covers all as-
pects of Mars exploration but focuses on the
search for water, believed to be the most nec-
essary ingredient for life.

Hartmann, William K. Moons and Planets. 5th
ed. Belmont, Calif.: Thomson Brooks/Cole,
2005. An updated version of a classic text
that covers all aspects of planetary science.
Particularly strong in its presentation of
Earth-Moon science. Takes a comparative
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ing individual chapters on each planet. Ex-
amines atmospheres, magnetospheres, sat-
ellites, and interiors of the solar system’s
planets.

Irwin, Patrick G. J. Giant Planets of Our Solar
System: An Introduction. 2d ed. New York:
Springer, 2006. Suitable as a textbook for
upper-level college courses in planetary sci-
ence. Focuses on Jupiter, Saturn, Uranus,
and Neptune and their satellites, rings, and
magnetic fields. Filled with figures and pho-
tographs.

Lovett, Laura, Joan Harvath, and Jeff Cuzzi.
Saturn: A New View. New York: Harry N.
Abrams, 2006. A coffee-table book with about
150 of the best images returned by the
Cassini mission to Saturn. Covers the planet,
its many satellites, and the complex ring
systems.

Morrison, David, and Tobias Owen. The Plane-
tary System. 3d ed. San Francisco: Pearson/
Addison-Wesley, 2003. A discussion of data
from each of the planets accompanied by a
large number of photographs and line draw-
ings. Although intended as a college-level
astronomy textbook, it provides good read-
ing for anyone with an interest in the solar
system.

Squyres, Steve. Roving Mars: Spirit, Opportu-
nity, and the Exploration of the Red Planet.
New York: Hyperion, 2006. Written by the
principal investigator for the Mars Explora-
tion Rovers Spirit and Opportunity, this fas-
cinating book provides a general audience
with a behind-the-scenes look at how robotic

missions to the planets are planned, funded,
developed, and flown. A personal story of
excitement, frustrations, a scientist’s life
during a mission, the satisfaction of overcom-
ing difficulties, and the ongoing thrills of dis-
covery.

See also: Planetology: Venus, Earth, and Mars;
Terrestrial Planets.

Planetology: Venus, Earth,
and Mars
Category: Planets and Planetology

The rocky planets Venus, Earth, and Mars
are similar in size, mass, and proximity to
the Sun, yet they have evolved in three
very different directions. Venus has a thick
atmosphere of carbon dioxide and a sur-
face temperature hot enough to melt lead.
Earth’s atmosphere is mostly nitrogen with
only a trace amount of carbon dioxide.
Mars has a very thin atmosphere of carbon
dioxide and quite cold surface tempera-
tures.

OVERVIEW

When the planets formed in the primordial
solar system, they existed primarily as gases co-
alesced by gravity. The four inner planets, be-
cause of their proximity to the Sun, lost most of
their primitive atmosphere of hydrogen and he-
lium, retaining only a molten rocky core rich in
heavier elements. As these planets cooled, a sec-
ondary atmosphere was created by gases
ejected from the mantle by many active volca-
noes on the geologically unstable surface. These
gases included ammonia, carbon dioxide, water
vapor, and nitrogen. Mercury, being the small-
est planet with the greatest intensity of sun-
light, quickly lost its entire atmosphere.

More massive and farther from the Sun, Ve-
nus retained its secondary atmosphere. This
caused the surface to remain hot enough to pre-
vent the water vapor from condensing into liq-
uid. As the concentration of CO2 increased, the
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heat in conjunction with ultraviolet light from
the Sun dissociated the water vapor into free
hydrogen and oxygen. The hydrogen dissipated
into space, while the very reactive oxygen com-
bined with rock minerals, thus disappearing
from the atmosphere. Estimates made from Ve-
nus’s rocks indicate that initially there was
enough water vapor on Venus to have covered
the surface with an ocean at least 9.14 meters
deep, on average. The continued volcanic out-
gassing of CO2 continued to heat the surface un-
til equilibrium was established. When visible
light strikes a planetary surface, much of the
energy is converted into heat, which radiates
from the surface as infrared radiation. Carbon
dioxide will absorb outgoing infrared radiation
and reemit it uniformly in all directions, thus
heating the surface in proportion to the amount
of CO2 present in the atmosphere. Because Ve-
nus’s atmosphere is 95 percent carbon dioxide,
the surface temperature is even hotter than the
surface of the planet Mercury, due to what is
referred to as a “runaway greenhouse effect.”
Venus therefore is now a stifling inferno smoth-
ered by a thick carbon dioxide (CO2) atmo-
sphere. The surface temperature is about 750
kelvins, distributed uniformly across the planet
due to atmospheric carbon dioxide.

Because Earth is 43 percent farther from
the Sun, the solar intensity is only half that at
Venus, while the gravitational attraction is
slightly greater than Venus’s. Consequently,
water vapor was retained and able to condense
as the planet cooled, thereby forming the
oceans. Carbon dioxide readily dissolves in
warm water. It was progressively removed from
the atmosphere, eventually forming carbonate
rocks. Relatively early in Earth’s history primi-
tive life formed in the oceans, and evolved into
small shelled sea creatures. These primitive an-
imals formed their shells from the dissolved car-
bon dioxide and calcium, thus further removing
CO2 from the water and leaving shell deposits
which eventually agglomerated into calcium
carbonate (CaCO3). As CO2 was removed from
the water, more could enter from the atmo-
sphere until almost all was gone. Analysis
shows that the carbonate rocks on Earth’s crust
contain about the same amount of CO2 as Ve-
nus’s atmosphere. Although oxygen was pres-
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ent in Earth’s primitive atmosphere, most re-
acted with metals, such as iron, to form oxides.
Life further altered the atmosphere with photo-
synthesis commencing about 2.5 billion years
ago, eventually reducing the concentration of
atmospheric CO2 to its present 0.04 percent and
creating most of the free oxygen.

Mars is 1.5 times farther from the Sun than
Earth. Being considerably smaller and less
massive, Mars had less internal heating and
consequently considerably less outgassing.
Mars therefore has an extremely thin atmo-
sphere, 95 percent of which is CO2. This is an
amount insufficient to create any significant
greenhouse warming.

The Viking spacecraft showed that although
Mars originally had a denser atmosphere and
running water on the surface, most of the atmo-
sphere leaked off into space because of the low
gravity. The atmospheric pressure, less than
1 percent of Earth’s sea-level pressure, is below
the pressure where water can exist in the liquid
state. Although a core of water ice is present in
the polar caps, the ice in those caps consists pri-
marily of solid carbon dioxide. Surface tempera-
tures on Mars vary from a maximum of 300 kel-
vins at the warmest spot at the warmest
moment of the warmest day of the Martian year
to typical nighttime temperatures of 155 kel-
vins. At a location midway between the equator
and the poles, the maximum daytime tempera-
ture barely exceeds the freezing point of water.
Much of the remaining water is assumed to be
tied up below the surface as permafrost. The
original CO2 is now either carbonate rocks, or
dissipated into space. The polar caps consist of
small permanent water ice caps and solid CO2

(dry ice), which sublimates directly into its va-
por form when the temperature increases dur-
ing summer.

Although the atmospheres of Venus, Earth
and Mars appear very different, when the ele-
ments bound up in rocks and permafrost are in-
cluded, the inventories of water, carbon dioxide,
and nitrogen are remarkably similar when ad-
justed for the differing planetary masses.

The topography of the three planets is a re-
sult of their size and evolution. Earth, the larg-
est, is dominated by rolling seafloor plains in-
terrupted by continents and mountain ranges

where continental plates have collided. All
traces of Earth’s primeval crust have been de-
stroyed by basalts that erupted to form much of
the seafloor crust and by plate tectonics that
broke up and recycled the original surface.

On Venus, basaltic volcanism dominated and
covered most of the planet with lava flows. Only
a small part of the primordial surface remained
as protocontinents projecting several miles
above the plains. Perhaps because of its smaller
size, there was not enough internal energy to
drive plate tectonic crustal motions. Some vol-
canoes may still be active. The scarcity of mete-
orite impact craters indicates that the entire
crust has been replaced within the past half mil-
lion years—recently, in geologic terms.

Being considerably smaller than Venus,
Mars lacked sufficient tectonic energy to de-
stroy its original cratered features. The deepest
surface depressions are ancient impact craters
but the highest Martian mountains are simply
masses of volcanic lava surmounted by the vol-
canic caldera. As a rule of thumb, small worlds
preserve their ancient surfaces formed by mete-
orite bombardment, but volcanic forces break
through and resurface parts of the planet.
Larger planets, on the other hand, have sur-
faces dominated by the internal forces of volca-
nism and plate tectonics.

KNOWLEDGE GAINED

It has been known since the eighteenth cen-
tury that Venus has an atmosphere. Although it
was first assumed to be composed of water va-
por, in 1932 spectroscopic studies indicated that
Venus’s atmosphere was primarily CO2. Ther-
mal radiation measurements in the 1960’s indi-
cated a surface temperature close to 750 kel-
vins. This temperature was confirmed when, in
1967, the Russian probe Venera 4 crashed into
the Venusian surface. In 1970 the Venera 7 suc-
cessfully landed on Venus’s surface and trans-
mitted data for twenty-three minutes, verifying
the surface temperature and an extremely
dense CO2 atmosphere. The American space-
craft Pioneer (1978) discovered clouds of sulfu-
ric acid droplets positioned about 48 kilometers
above surface. This mission also included an or-
biter that mapped the surface features by using
radar. Russian landings later sent back pan-
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oramic photographs of a haze-free surface im-
bued with a reddish hue from atmospheric fil-
tered sunlight, strewn with boulders on gravel
and fine, rocky soil. In 1985, two balloons
dropped by Russian probes floated in the sulfu-
ric acid clouds for forty-six hours, measuring
hurricane-force winds of 240 kilometers per
hour but temperatures and pressures similar
to Earth’s surface. When the sulfuric acid
particulates reach a sufficient size, they begin
to fall out of the cloud deck as sulfuric acid rain.
Unlike rain on Earth, however, they never
reach the ground. The rapidly increasing tem-
perature cause them to evaporate.

Telescopic observations of Mars during the
eighteenth and nineteenth centuries revealed
clear seasonal changes. In summer the polar
cap shrinks, while dark markings, once as-
sumed to be vegetation, darken and grow more
prominent. This assumption was disproved in
1965 when Mariner 4 returned the first close-up
pictures revealing a desolate, red-colored
desert. Three Russian probes reached the sur-
face between 1971 and 1974, but all failed to re-
turn useful data. The first successful landing
was by Viking 1 on July 20, 1976, followed in
September by its sister craft, Viking 2. The Vi-
king landers photographed a surface strewn
with boulder-sized fragments of lava flows and
meteorite impact craters in different stages of
erosion. Soil analyses provided chemical evi-
dence that Mars’s atmosphere was once almost
as dense as Earth’s, which would have enabled
water to flow. Earlier, Mariner 9 had photo-
graphed channels looking like dry riverbeds
containing tributaries and sedimentary depos-
its, providing additional evidence that water
once flowed on Mars.

Indisputable evidence of Mars’s water was
provided during the summer of 2008, when Na-
tional Aeronautics and Space Administration’s
(NASA’s) Mars Phoenix Lander dug into Mar-
tian soil and scooped up what appeared to be ice.
When melted it proved to be water vapor. Three
spacecraft landed between 1997 and 2004 to
photograph and analyze the surface using ro-
botic rovers. The Martian surface consists of
two parts: a heavily cratered southern high-
lands and northern smooth lowlands. Evidence
from the Odyssey spacecraft (2001) suggests

these lowlands were once filled by an ocean of
liquid water, now present in permanent ice caps
and subterranean permafrost. Mars’s early
dense atmosphere may have been depleted by
changes in the polar climate. If solar radiation
striking the poles were 10 percent higher in the
past, the ice caps would have been much smaller
and most of the now frozen CO2 would have ex-
isted in a gaseous state.

CONTEXT

Although Venus, Earth, and Mars are simi-
lar in mass and distance from the Sun, enough
minor differences existed to compel each to have
evolved along very different paths. The atmo-
spheres of Venus and Mars have been thor-
oughly analyzed, and their surface features
have been carefully mapped, photographed, and
subjected to chemical analysis. Nevertheless,
several questions remain unanswered. How
much water was initially present on Venus, and
what happened to it? Why was there not more
plate tectonic activity during Venus’s formative
years? Is Venus still volcanically active? Why
does Earth’s atmosphere contain an abundance
of nitrogen, and why is it scarce on the other
planets? Why did Mars have a much warmer
surface in the past, and where is the once preva-
lent water? Did the formation of the gigantic
volcano, Olympus Mons, cause a change in the
tilt of the Martian axis that instigated a plane-
tary cooling? Is Mars still volcanically active, or
has it cooled sufficiently that new volcanoes
cannot form?

Obviously, there is still much to learn about
the comparative planetology and evolution of
these three planets. Future interplanetary
spacecraft that land on Venus and Mars will
continue to advance the understanding of the
dynamics of their surfaces and, in particular,
the manner in which subterranean features in-
fluenced their respective planetary evolution.

George R. Plitnik

FURTHER READING
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Today. 6th ed. New York: Addison-Wesley,
2008. Includes an excellent summary of the
latest knowledge about the terrestrial plan-
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The atmosphere, the surface, and the inter-
nal structure of each of these planets is dis-
cussed in great detail, rendering the compar-
ative planetology a straightforward exercise
for the dedicated reader.

De Pater, Imke, and Jack J. Lissauer. Planetary
Sciences. New York: Cambridge University
Press, 2001. A challenging and thorough text
for students of planetary geology. Covers
extrasolar planets and provides an in-depth
contemporary explanation of solar-system
formation and evolution. Best for the most se-
rious reader with a strong science back-
ground.

Encrenaz, Thérèse, et al. The Solar System.
New York: Springer, 2004. A thorough explo-
ration of the solar system from early tele-
scopic observations through the space mis-
sions that had investigated all planets with
the exception of Pluto by the publication
date. Takes an astrophysical approach to
place our solar system in a wider context as
just one member of similar systems through-
out the universe.

Esposito, Larry W., Ellen R. Stofan, and
Thomas E. Cravens, eds. Exploring Venus as
a Terrestrial Planet. New York: American
Geophysical Union, 2007. This is a collection
of articles covering all major areas of Venus
research. Technical.

Hartmann, William K. Moons and Planets. 5th
ed. Belmont, Calif.: Thomson Brooks/Cole,
2005. This authoritative and regularly up-
dated text considers all the major planetary
objects in the solar system. The material is
presented by grouping objects under unifying
principles, thus elucidating their similarities
and their differences as well as the physical
processes behind their evolution. Although
most of the material is descriptive, some al-
gebra and elementary calculus are included.

Lewis, John S. Physics and Chemistry of the
Solar System. 2d ed. San Diego, Calif.: Aca-
demic Press, 2004. Suitable for an under-
graduate course in planetary atmospheres,
but accessible to the general reader with a
technical background.

McSween, Harry. Stardust to Planets. New York:
St. Martin’s Griffin, 1993. A well-written
book that imparts geologic and atmospheric

facts about the planets of the solar system in
an easy-to-grasp manner. Venus and Mars
are covered in considerable detail, and the in-
formation about Earth’s geology makes plan-
etary comparisons relatively straightfor-
ward.

Sagan, Carl. Cosmos. New York: Wings Books,
1995. Based on the television series of the
same name, this lavishly illustrated classic
includes considerable information about the
evolution of surface features and atmo-
spheres of Venus and Mars.

Seeds, Michael A. Foundations of Astronomy.
9th ed. Belmont, Calif.: Thomson Brooks/
Cole, 2007. This lavishly illustrated text com-
mingles experimental evidence and theory to
provide deep, but well-explained, elucida-
tions of many fascinating aspects of the uni-
verse. In particular, the five chapters on com-
parative planetology contain a plethora of
data, as well as beautiful pictures, from vari-
ous spacecraft encounters with these planets
since the 1970’s.

See also: Planetology: Comparative; Terres-
trial Planets.

Pluto and Charon
Categories: Natural Planetary Satellites;

Planets and Planetology; Small Bodies

Pluto became the ninth planet in the solar
system when discovered in 1930. Then, in
2006, the International Astronomical
Union demoted Pluto to the status of a
dwarf planet. Pluto and its satellite
Charon constitute a dual-object system lo-
cated far from the Sun. These bodies are
different in size and composition from any
of the planets of the solar system, more
closely resembling the icy satellites of Nep-
tune.

OVERVIEW

Pluto was discovered by American astrono-
mer Clyde Tombaugh in 1930; its satellite
Charon was detected in 1978 by James W.
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Christy of the U.S. Naval Observatory. In the
United States, “Charon” is pronounced SHAR-
uhn, reminiscent of the discoverer’s wife,
Charlene; in the rest of the world, the pronunci-
ation KAR-uhn is usually preferred.

Less is known about Pluto than about any of
the other planets; it is the only planet that has
not been visited by a satellite from the Earth.
Earth-based telescopes cannot provide much in-
formation about Pluto and Charon, as they are
too far away for surface details to appear even in
the largest telescopes. Better images of Pluto
were obtained using the Hubble Space Tele-
scope, which in May, 2005, detected two new
small satellites of Pluto. Hubble images also
provided the first indications of features on the
surface of Pluto. Almost a dozen “provinces”—
portions of Pluto with different albedos—were
discovered. Pluto also was observed to have a
northern polar cap, several dark spots, and a
bright linear feature. The resolution of these
Hubble images precluded a precise determina-
tion of the nature of these intriguing features.
However, scientists speculated that the images
were hinting at basins or craters of significant
size. Identification of these features would have

to wait for the New Horizons spacecraft to fly
through the Pluto-Charon system in 2015.

Pluto is the smallest planet in the solar sys-
tem, smaller even than Earth’s moon; it is usu-
ally the outermost planet. Pluto takes 247.7
Earth years to orbit the Sun and rotates on its
axis once every 6.39 Earth days. The orbit of
Pluto is more eccentric than that of any other
planet. Pluto’s orbital eccentricity is so large
that Pluto is sometimes closer to the Sun than
Neptune: That was the situation between Janu-
ary 21, 1979, and March 14, 1999, when Pluto’s
orbit again took it farther from the Sun than
Neptune. Pluto will remain beyond the orbit of
Neptune until 2226.

Distances between objects in the solar sys-
tem are usually measured in astronomical units
(AU). One astronomical unit is the average dis-
tance between the Earth and the Sun, or 150
million kilometers. Pluto can be as close to the
Sun as 29.64 AU and as far away as 49.24 AU.
At Pluto’s distance, the Sun appears as a star-
like point, but a point more than one hundred
times brighter than a full Moon. The amount of
solar energy received by Pluto varies greatly be-
cause of the large variation in distance between
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the Sun and Pluto over the course
of its lengthy “year” (orbit around
the Sun). This variation in solar
energy is expected to cause the
thickness of Pluto’s atmosphere to
change markedly in different parts
of its orbit.

Charon is similar in size to
Pluto. The diameter of Pluto is ap-
proximately 2,284 kilometers, and
Charon’s is approximately 1,192
kilometers. The average distance
between Pluto and Charon is
19,700 kilometers. Because of this
close proximity, along with their
similar sizes, Pluto and Charon
are referred to as a double planet.
Charon orbits Pluto in 6.39 days—
the orbital period of Charon is
the same as the rotation period
of Pluto. As a result, Pluto al-
ways points the same face toward
Charon. In fact, an observer on the surface of
Pluto would always see Charon in the same po-
sition relative to the horizon.

The orbit of Charon is not in the plane of
Pluto’s orbit about the Sun. Instead, the plane
swept out by Charon’s orbit is almost perpendic-
ular to the plane swept out by Pluto’s orbit.
When the plane of Charon’s orbit presents its
edge to the Earth, a series of occultations and
transits between Pluto and Charon occur. This
series of transits and occultations results in a
series of mutual eclipses being observed from
the Earth. These mutual eclipses can be ob-
served at two positions in Pluto’s orbit, and so
they occur every 124 years. Mutual eclipses last
for about 6 years. A series of mutual eclipses
that began in 1985 made possible the measure-
ment of the sizes of Pluto and Charon reported
above.

The surface temperature of Pluto is some-
what uncertain because the fraction of sunlight
that it reflects (known as the albedo) is uncer-
tain. Pluto’s surface temperature ranges from
45 to 60 kelvins. The uncertainty arises because
the surface composition of Pluto and the extent
of its atmosphere are uncertain. The surface
temperature of Charon is estimated to be be-
tween 8° and 10° warmer than Pluto’s.

The density of the Pluto-Charon system has
been determined to be of the order of 1,800 kilo-
grams per cubic meter. This density, almost
twice that of water, indicates that Pluto and
Charon are composed of a variety of ices and
that as much as half of their mass could be made
up of rocky material. The surface of Pluto has, in
fact, been determined to contain methane ice. It
is thought that, rather than the methane being
uniformly distributed over the surface, there
are two large polar ice caps made of methane
and a thin, warmer equatorial region, where
the methane has become depleted, leaving wa-
ter ice.

Pluto is too small to trap a permanent atmo-
sphere, but in the late 1980’s, a thin atmosphere
of methane was detected. Scientists believe that
the atmosphere of Pluto was at its thickest dur-
ing this period because Pluto was near its peri-
helion passage. At perihelion, its closest ap-
proach to the Sun, Pluto receives more energy
from the Sun than it does during other parts of
its orbit; in other words, it is heated more
strongly. Methane is frozen under the condi-
tions prevailing on Pluto. When it is heated suf-
ficiently, it will form a gas directly from the solid
without first forming a liquid, a process is called
sublimation. It has been theorized that the at-
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Pluto Compared with Earth

Parameter Pluto Earth

Mass (1024 kg) 0.0125 5.9742
Volume (1010 km3) 0.715 108.321
Equatorial radius (km) 1,195 6,378.1
Ellipticity (oblateness) 0.0000 0.00335
Mean density (kg/m3) 1,750 5,515
Surface gravity (m/s2) 0.58 9.80
Surface temperature (Celsius) –238 –88 to +48
Satellites 3* 1
Mean distance from Sun

millions of km (miles) 5,899 (3,657) 150 (93)
Rotational period (hrs) –153.2928 23.93
Orbital period (days) 90,588 365.25

*In May, 2005, the discovery of two small Plutonian moons, Nix and
Hydra, brought the total (with Charon) to three.

Source: National Space Science Data Center, NASA/Goddard Space
Flight Center.



mosphere detected on Pluto may result from
sublimation of methane from the equatorial re-
gion of its surface to form an atmosphere. Pluto
will have to be observed through its entire orbit
before it is known if it has an atmosphere
throughout that orbit, and if it does, how the at-
mosphere’s thickness specifically varies. It has
been suggested that when Pluto is close to aph-
elion, only the side of Pluto facing the Sun would
be warm enough to maintain a methane atmo-
sphere. The atmosphere on the far side of Pluto
would precipitate on its surface as frost.

The surface of Charon has been determined
to be covered with water ice; no frozen methane
has been detected. It is expected, however, that
the interior of Charon contains methane. The
composition of Charon is similar to that of some
of the satellites of the Jovian planets. In fact,
the surface of Charon appears to be almost iden-
tical in composition to that of Miranda, one of
the satellites of Uranus. Charon is not expected
to trap an atmosphere, even temporarily. It is
difficult to make an exact determination, but an

upper limit of no more than one-twentieth of the
thickness of Pluto’s atmosphere has been deter-
mined. Pluto’s equatorial region is depleted in
methane and thought to have the same compo-
sition as its similarly methane-depleted satel-
lite, Charon.

METHODS OF STUDY

Most of the information currently available
about the dual planet has been derived from the
electronic recording of telescopic images of
Pluto and then computer processing of these im-
ages. The rotation period of Pluto was measured
by noting that the brightness of Pluto varies pe-
riodically with the rotation period of the planet.
The brightness varies because the surface dis-
tribution of methane ice and water ice is not
uniform, and different ices reflect different
amounts of light.

Charon was discovered while James Christy
examined some electronic images of Pluto. He
noticed a bump on the edge of Pluto that ap-
peared to move; this “bump” was Charon. No
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The 1994 Hubble images of Pluto (small images, upper-left insets), have been enhanced in the larger images to re-
veal surface and atmospheric features. (NASA)



ground-based telescope was able to sepa-
rate Pluto and Charon into well-resolved
images, however, because of the Earth’s
atmosphere.

The atmospheres of Pluto and Charon
have been studied by two different meth-
ods: occultations and spectroscopy. An
occultation occurs when the light from an
astronomical object is extinguished by an-
other celestial object, such as when Pluto
passes in front of a star. The observation of
occultations is the standard technique
used to determine whether a planet has an
atmosphere or rings. If the planet has no
atmosphere, it is possible to observe the
star with undiminished brightness until
the disk of the planet crosses it. It then dis-
appears completely and reappears with its
usual brightness. If a planet has an atmo-
sphere, light from the star dims gradually as
starlight passes through the atmosphere of the
planet. When it reappears, it is faint and bright-
ens as the planet moves farther away from the
star. The atmosphere of Pluto was first detected
in this manner.

Spectroscopy involves analysis of light re-
flected by Pluto. Different wavelengths are re-
flected by different degrees, and some are com-
pletely absent from the reflected light. The
spectrum of reflected light can be used to iden-
tify chemical elements and compounds present
on the surface of a planet and in its atmosphere.
This procedure works because each element or
compound produces a unique spectrum that can
be measured in the laboratory. The infrared
spectrum of Pluto has also been probed to add to
the information. The main problem encoun-
tered in the Pluto-Charon system is that nor-
mally the spectra of Pluto and Charon are ob-
tained simultaneously. Mutual eclipse events
described above have enabled the spectrum of
Pluto alone to be obtained when Charon is be-
hind Pluto. This Pluto spectrum can then be
subtracted from the usual combined spectra to
obtain the spectrum of Charon. Using this
method, scientists have been able to determine
the different surface compositions of Pluto and
Charon.

Occultations could also be used to measure
the sizes of Pluto and Charon, but instead scien-

tists have used the series of mutual eclipses.
The rotation period of Charon about Pluto is
known, so if the durations of the eclipses of
Charon by Pluto are timed (and visa versa),
these times can then be used to estimate the di-
ameters of Pluto and Charon. Masses of the
outer planets are usually measured by their ef-
fects on the orbits of planets closer to the Sun.
This method, however, has not worked in the
case of Pluto and Charon, because their com-
bined mass is too small to have an observable ef-
fect on the next closest planet, Neptune. Fortu-
nately, however, the discovery of Charon made
it possible to determine the mass of Pluto from
the orbital period of Charon. Kepler’s third law
of planetary motion states that the square of a
planet’s orbital period divided by the cube of its
orbital radius is equal to a constant. The con-
stant depends on the mass of the object orbited;
hence, scientists have found that the mass of
Pluto is about one five-hundredth Earth’s mass.
The mass of Charon has been determined from
its size by assuming it has the same density as
Pluto.

Prior to Pluto’s demotion in 2006 to dwarf
planet status, it had often been said that it was
the only planet yet to be explored by spacecraft.
Indeed, due to the tremendous distance be-
tween Pluto and Earth, the best way to gain in-
formation about Pluto and Charon would be an
instrumented spacecraft flying close to the illu-
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Some Facts About Charon
Mean distance from Pluto (km) 19,600
Sidereal orbit period (days) 6.38725
Sidereal rotation period (days) 6.38725
Orbital inclination to Pluto (degrees) 0.0
Orbital eccentricity 0.0
Equatorial radius (km) 593
Mass (1021 kg) 1.62
Mean density (kg/m3) 1,850
Surface gravity (m/s2) 0.31
Escape velocity (km/s) 0.60
Albedo 0.38
Apparent visual magnitude 16.8

Source: Data are from the National Aeronautics and
Space Administration/Goddard Space Flight Center,
National Space Science Data Center.



sive system or even perhaps entering long-term
orbit about Pluto. A number of proposals were
entertained to conduct the flyby, including one
that would use a gravity assist from Jupiter in
order to get to Pluto before Pluto’s orbit took it
so far from the Sun that its atmosphere would
freeze and cover the surface. A Pluto flyby was
approved and funded, then canceled, followed
by a new proposal that in turn failed to come to
fruition. Eventually, the New Horizons space-
craft was proposed, approved, designed, and
then launched on January 19, 2006. The space-
craft left Earth behind with the fastest speed
ever attained by a human-made object. It
passed the Moon in a mere few hours and
reached Jupiter in only one year. Nevertheless,
New Horizons will not arrive in the Pluto-
Charon system until 2015.

New Horizons, if successful, will provide a
wealth of new information about the Pluto-
Charon system. Scientific instruments incorpo-
rated into the spacecraft include a long-range
reconnaissance imager, a near-infrared imag-
ing spectrometer, an ultraviolet imaging spec-
trometer, an electrostatic analyzer, a time-of-
flight ion and electron sensor, a radio science

experiment, and a dust counter. Incredibly, the
total mass of these instruments is a mere 31 ki-
lograms, and they operate on only 21 watts of
electrical power.

CONTEXT

Once considered the outermost planet, Pluto
remains the most difficult to investigate. What
has been learned about it indicates that it is
different from all the other planets. The other
four planets of the outer solar system—the “gas
giants” Jupiter, Saturn, Uranus, Neptune—
have low densities and are composed primar-
ily of gases. The density of Pluto is greater, indi-
cating the presence of some rocky material.
Nevertheless, the density is lower than the
densities of the terrestrial planets of the inner
solar system (Mercury, Venus, Earth, and
Mars). Pluto has features in common with
the Galilean satellites of Jupiter and some of
the satellites of Saturn, Uranus, and Neptune,
but none has exactly the same makeup. Charon
is in many ways similar to an asteroid. In
fact, models developed for asteroids covered
with water ice are applicable to Charon, and
they have been used profitably in an attempt to

gain a deeper understanding of
Charon.

This pair of small worlds may
seem insignificant in compari-
son with the other, larger plan-
ets of the outer solar system.
However, if scientists are ever
to develop a complete under-
standing of the origins and evo-
lution of the solar system, they
will need detailed knowledge of
all its members. Pluto is usually
the farthest planet from the
Sun, but in many ways it has
more in common with comets,
meteoroids, and asteroids than
it does with the other major
planets. Pluto could well be one
of a large number of similar ob-
jects in the outer solar system.
Although there are no large ob-
jects in the solar system even
ten times farther away from the
Sun than is Pluto, there is a
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Pluto’s projected composition; surface methane ice sublimates, creating
a thin methane atmosphere, when the dwarf planet is facing the Sun.
(Lunar and Planetary Institute)



spherical swarm of comets far
from the Sun, called the Oort
Cloud. In developing an under-
standing of Pluto and Charon,
scientists may be laying the
groundwork for a better under-
standing of the Oort Cloud.

Study of the Pluto-Charon
system may also answer some
questions about Neptune and
its satellites. One of the theories
for the origin of Pluto is that it
was once a satellite of Neptune.
That appears less likely since
scientists have learned that
Pluto has its own satellite.
However, an understanding of
its eccentric orbit would provide
a definitive answer. The myster-
ies of the solar system include
the eccentric orbit of Neptune’s
satellite Nereid and the clock-
wise direction (as viewed from
the north pole) of the orbit of an-
other satellite, Triton, when all
the other large satellites of the
solar system orbit their planets
in a counterclockwise direction.
Both of these oddities could be
explained by a collision in which
Pluto broke free. However, that
theory lost favor with the dis-
covery of Quaoar, Sedna, and
Eris and the realization that
the Kuiper Belt is likely popu-
lated with almost countless bod-
ies of lesser size than these
three icy objects. The common
belief presently held is that
Pluto and Charon were created
in the early Kuiper Belt by a gi-
ant impact, not unlike the impact theory for the
formation of the Earth and its Moon. More re-
search is needed to pinpoint the origin of this
unusual dual-object system in the outer solar
system.

It was in part for these reasons that the Inter-
national Astronomical Union (IAU) moved to
reclassify Pluto as a dwarf planet even though it
still met many of the restated criteria for classi-

fication as a planet. That definition now re-
quires that a body orbit about the Sun, that it is
in hydrostatic equilibrium, and that it has
cleared out its environment. Pluto meets only
the first two of those criteria. In addition, since
2000 three objects roughly the same size as
Pluto have been discovered well beyond Pluto’s
orbit. These bodies (Quaoar, Sedna, and Eris)
are believed to be Kuiper Belt objects, and Pluto
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Clyde Tombaugh: Searching for Planet X
In many ways, Clyde Tombaugh was like his astronomer hero

William Herschel, who discovered Uranus unexpectedly during a
routine sky survey in 1781. Both were dedicated amateur astron-
omers and skilled telescope makers who devoted hours to tedious
observations. Tombaugh, however, was only twenty-four years
old when he discovered Pluto, while Herschel was in his early for-
ties. Furthermore, Tombaugh’s yearlong search for Planet X
lasted much longer than that of either Herschel or Johann Galle,

who discovered Neptune in
1846 on the first night he
looked for it, lying less than
1 degree from its predicted po-
sition.

The search for Pluto was
complicated by the fact that
its orbit is highly eccentric—
sometimes even passing in-
side the orbit of Neptune—
and has a large inclination of
about 17 degrees from the
mean plane of the other plan-
ets. It is now known that Per-
cival Lowell’s predictions for
the position of Pluto were
based on faulty calculations,
and its discovery within 6 de-
grees of the predicted location
was only a coincidence. Fortu-

nately, Tombaugh did not limit his observations to the predicted
area of the sky or to the region close to the mean orbital plane of
the planets.

When James Christy discovered Pluto’s moon, Charon, in
1978, it was conclusively demonstrated that the mass of Pluto
was far too small to cause observable deviations in the orbits of
Uranus and Neptune; thus the two larger planets’ orbits could
not be used to predict Pluto’s position. In the 1990’s, several icy
objects much smaller than Pluto were discovered just beyond its
orbit in the Kuiper comet belt with periods of about 300 years,
compared with Pluto’s 248-year period.

(National Archives)



is likely the first of the Kuiper Belt objects to
have been discovered. As such, it is the model
for the rest of what may be a huge class of simi-
lar objects at ever-increasing distance. Some
have coined the term “plutinos” to describe icy
bodies coming from the Kuiper Belt. Because of
the new classification scheme adopted by the
IAU in 2006, the solar system officially consists
of eight planets, at least three dwarf planets
(Ceres, Pluto, and Eris), and numerous satel-
lites, asteroids, comets, and minor bodies.

In an attempt to clarify its controversial
planetary classification and minimize the
worldwide discontent expressed over Pluto’s
elimination from full-fledged planet status, an
executive meeting of the International Astro-
nomical Union (IAU) held in June, 2008, in
Oslo, Norway, proposed defining a plutoid as a
solar system body beyond the orbit of Neptune
having enough mass to assume a nearly spheri-
cal shape but not able to clean its orbit of other
material, as the eight planets have. Pluto would
therefore be the first plutoid object. Eris would
be the second. Under this definition, Ceres
would remain a dwarf planet but could not be
considered to be a plutoid, since it exists in the
asteroid belt between Mars and Jupiter. For
many, this proposal did little to mitigate earlier
objections. This classification scheme left the
solar system with only the one dwarf plantet,
which until 2006 most astronomers had been
quite content to consider to be the largest aster-
oid. More plutoids were expected to be found, lo-
cated even farther out in the Kuiper Belt beyond
Eris, as technology permitted their detection. In
the period following the IAU’s adoption of the
reclassification scheme, there remained much
controversy, not only among professional as-
tronomers but also among amateur astrono-
mers, teachers, and schoolchildren.

Whether or not Pluto is a planet, its further
investigation is hindered until the New Hori-
zons spacecraft can fly through the Pluto-
Charon system in 2015. Clyde Tombaugh pro-
vided the first evidence of Pluto’s existence.
Some proposed that a spacecraft be sent to ex-
plore Pluto at close range, and that it be chris-
tened Tombaugh. Clyde Tombaugh passed
away in 1997 before such a flyby mission was
approved and launched. However, the New Ho-

rizons probe presently is on track for a 2015 en-
counter with Pluto and Charon. On board that
spacecraft are some of Tombaugh’s ashes. A
flyby of Pluto would complete humanity’s first
exploration of what once was considered a nine-
planet solar system.

Stephen R. Addison
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the discovery of Pluto by its discoverer, a well-
known popularizer of astronomy. Tombaugh
describes his career as well, and coauthor
Moore describes the discovery of outer plan-
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Protostars
Category: The Stellar Context

Protostars are stars in the process of form-
ing. Planets are a natural by-product of the
formation of stars, so protostars are most
likely to be forming both stars and atten-
dant planetary systems simultaneously.
Understanding how other stars and plan-
ets form provides insight into how our own
solar system formed.

OVERVIEW

In the Northern Hemisphere, the constella-
tion Orion dominates the early evening sky. If
one scans the familiar sword and belt with bin-

oculars or a small telescope, the center star in
the sword looks like a small, fuzzy patch that re-
sembles a piece of lint on the lens. This patch is
actually the famous Orion nebula and is the
closest and therefore best-studied star-forming
region in the sky. More powerful telescopes re-
veal many similar nebulae where star forma-
tion is currently taking place.

Other stars and our own Sun formed by simi-
lar processes. A nebula, which is a cloud of gas
and dust in interstellar space, begins to col-
lapse. Once something triggers the collapse, the
the nebula’s own gravity takes over to continue
the collapse. As the cloud collapses, it begins to
spin more rapidly, like a figure skater bringing
in her arms. The rapid spinning causes the
cloud to flatten into a disk, like pizza dough
when it is tossed spinning into the air. Most of
the gas and dust in the nebula collapses into the
protostar, which will become the central star.
The leftover gas and dust in the surrounding
disk will coalesce into planets orbiting the star.
This process, known as the nebular hypothesis
of solar-system formation, is the most widely ac-
cepted explanation of the origins of our solar
system. In this way planets naturally form out
of the debris surrounding the protostar. There-
fore astronomers expect that most stars should
be surrounded by an entourage of planets.

Astronomers can begin to understand the de-
tails of this process by studying the Orion neb-
ula and similar nebulae. Beginning in the
1950’s and 1960’s, new wavelength regimes, no-
tably radio and infrared, opened up to astrono-
mers. Astronomers were now able to probe the
dusty depths of star-forming nebulae by analyz-
ing their radio and infrared emissions. For-
merly these nebulae were “invisible” to astrono-
mers becuase the dust found in these clouds
blocks visible light; however, the nebular dust
tends to allow more infrared and radio waves to
get through, allowing the emissions to be col-
lected by instruments sensitive to these regions
of the electromagnetic spectrum.

When astronomers find a new tool to probe
star-forming regions, they usually try using it
first on the Orion nebula and then on other star-
forming regions. At infrared wavelengths as-
tronomers found that the Orion nebula contains
several sources of infrared light. Similar infra-
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red sources are very common in other nebulae
associated with star formation. The infrared
signature of these sources tells astronomers
that the sources are warm but not hot. The
dusty cocoon out of which the star is forming
still surrounds the protostar. The dust blocks
the direct light from the protostar, but the en-
ergy from the protostar heats the dusty shell
enough that it glows in the infrared. Hence in-
frared sources in star-forming nebulae are sig-
natures of a protostar that is still enshrouded in
a dusty cocoon.

At radio wavelengths, astronomers found
both giant molecular clouds and H II regions as-
sociated with star-forming nebulae. The symbol
H II is from a notation used by astronomers to
indicate that the hydrogen atoms have lost their
electrons and are therefore ionized. H II regions
are therefore regions of ionized rather than neu-

tral hydrogen. H II regions can
surround newly formed stars, if
the stars are hot enough to emit
significant amounts of ultravio-
let light. The stars falling into
this category are massive O
and B spectral class stars. As
the H II region expands around
these massive hot stars, the
leftover material from the pro-
tostar stage is swept away.
Hence H II regions allow mas-
sive protostars to get rid of their
leftover cocoons of gas and dust.

Molecular clouds are also of-
ten associated with protostars.
Typically they contain a few
hundred thousand protostars,
but giant molecular clouds can
contain as much as ten million
times the mass of the Sun and
extend for hundreds of light-
years. They are clouds of mole-
cules in interstellar space. As-
tronomers think that the mole-
cules form on the surfaces of
interstellar dust grains and
then escape the dust grains.
More than a hundred different
types of molecules have been
identified in molecular clouds.

The first stage in star formation is often a clump
starting to collapse within a giant molecular
cloud. These clumps will typically form into a
small group of a half a dozen to a dozen proto-
stars. As these protostars collapse, they heat up
enough to ignite nuclear reactions in their
cores. They then become stars and warm the
surrounding dusty cocoon so astronomers see
infrared sources. If the stars are massive stars,
they emit enough ultraviolet light to form H II
regions. In addition to clearing away the left-
over material, the expanding H II regions send
a shock wave into the giant molecular cloud
and trigger the collapse of a new batch of proto-
stars.

Massive stars produce H II regions to clear
away the protostellar cocoons of leftover mate-
rial, but how can less massive stars shed their
cocoons? One way is the T-Tauri phase. T-Tauri
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This cloud of hydrogen gas in the Eagle nebula forms an incubator for
new stars that are forming in its “fingertips.” Each tip is larger than our
own solar system. The pillars of gas will photoevaporate, revealing the
evaporative gaseous globules (EGGs) that eventually may form stars.
(NASA/ESA/STScl/J. Hester & P. Scowen, Arizona State University)



stars have very strong stellar winds, which are
similar to the solar wind but much stronger.
Younger T-Tauri stars still have shells of sur-
rounding material, while older (often called “na-
ked”) T-Tauri stars do not. If a less massive
protostar goes through a T-Tauri stage, the
strong stellar winds can blow away its shell of
leftover material.

The Hubble Space Telescope has helped as-
tronomers understand other ways less massive
protostars can rid themselves of their shells of
leftover material. Close-up photographs of the
Orion nebula made with the Hubble telescope
reveal protoplanetary disks (or proplyds for
short). These proplyds look like small, dusty
disks. The protostars are collapsing and spin-
ning quickly, so they flatten into a disk. The cen-
tral regions of these proplyds will become the
stars, and the disks will coalesce into the plan-
ets. Nearby newly formed O and B stars can ion-
ize the remaining hydrogen in these proplyds.

In 1995, the Hubble Space Telescope took a
high-resolution photograph of the Eagle nebula,
also known as M16. This strikingly beautiful
photograph shows a large number of what as-
tronomers call evaporative gaseous globules
(EGGs). These EGGs are most likely the same
thing as proplyds but seen from a different an-
gle. In M16 there is a cluster of young hot stars
just above the EGGs. Ultraviolet light from
these stars helps rid the low-mass protostars
forming in the EGGs of their excess material in
a manner similar to the way massive protostars
do with their own ultraviolet light. Other Hub-
ble Space Telescope pictures of star-forming
nebulae show similar phenomena, so it is be-
lieved that nearby massive stars provide the ul-
traviolet light that less massive stars need to
shed their protostellar cocoons.

KNOWLEDGE GAINED

The earliest studies of star-forming regions
such as the Orion nebula and similar nebulae
were at visible wavelengths only. Protostars are
still enshrouded in the dust out of which they
formed, and this dust blocks visible light. Hence
it is difficult to learn much about protostars by
studying them only with visible light. A probe
that penetrates dust is needed. The advent of
radio and infrared astronomy provided the

needed probe. Infrared light and radio waves
have wavelengths that are longer than typical
interstellar dust grains. Hence the dust grains
do not block them as they do visible light. In the
late 1960’s, when these tools became readily
available to the astronomical community, the
study of protostars and star formation blos-
somed.

Most astronomers thought that molecules
could not form in interstellar space, but the dis-
covery of giant molecular clouds with radio tele-
scopes proved them wrong. Because giant mo-
lecular clouds are the site of the initial stages of
star formation, their discovery helped astrono-
mers understand protostars. The study of radio
H II regions also helped astronomers under-
stand how very hot massive stars rid them-
selves of the gas and dust shells left over from
their formation.

Infrared astronomy also gave astronomers
important clues for understanding protostars.
Just as red stars are cooler than blue stars, ob-
jects that are brightest at infrared wavelengths
are cooler than stars. Dust shells surrounding
protostars are warm but not as hot as stars, so
infrared astronomy helped astronomers find
stars and protostars in these early stages.

Launch of the Hubble Space Telescope gave
astronomers the ability to take pictures of un-
precedented resolution. High-resolution photo-
graphs of the Orion nebula, M16, and other
star-forming regions gave astronomers direct
views of proplyds and EGGs, which are solar
systems in the process of forming. A next gen-
eration space telescope, when launched, will
likely produce similar dramatic advances.

Astronomers have long thought that the
planets in our solar system formed from the ma-
terial left over from the Sun’s formation and
that planets are a natural by-product of star for-
mation. Discovery of proplyds and EGGs sup-
port this theory, and if this theory is correct
planets around other stars should be very com-
mon. In 1995 the discovery of the first extra-
solar planet was announced. Since that time
about two hundred extrasolar planets have
been detected. Discovery of these extrasolar
planets helps confirm astronomers’ ideas that
the solar system and other stars formed by the
same process.

The Solar System Protostars

651



CONTEXT

One of the questions that virtually all young
children ask is, “Where did I come from?” Par-
ents usually interpret this question in terms
of reproductive biology. However at a much
deeper level this question concerns origins: the
origin of life, the origin of Earth, the origin of the
solar system, and the origin of the universe.
Studying protostars helps us understand the or-
igin of stars and, because the Sun is a star, the
origin of the solar system that includes Earth.
Hence studying protostars and star formation
relates to the universal human quest to under-
stand where we came from. The study of origins
has been a strong focus for the National Aero-
nautics and Space Administration (NASA).

Because protostars are one of the earliest
stages in the life cycle of stars, studying proto-
stars is part of the larger study of stellar evolu-
tion. To completely understand the entire life
cycle of stars, it is necessary to understand each
of the stages a star goes through, including the
protostar stage. Only the lightest elements on
the periodic table were made during the big
bang. The carbon, oxygen, and other atoms im-
portant to life were made later in stars and
blasted back into space to be recycled by the
next generation of protostars. Hence, the study
of stellar evolution in general relates to the
question of human origins, the origin of the at-
oms in our bodies.

Paul A. Heckert
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on the formation of the solar system and stel-
lar evolution.

See also: Hertzsprung-Russell Diagram; Infra-
red Astronomy; Interstellar Clouds and the In-
terstellar Medium; Main Sequence Stars; Plan-
etary Formation; Red Giant Stars; Stellar
Evolution.

Protostars The Solar System

652



Pulsars
Category: The Stellar Context

Pulsars were unexpectedly discovered in
1967. These objects emit electromagnetic
radiation that pulses on and off with pe-
riods ranging from approximately 0.001
second (one millisecond) to 4 seconds. Pul-
sars are thought to be rapidly rotating neu-
tron stars, the remnants of massive stars
which gravitationally collapse to a size of
only about 10 kilometers after their progen-
itor star first goes supernova.

OVERVIEW

Pulsars were accidentally discovered in 1967
by Jocelyn Bell (later Jocelyn Bell-Burnell),
while working with a group of British radio as-
tronomers led by Antony Hewish. Other mem-
bers of the group were John D. H. Pilkington,
Paul Frederick Scott, and Robin Ashley Collins.
The Hewish group was looking for interplane-
tary scintillation at radio frequencies. Scintilla-
tion is the twinkling of radio sources caused by
interplanetary ionized gas.

On August 6, 1967, they noticed a mysterious
signal that looked like random interference,
such as that from a passing automobile. The sig-
nal reappeared at the same location in the sky,
however, and therefore had to be of celestial ori-
gin. Using a high-speed recorder, researchers
then observed this signal (from what was later
named CP 1919) on November 28, 1967. The
high-speed recorder showed extremely regular
pulses (brief intervals of greater than normal
brightness). Timing was repeatable to one part
in about one million. That extreme regularity
caused the Hewish group to consider briefly the
possibility that they were observing a evidence
of extraterrestrial intelligence. This conjecture
was dubbed the “Little Green Men” (LGM) the-
ory. Subsequent discovery of three additional
similar signals forced the Hewish group to con-
sider natural origins for their mysterious signal
since similar multiple sources would not likely
all be from intelligent extraterrestrial civiliza-
tions.

The Hewish group named this newly discov-
ered class of astronomical objects pulsars, be-

cause they seemed to be stars pulsing on and off
very rapidly. The first pulsar discovered by the
Hewish group was designated as CP 1919. CP
1919 and other pulsars are named by their posi-
tion in the sky. In early pulsar nomenclature,
CP stands for “Cambridge Pulsar,” the Univer-
sity of Cambridge being the location of the dis-
covery group. The 1919 refers to the object’s
right ascension, which is one of the position co-
ordinates in the sky and analogous to longitude.
In modern nomenclature, pulsars are desig-
nated by PSR, short for “pulsar,” and a number
indicating the pulsar’s location in the sky. Par-
ticularly famous or important pulsars are also
given names. For example, PSR 0531 is also
known as the Crab nebula pulsar because it is
centrally located within the Crab nebula.

Like many discoveries in science, the discov-
ery of pulsars was serendipitous. The Hewish
group was not looking for pulsars and indeed
did not even suspect that pulsars existed. Their
equipment, however, was designed to measure
the angular structure of radio sources using in-
terplanetary scintillation. They were thus able
to detect rapid variations of pulsars. As with all
unexpected discoveries, there was a temptation
to disregard data not conforming to prior expec-
tations and suspect such data to be the result of
either interference or an idiosyncrasy of the
equipment. Other groups had in fact observed
pulsars at both radio and optical wavelengths
prior to the Hewish group’s discovery, but they
did not recognize the significance of their obser-
vations until the Hewish group announced their
findings. Credit for following up on the unex-
pected data, searching for their extraterrestrial
origin, and thereby discovering pulsars justly
goes to Bell-Burnell.

Pulsars were originally discovered at radio
wavelengths, but they have since been ob-
served over the entire electromagnetic spec-
trum. W. John Cocke, Michael J. Disney, and
Donald J. Taylor, working at the University of
Arizona, first discovered a pulsar pulsing at op-
tical wavelengths on January 16, 1969. This pul-
sar, the famous Crab nebula pulsar (PSR 0531),
has also since been found to pulse over the en-
tire electromagnetic spectrum, from X-radiation
to radio waves. Pulses from the Vela pulsar
have also been recorded over a wide wavelength
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range. Pulsars seem to pulse at all wavelengths;
this fact has been directly observed, however,
for only a small fraction of pulsars. This discov-
ery is significant, because pulsars must produce
much more energy to pulse at optical or X-ray
wavelengths than at radio wavelengths only.

Since the initial discovery, astronomers have
continuously searched for new pulsars and have
extensively studied the properties of known pul-
sars. By 2008, the pulsar catalog listed more
than sixteen hundred identified objects; the to-
tal number of pulsars had doubled during the
previous decade. Estimates based on current
astrophysical understanding suggest that as
many as half a million pulsars should exist in
the Milky Way, but most are not readily detect-
able. No pulsars have yet been detected outside
our galaxy, but pulsars cannot be objects con-
fined to existence only in the Milky Way of
course. The capability to detect pulsars is lim-
ited by their relatively low luminosities.

Pulsar periods, the time required for a com-
plete on-off-on pulse cycle, range from about a
millisecond (0.001 second) to almost 4 seconds.
These periods are very regular and precise, to
about one part in 100 million. In addition, pe-
riods for the faster pulsars, notably the Crab
nebula pulsar, are known to be increasing—
that is, their pulse rates are slowing down. Pul-
sars also have occasional “glitches,” or abrupt
changes in their periods, which are thought to
be caused by “starquakes” on the pulsar.

Each pulsar has its own unique pulse shape.
Some pulsars have two distinct pulses, a major
pulse and an interpulse. The interpulse is usu-
ally smaller than the main pulse, but can be as
large. Other pulsars have only one pulse. An in-
dividual pulsar’s pulse shape over a single cycle
can vary, but the average pulse shape over a
large number of cycles remains constant. No
two pulsars are known to have the same aver-
age pulse shape.
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Pulsars are also known to be associated with
supernova remnants. A supernova remnant is
formed from the material blown away from a
massive stellar explosion. For example, the
Crab nebula is the remnant of a supernova that
was observed in 1054. The Crab nebula pulsar is
associated with this remnant and is thought to
be the collapsed core of the star that went super-
nova.

A theoretical model explaining pulsars must
account for all observed properties. The Hewish
group originally thought that pulsars changed
in brightness by increasing and decreasing in
size, or pulsating. Hence, they were named pul-
sars. However, this pulsation was not able to ac-
count for all the later-observed properties of
these objects. The Hewish group did correctly
conclude that pulsars were most likely to be ei-
ther white dwarfs or neutron stars.

Thomas Gold suggested in 1968 that pulsars
are actually rotating neutron stars rather than
pulsating stars. According to his “lighthouse
model,” the pulsar sends out relatively tight
beams of radiation in two directions. As the pul-
sar rotates, the beam alternately points toward
and away from Earth; thus the pulsar appears
to flick on and off rapidly. An individual pulsar’s
pulse shape is determined by how squarely
these beams hit Earth. If both beams hit Earth
equally, two equal pulses are recorded. If one
beam misses, only one pulse is detected. If one
beam hits Earth dead center and the other
barely hits, a strong main pulse and a smaller
interpulse result. If both beams miss, the pulsar
cannot be detected from Earth. Thus, it is likely
that there are pulsars that cannot be identified
from Earth. Whether a pulsar and its pulse
shape are detectable depends on the chance
alignment of these beams relative to Earth.

Pulsars are rotating neutron stars rather
than white dwarfs because pulsars must be very
compact, and the rotation periods, as given by
the pulse times, are too fast for objects as large
as white dwarfs. A typical white dwarf star will
have about the radius of Earth, which is too
large to explain the rotation periods of the faster
pulsars. A neutron star, on the other hand, with
a typical radius of about 10 kilometers, depend-
ing on its mass, is small enough for even the
most rapid pulsar.

Why is the pulsar/neutron star spinning so
fast? Neutron stars are formed when a massive
star explodes in a supernova. After the super-
nova, the core of the star collapses to form a neu-
tron star. If the original star was rotating, the
collapsed core turned neutron star will continue
to rotate much faster—many times a second.
For an illustration of the mechanics of this phe-
nomenon, consider the figure skater who wants
to spin: She must pull her arms close to her body
in order to spin faster. To slow down, she
stretches out her arms. Similarly, as the stellar
core collapses into a 10-kilometer neutron star,
it begins spinning very rapidly. The spinning
property known as angular momentum will be
conserved, or remain constant, if there is no net
external torque. Because the amount of angular
momentum depends on the rotational radius as
well as the rotation rate (the mass rotating is
also important), as the radius decreases the ro-
tational rate increases. The neutron star must
spin very rapidly because it is so small com-
pared to the original star.

As the neutron star collapses, it also com-
presses the star’s magnetic field. Hence, there is
a very strong magnetic field at the surface. Elec-
trons moving at near the speed of light in a
strong magnetic field cause what is known as
synchrotron radiation to be emitted. The exact
mechanism is still poorly understood, but the
magnetic field of the pulsar causes two beams of
synchrotron radiation to be emitted from the
pulsar’s magnetic poles. If the pulsar’s spin and
magnetic axes are lined up in such a way that
one or both of the beams are pointed toward
Earth, a pulsar is observable. The orientation of
these two axes will determine the exact pulse
shape that is observed. Ultimately, the energy
observed from pulsars and the surrounding su-
pernova remnant comes from the rotation of the
pulsar. If the model is correct, then pulsars
must slow down. The observed increase in pul-
sar periods strongly supports the lighthouse
model.

The model of pulsars as rapidly rotating neu-
tron stars, then, explains the observed proper-
ties of pulsars. The fact that neutron stars are
thought to be formed in a supernova explosion
and that several pulsars are associated with the
remnants of a supernova explosion strengthens
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this connection between pulsars and neutron
stars.

KNOWLEDGE GAINED

During the 1930’s the possibility of neutron
stars was first hypothesized by physicist J. Rob-
ert Oppenheimer, but prior to 1967 they had not
been observed. With the discovery and later ex-
planation of pulsars, neutron stars were shown
to exist. Their discovery provided an important
corroboration of accepted theories of stellar evo-
lution.

However, neutron stars did not have exactly
the properties that had been predicted. Few if
any astronomers had suspected that neutron
stars would wink on and off in less than a sec-
ond. Franco Pacini perhaps had come the clos-
est to predicting, prior to the discovery of pul-
sars, this true nature of neutron stars. In 1967,
Pacini correctly predicted that neutron stars
should be rotating rapidly and suggested that
this rotation in a condensed magnetic field pro-
vided the energy for the surrounding supernova
remnant. In trying to explain the then unknown
energy source within the Crab nebula and other
supernova remnants, Pacini came remarkably
close to predicting the existence of pulsars, but
he did not predict the beams of radiation that
constitute pulses from the pulsar.

The lighthouse model, explaining pulsars as
rotating neutron stars, seems obvious now but
had not been considered prior to the discovery of
pulsars. Even after their discovery, most re-
searchers thought that pulsars were white
dwarfs rather than neutron stars, until pulsars
too fast to be white dwarfs were discovered. Ori-
ginally, most astronomers thought that pulsars
were more likely to be white dwarfs because the
latter had been observed for quite some time.
For an object the proposed size of neutron stars
to be able to rotate as fast as the observed pul-
sars yet not fly apart, the density of that object
must be much greater than a value typical of the
density of white dwarf material. This physical
constraint, coupled with the discovery of the
faster pulsars, convinced astronomers that pul-
sars must be neutron stars rather than white
dwarfs.

After observing the properties of pulsars,
most astronomers agreed that pulsars were in-

deed neutron stars and realized that pulsars
provided an excellent laboratory for the study of
a number of phenomena. Neutron stars are a
form of highly condensed matter: degenerate
neutrons. Degenerate neutrons are compressed
to roughly the density of the atomic nucleus, so
that if the neutrons were compressed any fur-
ther they would lose their structure as neu-
trons. These conditions cannot be duplicated in
a laboratory on Earth, so to understand how
matter behaves under these conditions scien-
tists must study pulsars. A pulsar shines by
synchrotron radiation, which is produced by the
interaction of high-speed electrons moving in an
intense magnetic field. The scale and intensity
of a pulsar’s magnetic field cannot be repro-
duced on Earth, so by studying pulsars re-
searchers can gain information about regions
with strong magnetic fields.

A pulsar also provides the energy source that
illuminates the supernova remnant surround-
ing the pulsar. An example is the Crab nebula.
Prior to the discovery of the Crab nebula pulsar,
astronomers did not understand the energy
source for this nebula. It is now known that the
pulsar provides the energy to make the nebula
shine. The same mechanism can cause other su-
pernova remnants to shine similarly.

CONTEXT

Prior to the discovery of pulsars, scientists
had suggested that neutron stars might be
formed from the stellar core left after a super-
nova. Once pulsars had been discovered to be as-
sociated with supernova remnants, this sugges-
tion had a firm observational foundation. Since
the discovery of pulsars, astronomers better un-
derstand the formation of neutron stars and the
role of supernovae in it. The first supernova ob-
servable to the naked eye in nearly four hun-
dred years was observed in the late 1980’s in the
Large Magellanic Cloud (Supernova 1987A). Sci-
entists were hoping that a pulsar would eventu-
ally form, affording them an opportunity to ob-
serve directly the formation of a neutron star.

Placed in a broad context, the most signifi-
cant aspect of the study of pulsars is their role in
increasing astronomers’ understanding of stel-
lar evolution. In particular, pulsars have helped
clarify the role of supernovae in the process of
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star death. It is thought that neutron stars and
black holes are the final corpses of massive stars
and are formed in supernova explosions. The
study of pulsars increases scientists’ under-
standing of supernovae and ultimately of
Earth’s origin.

Supernovae play a crucial role in the manu-
facture of the raw materials needed for life. Ac-
cording to the big bang model, in the aftermath
of the universe’s formation it contained primar-
ily hydrogen and helium with trace quantities of
lithium and beryllium and no other elements.
How, then, are all the other naturally occurring
elements formed? Stars manufacture other ele-
ments by nuclear fusion reactions that produce
stellar energy. For example, stars similar to the
Sun can produce elements as heavy as carbon in
their cores before they collapse into white
dwarfs. Stars that are much more massive than
the Sun can produce elements as heavy as iron
in their cores, and elements slightly heavier
than iron nearer the surface. The heaviest ele-
ments probably cannot, however, be manufac-
tured in stellar cores, because the processes by
which elements heavier than iron are manufac-
tured require rather than release energy. Su-
pernovae release tremendous quantities of en-
ergy, so they can supply all the energy needed to
manufacture the heavier elements.

Supernovae also provide the recycling mech-
anism for the elements manufactured in stellar
cores. Such an explosion blows material rich in
heavy elements back into space, where it can be
recycled in the next round of star and planet for-
mation. Without supernovae, this material
would be trapped in stellar cores. With the ex-
ception of hydrogen and helium, all the material
on Earth and in human bodies was manufac-
tured in the core of a star or in a supernova and
blown into space by a supernova, prior to the
formation of the solar system.

By studying pulsars, scientists gain a greater
understanding of the supernova process and the
role played by supernovae in manufacturing the
raw materials necessary for human existence.
Without clues provided by pulsars, scientists
could not have unraveled the mystery of stellar
death and its essential role in the development
of life on Earth.

Paul A. Heckert
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R
Radio Astronomy
Category: Scientific Methods

In 1932, Karl Guthe Jansky made observa-
tions that led him to conclude that Earth
was receiving radio waves not produced by
humans. This event opened a new observa-
tional area of study for astronomers and
gave birth to the science of radio astron-
omy, which produced a new picture of the
universe as a very active place with pul-
sars, quasars, and radio galaxies.

OVERVIEW

Until radio experiments by Karl Guthe
Jansky (1905-1950) in the 1930’s, virtually all
astronomical knowledge was a product of ana-
lyzing visible starlight. Historically, optical
telescopes and photographic techniques en-
hanced scientists’ vision of the small range of
frequencies in the electromagnetic spectrum
perceived as visible light (400 to 700 nanome-
ters in wavelength). Radio signals are found in
the long-wavelength part of the electromagnetic
spectrum, ranging from millimeters to several
thousand meters. Jansky’s 1932 discovery of ra-
dio sources beyond Earth ultimately led astron-
omers to imagine millions of discrete radio
transmitters broadcasting throughout the uni-
verse. The small slit of visible light through
which astronomers had previously viewed the
cosmos suddenly expanded to a wide-open win-
dow with the addition of radio signals. Unfortu-
nately, the radio universe is invisible to hu-
mans’ biological eyes, and consequently it is
necessary to convert radio signals into a visual
format for interpretation of data.

A radio telescope collects and converts radio
signals through its basic components: the an-
tenna, which collects the signals; an amplifier,
which magnifies these incredibly weak waves;
and a recorder, which translates this informa-
tion into a medium that can be viewed. A radio
telescope is a directional antenna that may take

several forms. Jansky’s design was a square
wooden frame around which he wrapped wire.
Another type of antenna is the dipole, a pair of
metal poles (the length of the wavelength to be
received) 180° to each other joined by insulating
material. A television antenna is a common ex-
ample. Television antennas often have several
dipoles in front of the collector element (where
the wires attach from the television) that focus
its directivity, and a reflector element behind it
to increase the strength of the incoming signal.
Radio telescopes can be very similar, with only
the length of their dipoles being different. The
size, shape, and design of a radio telescope is in
large part dictated by the radio-wave frequency
being investigated by the telescope.

Nevertheless, as signals from the extrater-
restrial sources are many times weaker than
television broadcasts, radio astronomers must
use antennae of the greatest directivity and sen-
sitivity. The parabolic reflector efficiently satis-
fies these requirements. For radio astronomy,
these reflectors are generally larger versions of
the home television satellite dish.

While the advantage of a larger observa-
tional window is attractive, radio astronomy
has its limitations. The ability to see, or resolve
detail, with a radio telescope depends on the
size of its reflecting elements, proportional to its
diameter, very much like the resolution param-
eters of optical telescopes. Radio waves, longer
than optical wavelengths by ten thousand, re-
quire reflectors to be equally large. Since this
requirement is impractical to achieve, most ra-
dio telescopes have, by optical standards, “poor”
resolution. A parabolic reflector 30 meters in di-
ameter has a resolving power of about 0.5°, or
about the size of the full Moon. Fortunately, ad-
vances in computers allow radio telescopes kilo-
meters apart to be linked together, forming the
equivalent of a collector equal to that distance.

Another difficulty facing radio astronomers
is the extremely weak nature of the signals.
Even large telescopes such as the 300-meter
dish at Arecibo, Puerto Rico, collect only minute
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quantities of radio signals. To illustrate the in-
credibly faint nature of these signals, one must
realize that the energy received by all radio tele-
scopes on Earth is equivalent to less than the
energy transferred by a snowflake hitting the
ground. Additionally, radio astronomers have
to filter unwanted radio signals created by their
own technology. Human-produced radio noise
can range from automobile ignitions to satellite
transmissions.

As severe as these limitations may appear,
radio astronomy provides some distinct advan-
tages over optical telescopes. Radio telescopes
are not affected by weather, light pollution, in-
terstellar dust, or the Sun, which obliterates
observations for optical telescopes. The ability
of radio telescopes to identify optically invisi-
ble sources of matter in between the stars,
such as nonluminous clouds
of hydrogen, makes them
an invaluable tool. Hydrogen
emits a distinctive radio sig-
nature originating from a
spin-flip transition in the
ground state that emits pho-
tons of 21-centimeter wave-
length (or a frequency of
1,420 megahertz). The uni-
verse is dominated by hydro-
gen (about 75 percent), and
the study of its distribution
contributes to an understand-
ing of the cosmos. Additional
advantages of the radio win-
dow are the property of these
long wavelengths to pene-
trate optically opaque dust
clouds in the Milky Way and
allow astronomers to “see”
into the Galaxy. The radio
window allows astronomers
to detect objects that are
“brighter” in the radio fre-
quencies than in the visible
wavelengths. Indeed, some
of the most distant objects in
the universe are detectable
only by their radio emissions.

Radio waves are generated
in space by several methods.

Thermal emissions—frequencies radiating from
hot ionized gas clouds—indicate the places of
star birth. However, most radio emissions are
of nonthermal origin. Cosmic-ray electrons
(charged particles) ejected from supernova ex-
plosions are typical of this type of radio emission.
Upon encountering magnetic fields, such as a
galaxy, these electrons move in helical paths
around and within the magnetic field, losing ki-
netic energy that radiates into space as radio
waves. This source of radiation yields informa-
tion about cosmic rays and the nature of inter-
stellar magnetic fields. Radio waves also origi-
nate by the ground state spin-flip transition of
hydrogen atoms scattered throughout interstel-
lar space. The frequency is so specific that it has
become a subdiscipline in radio astronomy: the
study of the 21-centimeter emission line, hydro-
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Desert of California. These sensitive paraboloid dishes can be moved to face
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housing at the top of the four scaffold-like towers (center), which in turn
beams these concentrated waves through a feed horn in the center of the
dish and down to a control room where a receiver amplifies the signals and
computers render them into images. (NASA)



gen’s radio signature. The impor-
tance of this radio signature is
that, by utilizing the Doppler
shift, it is possible to determine if
a hydrogen nebula is moving to-
ward or away from Earth. Hydro-
gen atoms also absorb radiation
from more distant sources. By
studying the combined effects of
absorption and transmission, it
can be determined if the radio
source lies beyond the hydrogen
cloud. In this way, studies in the
21-centimeter wavelength have
helped determine much of the
structure of the galaxy.

Earth’s atmosphere is opaque
to most radiation with the excep-
tion of the visible and radio wave-
lengths. The atmosphere absorbs
most of the other wavelengths
before they reach the ground.
Radio telescopes enable astrono-
mers to detect radio emissions
from many sources: the Moon,
Venus, Mars, Jupiter, Saturn,
the Sun’s atmosphere (corona),
clouds of ionized hydrogen within
the Milky Way, and cosmic-ray
electrons spiraling in the mag-
netic field of the Milky Way as
well as other galaxies. Astrono-
mers have come to know much of
the nature and structure of the
Milky Way and the universe
through radio observations.

APPLICATIONS

The universe, before the intro-
duction of radio astronomy, ap-
peared rather stable if not static
apart from the occasional super-
nova. Then, with the develop-
ment of radio and the associated
radio telescope in the early twen-
tieth century, a new picture
emerged of an active universe.
Discovery of radio sources identi-
fied as pulsars underlies this dy-
namic element.
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Ryle’s Radio Telescopes
In 1964, Sir Martin Ryle implemented his first history-

making radio telescope, the “one-mile telescope,” using the
principle of aperture synthesis. Aperture synthesis uses small
telescope dishes to produce the angular resolution of a much
larger telescope dish. Atelescope’s angular resolution is its abil-
ity to distinguish between two relatively close point sources of
radiation. The method of aperture synthesis keeps one or more
small dishes fixed and moves one or more other dishes over
Earth’s surface, comparing the phases of the radiation collected
by the fixed and movable dishes. Ryle’s instrument was unique
because he accounted for the effects of Earth’s rotation in mov-
ing the array of dishes and pro-
vided a baseline for the angular
resolution which was a large
fraction of Earth’s diameter.

The telescope had a resolu-
tion superior to that of existing
instruments, and it could detect
much fainter sources, including
quasars. Quasars are among
the most distant, and therefore
youngest and most powerful,
objects in the universe. They
may represent the stage galax-
ies go through before their radio
radiations subside and they be-
come visible at optical wave-
lengths. With Allan Sandage,
Ryle developed a technique for identifying quasars at optical
wavelengths, based on the fact that they emit much more ultra-
violet energy than single, normal stars.

Ryle’s survey of radio sources showed, as suspected, that the
number of faint sources per unit volume of space increased with
distance—but far more rapidly than anticipated. This finding
supported the big bang theory of the universe, which then was
in conflict with the prevailing “steady state” theory. Over time,
Ryle’s evidence was bolstered by other research, and today the
big bang theory is dominant.

In 1974, Ryle won the Nobel Prize in Physics for construction
and use of the five-kilometer telescope. Like the one-mile tele-
scope, it consisted of a linear, east-west array of dishes, some
fixed and some movable, all carried by Earth’s rotation. The res-
olution of this instrument was, remarkably, one second of arc.
The new telescope detected fainter and more distant galaxies
with greater precision, allowing many more objects to be used
for statistical studies and the radio and optical components of
the most distant objects to be matched. The five-kilometer tele-
scope was also used to study individual stars in the Milky Way
that were just being born. Ryle’s telescopes thus opened a new
window on the universe, revealing previously undetectable ob-
jects and insights.

(AP/Wide World Photos)



In 1934, two astronomers, Walter Baade and
Fritz Zwicky, proposed that the remaining stel-
lar core from a supernova explosion represents
the transition of a star to a neutron star. This
theory received little attention until 1967.

In the mid-1960’s in Cambridge, England,
Antony Hewish and his colleagues were build-
ing a radio telescope to observe scintillation, or
twinkling, of radio sources known as quasars.
By coincidence, the parameters for the telescope
matched the characteristics of pulsars (later to
be described as rapidly rotating neutron stars).
Jocelyn Bell, a graduate student, detected a reg-
ular pulsating source of radio emissions that
kept appearing from the same area in the sky
and with a regularity of every 1.33 seconds.
Bell’s discovery of pulsars was the beginning of
a small revolution in astronomy. Their signals
were unlike any previously detected from stars
or galaxies. The intriguing idea of the Little
Green Men (LGM) phenomenon was enter-
tained for a brief time. Then another pulsar was
discovered, which was pulsating at 1.2 seconds.
It was the regularity of the pulses that distin-
guished them from the other celestial radio
sources. As astronomers rushed to map the ra-
dio sky, they found several more pulsars within
the next year. There are currently more than
1,500 known sources. The fastest pulsars were
associated with supernova remanents (nebu-
lae); the slower ones had no visible nebula.

The evolution of a pulsar began in the fires of
a supernova explosion. As the star’s outer shell
expanded into space (the nebula), the rapidly
spinning core pulsed radio signals and slowed.
There was a correlation between the rate of spin
and the presence or absence of nebula. The
twenty-thousand-year-old Vela pulsar has a rate
of about one second, while the one-thousand-
year-old Crab nebula has a rate of about thirty-
three pulses per second. The Baade-Zwicky
neutron star theory was revived and developed
momentum as a model to explain the phenom-
ena. Indeed, pulsars seem to be rotating neu-
tron stars, the final products of supernova ex-
plosions.

Interestingly, no one has actually seen a neu-
tron star; they are too small to be seen at the dis-
tances where they present themselves. Were it
not for their radio pulses and the ability to de-

tect them, astronomers would remain ignorant
of the relationship of supernovae and neutron
stars. However, using very long baseline inter-
ferometry (VLBI), astronomers have been able
to identify differences across the surface of neu-
tron stars.

Although the LGM theory did not last long
after Bell’s first pulsar discovery, it did begin a
series of observations and experimental trans-
missions through which it is hoped to detect
the existence of extraterrestrial intelligence,
known as the Search for Extraterrestrial Intel-
ligence (SETI). The search for signals from
other civilizations began in 1959 at the Green
Bank National Radio Observatory in West Vir-
ginia. In 1974, at the dedication of the radio
telescope at Arecibo, Puerto Rico, astronomers
transmitted the first message from Earth in-
tended for other civilizations.

The discovery of pulsars and neutron stars
had many consequences for astronomy and ra-
dio astronomy specifically. Fundamentally, it
caused physicists to reassess the states of mat-
ter to accommodate a new phenomenon of “de-
generate matter.” Radio astronomy has enabled
astronomers to “listen” to the background radi-
ation of the big bang; determine the nature of
quasars and their probable relation to black
holes; discover molecular hydrocarbons in
space, some of the fundamental building blocks
of life; and begin an active search for intelligent
extraterrestrial life. Radio astronomy has ap-
preciably increased astronomers’ knowledge of
the Milky Way and the universe.

CONTEXT

The ability to see the universe through the
radio window is a fairly recent technological de-
velopment, whose evolution parallels the matu-
ration of radio and its associated technology.
Transmission of radio waves through space was
demonstrated in 1887 by German physicist
Heinrich Rudolph Hertz (1857-1894) in experi-
ments based on predictions of James Clerk
Maxwell (1831-1879). This successful demon-
stration began the age of radio.

Some astronomers suspected that stars
might be a source of radio waves; the most easily
examined star of course is the Sun. The search
for solar radio signals began in 1890 with Amer-
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ican inventor Thomas Alva Edison (1847-1931),
followed in England by Sir Oliver Joseph Lodge
(1851-1940) in 1894 and Charles Nordman of
France in 1900. Negative results from their ex-
periments diminished interest in this line of re-
search. The idea of extraterrestrial radio waves
generally receded from the minds of the astro-
nomical community at this point. Scientists of
the period were not aware of the ionized reflect-
ing layer in the upper atmosphere (ionosphere),
which effectively filters radio frequencies lon-
ger than about 20 meters.

This apparent failure of radio science did
not deter its technological development. Ra-
dio caught the imagination of the public and
scientists with Guglielmo Marconi’s (1875-
1937) transatlantic transmission in 1901. This

achievement led Arthur Edwin
Kennelly (1861-1939) and Oli-
ver Heaviside (1850-1925) in
1902 to propose an electrified
layer in the upper atmosphere
(ionsphere), which reflected ra-
dio waves around the curve of
Earth. Research into this new
technology and “atmospherics”
intensified during World War I.
By the 1920’s, radio research
was flourishing in the major
universities and especially in
commercial laboratories such
as Bell Telephone Laboratories
in the United States and Mar-
coni Telegraph Company in En-
gland.

During exploration of radio
technology in the 1920’s, meteo-
rological conditions, such as
lightning, were known to af-
fect the quality of radio trans-
missions, but details of atmo-
spheric disturbances and the
Kennelly-Heaviside layer (iono-
sphere) were not understood
fully. Nevertheless, radio tech-
nology advanced, and in 1929,
shortwave transatlantic radio
telephone service became avail-
able to the public. Unfortu-
nately, the technology of the

1920’s also introduced its own source of radio
noise—specifically, the automobile and the in-
trinsic noise of the vacuum-tube receivers. Re-
search into atmospheric radio noise led by Sir
Robert A. Watson-Watt (1892-1973, the inven-
tor of radar) in the 1920’s began a sequence of
studies resulting in the foundation of radio as-
tronomy.

Karl Guthe Jansky (1905-1950) joined Bell
Telephone Laboratories in 1928. His assign-
ment was to build a radio receiver to record and
study the intensity of shortwave atmospheric
interference (“atmospherics”) of about 15 me-
ters, a frequency used for ship-to-shore and
transatlantic communication. Jansky observed
three types of static in his receiver. He identi-
fied two types of static as atmospheric distur-
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A long view of several of the radio dishes at the Goldstone complex, one of
the three complexes that form the Deep Space Network (DSN). This sys-
tem uses very long baseline interferometry to resolve radio signals re-
ceived around the world. Radio telescopes kilometers apart can be
linked together, forming the equivalent of a giant collector equal to that
distance and hence providing higher resolution. The other complexes
in the DSN are located near Madrid, Spain, and Canberra, Australia.
(NASA)



bances, but the third was a very steady type of
hiss-static. This steady hiss was the most in-
triguing because the strongest part of the signal
advanced in time throughout the year. At first,
Jansky thought it might be connected with the
Sun, but radio recordings of a partial solar
eclipse of the Sun on August 31, 1932, indicated
that the Sun was not the source. (This period
was a time of sunspot minimum. Jansky might
have recorded solar radio emissions had the
Sun been in a sunspot maximum phase.)

Jansky spent 1932 analyzing the radio sig-
nals and trying to distinguish a single source
and the apparent angle of arrival. He observed
that the maximum signal strength coincided
with the passage of the Milky Way in front of his
antenna. On June 27, 1933, at the Institute of
Radio Engineers’ Eighth Annual Convention in
Chicago, he presented a paper entitled “Electri-
cal Disturbances Apparently of Extraterrestrial
Origin.” He described the source as having a pe-
riodicity of twenty-three hours, fifty-six min-
utes, characteristic of sidereal objects, and the
direction of the source at approximately eigh-
teen hours right ascension. The front page of
The New York Times of May 5, 1933, read “New
Radio Waves Traced to Center of Milky Way.”
Interestingly, with both popular and scientific
publicity, no university pursued the research.
In 1936, G. W. Potapenko and D. F. Folland of
the California Institute of Technology con-
firmed Jansky’s results but were not funded for
further research after their initial trial.

The next radio telescope was built by Grote
Reber, a radio engineer in Chicago. During 1937
and 1938, Reber built a parabolic radio tele-
scope in his backyard. With this new type of
telescope, he identified radio sources in the con-
stellations Cygnus, Cassiopeia, and Sagittar-
ius, as well as signals from the Sun that had
eluded earlier researchers. He also constructed
a detailed radio map of the Milky Way.

World War II interrupted many scientists’ re-
search but advanced the technology of radio and
the new field of radar. During the war, some sci-
entists made near-simultaneous discoveries in
radio and radar astronomy but for military and/
or political reasons were unaware of one
anothers’ work. In 1942, J. S. Hey in England
correlated radio noise with a large solar flare

and identified the Sun as a radio source, but it
was not announced until after the war. After
1945, benefits were gained from the technologi-
cal developments such as the development of ra-
dar, high-frequency receivers, and antennas of
large aperture and higher gain. Radio observa-
tions of the Sun and the galaxy were vastly im-
proved, and the discovery of other radio sources
began a race to build radio telescopes in the
early 1950’s. Radio astronomy, like its optical
counterpart, became big science requiring fund-
ing from the federal government as well as un-
derwriting by wealthy philanthropists.

Historically, radio astronomy was concerned
with continuous emissions from various extra-
terrestrial sources. In 1951, however, a subdis-
cipline developed: the study of 21-centimeter
line emissions. These emissions are the radio
signatures of largely neutral hydrogen atoms
first detected by Harold Ewen and Edward
Mills Purcell of Harvard University. This tech-
nique of observing the 21-centimeter spectral
line of neutral hydrogen provided a method of
mapping the galaxy that was previously un-
clear to astronomers. It was discovered that hy-
drogen was a major component of interstellar
space and the universe, accounting for about 75
percent of its mass.

During the 1950’s, there was a rush to build
radio telescopes and identify as many discrete
sources as possible. Most radio sources coin-
cided with optical sources such as galaxies and
supernova remanents. The culmination of this
data gathering produced new catalogs of the
heavens and a reexamination of the more famil-
iar optical sources. The discovery of interstellar
molecules, radio galaxies, quasars, pulsars, and
the solar wind have all influenced the direction
of astronomy since that time. Radio astronomy
has contributed significantly to theories of radio
emissions, the origin of the universe, and the
physics of energy mechanisms.

Richard C. Jones
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Red Dwarf Stars
Category: The Stellar Context

Red dwarf stars have the lowest mass and
luminosity but largest population of stars
in our galaxy. Developing theoretical mod-
els of the evolution of these stars and their
planetary systems has expanded astrono-
mers’ understanding of stellar evolution
and the circumstances under which plan-
ets might support life.

OVERVIEW

Red dwarf stars are low-mass, low-tempera-
ture, low-luminosity stars that occupy the
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lower, “tail” end of the main sequence on the
Hertzsprung-Russell (HR) diagram. The major-
ity are in spectral class M, although some au-
thors also include late K stars (K5 onward) as
well as some L-type stars (so-called ultracool
dwarfs). Their red color is due to a low surface
temperature, between approximately 2,100-
3,800 kelvins, and they actually emit more en-
ergy in the infrared portion of the electromag-
netic spectrum than in visible light. Therefore
they are most easily found via infrared (IR) sur-
veys, such as the Deep Near Infrared Survey
(DENIS) and the 2-Micron All Sky Survey
(2MASS) of the late 1990’s.

Because of their low surface temperature,
the spectra of red dwarfs have distinctive ab-
sorption lines, especially titanium oxide (TiO),
water, carbon monoxide, and vanadium oxide
(VO). Their low temperature is caused by their
low mass (0.08-0.6 times that of the Sun, a main
sequence star), which limits their ability to gen-
erate energy through nuclear fusion. As a re-
sult, although red dwarfs are thought to be the
most common type of star—comprising up to 80
percent of the total population of stars (and as
much as half of total stellar mass of the Milky
Way)—none is visible to the unaided eye. The
brightest known red dwarf, AX Microscopium,
has a disappointing 6.7 visual magnitude.

Not only do these stars have low luminosity
(between 0.001 and 0.01 times that of the Sun),
but their radii are also small, between 0.1 and
0.6 that of our Sun. The designation “red dwarf,”
therefore, is commonly used to prevent confu-
sion between these “underachieving” stars and
the impressively large “red giants” and super-
giants that share a similar surface temperature
(and hence color) with these stars. Given their
low luminosity, it is not surprising that many
red dwarfs remain undiscovered in our own ce-
lestial neighborhood. It is estimated that up to
eight thousand red dwards are within 25
parsecs of the Sun, the majority of them undis-
covered.

Among the nearby red dwarfs, two are of his-
torical importance. Proxima Centauri is the
third star in the Alpha Centauri multiple sys-
tem and technically lies 10,000 astronomical
units (AU) closer than its much brighter G and
K class companions, making it the closest

known star outside our solar system (4.22 light-
years). Barnard’s star, discovered by E. E.
Barnard in 1916, has the largest proper motion
of any known star, 10 arc seconds per year.

From the 1930’s to the 1950’s, astronomers
struggled with models of energy generation and
transportation in these stars. Because of their
low mass, their central pressure and tempera-
ture are much less than in solar-type stars,
leading to a significantly lower rate of hydro-
gen-to-helium fusion and hence less energy pro-
duction. Another important difference is the
mechanism used to transport energy from the
core to the surface. In solar-type stars, radiative
transfer is used outside the core until convec-
tion becomes more efficient in the outer quarter
of the Sun. In red dwarf stars, convection occurs
much deeper within the star, and in the coolest
M dwarfs (M4 and later) the entire star is con-
vective. This large-scale movement of material
means that nearly 100 percent of the star’s ini-
tial hydrogen is available as fuel over the course
of the star’s life (in contrast to an estimated 10
percent for the Sun). Greg Laughlin and his col-
leagues have computed the lifespans of these
miserly stars to be hundreds to thousands of
times greater than the current age of the uni-
verse: between 1011 and 1013 years. In their
study of the future of the universe, Laughlin
and Fred Adams have defined the end of the
Stelliferous (star-filled) Age in which we now
live by the death of the last generation of red
dwarfs, predicted to be 1014 years after the uni-
verse’s birth.

Many red dwarfs exhibit stellar activity rem-
iniscent of the Sun, including spots, flares, and
coronal mass ejections. UV Ceti or flare stars
were discovered by Ejnar Hertzsprung, Adriaan
van Maanen, and others in the 1920’s, 1930’s,
and 1940’s. Later shown to be red dwarfs, these
variable stars suddenly brighten by several
magnitudes and then decline over minutes to
hours. For example, Proxima Centuri is a flare
star. During these outbursts, a star can in-
crease its ultraviolet and X-ray output by a hun-
dred times or more, and some stars also exhibit
radio outbursts. The general mechanism is sim-
ilar to that of solar flares, although more ener-
getic by a factor of a thousand or greater. BY
Draconis red dwarf variables (named for the
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multistar system BY Draconis) vary in visual
brightness by only tenths to hundredths of mag-
nitudes over days or months. This behavior is
caused by the rotation of the star, carrying
changing numbers of “starspots” and chromo-
spheric areas of activity into view. For some
stars, as much as 10-40 percent of the surface is
covered in spots at any given time.

KNOWLEDGE GAINED

The study of red dwarf stars has added to our
understanding of stellar structure and evolu-
tion, but even more important, it has caused as-
tronomers to take a second look at long-held as-
sumptions about planet formation and the
definition of a “habitable” planet. Observations
of young red dwarfs have found that the forma-
tion of protoplanetary disks (proplyds) is as
likely around these stars as it is around higher-

mass stars. For example, AU Microscopium,
which lies 10 parsecs away and is about 12 mil-
lion years old, has a disk of cold dust that shows
signs of being in the late stages of planetary for-
mation. However, because of the narrow defini-
tion of “habitable planet” (with its myopic view
of solar-type systems), planets around red
dwarfs were not considered objects of interest
until the mid-1990’s.

According to the most general definition, a
planet is considered to be in a star’s habitable
zone if its surface temperature allows for the ex-
istence of liquid water. For a star of given tem-
perature and luminosity, this designates a pos-
sible range of orbital distances. Given red
dwarfs’ low luminosity and surface tempera-
ture, any habitable zone would be narrow
(about 0.02 to 0.2 AU) and lie very close to the
star. This was thought to present insurmount-
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An artist’s conception of a terrestrial planet orbiting a red dwarf star. (NASA/ESA/G. Bacon, STScI)



able challenges for life. For example, it was as-
sumed that planets close to a red dwarf would be
tidally locked in such a way that they would
keep one (exceedingly hot) face permanently
turned toward the Sun and the other (brutally
cold) face forever locked in darkness. Initial cal-
culations suggested that on the cold side any at-
mosphere would be permanently frozen. In ad-
dition, astrobiologists were concerned about the
effects of the stellar flares on life.

In 1994, the First International Conference
on Circumstellar Habitable Zones revisited
suppositions about habitable planets and found
red dwarfs worth a second look. This led to the
First Workshop on Habitability of M Star
Planets, sponsored by the Astrobiology Insti-
tute of the National Aeronautics and Space Ad-
ministration (NASA), in 2005. These confer-
ences led to a dramatic rethinking of red dwarfs
as hosts for life-sustaining planets. For exam-
ple, more detailed calculations demonstrated
that planets in close orbits might not be tidally
locked, and even if they were, a planetary atmo-
sphere with a pressure one-tenth that of Earth
would have sufficient heat circulation to keep
the atmosphere from freezing out, and if the
pressure were similar to that of Earth (about
1,000 millibars), liquid water could be present.
Development of an ozone layer could theoreti-
cally protect life from excessive ultraviolet ex-
posure during flares. Flare activity, however,
might not present any difficulty for the evolu-
tion of life around red dwarfs, since it has been
shown that such activity decreases with the age
of the star and lasts for a few million years for
higher mass stars up to approximately a billion
years for low-mass stars. Since these time
frames are an insignificant fraction of the star’s
total lifespan, flare activity poses a serious
threat to life only during the star’s youth.

Even the presumed problem of the low lumi-
nosity (and hence small habitable zone) of red
dwarfs was found to be resolvable. Because of
red dwarfs’ low mass, the way they die differs
from that of other stars. Early-type M stars with
a quarter solar mass or greater leave the main
sequence to become red giants (as they exhibit a
brief period of hydrogen-shell burning), but no
red dwarfs will ever reach the necessary central
core temperature to convert helium into carbon

via the triple-alpha cycle. The surface tempera-
ture as well as the radius of a lower-mass red
dwarf star actually increases near the end of its
life, turning the red dwarf into a “yellow giant”
and thereby increasing the size of the habitable
zone. With surface temperature and luminosity
comparable to those of the Sun, this yellow gi-
ant can survive for billions of years, yielding
Sun-like conditions that could facilitate the evo-
lution of life and the development of technologi-
cally advanced civilizations. Therefore, these
unassuming low-mass stars may in fact repre-
sent ideal targets for Search for Extraterres-
trial Intelligence (SETI) searches.

Prior to the mid-1990’s, both theoretical in-
vestigations and observational searches for
planets around red dwarfs were largely ne-
glected. Beginning in 1998, with the discovery
of red dwarf planets ranging in mass from sev-
eral times that of Earth to masses similar to
Neptune and Jupiter, the question of planet for-
mation around low-mass stars became relevant.
A major problem was the prediction that the
core accretion method of forming large gas giant
planets would not be feasible in red dwarf sys-
tems because material would accumulate too
slowly to grow large planets before the gas in
the protoplanetary disk would dissipate. A new
model, proposed by Alan Boss, called the “disk
instability mechanism,” allows for the rapid cre-
ation of massive gas giants but predicts that red
dwarf systems should tend to support fewer gas
giant planets than more massive stellar sys-
tems. This prediction is borne out by current ob-
servations. Most prevalent appear to be “super
Earths” and “failed Jupiters” (exposed high-
mass cores that either never accumulated a gas-
eous envelop or had it stripped off by ultraviolet
radiation).

CONTEXT

The discovery of red dwarf planets and theo-
retical considerations of their formation are on-
going areas of research, both of which add to our
understanding of the wide variety of possible
planetary systems and the methods by which
different types of planets can be created and dis-
covered. For example, because of the small
masses of red dwarf stars and the small size of
their habitable zones, habitable planets will
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cause greater (and more easily measurable)
variations in radial-velocity surveys than in
comparable solar-type systems. Transits of
planets in front of their star are also more prob-
able in red dwarf systems and will create
greater variations in the star’s apparent bright-
ness. Microlensing experiments have also de-
tected several planets around red dwarfs, in-
cluding a possible 7 Jupiter-mass planet, the
largest yet found orbiting a red dwarf. The or-
bital transit missions Corot (which launched on
December 20, 2007) and Kepler (planned for
launch in 2009), in addition to the upcoming
Space Interferometry Mission (SIM) and pro-
posed ground-based transit, microlensing, and
radial velocity initiatives, are expected to in-
crease the current knowledge of red dwarf plan-
etary systems significantly.

Kristine Larsen
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volume explores the properties and observa-
tions of red dwarfs, brown dwarfs, and
exoplanets. Although written for an expert
audience, it is the standard work in this field
and a vital reference for the study of red
dwarf stars.

Scalo, John, et al. “M Stars as Targets for Ter-
restrial Exoplanet Searchers and Biosigna-
ture Detection.” Astrobiology 7, no. 1 (2007):
85-166. This technical paper provides a valu-
able overview of the properties of red dwarf
stars in the context of the potential habitabil-
ity of their planets.

Tarter, Jill, et al. “A Reappraisal of the Habit-
ability of Planets Around M Dwarf Stars.”
Astrobiology 7, no. 1 (2007): 30-65. This tech-
nical paper summarizes the conclusions of
the 2005 NASA Astrobiology Institute Work-
shop on Habitability of M Star Planets. A
valuable overview of the definition of habit-
able planet and the challenges and debates
surrounding the likelihood of finding habit-
able planets around red dwarf stars.

See also: Brown Dwarfs; Extrasolar Planets;
Gamma-Ray Bursters; Main Sequence Stars;
Nemesis and Planet X; Novae, Bursters, and
X-ray Sources; Nuclear Synthesis in Stars;
Protostars; Pulsars; Red Giant Stars; Stellar
Evolution; Supernovae; Thermonuclear Reac-
tions in Stars; White and Black Dwarfs.

Red Giant Stars
Category: The Stellar Context

Red giant and supergiant stars are large
stars with relatively cool surfaces that are
in the last stages of their lives. Our planet
Earth and the life on it are composed of
chemical elements synthesized by nuclear
fusion reactions occurring in such stars
and ejected into space as the stars die.
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OVERVIEW

Stars are not everlasting; they change
through a series of stages analogous to the life
cycle of a living organism. Stars are formed, or
“born,” from clouds of gas and dust called nebu-
lae. They generate energy for most of their lives
by fusing lighter atomic nuclei into heavier
atomic nuclei in their interiors. They stop gen-
erating energy, or “die,” when they exhaust
their nuclear fuel. The red giant or red super-
giant stage is a part of the stellar life cycle that
a star goes through near the end of its energy-
producing life.

Nebulae are large interstellar clouds of gas
(mostly hydrogen, some helium, and traces of
other elements) and dust grains, containing
enough matter to form hundreds to thousands
of stars. If the density in some region of the neb-
ula is great enough, the gravitational pull be-
tween the particles will make the surrounding
part of the nebula—perhaps about 10 trillion
kilometers, or 1 light-year across—begin to con-
tract. As the individual atoms are pulled in-
ward, they gain speed and their energy in-
creases, heating the gas. As the temperature
rises, the contracting material begins to shine
as an embryonic star, or protostar. The central
part of the protostar gets hot enough that colli-
sions between atoms occur with sufficient en-
ergy to strip away electrons from the atoms, and
the gas (at least near the center) becomes ion-
ized, consisting mostly of protons (bare hydro-
gen nuclei), much smaller amounts of other nu-
clei, and lots of free electrons.

When the core temperature of the protostar
reaches a few million kelvins, the bare hydrogen
nuclei (protons) move fast enough to overcome
their electrical repulsion (known as the Cou-
lomb barrier) and, via a mechanism known as
“quantum mechanical tunneling,” get close
enough to fuse together. This first nuclear fu-
sion process, through a series of intermediate
steps, fuses four hydrogen nuclei into one he-
lium nucleus, releasing energy. The four hydro-
gen nuclei have slightly more total mass than
the one helium nucleus produced, and this
slight excess in mass is converted into energy
according to Einstein’s famous equation E =
mc2, which states that energy, E, and mass, m,
are related by a physical constant (the speed of

light squared, or c2). The nuclear energy pro-
duced as a result of this fusion stops the gravita-
tional contraction of the protostar and turns it
into a stable “main sequence” star, like our pres-
ent Sun. The energy is radiated away from the
star’s surface as light and other forms of electro-
magnetic radiation at the same rate it is being
produced by hydrogen fusion in the star’s core.

Because a typical star is composed initially
mostly of hydrogen, this main sequence stage of
fusing hydrogen into helium in its core is the
longest part of a star’s energy-producing life. As
hydrogen in the star’s core is exhausted, the
core, now mostly helium, begins to shrink again
and grow hotter, as it did when it was a
protostar. Hydrogen fusion is transferred to a
hydrogen-rich shell surrounding the shrinking
helium core. The star’s outer layers expand, and
the expanding stellar surface cools and turns
red in color. (It is important to note the opposite
but simultaneous processes that occur in the
two regions: The star’s core shrinks and heats
up, while its outer layers expand and cool off.)
The star becomes a red giant or red supergiant,
so called because of its large size and red color.

The large surface area with accompanying
low surface gravity results in an extremely pow-
erful stellar wind, which blows gas outward.
The low surface temperature allows dust grains
to form, which are blown outward by the intense
flow of photons. Both processes contribute to a
significant loss of mass from the outer layers
of red giants and supergiants. Perhaps as much
as 10−4 solar masses are lost each year, forced
outward at speeds of tens of kilometers per
second.

Stars with about the mass of the Sun become
red giants. The Sun is a star about midway
through its main sequence stage. It formed
about 4.5 billion years ago, and probably has an-
other 3 to 6 billion years before it exhausts the
hydrogen in its core and expands to become a
red giant. It will grow until its diameter in-
creases to about one hundred times its present
size, when the Sun will engulf the orbit of Mer-
cury and perhaps Venus. Even if the Sun does
not expand enough to swallow Earth, the Sun
will be about one thousand times brighter than
it is now, and Earth’s surface temperature will
climb to between 1,000 and 2,000 kelvins.
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Earth’s atmosphere will escape into space, the
oceans will boil away, and the surface will be-
come a sea of hot, at least partly molten, rock.

The core of a red giant continues to shrink
and heat until it reaches a temperature of about
100 million kelvins. At this temperature, the
helium nuclei composing the core begin to fuse
into carbon nuclei; three helium nuclei fuse into
one carbon nucleus. As with hydrogen fusion,
the total input mass of the three helium nuclei
is slightly greater than the output mass of the
carbon nucleus, and the mass difference is con-
verted into energy. The high density of the con-
tracting core has made the free electrons there
degenerate, meaning they no longer behave as
an ideal gas. As a result, helium fusion ignites
explosively in a runaway process called the he-
lium flash. However, this “explosion” in the core
is not seen externally because the outer layers
act like a blanket.

The energy released by the helium flash ex-
pands the core and lowers its temperature
enough so helium fusion continues there at a
more sedate rate. The outer layers shrink some
and grow hotter, changing from red to orange or
yellow. Although still a giant star, it is not as
large as it was as a red giant. This is another
period of stability, called the horizontal branch
stage. It is somewhat like the main sequence
stage, except now the star has two nuclear en-
ergy sources—helium fusion in its core and hy-
drogen fusion in a shell surrounding the core—
and this stage is of much shorter duration than
the main sequence stage, lasting only about
one-tenth as long.

When the core has exhausted all its helium, it
once again begins to shrink and heat up, trying
to tap a new nuclear fuel. Helium fusion is
transferred to a helium-rich shell surrounding
the shrinking core, and hydrogen fusion contin-
ues in a hydrogen-rich shell still farther out.
The outer layers again expand to accommodate
the increased energy flow, and the stellar sur-
face cools and once again turns red in color. The
star becomes a red giant a second time, even
brighter than before.

Stars like the Sun are not massive enough for
their cores to gravitationally shrink enough to
grow hot enough to initiate any more fusion re-
actions. A strong stellar wind and thermal pul-

sations puff off the outer layers as expanding
bubbles of gas called planetary nebulae. (Plane-
tary nebulae have nothing to do with planets.
The name dates back to the 1700’s, when,
viewed through telescopes of that time, they
looked round, like planets, and fuzzy, like neb-
ulae.)

All that remains of the star itself is the ex-
posed core, composed mostly of carbon nuclei
and degenerate free electrons. This means the
electrons are packed together as tightly as
quantum mechanics allows. Consequently, the
star cannot shrink further, so it cannot generate
more energy by gravitational contraction to get
hot enough to start new nuclear fusion reac-
tions. The star shines only because it is very hot,
but as it shines, it radiates its energy away and
cools off. Such a star has about the mass of the
Sun packed into a sphere about the size of the
Earth, giving it an average density of approxi-
mately one metric ton per cubic centimeter.
Since it was formerly the core of a red giant, at
first it is very hot and shines with a white or
bluish-white glow; then it is called a white
dwarf. As it cools and fades, eventually it turns
into a black dwarf.

When stars much more massive than the Sun
exhaust the hydrogen in their cores, they be-
come red supergiants. In stars exceeding at
least eight times the Sun’s mass, the core gravi-
tationally contracts sufficiently to get hot
enough to undergo a whole series of nuclear fu-
sion reactions, each one proceeding more rap-
idly, that synthesize progressively heavier nu-
clei up to the element iron. Such a massive star
quickly (on an astronomical timescale) develops
an “onion-skin” interior, with an iron core sur-
rounded by layers (like an onion) of lighter nu-
clei. The outer part of the star, still hydrogen-
rich, has expanded to become so large that the
star is called a supergiant, with a diameter hun-
dreds and maybe up to a thousand times the di-
ameter of our Sun.

Iron is the heaviest nucleus that can be
formed in fusion reactions that release energy;
to form heavier nuclei through fusion requires
the input of energy. Since the iron core of a
supergiant cannot tap any further fusion reac-
tions to produce energy, it is unable to support
itself against gravity and it collapses. The outer
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layers collapse too and rebound off the core,
sending shock waves through the star. The star
explodes as a core-collapse (or Type II) super-
nova, becoming billions of times more luminous
than the Sun. The stellar explosion is so violent
that energy is available to synthesize the ele-
ments heavier than iron, but only in relatively
small amounts. These heavy elements, along
with those formed in the star’s interior before it
exploded as a supernova, are dispersed into
space, there to enrich the nebulae (clouds of gas)
from which new stars and planetary systems
will form. The atoms on Earth and in our bodies
that are heavier than hydrogen and helium
were made in massive supergiant stars that ex-
ploded as Type II supernovae before our solar
system formed. Acollapsed, compact remnant of
the star itself may survive the explosion as ei-
ther a neutron star or a black hole, depending on
whether its mass is less than or greater than
about two to three times the Sun’s mass.

KNOWLEDGE GAINED

A well-known example of a red supergiant is
Betelgeuse (Alpha Orionis). Anyone familiar
with the night sky probably can pick out this
star in the constellation of Orion the hunter. It
appears as a bright red star in Orion’s shoulder,
one of the ten brightest-appearing stars in the
night sky. Its red color tells us its surface is rela-
tively cool, about 3,000 kelvins (only about half
the Sun’s surface temperature). It is located
about 130 parsecs, or 425 light-years, away
from Earth. Its distance together with its ap-
parent brightness can be used to calculate its
real brightness; it is about 40,000 times more
luminous than the Sun. (That is why it appears
so bright in the night sky, even though it is so far
away.) The angular diameter of Betelgeuse has
been measured to be almost 0.05 arc second, us-
ing a technique called speckle interferometry.
Its angular size combined with its distance can
be used to calculate its actual size, which is
about six hundred to seven hundred times
larger than the Sun; if placed at the center of our
solar system, it would be about twice as big as
the orbit of Mars and extend out into the aster-
oid belt.

Betelgeuse’s large size makes its outer atmo-
sphere unstable. Its brightness changes over

timescales of weeks to years. The slower varia-
tions probably result from its outer layers ex-
panding and shrinking, its size varying by up to
60 percent. The flickering observed over a few
weeks is most likely caused by rising bubbles of
very hot gases thousands of kilometers across.
Poorly defined bright spots have been detected
by speckle interferometry and by the Hubble
Space Telescope; they may be these hypothe-
sized hot bubbles, or possibly giant “storms” like
those that occur in active regions on our Sun.
The star has a strong stellar wind and is sur-
rounded by a shell of gas and dust that has been
blown outward to a distance of several thousand
astronomical units. (For comparison, Earth is
1 astronomical unit and Neptune is 30 astro-
nomical units from the Sun.)

The future of Betelgeuse is unclear. Its origi-
nal mass may have been about 12 to 17 times
the Sun’s mass, but how much mass it has lost
as a red supergiant is uncertain. It may be near-
ing the end of its life. If enough mass is expelled,
Betelgeuse could become a white dwarf. If not, it
will explode as a Type II supernova. Continued
study of Betelgeuse may reveal more clues to
the nature of this red supergiant and its future.

Above and to the right of Orion is the constel-
lation of Taurus the bull. The bright orange star
Aldebaran (Alpha Tauri), at one end of the V-
shaped pattern of stars that makes up the bull’s
head, is an orange giant. (Orange giants are not
quite as cool or as large as red giants, but
Aldebaran is easy to spot not far from Orion and
Betelgeuse.) Aldebaran is about 20 parsecs, or
65 light-years, away. It is about 370 times more
luminous than and about 60 times larger than
the Sun; if placed at the center of our solar sys-
tem, it would fill more than half of Mercury’s or-
bit around the Sun.

CONTEXT

Without the formation of heavier chemical el-
ements by nuclear fusion reactions in the interi-
ors of massive red supergiants, and the dis-
persal of these heavy elements into interstellar
space when they explode as Type II supernovae,
planets like Earth and life as we know it could
not exist. The first stars and any accompanying
planets to form in the early days of our Milky
Way galaxy would have been composed of not
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much but hydrogen and helium. Planets simi-
lar to Jupiter could have formed, but not rocky/
metallic planets like Earth.

The nebula from which the Sun and solar sys-
tem formed about 4.5 billion years ago was com-
posed about 2 percent (by mass) of atoms
heavier than helium, having been enriched in
these heavier elements by earlier massive stars
that had exploded as Type II supernovae. This
provided the raw materials for rocky planets
like Earth and for life itself. The process of en-
richment of interstellar gas continues today as
massive stars quickly run through their life cy-
cles and explode. The proportion of heavier ele-
ments in many nebulae now is up to about 5 or
6 percent.

Iona C. Baldridge
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S
Saturn’s Atmosphere
Categories: Planets and Planetology; The

Saturnian System

Data from Pioneer 11, Voyagers 1 and 2,
and the Cassini spacecraft, combined with
ground-based observations, show Saturn’s
atmosphere to be composed largely of hy-
drogen mixed with helium. Clouds of am-
monia ice and other chemical components
are sources for the various configurations
on the planet’s visible surface. This hydro-
gen-helium envelope likely covers a layer of
metallic hydrogen that surrounds Saturn’s
rocky core.

OVERVIEW

Archaeologists have found recorded observa-
tions of Saturn dating from several hundred
years b.c.e., inscribed in cuneiform on kiln-
baked bricks. It was not until more than two
millennia later that Galileo, using one of his
early telescopes, was first able to see both the
planet and its rings—though he did not recog-
nize them as such. Original drawings made by
Galileo indicate that he interpreted the rings as
solid. At times he drew them as if they were
open handles on a cup, and at other times as
filled-in semicircles connected to the planet. In
1794, Sir William Herschel, carefully compared
many weeks’ worth of observations of subtle
markings to deduce a planetary rotation period
of 10 hours, 16 minutes, and 0.4 second. In the
twentieth century it is realized that Saturn has
a mean density of 690 kilograms per cubic me-
ter, considerably less than that of water. There-
fore it was realized that Saturn must be com-
posed mainly of the lightest element, hydrogen.
The presence of hydrogen was difficult to detect
spectroscopically, but methane and ammonia
were both observed in 1932.

Ground-based observations of Saturn have
always been fruitful, as well as exciting, and
continue to be so. However, astronomers’ knowl-

edge of the Saturn system was increased dra-
matically by four spacecraft encounters with
the planet. The first was Pioneer 11, later called
Pioneer Saturn, which made its closest ap-
proach to Saturn on September 1, 1979. It made
many important observations of the entire
Saturnian system but was concerned mainly
with the nature of the surrounding radiation
and particle environments. Images made by
the photopolarimeter showed a butterscotch-
colored planet with an indistinct pattern of sub-
tly varying belts and zones. In other words,
Saturn’s atmosphere appeared much more sub-
dued than Jupiter’s.

More data were gathered during the first of
the two Voyager encounters. Voyager 1 made its
closest approach to Saturn on November 12,
1980. A few months later, its sister spacecraft,
Voyager 2, made its closest approach on August
26, 1981. It was the outbound trajectory of the
Voyager 2 spacecraft that was expected to pro-
vide good images of Saturn’s southern hemi-
sphere. Unfortunately, soon after closest ap-
proach, a problem arose with Voyager 2’s scan
platform, the movable platform upon which sev-
eral of the instruments—including the two cam-
eras—were mounted. Thus, most of the images
obtained during the departure portion of the
flyby show primarily the northern hemisphere.

Continuing analysis of all these observations
has led to a reasonably consistent picture of Sat-
urn’s atmosphere, although much remains un-
certain. One of the most obvious features of Sat-
urn is its shape. It is flattened at its poles more
than any of the other planets. Measurements
estimated by the International Astronomical
Union (IAU) in 1985 for Saturn’s polar and
equatorial radii were 53,543 and 60,000 kilome-
ters, respectively.

The shape of the planet, in association with
measurements of other quantities, such as its
gravitational field, composition, and heat pro-
duction, is an important constraint on models of
the planet’s interior. The major chemical com-
ponent of Saturn is hydrogen, but other ele-
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ments are present as well. In particular, a
heavy central core, composed of some sort of ice
or rock, is proposed. To be consistent with grav-
ity measurements, this core must contain be-
tween 10 and 20 percent of Saturn’s mass. This
proportion is considerably larger than the 2 or 3
percent that would be expected if Saturn had
the same composition as the Sun. This central
region may extend to about one-fifth of Saturn’s
radius.

Outside the core lies the hydrogen-helium at-
mosphere. In the visible part of the atmosphere,
hydrogen is in its normal gaseous form, but
deeper inside Saturn it is compressed by the
weight of the overlying atmosphere. About half-
way between the center and the visible surface,
the pressure is so great, around 3 million bars,
that hydrogen must change form and behave
like a metallic fluid. For comparison, the atmo-
spheric pressure at Earth’s surface is about one
bar.

It is this metallic region that could generate
Saturn’s magnetic field. Researchers believe
that irregularities in this region produce slight
asymmetries in the magnetic field, which, in
turn, regulates the radio emissions observed by
the Voyager spacecraft. It is for this reason that

the observed period of 10 hours, 39 minutes, and
24 seconds (with an estimated error of 7 sec-
onds) of this radiation is thought to represent
the rotational period of the deep interior of the
Saturn.

After hydrogen, the largest constituent of
Saturn is helium, the second lightest element.
The mass fraction of helium in Saturn has been
estimated from infrared measurements to be
0.06 ± 0.05, significantly less than the value of
0.18 ± 0.04 found for Jupiter. This difference is
thought to be caused by the fact that, at the
lower temperatures found on Saturn, some of
the helium becomes insoluble in the primarily
hydrogen atmosphere. It is thought that it may
form small droplets at some level and “rain out,”
dissolving again at a deeper, and hence warmer,
level. This process would warm the atmosphere
somewhat.

The observed average temperature of Sat-
urn, derived from infrared measurements, is
about 95 kelvins, compared with an equilibrium
temperature of 82 kelvins, the temperature that
would be expected if the planet were entirely de-
pendent on solar radiation for heat. The impli-
cation is that Saturn radiates 1.78 ± 0.09 times
as much heat as it receives. Some of this energy
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is thought to be generated in the helium separa-
tion.

Because of its 27° orbital inclination, larger
than the 23° inclination of Earth, Saturn has
seasons. The period of the Voyager encounters
corresponded to early spring in the northern
hemisphere. The large heat capacity of Saturn’s
atmosphere, however, meant that the southern
hemisphere, where it was early fall, would still
be a few kelvins warmer than the northern
hemisphere.

Although hydrogen and helium account for
most of the mass of Saturn’s atmosphere, they
are not responsible for the patterns seen in the
Voyager images. Despite the fact that only gas-
eous ammonia has been observed spectroscopi-
cally, these patterns are thought to be the tops
of ammonia clouds. Theoretical models predict
that below the ammonia clouds there are clouds
of ammonia hydrosulfide and water ice. There
is, however, little observational confirmation of
these lower cloud layers. Lack of observational

data makes it difficult to model the behavior
and possible interactions of these multiple
cloud layers. Whether they produce precipita-
tion—ammonia or water precipitation in the
form of either rain or snow—remains a matter
of speculation.

The presence of ammonia clouds still fails to
explain the appearance of the planet, since a
cloud of small ammonia droplets would not cre-
ate Saturn’s observed butterscotch color. It
should be remembered that the colors of many
of the published spacecraft images are consider-
ably enhanced (as “false-color” imagery) to
make subtle variations distinguishable. Thus,
an additional chemical component, termed a
chromophore, has been postulated. Such a com-
ponent must be capable both of existing at this
level in the atmosphere and of providing the
needed color. The complex radiation environ-
ment of Saturn’s upper atmosphere could pro-
duce many types of chemicals. Among those
suggested as cloud chromophores are various
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compounds of sulfur, phospho-
rus, and hydrazine, as well as
various mixtures of organic com-
pounds containing both hydro-
gen and carbon.

Acomparison of two images of
Saturn’s atmosphere will show
not only that there is an inter-
esting variety of cloud shapes
but also that they are all moving
relative to one another. Most of
the movement observed is lon-
gitudinal—that is, around the
rotational axis. If the radio rota-
tion period is used as the basic
rotation rate, then the clouds
show an alternating series of
east-west jets. Close to the
equator, these jets have a veloc-
ity of between 400 and 500 me-
ters per second (the so-called
equatorial super-rotation). The
velocity decreases away from
the equator until it reaches a
retrograde speed of 25 meters
per second at about 40° north
and south latitudes. It then in-
creases again to nearly 150 me-
ters per second before decaying yet again. This
pattern has been observed to 84° north latitude,
always with posigrade jets moving considerably
faster than the retrograde ones. The mecha-
nism responsible for generating these jets is
still uncertain. The motions in Earth’s atmo-
sphere are its response to an uneven solar heat
input. The attempt to move warm air poleward
produces, in the shallow (less than 1 percent of
Earth’s radius) rotating atmosphere, streams of
high- and low-pressure areas encircling the
midlatitudes. A similar mechanism could oper-
ate on Saturn, with observed surface motions
decaying rapidly with height. An alternative
suggestion is that Saturn’s internal heat source
produces a form of convection, and that the ob-
served zonal flow around the rotational axis ex-
tends all the way through the planet, parallel to
the rotational axis.

A number of additional features have been
noted on Saturn’s visible surface. In the south-
ern hemisphere, there is a reddish spot which

resembles a miniature version of Jupiter’s
Great Red Spot. Near the equator, there are
various wispy clouds, which appear to be
stretched by the strong wind shears present in
this region. Farther north, at around 40° north
latitude, there are three brown spots, each one a
few thousand kilometers across. Just to the
south of these is an area in which white blobs of
cloud, possibly of convective origin, appear,
evolve rapidly, and dissipate. In the mid-1990’s,
the Hubble Space Telescope detected a large
white storm near the equator that eventually
grew to nearly 20,000 kilometers in length be-
fore beginning to fade. This storm, referred to as
Saturn’s Great White Spot, is hardly unique.
Large white storms of this type have been noted
in astronomical records on a nearly thirty-year
period going back well into the nineteenth cen-
tury.

Just to the north of the brown spots, centered
at about 47° north latitude, is the “ribbon fea-
ture,” a fairly light band, about 5° wide, inside of
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Cassini orbiter, displays swirls and vortices in the hydrogen-helium
“ocean.” (NASA/JPL/Space Science Institute)



which is a darker streak, around 1,000 kilome-
ters wide, which threads an oscillatory north-
south path along the center. The appearance of
the individual peaks and troughs evolves rap-
idly over a few days, the average distance be-
tween adjacent peaks being 5,700 kilometers.
This feature apparently represents some type of
atmospheric wave. Measurements of the infra-
red emissions of this region show a large north-
south temperature gradient, and it could be
that this feature is the same type of atmospheric
phenomenon as that which transfers equatorial
heat northward on Earth.

Despite the nearly equatorial trajectory of
the Voyager spacecraft, some images of the
north polar region were obtained. These show it
to be populated with many small, fluffy clouds,
close to which, at about 80° north latitude, was a
regular hexagonal pattern, formed of long, thin,
striated clouds that are moving at about 100
meters per second. The hexagonal pattern ap-
peared to be stationary relative to the radio ro-
tation period, with the clouds passing around its
corners. The driving mechanism of this feature
was a mystery, although the
close association between its
rotation rate and the radio ro-
tation period could be signifi-
cant. The Cassini spacecraft
returned images in 2007 of
Saturn’s north polar region
that again showed such a hex-
agonal pattern. This time the
hexagon was nearly 24,000 ki-
lometers across. Data sug-
gested that the nearly perfect
hexagonal pattern extended
down into Saturn’s clouds to a
depth of nearly 100 kilometers.
According to University of Ox-
ford planetary scientist Leigh
Fletcher, the appearance of
this vortex was surprising.
Apparently gas moved toward
the pole and was compressed
and heated as it dropped into
the depths of Saturn’s tropo-
sphere over the pole. The phys-
ical mechanism for this behav-
ior remained unknown.

Cassini entered orbit about Saturn on July 1,
2004. During its primary four-year mission, the
spacecraft returned impressive data about the
ringed planet and its satellites, including the
particles and fields environment surrounding
Saturn. The spacecraft remained in nearly per-
fect health, and therefore it was funded for a
two-year extended mission to continue the sci-
entific harvest.

KNOWLEDGE GAINED

Spacecraft flybys of the Saturnian system
and prolonged orbital observations by Cassini
have dramatically increased astronomers’
knowledge of Saturn’s dynamic and complex at-
mosphere. Measurements of the hydrogen and
helium abundance, the zonal circulation, the
structure of the planet’s gravitational and mag-
netic fields, and the derivation of the radio rota-
tion rate would have been very difficult, if not
impossible, to obtain from Earth and even from
the Hubble Space Telescope.

These Cassini observations have enabled sci-
entists to refine considerably their models of
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The hexagonal shape at Saturn’s north polar region (about 78° north lati-
tude) was first discovered in the 1980’s and seems to persist, appearing in
this 2006 image from Cassini. (NASA/JPL/University of Arizona)



Saturn’s internal composition and structure.
This model envisages that the visible envelope,
composed primarily of hydrogen and helium,
extends about halfway to the planet’s center; be-
low this covering is a region of metallic hydro-
gen and a small rocky core. The deep atmo-
sphere is warmed by Saturn’s internal heat
source and becomes cooler with distance from
the core, reaching a minimum of about 85 kel-
vins at a pressure level of around 100 millibars
at the tropopause. Above this level, solar heat-
ing becomes significant, and the temperature
starts to increase again. Visible clouds are
thought to consist of ammonia ice crystals with,
possibly, ammonium hydrosulfide and water-
ice cloud layers below them. Existence of these
lower cloud layers would depend on the
amounts of the various elements in this part of
the atmosphere.

The Voyagers provided an extensive album of
images of Saturn, documenting cloud motions
and their morphologies. Such images, however,
have increased scientists’ understanding of the
atmospheric dynamics only to a limited extent.
Even the basic driving mechanism remains un-
certain; it could be the planet’s internal heat
source or the Sun’s external heat supply. The
extent to which Voyager observations have in-
creased scientists’ knowledge can also be con-
sidered in terms of their understanding of atmo-
spheres in general. The planetary atmosphere
most comparable to Saturn’s is that of Jupiter,
which is slightly larger, rotates slightly faster
and has a similar hydrogen and helium compo-
sition. Jupiter is, however, much closer to the
Sun than Saturn, and it therefore receives sev-
eral times as much solar energy.

Compared with Jupiter’s highly turbulent at-
mosphere, Saturn’s atmosphere, with its subtle
belt-zone variations and widely separated
spots, might appear to be relatively quiescent.
Voyager observations, however, have shown
that this is far from the case. Saturn’s atmo-
sphere moves at velocities up to 500 meters per
second, compared with about 200 meters per
second on Jupiter. Jupiter observations also
suggested that Saturn’s alternating belt-zone
pattern was associated with alternating east-
ward and westward jets. Saturn observations,
which had no such obvious correlation, showed

that this model was overly simplistic. Another
interesting difference between the two planets
is that on Jupiter westward jets reach much the
same speed, relative to the radio rotation pe-
riod, as eastward jets. The situation on Saturn
is far less symmetrical, with eastward jets dom-
inating.

Circulation patterns in Earth’s atmosphere
are still not fully understood. Thus it is not sur-
prising that scientists’ knowledge of the atmo-
spheres of the outer planets remains fairly ba-
sic. The measurements of the Voyager and
Cassini spacecraft contribute to that knowledge
mainly by increasing the number of observa-
tions upon which models can be based.

One such Cassini observation was referred to
by Internet-based National Aeronautics and
Space Administration (NASA) reports as Sat-
urn “riding the wave.” The wave pattern in the
atmosphere is visible from Earth only every fif-
teen years. Earth has a similar oscillation, but
its period is only two years. Jupiter has a simi-
lar oscillation, but with a four-year period. Sat-
urn’s oscillation in question was under observa-
tion with ground-based telescopes and Cassini’s
Composite Infrared Spectrometer. This oscilla-
tion involves temperatures in Saturn’s upper
atmosphere switching with altitude in a hot-
cold pattern that, when graphed in three dimen-
sions, assumes a shape much like the stripes
that wrap around a candy cane. These tempera-
ture oscillations result in winds changing direc-
tion from east to west and back again, and it is
this pattern to which scientists were referring
as the wave pattern discovered on Saturn.

Beginning in December, 2007, Cassini im-
aged a storm in Saturn’s southern hemisphere
that produced lightning discharges with ener-
gies more than ten thousand times that of typi-
cal lightning on Earth. Cassini’s radio and
plasma wave instruments actually picked up
the lightning about a week before the storm it-
self could be identified by the spacecraft’s imag-
ing cameras. Scientists then used the periodic
appearance of the storm to confirm Saturn’s ro-
tation rate.

CONTEXT

If it had not been for the Pioneer, Voyager,
and Cassini missions, knowledge of Jupiter and
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Saturn would be limited to that obtainable from
Earth or from Earth-orbiting observatories
such as the Hubble Space Telescope. Although
probes have not entered Saturn’s atmosphere,
they have still provided many observations that
contribute to astronomers’ understanding of it.
For the first time, researchers could see how the
planet changes in appearance when it is viewed
from different directions. Monitoring of each
spacecraft’s radio signal as it disappeared be-
hind Saturn provided information about the lo-
cal atmospheric temperature profile (the varia-
tion of temperature with height). Proximity of
these spacecraft to the planet also allowed
study of the structure of individual features.

Prior to these dedicated spacecraft missions,
Saturn was a greatly appreciated but little un-
derstood object. Only its most global properties
had been investigated. It was believed to be a
typical “gas giant”—a smaller, colder, and less
colorful version of Jupiter. Voyager observations

revealed this concept to be only partly true. The
elemental abundances derived for Saturn are
different from those of Jupiter, the most strik-
ing difference being the hydrogen-to-helium ra-
tio, which, combined with the planet’s unexpect-
edly high temperature, led to the idea that its
helium becomes depleted by becoming insoluble
and precipitates into the lower atmosphere.

Very little was known about Saturn’s atmo-
spheric dynamics before Voyager images were
obtained. Tracking motions of the occasional at-
mospheric spots visible from Earth had sug-
gested a predominantly zonal flow, strongest
near the equator. It was only with the Voyager
flybys that periodic radio emissions from the
planet were observed. The association of these
with rotation of Saturn’s interior provided a
plausible base velocity against which the mo-
tion of other features could be measured. Prior
to this finding, velocities could only be given rel-
ative to an arbitrary feature.

Saturn’s Atmosphere The Solar System
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At Saturn’s south polar vortex in this July, 2008, Cassini image, bright clouds can be seen within the inner ring,
providing tantalizing clues to how heat energy may move through Saturn’s atmosphere. (NASA/JPL/Space Sci-
ence Institute)



The Pioneer 11 encounter provided some in-
triguing information about Saturn’s atmo-
sphere; the two Voyager encounters supplied
far more. All these flyby missions, however,
could provide only a brief look at the planet.
Ground-based observations suggest that the
large-scale zonal flow is probably fairly stable.
The appearance of the individual belts and
zones can change, however, while smaller indi-
vidual features can evolve quite rapidly. Some
of these changes may be seasonal effects, while
others could be caused by various types of insta-
bilities in the same way that the fairly constant
solar heating of Earth produces a perpetual se-
quence of low- and high-pressure regions.

To investigate these effects further, it was
necessary to observe the planet over a longer
period than is possible with a flyby mission. The
Hubble Space Telescope was deployed from the
space shuttle Discovery in April, 1990. After a
troubled start requiring repair missions, Hub-
ble was able to begin taking unprecedented im-
ages, including on occasion some of Saturn. Al-
though Hubble could capture images only at a
much lower resolution than the Voyager space-
craft had achieved, Hubble did have the capac-
ity to observe in spectral bands that could not be
seen from Earth because of absorption by the at-
mosphere.

The obvious next step in Saturn investiga-
tion was to place an orbiter about the ringed
planet, one that could use encounters with its
many satellites in addition to propulsion system
firings to alter its course so that the spacecraft
could swing close to interesting objects; a princi-
pal focus on studying the large satellite Titan
and its atmosphere was given to this follow-on
mission. The National Aeronautics and Space
Administration and the European Space Agency
named the follow-up probe to the Voyager flyby
missions Cassini after the astronomer who dis-
covered several of Saturn’s satellites. Cassini
was launched on October 15, 1997, and after
several gravity assists in the inner solar system,
it flew past Jupiter and then was redirected to
enter the Saturnian system and conduct its pri-
mary science mission. That primary mission
ended in 2008, but as the spacecraft was still in
fully functional condition, a two-year extended
mission was conceived and funded.

Cassini found confounding aspects in Sat-
urn’s dynamic and complex atmospheric struc-
ture. White spots, which were also seen with the
Hubble Space Telescope, were seen to develop
and diminish. However, perhaps the most per-
plexing atmospheric features were a hexagonal
pattern about the north pole 25,000 kilometers
across and another similar feature found later
to exist around the south pole. The nature and
stability of features such as these polar ones re-
mains under investigation.

David Godfrey
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Saturn’s Interior
Categories: Planets and Planetology; The

Saturnian System

Saturn, the second largest planet in the so-
lar system, is famous for its ring system,
but the key to understanding the planet is
in understanding its interior structure.
Though it is similar to Jupiter and likely
shares a similar origin, Saturn is not just a
smaller version of Jupiter. While Saturn is
called a gas giant planet, its interior is
more than just a big ball of gas.

OVERVIEW

Jupiter and Saturn are the two largest plan-
ets in the solar system. Both planets are be-
lieved to have formed directly out of the accre-
tion disk of material surrounding the Sun
during its formation. As a result, both planets
would be expected to have similar compositions
and structures. There are important differences
between Jupiter and Saturn, however. Because
Saturn formed directly from the material
accreting to form the Sun, it is expected to have
a composition similar to that of the Sun and Ju-
piter. Indeed, Saturn is composed primarily of
hydrogen and helium, the main constituents of
Jupiter and the Sun.

Saturn is the second largest planet in the so-
lar system, having about 30 percent of Jupiter’s
mass, yet that mass is spread over a volume
that is about 60 percent that of Jupiter. This
gives Saturn a much lower density than that of
any other planet in the solar system. One rea-
son for this low density is that hydrogen, the
main component of Saturn and Jupiter, is very
compressible. Saturn’s lower gravity, due to its
lower mass, compresses its hydrogen less than
does Jupiter. Thus, Saturn is much more dis-
tended than Jupiter.

Though Saturn’s primary composition is hy-
drogen and helium, it has also accumulated
heavier elements through collisions with smaller
bodies since it formed. Some of the material is
iron and silicates (rocks), and these materials
sink to the center of the planet to form a core.
Such a core would be under extreme pressure
and temperature, with the temperature of the

core is probably near 10,000 kelvins. Since Sat-
urn is in the outer solar system, many of the
bodies colliding with it would also contain ices—
not only water ice but also frozen carbon diox-
ide, frozen methane, and frozen ammonia.
These ices, heavier than hydrogen, also sink
deep into the planet. However, at the pressure
and temperature at that depth, the ices are in a
liquid state. The term “liquid ices” is often used
to describe the state of these fluids.

Saturn has an oblateness of 0.98 (its equato-
rial diameter is 9.8 percent greater than the
pole-to-pole diameter), making Saturn the most
oblate of the solar system’s planets. Though this
level of oblateness constrains the possible size
of Saturn’s core, there is some disagreement
among planetary scientists as to the size of Sat-
urn’s core. Many models suggest that Saturn
has a core that is about 10 to 15 times the mass
of Earth. This is similar in mass to Jupiter’s
core, but it is less compressed, having a diame-
ter perhaps in excess of 20,000 kilometers.
Though Saturn’s core is about the size of Jupi-
ter’s core, it is a much larger percentage of Sat-
urn than Jupiter’s core is of Jupiter. A layer of
liquid ices of perhaps up to 10,000 kilometers
thick likely sits on top of the core.

The vast majority of the rest of Saturn is com-
posed of hydrogen and helium. These are in a
gaseous state in the outermost parts of the
planet. Clouds of ammonia ice and other ices
exist in the upper few hundred kilometers. Be-
low about 2,000 kilometers beneath the clouds,
the pressure is so high that hydrogen is com-
pressed into a liquid state. However, the tem-
perature and pressure of Saturn’s interior are
well beyond the critical point of hydrogen. The
critical point, in chemistry, is the temperature
and pressure at which there is no clear distinc-
tion between liquid and gas fluid states. There-
fore, there is no clear boundary between the gas-
eous upper portion of Saturn and the liquid
hydrogen inner portion. As depth increases, the
hydrogen gradually becomes more and more
liquid-like. The bulk of Saturn is in this liquid
state, even though it is called a “gas” giant
planet.

Hydrogen begins to exhibit typical metallic
properties, such as electrical conductivity, when
it is under sufficient pressure and temperature.
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On Saturn, these conditions are believed to be
met near 25,000 kilometers beneath the cloud
layers. Thus, from the top of the liquid ices layer
out to nearly 55 percent of Saturn’s radius, the
hydrogen is in this liquid metallic state. Jupiter
also has a liquid metallic hydrogen mantle, but
on that planet this layer is far larger than on
Saturn. As with Jupiter, the magnetohydro-
dynamics of Saturn’s liquid metallic hydrogen
is the source of the planet’s magnetic field. Plan-
etary magnetic fields are believed to be produced
through the motion of a highly conducting fluid
through a magnetic field. The conductor then
reinforces the existing field, creating a rather
stable and permanent planetary field. This is
the dynamo model of planetary magnetic fields.
Because Saturn’s liquid metallic hydrogen
layer is far smaller than Jupiter’s, Saturn’s
magnetic field is much weaker than Jupiter’s,
being only about 3 percent as strong. Even so, it
is still nearly six hundred times stronger than
Earth’s magnetic field.

Saturn, like Jupiter, radiates more energy
than it gets from the Sun, almost 2.9 times what
it gets from the Sun. Jupiter radiates energy
through kelvin-Helmholtz contraction, a form
of hydrostatic contraction that permits a fluid
body to compress, generating thermal energy.
Saturn has much less mass than Jupiter. The-
ory indicates that kelvin-Helmholtz contraction

is unable to produce the level of
thermal energy needed to ac-
count for observations of Sat-
urn. However, Saturn’s temper-
ature is lower than Jupiter’s. At
the temperature and pressure
of Saturn’s liquid hydrogen lay-
ers, helium, another major com-
ponent of Saturn, precipitates
out. Droplets of helium, heavier
than hydrogen, sink toward the
planet’s deeper interior. The
sinking helium releases gravi-
tational energy in the form of
heat, warming the planet. This
thermal energy is nearly double
the energy that the planet gets
from the Sun, resulting in Sat-
urn’s observed emissions.

KNOWLEDGE GAINED

Most observations of Saturn have, of neces-
sity, been made from Earth. The interior of the
planet, however, cannot be studied from afar.
Spacecraft sent to Saturn have yielded more
data, but there is still considerable debate about
the nature of Saturn’s interior. Mathematical
models of Saturn’s interior are made based on
observed characteristics, but more research is
needed. The exact nature of Saturn’s interior is
therefore still the object of much speculation.

Because Saturn is shrouded in clouds, as-
tronomers are unable to measure Saturn’s rota-
tional rate directly using observations from
Earth. The planet’s magnetic field should rotate
with the planet. In 1981, Voyager 2 measured a
rotational rate of a bit over 10 hours, 39 min-
utes. In 2007, however, scientists at the Na-
tional Aeronautics and Space Administration’s
(NASA’s) Jet Propulsion Laboratory released a
new finding of 10 hours, 32 minutes, and 35 sec-
onds for Saturn’s rotational rate using data
from the Cassini orbiter. The discrepancy be-
tween these measurements may be explained
by the fact that it is unusually difficult to deter-
mine the rotational rate for Saturn because the
planet’s magnetic axis is nearly the same as its
rotational axis, providing little change in the
magnetic field for spacecraft to measure as the
planet rotates.
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Saturn Compared with Earth

Parameter Saturn Earth

Mass (1024 kg) 568.46 5.9742
Volume (1010 km3) 82,713 108.321
Equatorial radius (km) 60,268 6,378.1
Ellipticity (oblateness) 0.09796 0.00335
Mean density (kg/m3) 687 5,515
Surface gravity (m/s2) 10.44 9.80
Surface temperature (Celsius) –160 –88 to +48
Satellites 60 1
Mean distance from Sun

millions of km (miles) 1,434 (884) 150 (93)
Rotational period (hrs) 10.656 23.93
Orbital period (days) 10,760 365.25

Source: National Space Science Data Center, NASA/Goddard Space
Flight Center.



Saturn and Jupiter both likely formed from
the cloud of gas swirling together to form the
Sun. Thus, these two gas giants would be ex-
pected to have very similar compositions to the
Sun. Indeed, like the Sun, Jupiter and Saturn
are both composed mostly of hydrogen and he-
lium. Saturn’s atmosphere, however, contains
quite a bit less helium than either the Sun or Ju-
piter. This finding was a mystery until astrono-
mers found that Saturn radiates far more en-
ergy than it gets from the Sun. The explanation
that helium precipitating to lower levels of Sat-
urn could heat the planet also explains why the
upper portions of Saturn, which can be ob-
served, are deficient in helium.

Hydrogen and helium are the primary con-
stituents of Saturn. Both Jupiter and Saturn
are somewhat enriched in elements heavier
than hydrogen and helium when compared with
the Sun. This is expected because both planets
have, over the several billion years since the
planets’ formation, accreted planetesimals, as-
teroids, and comets. Saturn is considerably
more enriched in these heavier elements than is
Jupiter, however, and the reason is unclear.
Saturn may have simply accreted a greater per-
centage of these bodies, or it may have collected
less hydrogen and helium when it formed. Fur-
ther research is needed to answer the question
of why Saturn and Jupiter have this composi-
tional difference.

Studies of Saturn and Jupiter have led some
astronomers to theorize that these planets may
have formed somewhat closer together than
they currently are in the solar system. Jupiter
migrated closer to the Sun, and Saturn mi-
grated somewhat farther from the Sun, to its
current position.

CONTEXT

The two largest planets in the solar system,
Jupiter and Saturn, probably formed in the
same manner, at about the same time, in the
same part of the disk of material swirling to-
gether to form the Sun. Thus, they would be
expected to be very similar. Indeed, they are
similar, but there are important differences be-
tween them. Understanding those differences
will cast light on the conditions under which gas
giant planets form. In turn, understanding the

formation of the gas giants will improve our un-
derstanding of the formation of other planets in
the solar system, such as Earth, as well as the
planetary systems of other stars.

The planet Saturn, because of its great dis-
tance from Earth—more than 1.2 billion kilo-
meters at its closest—has mostly been studied
via telescopes here on Earth. However, four
spacecraft have investigated Saturn up close.
The first was Pioneer 11, which passed closest to
Saturn on September 1, 1979. Then, two Voy-
ager spacecraft visited Saturn, with Voyager 1
passing closest to Saturn on November 12,
1980, and Voyager 2 flying past Saturn on Au-
gust 25, 1981. No spacecraft visited Saturn un-
til more than two decades later, when the
Cassini orbiter entered orbit around Saturn on
July 1, 2004. Cassinni has been studying Sat-
urn and its satellites ever since. Although
Cassini carried the Huygens probe to study Sat-
urn’s satellite Titan, no atmospheric probe was
carried to study Saturn’s atmosphere or inte-
rior, so all studies of Saturn’s interior must be
made by inference from observations of Sat-
urn’s exterior and of the planet’s magnetic field.
This means that scientists do not yet have a
firm grasp of Saturn’s interior, and further re-
search is needed to understand this planet’s in-
terior structure fully.

Raymond D. Benge, Jr.
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See also: Auroras; Brown Dwarfs; Earth’s At-
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Saturn’s Magnetic Field
Categories: Planets and Planetology; The

Saturnian System

The magnetic field of Saturn, which was
discovered and first analyzed from data
collected by Pioneer 11, Voyager 1, and
Voyager 2, reveals similarities to the mag-
netic fields of both Earth and Jupiter yet
has many distinctive features. The Satur-
nian magnetosphere provides yet another
cosmic laboratory for the study of astro-
physically important processes such as
collision-free shocks, charge-accelerating
processes, plasma-wave modes, particle
trapping, diffusion, and a host of related
phenomena. The Cassini spacecraft pro-
vided an orbital platform from which those
processes were studied on a regular basis
for many years beginning in 2004.

OVERVIEW

After it was established in the early 1960’s
that decimetric radio emissions of Jupiter, dis-
covered in 1955, were emitted by high-energy
electrons trapped in the giant planet’s intense
magnetic field, a search for the scaled-down ver-
sion of similar radiation from Saturn led to ob-
servation of radio noise from Saturn. Subse-
quently, a first model of Saturn’s magnetic field
was developed. Cassini observations resulted in
the greater fidelity of that model and revealed
that Saturn’s satellite Enceladus possesses its
own magnetic field and emits radio waves of a
complex nature.

Initial concrete evidence for the existence of
the Saturnian magnetic field was provided by
Pioneer 11’s magnetometer. The bulk of Sat-
urn’s magnetic field is believed to be generated
by rapid internal motion of the metallic hydro-
gen that surrounds the planet’s rocky central
core, forming a dynamo and resulting in a field
that resembles that of Earth and Jupiter. Field
strength at cloud-top level over Saturn’s equa-
tor was found to be 0.2 gauss, roughly a third of
the equatorial geomagnetic field. By compari-
son, Jupiter’s magnetic field at cloud-top level is
ten times stronger than that of Earth. Saturn’s
magnetic axis and rotational axis are nearly co-
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incident. The field is believed to originate at a
greater depth than do those of Earth and Jupi-
ter in relation to their respective radii. More-
over, the rotational and magnetic axes of both
Earth and Jupiter make a nearly 11° angle with
their respective rotational axes. Pioneer 11 and
Voyager data indicated that the center of Sat-
urn’s magnetic dipole axis is offset by 4 percent
of Saturn’s radius to the north of the center of
the planet, and the polarity of the field is re-
versed with respect to Earth’s polarity. These
facts combine to give Saturn’s external mag-
netic field a perfect symmetry, with none of the
wobbles that characterize the fields surround-
ing Earth and Jupiter.

Another component of Saturn’s magnetic
field is an extensive ring of current of 10 million
amperes flowing from west to east. Near the
axis, the ring-current field is not parallel to the
main field but becomes parallel with distance.
Moreover, field lines are outward bound above
the equatorial plane and inward bound below
that plane. Thus, Saturn’s magnetic field is
made up of the main dipole field and the ring-
current field, along with the boundary currents
of the magnetopause (the border at which the
solar wind meets the planetary magnetic field),
thereby defining the magnetosphere. Because
of the superposition of the ring-current field on
the planet’s intrinsic dipole field, the shape of
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the overall magnetosphere is stretched outward
along the equatorial plane, creating a bulge that
distorts the poloidal aspect of the field.

As confirmed by Pioneer 11, the Voyagers,
and the Cassini orbiter, interaction between
Saturn’s magnetic field and the solar wind
causes a magnetosphere accompanied by a well-
defined bow shock, a plasma sheath, and a
magnetotail, similar in many respects to those
associated with Earth and Jupiter. The shape of
the magnetosphere can be schematically repre-
sented by a paraboloid of revolution around the
Saturn-Sun line. The size of the magnetosphere
depends on the varying pressure of the solar
wind. If this pressure is low, the magnetopause
occurs at a greater distance, thus inflating the
magnetosphere. The solar activity cycle, inter-
planetary conditions, and local variations influ-
ence solar wind pressures. Magnetospheric and
myriad complex radiative processes that occur
within it result primarily from the interaction
between charged particles of the solar wind and
Saturn’s intrinsic magnetic field. It is assumed
that the transfer of energy from the solar wind
to the magnetosphere occurs within the outer
layer of the magnetosphere and the magnet-
otail. The magnetosphere effectively entraps,
stores, and reradiates the energy of the solar
wind.

With regard to Saturn’s magnetic field, Pio-
neer 11 and the Voyager probes found that there
was a near alignment of the magnetic and rota-
tional axes and a displacement of the magnetic
dipole center compared to the planetary center.
They also discovered the existence of an addi-
tional field produced by a ring of current flowing
west to east in the equatorial plane. Because of
the varied areas covered by these probes’ differ-
ing trajectories and the complementary data
they provided, the Pioneer and Voyager mis-
sions provided a fairly accurate model of the
Saturnian magnetic field configuration. Cassi-
ni’s magnetometer filled in a great many gaps
and found some surprises, especially with re-
gard to the satellite Enceladus.

Saturn’s ring systems are intricate, elabo-
rate, and fascinating both in appearance and
from a scientific point of view. The rings are thin
and known to be composed of pieces of ice and
chunks of rocky material, most of which are

probably much smaller than ten meters in di-
ameter. Stars can dimly be seen through the
rings. The entire system rotates in the equato-
rial plane, within about 180,000 kilometers of
the center of the planet. All of Saturn’s major
satellites, starting with Mimas, are located be-
yond the principal ring systems. Smaller ones
are embedded and inside the ring systems.

The regions surrounding the major rings of
Saturn are devoid of trapped charged particles.
Up to a radial distance of about 150,000 kilome-
ters, the density of charged particles is found to
be negligible. Thereafter it rises abruptly, with
intermittent variations caused by the absorp-
tion of particles by the satellites and the tenu-
ous E ring. The maximum density of ions and
electrons is observed between the orbits of
Tethys and Rhea, between 300,000 and 60,000
kilometers from Saturn’s center. The same re-
gion, which is rich in dense plasma, is lacking in
low-energy electrons and protons. They are
most likely absorbed by the neighboring satel-
lites.

In this inner magnetosphere, spinning rap-
idly, charged particles are coupled to the mag-
netic field, resulting in a 60,330-kilometer-thick
plasma sheet about 240,000 to 422,000 kilome-
ters from the planet. From this distance to the
orbit of Titan, there is a vast torus of neutral hy-
drogen, produced by the photochemical break-
down of methane escaping from the giant satel-
lite’s atmosphere. Another source of charged
particles is provided by the collision of neutral
hydrogen atoms with the magnetosphere of
Titan.

Saturn’s magnetospheric radio emission has
three components, all of which are presumed to
originate in the magnetic plasma surrounding
the planet. Its kilometric radiation was found to
have a fundamental periodicity of 10 hours and
40 minutes, presumably the rotational period
of the magnetosphere. These magnetic storms
seem to affect and are correlated with solar
wind conditions, as well as the relative position
of the satellite Dione. Saturn’s kilometric radio
emissions, first discovered by Voyager 1 in Jan-
uary, 1980, exhibit a wide range of period modu-
lation (10.66 hours, 66 hours, and 22 days)
along with intensity and power variations. The
axial symmetry of Saturn’s magnetic field does
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not yield the kind of intensity modulation that
is associated with the wobbly motion of Jupi-
ter’s field. Saturn appears to radiate greater
power toward its dayside than toward the
nightside; this phenomenon has its origin in
midlatitude to polar cusps, regions where mag-
netic field lines enter or leave the planet.
Magnetospheric kilometric radiations—short
bursts of radio emissions caused by electrostatic
discharges ranging in frequency from 20 kilo-
hertz (kHz) to 40 megahertz (MHz) with a peri-
odicity of 10 hours and 10 minutes—were also
detected by the planetary probes. The total
power radiated by these discharges appears to
be comparable to those of the kilometric emis-
sions. The plasma trapped within the magneto-
sphere also has radio emissions, with a fre-
quency exceeding 2 to 3 kHz and a recurrence
period of 10 hours and 40 minutes. These low-
frequency radio waves were detected by both
Voyager probes. The total power radiated is es-
timated to be on the order of a million watts.

A dense atmosphere combined with a strong
magnetic field indicates the presence of auro-
ras. Voyager l’s detection of strong ultraviolet
radiation above 76° north latitude and below
78° south latitude confirms the existence of
Saturnian auroras similar to those in the polar
regions of Earth and Jupiter, with possible peri-
odic longitudinal variation in intensity. Based
on these measurements, the power required to
generate the Saturnian auroras is estimated at
200 billion watts, which is seven times the cor-
responding value for Earth’s auroras. The main
source of this energy is the interaction between
the solar wind and Saturn’s magnetosphere.
Confinement of charged particles within the
magnetic field and their being forced to travel
along intense magnetic field lines near the polar
regions cause the auroras. More intense study
of Saturn’s auroral activity was effected using
the Hubble Space Telescope and from the orbit-
ing Cassini spacecraft.

Because Saturn’s magnetic field is highly
symmetrical, there is a well-defined bow shock
and a steady magnetopause. Saturn has the
necessary ingredients for the presence of an ac-
tive outer magnetic field: a planetary dipole
field, a ring-current field, and contributions to
the field from a magnetopause and tail cur-

rents. The outer magnetosphere of Saturn is
supplied with a constant flow of hydrogen and
nitrogen plasma by Titan and its magnetic field.
This plasma torus is co-rotating with the mag-
netosphere, undergoing convective motion at
the same time, and is estimated to have a tem-
perature of 1 million kelvins—the hottest of
planetary surroundings known to date. Neutral
atoms escaping from Titan are photoionized, be-
coming part of the plasma torus. It is surmised
that the co-rotations of plasma, combined with
the continual radial movement of plasma torus
caused by fluctuations in the pressure of the so-
lar wind, are responsible for the plasma’s un-
usual heating, which leads to an increase in
high-energy particles. In addition to the ele-
vated plasma temperature that results in high-
energy particles, there is a coincident rise in
field strength. This jump in field strength ap-
pears to be sharper when the magnetosphere
contracts. Voyager data indicate discontinuities
between the region inside the magnetosphere
and the outside, where the solar wind persists.
An acceleration of electrons and ions occurs in
the magnetotail. Voyager 1 detected low-energy
ions streaming toward, and high-energy ions
racing away from, Saturn at distances of 2 mil-
lion to 2.7 million kilometers.

The bow shock, the magnetopause, the accel-
eration of ions in the magnetotail, a spectrum of
energy, and the flux of charged particles appear
to be common to the outer magnetospheres of
Saturn and Earth. A major difference is the
Titan-fed hot plasma torus of Saturn’s outer
magnetosphere. There are also many unex-
plained phenomena in Saturn’s magnetosphere,
one of them being the observed fluctuation in
temperature at altitudes between 600,000 and
900,000 kilometers. It is not known whether the
magnetotail drains the angular momentum of
Saturn through ejection of high-energy parti-
cles.

KNOWLEDGE GAINED

The search for Saturn’s magnetic field began
in 1955, with the accidental discovery of
decimetric radio emissions from Jupiter. It was
surmised that radio emissions from Saturn’s
magnetic field would be weaker than those of
Jupiter and hence not observable by ground-
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based radio telescopes. Long-wave radio bursts
coming from the direction of Saturn were de-
tected in 1975 by the Interplanetary Monitoring
Platform (IMP) 6. Instruments on board Pio-
neer 11 in 1979, however, confirmed the exis-
tence of an extensive magnetic field surround-
ing Saturn. Detailed observations were carried
out by more sophisticated instrumentations of
Voyagers 1 and 2. Long-term studies of the mag-
netic fields and particle environment around
Saturn continue to be performed by the Cassini
spacecraft.

Data from Pioneer 11 and the two Voyagers
suggest that the magnetic field of Saturn origi-
nates at a greater depth than does Jupiter’s.
Unlike the fields of Earth and Jupiter, Saturn’s
magnetic field is highly axisymmetric because
of the overlapping of the dipole and the rota-
tional axes. The main field is hemispherically
asymmetrical because of a northward offset of
the dipole axis. Field strength at an altitude of
60,330 kilometers is 0.2 gauss, roughly a third
of the equatorial geomagnetic field. A second
component of the magnetic field of Saturn is the
extensive current ring that flows from west to
east. The boundary currents of the magneto-
pause constitute a third component of the field.

The inner magnetosphere of Saturn has been

found to be free of charged particles. The maxi-
mum density of ions and electrons occurs be-
tween the orbits of Tethys and Rhea. Between
the orbits of Tethys and Titan, there is a vast to-
rus of neutral hydrogen produced by the photo-
chemical breakdown of methane escaping from
Titan’s atmosphere. Saturn’s kilometric radio
emission, along with a variety of periodic and
nonperiodic bursts of radiation, is presumed to
originate in the magnetic plasma surrounding
the planet. The planet’s kilometric radiation
has a periodicity of 10 hours and 40 minutes.
Short bursts of radio emissions have been
traced to electrostatic discharges.

Pioneer 11 and the two Voyagers also pro-
vided tantalizing information about Saturn’s
auroras, phenomena that occur invariably in
the presence of a dense atmosphere combined
with a strong magnetic field. Saturn’s auroras,
which occur above 76° north latitude and below
78° south latitude, are powered by the interac-
tion between the solar wind and the magneto-
sphere.

Cassini’s magnetometer naturally was capa-
ble of determining the direction and strength of
Saturn’s magnetic field with the best technol-
ogy available at the time the spacecraft was de-
signed. Called a dual technique magnetometer,
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This Cassini image from June 21, 2004, shows Saturn’s magnetosphere: The Magnetospheric Imaging Instru-
ment, by detecting the hydrogen atoms that escape the magnetosphere, revealed a glow that reflects the area of
magnetospheric influence around the planet. (NASA/JPL/Johns Hopkins University)



it also was able to assist in the determination of
the size and nature of Saturn’s core. In order to
have the sensitivity necessary for its intended
research, the magnetometer assembly included
a flux gate magnetometer and a vector/scalar
helium magnetometer placed along an 11-meter-
long boom to avoid interference from spacecraft
electronics. The ability to determine three-
dimensional magnetic field maps would be used
not only on Saturn but also to search for mag-
netic fields of the ringed planet’s satellites. The
magnetometer was intended to make new dis-
coveries and to answer some of the outstanding
questions raised by the Voyager results.

Cassini confirmed the Pioneer 11 and Voy-
ager magnetic field findings, also returning
some surprising insights about Saturn’s satel-
lite Enceladus. Much remains to be learned
about this complex miniature-solar system dur-
ing Cassini’s extended mission, which was au-
thorized in 2008, given the orbiter’s good health,
after Cassini’s primary mission ended.

CONTEXT

Study of Saturn’s magnetic field began with
radio astronomers, whose findings and conjec-
tures were to play a dominant part in the plan-
ning of planetary exploration probes of the
1970’s. Pioneer and Voyager data vastly ad-
vanced scientists’ understanding of planetary
magnetic fields in general and Saturn’s field in
particular. For example, the axisymmetric na-
ture of Saturn’s magnetic field and its effects on
magnetospheric processes make it quite differ-
ent from both Earth’s and Jupiter’s fields. How-
ever, data show that Saturn’s magnetosphere
(like those of Earth, Jupiter, and Venus) has an
extended magnetotail, in which interaction be-
tween solar plasma and the magnetic field pro-
duces a host of phenomena yet to be researched.
The study of magnetospheric processes in gen-
eral provides a basis for understanding cosmic
plasma.

Saturn’s magnetic field is basically dynamo-
driven, like similar fields in the solar system, in-
cluding even that of the Sun. Close to the planet,
plasma depletion is caused by the ring system
closer to the planet, but there is a vast torus of
Titan-fed hot plasma at the outer magneto-
sphere. Saturn appears to possess three distinct

regions of plasma: an inner plasma torus, an ex-
tended plasma sheet, and the hot outer plasma
torus. Both the temperature and the thickness
of the plasma disk increase with distance from
the planet. The nature of the sources and sinks
of these plasma regions is yet to be determined,
although speculations abound. The plasma to-
rus is co-rotating, with velocities decreasing by
10 to 20 percent beyond 480,000 kilometers of
altitude.

Based on knowledge of Earth’s magnetic field
and the data provided by Pioneer 11, Voyagers 1
and 2, and Cassini, a model of Saturn’s field has
been constructed. There are undoubtedly nu-
merous processes occurring in its distant mag-
netosphere that need to be further examined.
The variation in the size and shape of the mag-
netosphere needs to be examined over an ex-
tended period. Quantitative studies of the
plasma flow from the satellites of Saturn (Titan
and Enceladus in particular) and research into
the charge absorption properties of the ring sys-
tem are projects of long-term interest as well.

The theoretical model of Saturn’s magnetic
field is based on a solid foundation provided by
spacecraft data. Yet there are numerous unan-
swered questions and doubts, and the model
must be further refined. Continuing research
into the atmospheres and magnetic fields of
planets such as Jupiter and Saturn is vital.
However, no follow-on mission to Saturn be-
yond Cassini was advanced and approved by the
time that Cassini’s flight was extended two ad-
ditional years after completion in 2008 of the or-
biter’s primary mission objectives.

V. L. Madhyastha
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Saturn’s Ring System
Categories: Planets and Planetology; The

Saturnian System

Data transmitted by Pioneer 11, and in
greater detail by Voyagers 1 and 2, revolu-
tionized the understanding of Saturn’s
complex ring system previously obtained
by observations from Earth-based tele-
scopes This information revised models
based on those earthbound investigations
dating back to the discovery of the rings
more than three centuries ago. Hubble
Space Telescope and Cassini orbiter stud-
ies then built upon data returned by earlier
spacecraft and revealed an even more com-
plex ring system at Saturn.

OVERVIEW

Pioneer 11, Voyager 1, and Voyager 2—three
deep space probes launched between 1973 and
1977—all encountered Jupiter before their tra-
jectories were directed toward Saturn. Pioneer
11 was also known as Pioneer Saturn during its
Saturn flyby, as it was a pathfinder for the more
sophisticated two Voyager spacecraft. Voyager
2, launched after Pioneer, would have to pass
through Saturn’s ring plane at a distance of 2.86
Saturn radii (about 112,000 kilometers above
the surface) in order to be put on a trajectory for
a potential Uranus flyby. Although beyond the
main rings, there was the possibility that a ten-
uous ring existed in this region. Such a ring
would pose a threat to any spacecraft passing
through at high speed. The decision was made
to have Pioneer 11 cross the ring plane at this
distance to determine whether it was safe for
the more valuable Voyager spacecraft to come.

The Cassini spacecraft was launched on Oc-
tober 15, 1997, and after a series of gravity as-
sists arrived in orbit about Saturn on July 1,
2004. The primary mission of this spacecraft
was completed in four years, but fortunately
funding was available for an extended examina-
tion of the Saturn system as the spacecraft re-
mained in near-perfect health at the end of its
primary mission.

Pioneer 11 survived the crossing of the ring
plane on September 1, 1979, at a distance of

2.82 Saturn radii. The success of this maneuver
was evident from the continued reception of the
spacecraft’s radio transmissions before, during,
and after the ring crossing. Pioneer 11 then
swung around the planet, crossing the ring
plane a second time (about 2.5 hours after the
first crossing) at a distance of 2.78 Saturn radii.
Again, although it took some hits, there was no
detectable damage during this crossing.

During its Saturn flyby, Pioneer 11 transmit-
ted images of the rings made by an imaging
photopolarimeter, an instrument which pro-
duces images by means of polarized light. In
this case it made images at two visible wave-
lengths, one in the red region of the electromag-
netic spectrum and another in the blue. These
images could be processed at the receiving sta-
tion to simulate color pictures. As the spacecraft
approached Saturn, the resolution exceeded
that of earthbound observations. At a distance
of about 1 million kilometers, a new ring was
detected in one of the images. It was named the
F ring. It was too narrow and too close to the
outer edge of the A ring to have been seen from
Earth. Pioneer 11 also collected data on Sat-
urn’s rings by using transmitted sunlight, a
method not possible for observations made from
Earth. With this method, images are analogous
to a photographic negative; gaps in the rings ap-
pear bright instead of dark, while the dense,
bright parts of the rings appear dark. Aweek af-
ter the first encounter, the Saturn flyby was es-
sentially complete, and Pioneer 11 was on its
way on an escape trajectory that would take it
out of the solar system.

As the planet moves about the Sun, the orien-
tation of the ring plane relative to Earth varies.
In early 1980, prior to the Voyager 1 flyby, Sat-
urn’s rings appeared sideways in Earth-based
observations. The main rings were practically
invisible, because they appeared so thin from
that perspective. Conditions were favorable,
however, for detecting faint satellites and dif-
fuse rings which would otherwise be lost in the
glare of the main rings. A faint ring was de-
tected beyond the F ring by astronomers during
this period. This ring, now called the E ring,
had actually been discovered in 1966, the last
time that the rings were edgewise, by a then-
unknown astronomer, Walter A. Feibelman. At
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that time, its existence was called into question
by other observers. Pioneer 11 vindicated Fei-
belman.

The Voyager imaging system represented a
tremendous improvement over that of Pioneer
11. It consisted of two television cameras. One
was outfitted with a wide-angle lens while the
other had a narrow-angle lens. These cameras
were mounted on a scan platform which could
be aimed continuously at the target, a process
referred to as slewing or motion compensation.
This prevented smearing of images due to the
rapid motion of the Voyager spacecraft, and was
accomplished without using propellant to reori-
ent thrusters to move the spacecraft. Pioneer
11’s imaging photopolarimeter had to rotate
with the spin-stabilized spacecraft, and could
only record the subject once during each revolu-

tion. Voyager images could be transmitted more
rapidly in black and white or in color. They also
had higher resolution.

During October, 1980, Voyager 1 was travel-
ing toward Saturn at an average rate of 1.3 mil-
lion kilometers per day. At the end of the month
it was 17 million kilometers from the planet,
and the improved resolution brought to light
new details within the rings. The principal
rings, particularly the B ring and C ring, were
found to consist of narrow concentric rings. The
ringlets, as they were called, proved to be so nu-
merous that they suggested the analogy of
grooves on a phonograph record. The main gap
in the ring system, the Cassini division between
the A ring and B ring, was not a total void. It
contained some ringlets of its own.

The B ring exhibited some curious radial
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Saturn and its rings, compiled from thirty-six images taken as the Cassini spacecraft approached on January 19,
2007, about 1.23 million kilometers from the planet. The planet casts a shadow on the rings facing away from the
Sun. (NASA/JPL/Space Science Institute)



streaks referred to as spokes which rotated with
the ring while changing their shapes. This was a
completely baffling phenomenon. In order to
study them more carefully, Voyager 1 was pro-
grammed to make images every five minutes
over a period of ten hours. In the process, two
small satellites were discovered. One orbited
along the outer edge of the F ring, the ring that
had been discovered by Pioneer 11, while the
other orbited along the ring’s inner edge. The
specific location of these satellites is considered
to be essential to the permanence of the F ring.
The F ring itself also has a curious property. It is
braided.

During its encounter with Saturn’s rings on
November 12, 1980, Voyager 1 swung around
Saturn and crossed the ring plane twice without
damage. Before being directed to escape the so-
lar system, it transmitted spectacular images of
Saturn and its rings. The number of ringlets
that could be detected with the Voyager instru-

mentation was estimated to have an upper limit
of one thousand. Voyager 1 discovered two more
rings, the D ring, which replaced the C ring as
the innermost ring, and the G ring, beyond the
F ring discovered by Pioneer 11. Evidence for
the G ring had been obtained by Pioneer 11. Its
charged particle detector registered a decrease
in intensity which could have been caused by
absorption by the ring particles. Voyager 1 con-
firmed the existence of the E ring by photo-
graphing it directly.

As a result of discoveries made by Voyager 1,
the program of Voyager 2 was revised for fo-
cused studies of the rings. A decision was made
to program the second Voyager to collect data
during a stellar occultation of Saturn’s rings.
During the occultation, Voyager 2 would be po-
sitioned above the ring plane, focusing on the
selected star through Saturn’s rings. Delta
Scorpii, the star, was bright enough to be seen
through the partially transparent rings. One of
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Voyager’s instruments, the photopolarimeter
subsystem (PPS), would be focused on the star
for about two hours. The PPS would not form
images. It would measure the rapid fluctuations
in the brightness of the star. These fluctuations
would be caused by the ring particles in the line
of sight momentarily blocking the light from the
star. Data could be analyzed to map variations
in ring structure. Voyager 2 also scanned the
area for small satellites which might be embed-
ded within the rings.

As Voyager 2 approached Saturn, images of
the rings achieved an extraordinary resolution
of ten kilometers. Still, there was no evidence of
embedded satellites. The number of observed
ringlets increased with the improved resolu-
tion. On August 25, 1981, the occultation of
Delta Scorpii was successfully observed. As
seen from Earth, Voyager then proceeded to
cross the ring plane behind Saturn. The suc-
cessful crossing could not be confirmed until ra-
dio communications were resumed about one
hour later. Voyager 2 was then directed toward
Uranus. Shortly afterward, ground controllers
discovered that the scan platform had lost its
azimuth motion and had been shut down by the

on-board computer. Many of the programmed
images had not been acquired, although some
good images of the F ring were obtained be-
fore the scan platform failed. Quick actions by
the Voyager team salvaged much of the antici-
pated scientific investigations as Voyager 2 left
Saturn.

As Cassini approached orbit about Saturn, it
made its closest planned encounter with the
planet’s rings. Looking at the B ring Cassini
noted a puzzling lack of spokes presently. This
strongly suggested that the spoke phenomenon
might be a seasonal effect. Later in the mission
Cassini produced numerous images of the
spokes.

Cassini also examined gaps in the rings and
noted far more structure in them than had the
Voyagers, and found additional shepherding
satellites. For example, inside the 42-kilometer-
wide Keeler gap within the Aring, in May, 2005,
Cassini discovered a small satellite. This body
clears out material within this gap. In 2006
Cassini imaged a very faint dust ring located
near the satellites Janus and Epimetheus. It is
believed that this 5000-kilometer-wide ring is
composed of particles liberated by meteoroids
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Radius (km)
Radius/

Eq. Radius
Optical
Depth

Albedo
(×10–3)

Surface Density
(g/cm2) Eccentricity

Saturn equator 60,268 1.000 — — — —
D ring >66,900 >1.11 — — — —
C inner edge 74,658 1.239 0.05-0.35 0.12-0.30 0.4-5 —
Titan ringlet 77,871 1.292 — — 17 0.00026
Maxwell ringlet 87,491 1.452 — — 17 0.00034
B inner edge 91,975 1.526 0.4-2.5 0.4-0.6 20-100 —
B outer edge 117,507 1.950 — — — —
Cassini division — — 0.05-0.15 0.2-0.4 5-20 —
A inner edge 122,340 2.030 0.4-1.0 0.4-0.6 30-40 —
Encke gap 133,589 2.216 — — — —
A outer edge 136,775 2.269 — — — —
F ring center 140,374 2.329 0.1 0.6 0.0026 —
G ring center 170,000 2.82 1.0 × 10–6 — — —
E inner edge ~180,000 3 1.5 × 10–5 — —
E outer edge ~480,000 8 — — — —

Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,
National Space Science Data Center.



impacting these two satellites. That same year
another faint dust ring was found, this one ex-
isting close to the satellite Pallene. This one is
only 2500 kilometers in radial extent. It too is
suspected to be composed of particles generated
by collisions of objects, specifically with Pallene.

KNOWLEDGE GAINED

Three of Saturn’s major rings (D ring, F ring,
and G ring) were discovered with the help of
deep space probes. The existence of the faint E
ring was confirmed. The rings, in order of in-
creasing distance from the planet, are D, C, B,
A, F, G, and E. Saturn’s rings were first named
in alphabetical order in 1850: A, B, and C for the
three rings then known. The convention now is
to name the rings in the order of their discovery.

Three narrow gaps in the rings were also
found: one in the C ring, one at the inner edge of
the Cassini division, which separates the A ring
and B ring, and a third one in the Aring, close to
its outer edge.

While individual ring particles have not been
observed directly, the distribution of particle
sizes can be estimated from measurements of
the transmission of light and radio waves
through the rings and scattering, or reflection,
from the rings. Being an orbital platform,
Cassini was able to conduct multiple radio
occultation measurements. The sizes range
from microns to about ten meters. Spectroscopic
measurements confirm that these particles are
primarily composed of ice, with some impuri-
ties. Considering the larger-sized particles only,
scientists estimate that the thickness of the
rings to be about one hundred meters. This is
relatively thin since the ring system is thou-
sands of kilometers wide.

Rings discovered by deep space probes differ
from the ones first identified by ground-based
observation. The outer two rings, G and E, are
composed of particles in the micron range and
do not have the ringlet structure. They are dif-
fuse and are probably thicker than one hundred
meters. It is believed that Voyager 2 passed
through the G ring when it was leaving Saturn.
Its plasma wave detector recorded a large in-
crease in intensity in the vicinity of the ring.
The increase was apparently caused by the
spacecraft colliding with ring particles as it
traveled through the ring at 10 kilometers per
second. Impacts would have vaporized the par-
ticles, producing puffs of ionized gas (plasma)
which would have been recorded by the de-
tector.

Braided strands of the F ring observed by
Voyager 1 were found by Voyager 2 to have
changed to parallel strands. They changed
back to braided strands by the end of the en-
counter, one example of the dynamic nature of
the rings. Two so-called shepherd satellites
serve to confine the ring. They are elongated
rather than spherical. The long axis of the
larger one is about 140 kilometers. Cassini
was able to observe the dynamic behavior of the
F ring over the course of its many orbits about
Saturn.

Of all the ring components seen in the outer
solar system, Saturn’s F ring displays the most
unusual and dynamic activity. Features in it
can be seen to change on timescales ranging
from just hours to several years. Studies using
Cassini’s Ultraviolet Imaging Spectrometer
during stellar occultations, found at least a
dozen objects within the F ring ranging from 27
to 10,000 meters in size. Data suggested that
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This mosaic of six images from Cassini (taken December 12, 2004) displays gaps, gravitational resonances, and
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these features were aggregates that had tempo-
rarily clumped together, the supposition being
that within the rings material coalesces and
breaks apart due to gravitational and collision
processes, respectively. In mid-2008 research-
ers using Cassini observations, published a pa-
per in Nature that attributed the unusual char-
acteristics of F ring dynamics to perturbations
created by small moonlets, making the F ring
the ring location in the solar system found thus
far where a serious number of collisions happen
regularly. In some ways F ring dynamics pro-
vide a window into the early solar system’s
protoplanetary disk at a time when collisions of
small particles were needed to drive planetary
formation.

In addition to the gravitational influence of
the satellite Prometheus, a moonlet on the order
of only a few kilometers in radius appears to be
colliding with F ring particles orbiting close to
the core of the ring generating fan-shaped struc-
tures. Another combination of gravitational ef-
fects and collisions produces structures referred
to as jets. A Cassini image taken in 2004 ap-
pears to have identified a five-kilometer-wide
moonlet that may produce some of the largest of
the observed jets in the F ring. These phenom-
ena would continue to be studied throughout
the extended Cassini mission.

The D ring appeared to be a collection of ring-
lets too faint to be seen from Earth. It has a rela-
tively small percentage of micron-sized parti-
cles. Analysis of Voyager data revealed three
ringlets. These were designated D68, D72, and
D73 in increasing distance radially from the
planet toward the C ring. Here again, Cassini
revealed dynamic behavior and more complex
structure. Twenty five years after its discovery,
D72 was observed to be fainter and at a location
200 kilometers closer to Saturn. The gap be-
tween D73 and the C ring was not empty.
Cassini recorded fine structure with ripples of
material 30 kilometer apart.

The Cassini division, when viewed in trans-
mitted light, appeared to have five rings in its
central region and a gap on each side separating
it from the A ring and B ring. The gap at the in-
ner edge has an eccentric ringlet, which was
scanned for small satellites that might confine
it. None was found, but Cassini uncovered even

more structure in the gap than revealed by the
Voyagers.

The B ring, the largest and brightest of the
“classical” rings, has the most elaborate struc-
ture, literally thousands of ringlets. Spokes are
transient features that appear bright in trans-
mitted light but dark when viewed from the
sunlit side. They consist of micron-sized parti-
cles. When electrically charged, they interact
with Saturn’s magnetic field, a process that ex-
plains some of their properties. There is evi-
dence that the ringlets themselves are manifes-
tations of a wave, propagating through the ring
in the form of a spiral. This spiral might, in turn,
produce the observed density variations. Cas-
sini provided a great deal of evidence for not
only density waves in the rings but also torsion
waves.

CONTEXT

History records that in 1610 Galileo was the
first person to observe Saturn through a tele-
scope. He described it as having a close satellite
on either side. Later observers used the Latin
word “ansae” (handles, in the sense of cup han-
dles) to describe what they saw. This term is
still used to refer to the parts of the rings that
are visible on either side of the planet. Chris-
tiaan Huygens, based on observations in 1655,
concluded that Saturn was surrounded by a
thin ring not attached to the planet. Gian
Domenico Cassini, discovered the main gap in
the ring system in 1675, showing that there
were two rings, now called A and B. The C ring
was discovered in 1850.

In 1867, Daniel Kirkwood, an American as-
tronomer, applied a resonance theory he had de-
veloped to explain the existence of the Cassini
division. A ring particle in the division orbits
Saturn with a period one-half that of Saturn’s
satellite Mimas, which is farther from the
planet. Every other period, the particle passes
Mimas in the same part of its orbit and is af-
fected by a gravitational force pulling it out-
ward. This periodic or resonant force would
clear the ring of particles. The process is actu-
ally more complicated. Additional satellites
have to be considered, and the gravitational in-
teraction is not as simple as described. In some
instances, the force might produce a ringlet by
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causing a spiral density wave to form, as men-
tioned with respect to the B ring. Originally,
this type of wave was introduced to explain the
structure of spiral galaxies, such as the Milky
Way. Just as the complexity of the ring system
was completely unexpected, the concept that
Saturn’s rings may have some similarities to
spiral galaxies, despite their enormous differ-
ence in size, could not have been anticipated be-
fore the Saturn encounters.

Prior to Pioneer 11, Voyagers 1 and 2, and
Cassini, Saturn’s rings could be described only
in relatively simple terms. It had been estab-
lished that the rings consist of discrete particles
in orbit around the planet. Spectroscopic mea-
surements showed that the inner parts of the
rings rotate faster than the outer parts. Thus, it
was clear that the rings were not solid disks.

In addition, it had been proved theoretically
that any natural satellite large enough to be
held together simply by the force of its own grav-
ity would be fragmented by tidal forces exerted
on it by the planet if it was closer than about 2.4
times the radius of the planet. This inner limit
is known as the Roche limit, named for the nine-
teenth century French mathematician Edward
Roche. All rings, except the F ring and E ring,
are at a distance greater than 2.4 Saturn radii
away from the planet. Roche suggested that the
rings were formed by fragmentation of a satel-
lite which came too close to the planet. Space-
craft data support another possibility. A num-
ber of Saturn’s icy satellites were found to be
pockmarked by impact craters. Ring particles
could be remnants of the debris resulting from
the collisions that produced such craters.

Voyager 2 successfully completed its Uranus
encounter on January 24, 1986, and continued
on its route to Neptune passing through that
system in August, 1989. This spacecraft is
unique in having made observations at close
range of the four known planetary ring systems:
those of Jupiter, Saturn, Uranus, and Neptune.
The extensive data set from the Saturn encoun-
ters made by four spacecraft form the basis for a
unified model of planetary rings in general.

With the extension of the Cassini mission in
2008, there came the promise of new and excit-
ing discoveries about the complex ring system of
Saturn for several more years to come. One such

unexpected investigation would be follow-up
studies of a possible ring system about Saturn’s
large satellite Rhea. Cassini in November,
2005, was directed to use its Magnetospheric
Imaging Instrument (MIMI) to observe the
planet’s magnetosphere in the vicinity of Rhea.
MIMI found three specific diminishments of en-
ergetic particles located symmetrically about ei-
ther side of this satellite, Saturn’s second larg-
est. The supposition was that there might be
three rings made of particles on the order of a
meter in size existing with an equatorial dish of
material. This was not the only possible expla-
nation, but if Cassini data confirmed it to be
correct, then Rhea would be the only satellite
known to have its own ring system.

Howard L. Poss
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Saturn’s Satellites
Categories: Natural Planetary Satellites;

Planets and Planetology; The Saturnian
System

Saturn has a remarkably diverse set of sat-
ellites. They include gigantic Titan, which
retains a thick atmosphere; Enceladus,
possessing a vastly reworked surface that
includes active geysers; Hyperion, a disk-
shaped satellite whose rotation is erratic;
Phoebe, moving in a retrograde orbit; and
a coorbiting pair called Janus and Epime-
theus, to name some of the most interesting
of the sixty confirmed satellites.

OVERVIEW

Prior to the space age, Saturn was known as
the beautiful ringed world of the solar system.
Many of its numerous larger satellites were dis-
covered prior to the time of interplanetary
spacecraft, the most notable being Titan, Sat-
urn’s largest satellite and the only one known
from telescopic observation to maintain a thick
atmosphere. Prior to the Voyager flybys, plane-
tary scientists expected all of the other Saturn
satellites to be relatively uninteresting ice inac-
tive worlds. Only Iapetus was a curiosity, since
it displayed a very reflective side and an ex-
tremely dark side as well. The Voyager flyby re-
sults and the Cassini orbiter images and obser-
vations revealed Saturn’s system to be a
miniature solar system in its own right with a
variety of extremely interesting and diverse
satellites.

When Voyager 1 passed by Saturn’s largest
satellite Titan in November, 1980, scientists
were somewhat disappointed with imagery
transmitted back to Earth. Titan appeared as a
uniform orange sphere whose outline was
blurred by a dense cloud cover. Closer examina-
tion found a higher layer of ultraviolet haze.
The southern hemisphere has a slightly darker
cast than the northern hemisphere. A clear
equatorial boundary was noted, and a darker
polar ring is evident in some photographs from
Voyager 2. Beneath those clouds, Titan proved
more interesting. Voyager 1’s close passage be-
hind the disk of Titan allowed the use of its radio

transmissions to probe the satellite’s atmo-
sphere. The pressure at ground level is 1.5 times
that of Earth. If Titan’s lower surface gravity is
taken into account, the implication is that every
square meter of Titan has ten times as much gas
above its surface as Earth does.

Methane was spectroscopically detected from
Earth, but the prime component of Titan’s at-
mosphere proved to be nitrogen. It was sus-
pected that as much as 10 percent of the at-
mosphere is argon, and methane makes up
between 1 and 6 percent of the rest of the atmo-
sphere, increasing in concentration near Titan’s
surface.

At higher altitudes, solar ultraviolet rays
break methane down, and new molecules form
as some hydrogen is lost. Spectroscopic observa-
tions show traces of hydrogen, ethane, propane,
ethylene, diacetylene, hydrogen cyanide, car-
bon monoxide, and carbon dioxide. Together,
these components form the petrochemical smog
that so frustrated the Voyager imaging team.

The upper optical haze layer lies about 280
kilometers above the surface. The main cloud
deck is about 200 kilometers from the surface.
Titan’s solid surface is 400 kilometers smaller
in diameter than previously thought, smaller
than both Ganymede and Callisto in the Jupiter
system. Why do these Jovian satellites not have
atmospheres? Titan orbits at a greater distance
from Saturn than either of these satellites do
from Jupiter, so its tidal stress is less. Further-
more, Saturn is twice as far from the Sun as is
Jupiter, so solar radiation intensity at Titan is
four times weaker than in the Jovian system.

Beneath those tantalizing orange clouds, the
surface temperature is only 94 kelvins; com-
bined with the fact that Titan’s atmospheric
pressure is 1.5 bars, this temperature sug-
gested the possibility of an ethane and/or meth-
ane sea on Titan’s surface. If tidal stresses heat
the interior enough, there may even be icy gey-
sers. The possibility of life arising at such low
temperatures appears unlikely, but certainly
the carbon chemistry on Titan must be very in-
teresting.

The European Space Agency (ESA) provided
the Huygens probe, a combinations atmospheric
entry probe and soft lander, for National Aero-
nautics and Space Administration’s (NASA’s)
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Cassini program. The Orbiter carried Huygens
from launch in October, 1997, to release on
Christmas, 2004. For the next two weeks the
probe flew independent from the Cassini or-
biter, and then it entered Titan’s atmosphere on
January 14, 2005, and dropped down under a
large parachute to a safe touchdown near Ti-
tan’s Xanadu region. Some researchers expected
Huygens to splash down in a cryogenic sea of
liquid hydrocarbons. It became clear rather
quickly that Huygens had “plopped” down in
what some referred to as Titanian mud. Evi-
dence of liquid action on the surface was found,
but the original idea of liquid hydrocarbon seas
were dashed. Analysis of data sent from the
probe on the way down to impact revealed sev-
eral layers in the atmosphere, most notably a
thick haze between 18 and 20 kilometers above
the surface. An Aerosol Collector and Pyrolyzer
collected samples at different altitudes to deter-
mine the pressure of volatiles and organic mate-

rials. The probe was also outfitted with a gas
chromatograph mass spectrometer to determine
atmospheric composition. Titan’s atmosphere
proved to be hazier than expected, as dust parti-
cle concentration was greater than previously
believed. Wind data suggested that Titan’s at-
mosphere circulated gas from the south to north
pole and back again in periodic fashion.

Winds would play a large role in planetary
dynamics for this complex world. Indeed, two
years after the probe’s several hours of data
were collected, Cassini scientists came to the
conclusion that Titan’s crust moves on a
subsurface ocean with crust movements in part
driven by wind actions. That movement was
noted by comparing radar data from the Orbiter
taken at different times during the mission in
concert with available Huygens data. The pro-
posed liquid subsurface layer would be located
50 to 100 kilometers beneath the crust and in-
clude liquid ammonia in a water ice slush.

Floating on this layer, the crust
was seen to move as much as 30
kilometers over the course of
several years of Cassini obser-
vations.

Further examples of Huygens
and Cassini images eventually
found the evidence proving the
existence of ancient shorelines
and the presence of liquid on
the surface of Titan. Computer
models of this dynamic world
had to be greatly altered due to
Huygens and Cassini data, and
many new questions were raised
to give Titan an even more mys-
terious nature. However, it still
was believed to be a world rather
similar in some ways to an early
Earth, just a world frozen at
an early point of physical and
chemical evolution prior to the
development of life. Down in the
subsurface liquid layer higher
temperatures could permit com-
plex biochemistry, but there was
no information produced by Cas-
sini to investigate that supposi-
tion.
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By measuring gravitational perturbations on
the Voyager spacecraft as they flew through the
Saturnian system, scientists at the Jet Propul-
sion Laboratory (JPL) could determine the
masses and densities of Saturn’s middle-sized
satellites. Rhea’s bulk density of 1.3 grams per
cubic centimeter suggests that it contains more
ice and fewer silicates than Titan. It is worth
noting that the density of bodies depends not
only on their composition but also on how
tightly packed they are. The greater the mass,
the higher the gravity, and thus the greater the
density. Thus Titan, Ganymede, and Callisto,
which all approximate the size of the planet
Mercury, have very similar densities, about 1.9
grams per cubic centimeter, and the smaller, icy
satellites are less dense, even though the com-
position may be quite similar to that of larger
satellites.

Rhea and all the smaller Saturnian satellites
lack atmospheres and show some signs of older,
cratered surfaces. The trailing side of Rhea is
covered with pale, wispy streaks, a type of fea-
ture it shares with Dione. These streaks may be
evidence of venting of water vapor from these
satellites’ interiors, perhaps from tidally in-
duced volcanism in the past. On Earth’s moon,
such activity was on the side facing Earth
rather than on the trailing side. Perhaps these
wisps were once found on Rhea’s leading side
but were eventually eroded, much as meteoric
dust erases all but the youngest ray patterns
around lunar craters.

During a Cassini flyby of Rhea in November,
2005, some surprising results were obtained.
While the spacecraft’s magnetometer did not
pick up any interactions with Saturn’s mag-
netosphere that would have indicated even a
meager atmosphere about Rhea, there was evi-
dence of a broad debris disk and one structured
ring about this satellite. The debris disk ex-
tended several thousand kilometers out from
Rhea, hence it was several Rhea radii in ex-
panse. Computer simulations of the gravita-
tional interactions of Saturn and Rhea indicated
that this ring could exist for a considerable time.
The source for the ring particles about the small
satellite could have been a large impact event
with Rhea.

Slightly smaller than Rhea, Dione is bit more

dense (1.4 grams per cubic centimeter). Its
wispy patterns are more marked than those of
Rhea, and it also has some long cracks and large
areas of fairly fresh ice, without large craters in
evidence. Ice may have flowed through cracks
during the cooling phase of the satellite. Unlike
most substances, water expands when it
freezes. Therefore, satellites made mainly of ice,
or differentiated with rocky cores and mantles
composed largely of water, might show such ex-
pansion cracks. Such cracks are evident on
Tethys, and were noted by Voyager 2 on the
Uranian moons Ariel and Titania in January,
1986.

Tethys is similar in size to Dione, but it fea-
tures one huge impact crater. The crater’s floor
is quite flat, suggesting internal flooding result-
ing from impact heating. Running from the
crater three-quarters of the way around Tethys
is a single gigantic valley system, Ithaca
Chasma. Tethys’s craters are lower in relief
than lunar craters. The icy crust of these Satur-
nian satellites is more plastic than is lunar
crust. Older terrain cratering appears to have
been just as heavy as on Earth’s moon, resulting
craters appear less rugged than the lunar high-
lands.

The small satellite Mimas features a notable
exception to the above rule. One huge crater,
Herschel, is one-third as large as Mimas itself.
This crater is very deep, about nine kilometers,
with a central peak about six kilometers high. It
constitutes one of the most striking geological
features in the solar system. This crater on such
a small roughly spherical body gives it the ap-
pearance of the Death Star station in the movie
Star Wars. Many of the planetary scientists on
the Voyager and Cassini teams, and astronomy
professors world wide, fondly refer to Mimas as
the “Death Star Moon.”

It is likely that an impact of any greater force
would have broken Mimas apart. Such huge im-
pacts might also explain the very jumbled ap-
pearance of Uranus’s Miranda, which was ap-
parently broken into several large pieces, then
haphazardly reassembled by gravity later.

One highly speculative hypothesis may ac-
count for such massive impacts and the intense
cratering that is evident throughout the solar
system. Perhaps a terrestrial planet in an un-
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stable orbit beyond Mars and an outer icy
Jovian satellite were totally fragmented in a
high-energy head-on collision. The lighter, icy
debris might account for some of the comets.
Heavier chunks may have found a relatively
stable orbit and formed the asteroid belt. Many
chunks and particles, however, would have
been scattered in all directions to impact other
worlds. In some cases, the impact would have
been forceful enough to send up debris which, in
turn, would bombard neighboring worlds. This
scenario might explain ices found on certain as-
teroids, the existence of captured satellites such
as Phoebe and Phobos, and the fact that meteor-
itic material seems to have originated on a dif-
ferentiated planet. It might also explain how
fragments which scientists agree came from lu-
nar basalts and from Mars are found on Earth.

While almost a twin of Mimas in size, and or-
biting just beyond it in the satellite system,
Enceladus is a very different world up close.
Even the Pioneer 11 data indicated that it has
an albedo near 100 percent. It seems to be made
of fresher ice, reflecting far more sunlight than
most Saturnian satellites. Had its material

been older, dark meteoritic and cometary dust
would have darkened it. Voyager’s cameras re-
vealed that one of its hemispheres is heavily
cratered and fairly old, but the opposite side fea-
tures smooth plains cut by grooved terrain, sim-
ilar to Ganymede. This evidence of much rifting
and recent internal activity appears on a sat-
ellite about one-tenth the size of Ganymede.
A count of ring particles in Saturn’s extended
E ring also found that they peaked near
Enceladus. Just as the dust ring of Jupiter is
supplied by Io’s volcanoes, icy geysers on
Enceladus periodically shoot debris above this
active world. Why is this small world active at
all? Mimas lies closer to Saturn and thus is
more tidally stressed, yet it shows no such activ-
ity. Nor does the proximity of any other large
satellite seem to account for the heating re-
quired to generate such activity. Such activity
on smaller satellites is not unique; Uranus’s
moon, Ariel, which is similar in size to Mimas,
shows obvious broad rift valleys. The source of
heating for this extensive and possibly continu-
ing crustal activity is a mystery.

Cassini found geysers on Enceladus near its
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south pole along long cracks which essentially
act like vents. Fresh crystalline ice forms at
the site of these cracks and colors the features
distinctively. Cassini scientists dubbed these
nearly parallel cracks found at the south polar
region “Tiger Stripes.” The Tiger Stripes were
found to be 124 kilometers long and 40 kilome-
ters apart. This activity was not new, so why did
the Voyagers fail to see these geysers? Voyager
2 flew over Enceladus’s north pole and missed
them. Cassini’s near-infrared mapping spec-
trometer and solid state imager both examined
the ice around the Tiger Stripes. Freshly formed
ice was crystalline. As time progresses that
pristine ice becomes radiation-damaged amor-
phous ice.

Data and the geyser actions strongly sug-
gested the presence of a subsurface ocean on
Enceladus. However, calculations about heat
transport inside Enceladus led researchers to
believe that the satellite’s subsurface ocean
would not be able to exist for more than 30 mil-
lion years if it were warmed only by heat escap-
ing from the core toward the crust. Since that
ocean most likely has been in existence for more
than 30 million years, the heating mechanism
for both the subsurface and the cryovolcanic ac-
tivity at the satellite’s south pole must be from
tidal flexing. Only that could provide the 5.8
gigawatts of heat Cassini saw emerging from
the Tiger Stripes over which it flew on a close
fly. Since internal heat sources apart from tidal
flexing produce only 0.32 gigawatts, without
tidal heating Enceladus’s subsurface ocean
would have frozen. But the story here is more
complex than that. Without the subsurface
ocean, tidal flexing of the magnitude necessary
to produce the observed heat would not be possi-
ble, and without the heat for the tidal flexing
the ocean would freeze.

Iapetus confronts scientists with another
mystery. A portion of this satellite is extremely
dark, whereas the rest of Iapetus has an albedo
typical of an icy surface. Iapetus’s dark side is
six times lower in albedo than that icy portion.
Within the darker portion is an irregular dark
spot. This pattern of darker leading hemi-
spheres is also seen on Rhea and Dione, but to a
far lesser degree. The brighter, icy side does
have an albedo of 50 percent. This is typical of

older water-ice crusts, and it shows heavy
cratering typical of other similar satellites.
Some larger craters near the boundary between
the hemispheres have light-colored walls, with
darker flat floors, like some larger craters on
Earth’s moon. What is the reddish-black mate-
rial that gives the darker side an albedo of only
5 percent? It is probably an organic tar, and it
appears to be a good match with carbonaceous
chondrite meteorites, the dark rings of Uranus,
and the black crust of Halley’s comet. Carbon al-
most always appears in an oxidized form (car-
bon dioxide, carbonic acid, carbonate rocks, car-
bohydrates) in the inner solar system. Dark
neutral carbon is a major solid material found in
the outer solar system. It was impossible to
judge the age of Iapetus’ dark spot, as Voyager’s
cameras could not pick up any details on the
dark side. In fact, some photographs even make
the dark side disappear into the blackness of
space. The concentration of the dark material
on the leading side suggested an external source
for this coating. It had been hypothesized that
dark Phoebe was responsible. Phoebe’s color,
however, does not match the black side of
Iapetus. The dark floor of some of Iapetus’s crat-
ers constitutes evidence for an internal origin.
New data and insights would have to wait for
Cassini to pass by Iapetus at a much closer dis-
tance than had the Voyagers.

Cassini flew within 1640 kilometers of
Iapetus on September 10, 2007. Unfortunately
during the encounter, Cassini entered a safe
mode after on-board delicate solid state elec-
tronics suffered a cosmic ray hit. Fortunately,
most of the science harvest was recovered after
a short delay in playback. Among the findings
was a raised area around the satellite’s mid-
section that gave Iapetus the appearance of a
walnut. Why the equatorial bulge on this un-
usual satellite? Julie Castillo of the Jet Propul-
sion Laboratory advanced an innovative expla-
nation for the unique feature. Castillo invoked a
high rotational speed early in the satellite’s his-
tory coupled with heat from internal radioactiv-
ity, perhaps from aluminum 26 and iron 60 iso-
topes, that softened the satellite to form the
equatorial bulge. Consideration of the time
frame in which tidal forces forced the spin rate
to diminish led to the conclusion that this par-
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ticular pair of isotopes would be required, since
they would be abundant and would generate
heat quickly due to rapid radioactive decay.
Then, from a softened and malleable state, the
satellite’s bulge was frozen in place before
Iapetus’s spin rate slowed down. More investi-
gation would be needed to confirm or refute this
theory. Unless extended mission priorities are
changed and trajectories reevaluated, this
could be the closest Cassini would ever get to
this highly unusual satellite.

Saturn’s outermost known satellite Phoebe
may be a captured asteroid from the far reaches
of the main belt, and therefore similar to
Chiron. Phoebe’s orbit is retrograde, like those
of Jupiter’s four outermost moonlets. All these
small worlds are quite distant from the gas gi-
ants whose gravity trapped them. Cassini en-
countered Phoebe on the way into Saturn orbit
insertion. Photographs revealed Phoebe’s sur-
face to look almost spongelike, not at all like the
other Saturnian satellites.

Like the dark side of Iapetus, Phoebe has an
albedo of about 5 percent, which is similar to

those of two other captured asteroids, Deimos
and Phobos, which orbit Mars. At 200 kilome-
ters in diameter, Phoebe is much rounder than
the odd “hamburger moon,” Hyperion, which or-
bits between Tethys and Iapetus. Puck, a satel-
lite of Uranus, is similarly round and dark, and
about the same size as Phoebe. This fact sug-
gests that a round shape is the norm for dark,
primitive bodies such as these, and that some-
thing unusual happened with Hyperion.

Hyperion’s shape is quite striking. It is a
huge disk, about 250 kilometers across but only
150 kilometers thick. Like Phoebe, its surface is
dark, old, and heavily cratered. Stranger still is
Hyperion’s rotation period. It has not yet been
well defined. Like Earth’s moon, Saturn’s other
satellites are tidally locked, with one side per-
manently facing the planet. As the Voyager 2
team tried to orient photographs of Hyperion to
map it, however, they found that it was rotating
chaotically. It appears to have no regular rota-
tion period; it tumbles irregularly. Close cou-
pling between Hyperion’s eccentric orbit and
that of Titan may cause this unique effect.
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The nine satellites discussed to this point
were known well before the Voyager missions,
but Voyager photographs found or confirmed
eight more satellites, making Saturn’s the most
numerous satellite system. Several photo-
graphs suggested the existence of even more
Saturnian satellites, but their periods of revolu-
tion and orbits had to be determined before they
were formally recognized. All these new satel-
lites are much closer to Saturn than are Phoebe
and Iapetus, and they show a much more reflec-
tive, icy surface like Enceladus. None of these
satellites is large enough to be nearly spherical
or to have become differentiated. All of them
have quite interesting orbits.

Just as the Trojan asteroids share Jupiter’s
orbit, so two of Saturn’s middle-sized satellites
have smaller companions in their orbits. Dione
has two; Helene, the leading one, appears quite
elongated, while the following one appears
rounder. Lagrangian, Tethys’s companion, is a
smaller version of Mimas, with a huge crater
from an impact that almost destroyed it.

Saturn’s coorbital satellites were first spot-
ted in 1966, but for more than a decade thereaf-
ter they were mistaken for a single satellite
with an orbit under that of Mimas. Even prior to
the Voyager flights, however, observers repeat-
edly noticed inconsistencies that led some to ar-
gue that there must be two satellites sharing
the same orbit. Janus, the larger, is about 200
kilometers across, and Epimetheus is about 150
kilometers across. Actually, their orbits are not
quite identical. The inner satellite has a period
of 16.664 hours; the outer one has a period of
16.672 hours, or a difference of 29 seconds per
orbit. Every four years, the inner satellite over-
takes the outer at the speed of nine meters per
second, and they exchange orbits. This close re-
lationship and the irregular, elongated appear-
ances of these satellites suggest they were once
part of a single larger one split apart by a colli-
sion into the two pieces now sharing the same
orbit.

The inner three satellites discovered by Voy-
agers 1 and 2 are all closely associated with Sat-
urn’s rings. Atlas, a tiny, football-shaped body,
orbits just outside the bright A ring of Saturn.
Prometheus is a shepherding moon, keeping the
particles in Saturn’s F ring in place from the in-

side of that ring. Pandora plays a similar role on
the outside of the F ring. Their close relation-
ship to this thin set of ringlets may explain why
the F ring sometimes appears braided. Addi-
tional satellites were identified in subsequent
reviews of Voyager and other available data.
Then, with the arrival of the Cassini probe in
the Saturn system, the number of recognized
satellites again increased significantly, reach-
ing 60 by 2008.

KNOWLEDGE GAINED

While Jupiter possesses four satellites com-
parable in size to Earth’s moon or even to Mer-
cury, Saturn has only one, Titan. Like Jupiter’s
Ganymede and Callisto, Titan is comparable to
Mercury in size but only about one-third as
massive and dense. Its exact dimensions were
still in debate prior to the Voyager missions. Its
visible orange disk made it appear to be the
largest known natural satellite; out-of-date as-
tronomy textbooks will list Titan as the largest
satellite in the solar system. Spectroscopic ob-
servations plainly revealed an atmosphere with
gaseous methane and other hydrocarbons. Just
how deep was the atmosphere, and what was it
made of? These questions led the Voyager 1
team to target Titan as a main mission objective
and to guide one probe closer to this satellite
than to any other body on its mission.

The chief discoveries that resulted concerned
Titan’s atmosphere. It is thick, twice as dense as
Earth’s, but like Earth’s, Titan’s atmosphere is
made primarily of nitrogen. Orange clouds ap-
pear to be a hydrocarbon smog, with complex or-
ganic chemistry taking place there. Surface
temperatures and pressures lie close to the tri-
ple point of methane, so the surface might expe-
rience methane rains that would build up into
lakes of liquid methane and freeze into methane
ice at the poles. Confirmation of that would
have to wait for a probe outfitted with imaging
radar and/or a lander. Thus the origin of the
Cassini mission. Combination of radar images
taken from orbit with data from the Huygens
lander eventually confirmed the presence of
cryogenic lakes and found ancient shorelines
of lakes no longer existent. Huygens appeared
to have landed in a wet slushlike material at
cryogenic temperatures rather than floating on
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a lake or sea or even having hit a hard icy sur-
face.

By the time its primary mission was com-
pleted, Cassini had flown past Titan several
dozen times at varying distances. Perhaps one
of Cassini’s biggest surprises was the detection
that the surface of Titan moved as much as 30
kilometers between the earliest flyby of the
Cassini primary mission (2004) and some near
the time that the extended mission was ap-
proved (2008). This suggested that the crust
floated on a layer of fluid, meaning the large sat-
ellite likely has an underground ocean, presum-
ably a mixture of water and ammonia.

All of Saturn’s remaining satellites are
smaller than Earth’s moon. Rhea is next in size,
about half as large as the Moon at 1,500 kilome-
ters in diameter; Voyager 1 showed its icy sur-
face to be cratered, but with fresher ice creating
wispy terrain. Dione is next in size, at 1,100 ki-
lometers in diameter, and has even more wispy
terrain than Rhea. Tethys featured a huge, flat-
tened crater on one side, with a great crack or
rift running to the other side.

The innermost of the satellites well-known
prior to the Voyager flybys are Mimas and
Enceladus, both about 500 kilometers in diame-
ter. Mimas was found by Voyager 1 to have a
dramatic impact crater one-third as large as the
satellite. Enceladus is one of the most puzzling
satellites, with tidal stresses producing plate
activity, according to Voyager 2 data. These sat-
ellites are, in order from Titan inward: Dione,
Tethys, Rhea, Enceladus, and Mimas. Prior to
the Voyagers, only their orbital periods and ap-
proximate diameters were known, based on
their brightness. No one had actually seen their
disks. Cassini provided data that made Encela-
dus much more interesting to planetary scien-
tists.

The brightness of Iapetus presented a major
problem. When Gian Domenico Cassini found it
in 1671, he realized that this odd satellite must
be far brighter on one side (the leading hemi-
sphere as it orbits Saturn) than on the other. Di-
ameter measurements were impossible until
Voyager photographed the disk. It proved to be
about half as big as the Moon, with one side
bright and icy. The other side is mostly covered
with a layer of tarlike black material that hid

any surface features from the cameras on Voy-
ager 2. Similarly, little was known about
Hyperion, another dark satellite orbiting be-
tween Titan and Iapetus; it was found by Voy-
ager 2 to be irregularly shaped and tumbling
without any rotational period.

Phoebe, the outermost known satellite, is dis-
tinguished by its retrograde orbit, like four of
the outermost satellites of Jupiter. Like the
dark side of Iapetus, Phoebe may be covered
with carbon-rich material. More puzzling, the
existence of Janus, a tenth moon, had been
suspected, but before Voyager, photographs
showed it in the wrong place. Voyager 1 de-
tected two satellites sharing the same orbit. The
other seven of Saturn’s major satellites were not
known prior to the Voyager missions. Cassini
added considerably to the total list of Saturn’s
family of satellites.

CONTEXT

Practically nothing was known about Sat-
urn’s satellites prior to the Voyager flybys. Ti-
tan, Dione, Mimas, and Rhea were examined
most fully by Voyager 1, in November, 1980.
Until the arrival of Cassini in Saturn orbit,
most information about Enceladus, Iapetus,
Hyperion, and Tethys had come from Voyager 2
in August, 1981. Much about these satellites
were discovered or confirmed by Voyager 1, but
thanks to improved orbital data, they were best
photographed by Voyager 2. Clearly, a strong
argument can be made for using two spacecraft
in flyby missions.

In brief, the Voyager missions found Saturn’s
satellite family to be a very diverse lot. Even
satellites similar in size and mass, such as
Mimas and Enceladus, appeared very different
up close, and obviously were shaped by different
processes. Each satellite has its own history of
impacts. Tidal stress has played an important
role in the evolution of many of these bodies, as
it has in the Jovian satellite system. Each satel-
lite has its own fascinating evolutionary story to
be interpreted by geologists.

With Cassini repeatedly orbiting Saturn and
conducting numerous flybys of many of the sat-
ellites, planetary scientists were able to make
comparisons over time. Just as the Voyagers
had piqued interest in satellites that had once
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been thought to be merely crater-pocked ice
balls, Cassini images revealed many of the sat-
ellites not well studied by the Voyagers to also
be rather intriguing in totally unexpected ways.
Interest in Endeladus, for example, increased
greatly due to Cassini observations.

J. Wayne Wooten and David G. Fisher
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Search for Extraterrestrial
Intelligence
Category: Life in the Solar System

The search for intelligent life in the uni-
verse is perhaps the most profound of hu-
man endeavors. If extraterrestrial intelli-
gence were discovered and communication
established, it would irrevocably alter the
conception of humanity’s place in the uni-
verse. Contemporary science suggests that
given a suitable planetary environment
and sufficient time, life will evolve, and
since intelligence and technology have high
survival value, they will inevitably follow.
Given that there are a myriad of suitable
planets in the galaxy, intelligent life-forms,
willing and able to communicate, should
be abundant.

OVERVIEW

The search for extraterrestrial intelligence is
a relatively recent exploratory science which as-
sumes that if intelligent life, more technologi-
cally advanced than us, exists elsewhere in the
universe, they will attempt to communicate by
broadcasting messages using radio waves. De-
tecting and decoding such messages, however,
requires considerable effort. If there is only a
vanishingly small probability that an alien civi-
lization has evolved, it would be a futile waste of
time and money to search for a message. In or-
der to arrive at an estimate of the number of
technological civilizations with the ability and
desire to communicate, Dr. Frank Drake con-

vened a small group of scientific experts from
various fields at the National Radio Astronomy
Observatory (Green Bank, West Virginia) in
1961. This group formulated a simple equation
to estimate the possible number of communica-
tive civilizations. The equation is:

N = R* fp ne fl fi fc L

where N is the number of advanced technolog-
ical civilizations, R* represents the rate of
formation of suitable stars, fp stands for the
fraction of stars with planetary systems, ne sym-
bolizes the number of planets in a solar system
which are suitable for life, fl corresponds to the
fraction of suitable planets on which life
evolves, fi signifies the fraction of inhabited
planets on which intelligent life evolves, fc char-
acterizes the fraction of planets with intelli-
gence on which a technological civilization can
emerge, and L embodies the length of time the
technological civilization would broadcast sig-
nals. When these factors are multiplied, the
equation will yield an estimate of N.

After considerable discussion, the group nar-
rowed the possible range of values for each fac-
tor to the following values. The average rate of
star formation is the 100 billion stars in our gal-
axy divided by its 10 billion year age, yielding
about 10 stars per year. The fraction of stars
with planetary systems was estimated to be
about one, but the number of habitable planets
was thought to be only about one in ten (0.1).
Since it is believed that life evolves wherever
the conditions are conducive, the fraction of
habitable planets on which life evolves was
taken to be one. Because intelligence has high
survival value, it was assumed that the fraction
of life-bearing planets on which intelligence
evolves is also one. The fraction of planets on
which intelligent life develops technology is
taken to be one because of technology’s high sur-
vival value, and from the fact that tool-using
cultures arose independently at multiple loca-
tions on Earth.

The final factor, the average lifetime of a
technological civilization, is the most difficult to
estimate. The Earth has had the ability to com-
municate by radio waves for less than a hun-
dred years, and this state may not last another
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hundred years if the environmental and social
problems which plague Earth are not addressed
and solved. If an advanced civilization can con-
tinue in its communicative state for at least a
thousand years, it could probably last for a mil-
lion years. When the foregoing factors, momen-
tarily excluding L, are multiplied, the result is a
value of about one. Thus, if a technological civi-
lization exists for only 200 years, the number of
communicators in our galaxy will be only about
200 out of the 100 billion stars present; they
would be few and far between. If, on the other
hand, advanced civilizations can exist for at
least a million years, there will be enough po-
tential communicators to make the search
worthwhile. Scientists working on the Search
for Extra-terrestrial Intelligence (SETI) project
have chosen the optimistic view.

The SETI Institute (Mountain View, Califor-
nia), was founded in 1984 as a private, nonprofit
organization dedicated to search-
ing the skies for technological indi-
cators of extraterrestrial intelli-
gence. Because of the vast distance
between stars, the fact that no ma-
terial object can travel faster than
the speed of light, and the prohib-
itive cost of interstellar space
travel, it is assumed that an alien
civilization would attempt to lo-
cate other intelligent species by
using radio waves to carry nonran-
dom messages. Two problems then
present themselves. Which stars
are likely candidates for intelli-
gent life to evolve, and what radio
frequencies should be scanned for
possible messages? The stars most
likely to have habitable zones
where planets would be neither
too hot nor too cold for life are
main sequence G- and K-type
stars. G-type stars, such as our
Sun, have a surface temperature
of about 6,400 kelvins and a habit-
able zone that extends from Venus
through Mars. K-type stars have a
surface temperature of approxi-
mately 4,250 kelvins and a some-
what narrower habitable zone.

Stars hotter than G probably evolve too quickly
for life to develop intelligence, while stars cooler
than K would have such a narrow habitable
zone that a planet is unlikely to occupy it.

Only certain radio frequencies are useful for
communication. From Earth’s surface, the avail-
able window of frequencies ranges from 1 giga-
hertz (GHz) to about 30 GHz. Frequencies lower
than 1 GHz would be lost in the background ra-
dio noise of the Galaxy; frequencies higher than
30 GHz are absorbed by Earth’s atmosphere.
There are still far too many possible frequencies
available in this window to make a search prac-
tical. There are, however, two important fre-
quencies within this window that would be
likely choices for an advanced civilization, wish-
ing to establish contact with an alien civiliza-
tion, to broadcast a message. These are the 14.3
GHz frequency, radiated by neutral hydrogen
(H), and the 16.7 GHz frequency, emitted by the
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hydroxyl ion (OH). Because hydrogen is the
most abundant element in the universe and be-
cause H and OH combine to form water (HOH,
or H2O), any other intelligent species based on
water would be reasonably likely to choose one
of these frequencies on which to broadcast. Al-
though it is possible that an alien life-form could
be formed from other molecules, there are valid
chemical reasons to assume that this is un-
likely.

KNOWLEDGE GAINED

No direct evidence of extraterrestrial life has
ever been observed, but there exists some signif-
icant data related to the origin of life. Complex
carbon molecules, the precursors of life, have
been found in interstellar clouds and in certain
meteorites from our solar system. Based on the
not unreasonable assumption that intelligent
life is abundant in our galaxy, the National
Aeronautics and Space Administration (NASA)
funded a search for alien radio messages during
the late 1980’s. This project was canceled in the
early 1990’s because politicians feared public
ridicule for funding a search for “little green
men.” Although the annual cost was small
(about the same as one Air Force attack helicop-
ter) it was felt that the money would be better
spent elsewhere. The SETI Institute continued
the search using the radio telescopes at major
radio observatories. Stars deemed likely to have
planets on which intelligent life could evolve are
monitored for nonrandom radio emissions; to
date none has been identified.

A joint effort between the SETI Institute and
the Radio Astronomy Laboratory at the Univer-
sity of California, Berkeley, is the Allen Tele-
scope Array (ATA), a composite of 350 separate
radio dish antennas at one location in northeast
California. Designed for innovative astronomi-
cal research, the array is also being used to
search for nonrandom extraterrestrial signals.
Because the ATAis equivalent to one huge radio
telescope, it can collect enormous amounts of
data every hour of the day, every day of the year.
It can also scan a wider portion of the sky and do
so more quickly than existing telescopes. The
ATA is programmed to survey one million stars
within 1,000 light-years for extraterrestrial sig-
nals in the frequency range of 1 to 10 GHz. It

will also survey the billions of stars of the inner
galactic plane in the frequency range from 14.3
GHz through 16.7 GHz.

Another innovative experiment searches the
sky for intelligent signals in the form of power-
ful pulsating flashes of laser light beamed from
solar systems many light-years distant. The
new pulse-detection system, coupled to the Lick
Observatory’s 40-inch telescope, is able to de-
tect beacons pulsating at less than a billionth of
a second with an error rate of only about one per
year. This system can be automated and prom-
ises results less ambiguous than previous opti-
cal systems in which false alarms occurred
daily.

CONTEXT

From the ancient Greek concept that Earth
was the center of the universe, humans have al-
ways assumed their place in the cosmos to be
pivotal and unique. As science advanced in the
sixteenth and seventeenth centuries, Nicolaus
Copernicus and Johannes Kepler showed that
the Sun was the center of the known universe
and Earth was merely another planet. In the
early twentieth century, Edwin Hubble discov-
ered that the Sun is a very common G-type star
in a galaxy of a hundred billion stars and that
the Milky Way galaxy is only one among billions
in the universe.

There is nothing particularly unique about
the Sun. Many humans, however, clung to the
notion that few other stars were likely to have
Earth-like planets. By the mid-twentieth cen-
tury, however, astronomers had concluded that
such planetary systems would be quite com-
mon. In order to preserve the illusion of unique-
ness, it was then assumed that life on Earth was
unique. Discoveries have shown, however, that
the molecular precursors of life, such as amino
acids, have formed elsewhere in the solar sys-
tem, leading biologists to conclude that life is
probably abundant in the universe. Since in-
telligence has a high survival value, it follows
that intelligent life would not be uncommon ei-
ther. Because a civilization would necessarily
be more advanced to send an intense signal
through interstellar space, humans would also
be denied their unique rank as the supreme in-
telligence. Confirmation of a superior extrater-
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restrial intelligence would be the kiss of death
to the lingering remnants of the unjustifiably
self-centered sense of our uniqueness and im-
portance in the universe.

George R. Plitnik

FURTHER READING

Cameron, A. G. W., ed. Interstellar Communica-
tion. New York: W. A. Benjamin, 1963. One of
the earliest books to present a serious consid-
eration of the possibilities and ramifications
of communicating with extraterrestrials,
this collection of reprints and original arti-
cles covers all the extant knowledge available
at the time of publication.

Chaisson, E., and S. McMillan. Astronomy: A
Beginner’s Guide to the Universe. 5th ed.
Upper Saddle River, N.J.: Pearson/Prentice
Hall, 2007. This accessible work, written for
laypersons with inquisitive minds, has an en-
tire chapter devoted to life in the universe.
Commencing with the nature and origin of
life on Earth, it first considers the possibility
of life elsewhere in our solar system and then
details the best estimates of how many com-
municative civilizations may exist in our gal-
axy. Finally, the various searches being con-
ducted for extraterrestrial intelligence are
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Christian, James L. Extraterrestrial Intelli-
gence: The First Encounter. Buffalo, N.Y.:
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sumption that extraterrestrial life is abun-
dant in our galaxy and able and willing to
communicate. Fourteen authors consider
what might be humanity’s response, in terms
of our view of our place in the universe and
how our theologies may respond, when con-
tact is finally made.

Ponnamperuma, C., and A. G. W. Cameron. In-
terstellar Communication: Scientific Perspec-
tives. Boston: Houghton Mifflin, 1974. Covers
every aspect of interstellar communication
from a scientific perspective. Various experts
discuss the prevalence of planetary systems
in our galaxy, the likelihood of communica-
tive intelligences evolving on other planets,
methods of communicating, and interstellar
probes.

Seeds, Michael A. Foundations of Astronomy.
9th ed. Belmont, Calif.: Thomson Brooks-
Cole, 2007. This lavishly illustrated text com-
mingles experimental evidence and theory to
provide deep but well-explained elucidations
of many fascinating facets of the universe.
The final chapter, “Life on Other Worlds,” is a
comprehensive survey of the nature of life, its
origin on Earth, life in our solar system, life on
other planetary systems, communicating with
distant civilizations, and estimating the num-
ber of technological civilizations in our galaxy.

Shklovskii, I. S., and Carl Sagan. Intelligent
Life in the Universe. San Francisco: Holden-
Day, 1966. The definitive tome covering the
entire panorama of the natural evolution of
the universe, including the development of
intelligence and technical civilizations in our
galaxy. Of the thirty-five chapters, eleven
deal with life in the universe; the final chap-
ter discusses intelligent life in the universe in
great detail.

See also: Extraterrestrial Life in the Solar Sys-
tem; Habitable Zones; Life’s Origins; Main Se-
quence Stars; Mars: Possible Life; Radio As-
tronomy.

Solar Chromosphere
Category: The Sun

The solar chromosphere is the layer of the
Sun’s atmosphere, a few thousand kilome-
ters thick, immediately above the photo-
sphere. The gas is warmer, thinner, and
more transparent than in the photosphere.
The chromosphere is most directly visible
from Earth as a layer of color during a total
solar eclipse. Its spectrum shows bright
emission lines, unlike the dark absorption
lines of the photosphere. The element he-
lium was first discovered in the Sun’s chro-
mosphere during a total solar eclipse.

OVERVIEW

The Sun is a ball of gas without a solid sur-
face. The Sun’s photosphere, however, is usu-
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ally considered to mark the surface of the Sun.
Relatively opaque, the photosphere blocks our
view of the solar interior. It is also the coolest
layer of the Sun. When astronomers observe the
solar spectrum, they see dark absorption lines
from the photosphere because the photosphere
is cooler than the hot solar interior.

The chromosphere is the layer of the Sun’s at-
mosphere directly above the photosphere. The
chromosphere is only a few thousand kilome-
ters thick. The temperature of the gas in the
chromosphere is slightly higher than that in the

photosphere. The bottom layer of the photo-
sphere is at 6,600 kelvins, but the coolest level
at the top of the photosphere is at 4,400 kelvins.
For reasons that are not completely understood,
the temperature in the chromosphere climbs
from this low to about 6,000 kelvins as the dis-
tance from the photosphere increases. The chro-
mosphere has a lower density than the photo-
sphere; its density decreases with height above
the photosphere from nearly 10–5 kilogram/
meter3 at the photosphere-chromosphere bound-
ary to about 10–10 kilograms/meter3 in the tran-

sition region between the
chromosphere and the co-
rona.

The layer of the Sun’s at-
mosphere above the chromo-
sphere is the corona. In the
approximately 100-kilometer-
thick transition region be-
tween the chromosphere and
corona, the temperature rap-
idly increases with height
above the photosphere, from
about 6,000 kelvins to a few
hundred thousand kelvins.
The temperature in the co-
rona can be millions of kel-
vins, but the gas is very thin.
In the transition region, the
density drops rapidly to about
10–12 kilograms/meter3.

Because the chromosphere
is so thin and transparent
compared to the photosphere,
it cannot be seen when the
photosphere is visible. The
much brighter photosphere
overwhelms the fainter chro-
mosphere. The chromosphere
is briefly visible during to-
tal solar eclipses. When the
Moon blocks light from the
photosphere, the chromo-
sphere shines briefly until
the Moon also blocks the
chromosphere. The chromo-
sphere is visible only briefly,
just before and just after to-
tality. It is also possible to
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Facts About the Sun

Sun Earth

Mass (1024 kg) 1,989,100 5.9742
Volume (1012 km3) 1,412,000 1.083
Volumetric mean radius (km) 696,000 6,371
Mean density (kg/m3) 1,408 5,515
Surface gravity at equator (m/s2) 274.0 9.80
Escape velocity (km/s) 617.7 11.2
Ellipticity (oblateness) 0.00005 0.00335
Absolute magnitude +4.83 —
Luminosity (1024 J/s) 384.6 —
Mean distance from Earth (106 km) 149.6 —

The Sun’s Atmosphere
Surface gas pressure (top of photosphere) 0.868 millibar
Effective temperature 5,778 kelvins
Temperature at bottom of photosphere 6,600 kelvins
Temperature at top of photosphere 4,400 kelvins
Temperature at top of chromosphere ~30,000 kelvins
Photosphere thickness ~400 km
Chromosphere thickness ~2,500 km
Sunspot cycle 11.4 yrs.
Photosphere composition:

Hydrogen 90.965%
Helium 8.889%
Oxygen 774 ppm
Carbon 330 ppm
Neon 112 ppm
Nitrogen 102 ppm
Iron 43 ppm
Magnesium 35 ppm
Silicon 32 ppm
Sulfur 15 ppm

Source: Data are from the National Aeronautics and Space
Administration/Goddard Space Flight Center, National Space
Science Data Center.



see the chromosphere using a coronograph,
which is a disk in the focal plane of the telescope
that blocks the photosphere to reveal the chro-
mosphere and corona.

A dark, or absorption line, spectrum is pro-
duced when light from a hot, compressed gas
passes through a cooler, thin gas. Therefore, the
Sun’s photosphere produces an absorption line
spectrum. A bright, or emission line, spectrum
results from a hot, thin gas. When astronomers
observe the Sun’s chromospheric spectrum,
they are observing the chromosphere at the
edge of the Sun, so the hotter interior is not di-
rectly behind the chromosphere in their line of
sight. Hence, they observe emission lines. These
emission lines flash into view for a short time
just before and after the total portion of the
eclipse. The chromospheric spectrum thus re-
vealed is therefore called the flash spectrum.

The Sun is mostly hydrogen, and the bright-
est emission line in the chromospheric spec-
trum is the red hydrogen H-alpha line. This
red emission line gives the chromosphere its
reddish-pinkish color. The color also gives the
chromosphere its name; chromo comes from the
Greek word for color. Two spectral lines from
the element calcium, the H and K lines, are also
prominent in the chromospheric spectrum.

Astronomers use the H-alpha line and the H
and K lines of calcium to observe the surface of
the chromosphere. The chromosphere is rela-
tively transparent at most wavelengths, but it is
fairly opaque at the wavelengths of these spec-
tral lines. Hence, observing the Sun at these
wavelengths allows astronomers to image the
chromosphere rather than the photosphere.
The light at these wavelengths originates from
different depths in the chromosphere, so com-
paring images made at the different wave-
lengths gives astronomers a three-dimensional
image of the Sun’s surface. Lyot filters made of
calcite crystals are best for this purpose, but
they are very expensive. Interference filters are
less expensive, and H-alpha interference filters
are available at a reasonable cost to allow ama-
teur astronomers to observe the Sun safely with
small telescopes.

Just below the photosphere, the Sun trans-
fers energy from the interior via convection cur-
rents. These convection currents produce struc-

tures on the surface of the photosphere, called
granules, that are the tops of the convection cur-
rent cells. Faculae are bright areas on the solar
photosphere that are often found in the lower
areas marking the boundaries between the
photospheric granules. When faculae extend
upward from the photosphere into the chromo-
sphere, they are called plages. Plages are there-
fore brighter than normal regions of the Sun’s
chromosphere. Plage regions can have opposite
magnetic polarities, so magnetic field lines flow
outward from one plage and connect to another
plage where they flow back into the Sun’s inte-
rior. Solar material often streams along these
magnetic field lines to produce prominences.
Prominences begin and end in the chromo-
sphere, but extend well out into the corona.

Perhaps the most important feature of the
chromosphere is the spicule. The chromosphere
is covered with spicules. They are vertical
streams of chromospheric material moving up-
ward into the corona. The total mass of material
moving upward into the corona from spicules is
approximately the mass of the entire corona ev-
ery few minutes. Because the mass of the corona
is not rapidly increasing and the solar wind is
not that much mass, astronomers know that
most of this material must also be falling back
into the chromosphere. However, astronomers
are not able to observe the falling material.
These spicules form a chromospheric bright net-
work, along the boundaries of large super-
granules on the Sun’s photosphere, that is re-
lated to the Sun’s magnetic activity.

The Sun’s bright magnetic network may play
a role in climate changes on Earth. When the
Sun is at the maximum of its sunspot cycle and
has the largest portion of its surface covered by
sunspots, it has a very slightly higher energy
output than when it is at sunspot minimum.
Even though sunspots tend to reduce the Sun’s
energy output, brighter areas such as faculae
(which become plages when they extend to the
chromosphere) and the bright chromospheric
magnetic network more than compensate for
the energy loss caused by the darker sunspots.
During the prolonged Maunder minimum of
sunspot activity in the late seventeenth cen-
tury, Earth’s climate experienced its coldest
period of the last millennium. From about 1100
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to 1250 there was a medieval grand maximum
of sunspot activity, corresponding to a warmer
than normal period on Earth. Historical climate
evidence suggests that solar luminosity varia-
tions caused by the Sun’s magnetic activity af-
fect Earth’s climate. Sunspots and faculae on
the photosphere and plages and the bright mag-
netic spicule network on the photosphere all
play a role in changing the Sun’s energy output.

KNOWLEDGE GAINED

During a solar eclipse in 1686, not long after
the invention of spectroscopy, Jules Janssen,
working in France, observed bright emission
lines from the chromosphere. One line was very
close to the wavelength of a well-known pair of
yellow emission lines from the element sodium.
This line was so bright that Janssen was able
to study it in detail even when there was no
eclipse. About the same time, Norman Lockyer,
from Britain, also observed this bright line out-
side eclipses. Further detailed study revealed
that this newly discovered spectral line was not
quite the right wavelength to be sodium. Fur-
thermore, it did not match the wavelengths of
lines from any known element at the time. This
newly discovered element was named helium
after the word helios, for Sun. In 1895, helium
was finally isolated on Earth.

As the closest star to us, our Sun is the best
studied star and the only star for which it is pos-
sible to study surface details. Studying the solar
chromosphere as well as the Sun’s other regions
in detail reveals much about atmospheres of
other stars. A more complete understanding of
stellar atmospheres, in turn, helps astronomers
fine-tune their stellar models and improve their
understanding of all aspects of stars.

One of the enduring mysteries about the Sun
is why the temperature increases outward in the
chromosphere and the corona. The Solar and
Heliospheric Observatory (SOHO), launched in
1995, shed light on that question when it ob-
served a magnetic carpet on the Sun’s surface.
About four thousand magnetic field lines loop
up daily from the Sun’s interior and then back
down into the interior. Because these loops re-
semble the loops in a carpet, this phenomenon
has been called the Sun’s magnetic carpet.
When these loops burst from the Sun’s turbu-

lence, they release energy to heat the outer lay-
ers of the Sun’s atmosphere.

CONTEXT

Although the chromosphere is a relatively
thin layer of the Sun’s atmosphere, it is quite
important to us. It is not possible to understand
the photosphere below the chromosphere, or the
corona above it, without understanding the
chromosphere. For example, plages in the chro-
mosphere are directly related to faculae in the
photosphere. Spicules in the chromosphere ex-
tend vertically upward into the lower portions
of the corona. Hence photospheric, chromo-
spheric, and coronal phenomena are all inter-
connected.

The chromosphere plays a role in solar mag-
netic activity. Interactions between solar mag-
netic storms and Earth’s magnetosphere can af-
fect auroral activity on Earth and, in the case of
strong magnetic storms, can affect radio com-
munications on Earth.

The chromosphere and chromospheric phe-
nomena play an important role in the Sun’s
magnetic activity cycle. If the Sun’s luminosity
changes with its activity cycle, the chromo-
sphere likely played a role in past climate
changes on Earth. It has not been proven, but
some scientists think that solar variations may
also play a contributing role in Earth’s warm-
ing. In order to understand this possible role
in Earth’s climate fully, scientists must have
a fuller understanding of the Sun’s chromo-
sphere.

Paul A. Heckert

FURTHER READING

Chaisson, Eric, and Steve McMillan. Astronomy
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wood Cliffs, N.J.: Prentice-Hall, 1980. A good
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through the publication date.

Freedman, Roger A., and William J. Kaufmann
III. Universe. 8th ed. New York: W. H. Free-
man, 2008. Chapter 16 of this introductory
astronomy textbook is a complete and up-to-
date overview of our knowledge of the Sun.
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Golub, Leon, and Jay M. Pasachoff. Nearest
Star: The Surprising Science of Our Sun.
Cambridge, Mass.: Harvard University Press,
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vatory.” In USA in Space. 3d ed. Edited by
Russell Tobias and David G. Fisher. Pasa-
dena, Calif.: Salem Press, 2006. Describes
the SOHO solar observatory mission, which
was used to study the Sun’s outer layers, in-
cluding the chromosphere. This mission re-
vealed much about the Sun’s magnetic activ-
ity and why the temperature increases in the
chromosphere and corona.

Hester, Jeff, et al. Twenty-First Century Astron-
omy. New York: W. W. Norton, 2007. Chapter
13 of this astronomy textbook is about the
Sun.

Morrison, David, Sidney Wolf, and Andrew
Fraknoi. Abell’s Exploration of the Universe.
7th ed. Philadelphia: Saunders College Pub-
lishing, 1995. The Sun is covered in chapter
26 of this classic astronomy textbook.

Zeilik, Michael. Astronomy: The Evolving Uni-
verse. 9th ed. Cambridge, England: Cam-
bridge University Press, 2002. An extremely
well written introductory astronomy text-
book. Chapter 12 is an overview of the Sun.

Zeilik, Michael, and Stephen A. Gregory. Intro-
ductory Astronomy and Astrophysics. 4th ed.
Fort Worth, Tex.: Saunders College Pub-
lishing, 1998. Designed for undergraduate
physics or astronomy majors, this textbook
goes into more mathematical depth than most
introductory astronomy textbooks. Chapter
10 covers the Sun, including the chromo-
sphere.

See also: Coronal Holes and Coronal Mass
Ejections; Electromagnetic Radiation: Nonther-
mal Emissions; Electromagnetic Radiation:
Thermal Emissions; Infrared Astronomy; Red
Giant Stars; Solar Corona; Solar Evolution;
Solar Flares; Solar Geodesy; Solar Infrared
Emissions; Solar Interior; Solar Magnetic Field;
Solar Photosphere; Solar Radiation; Solar Ra-
dio Emissions; Solar Seismology; Solar Struc-
ture and Energy; Solar System: Origins; Solar

Ultraviolet Emissions; Solar Variability; Solar
Wind; Solar X-Ray Emissions; Sunspots; Ther-
monuclear Reactions in Stars; Ultraviolet As-
tronomy.

Solar Corona
Category: The Sun

The solar corona is the outermost, high-
temperature portion of the solar atmo-
sphere. This region of the solar atmosphere
is the originating site of the solar wind, a
flux of charged particles emitted by the
Sun, and is considered to be the inner
boundary of the interplanetary medium.

OVERVIEW

The solar corona is the outer atmosphere of
the Sun. Well known from antiquity, it can be
seen with the unaided eye during a total solar
eclipse as a glowing white halo around the sil-
houette of the Moon. The rest of the time, when
the Moon is not blocking the bright light from
the Sun’s photosphere, the corona is too faint at
visible wavelengths to be observed without spe-
cial instruments. The corona was not positively
confirmed as a solar feature, rather than an ar-
tifact of Earth’s atmosphere, until photographs
of it were noted to look the same from widely
separated sites on Earth.

Spectroscopic studies of the corona show that
its visible light emission is a continuous back-
ground of all visible wavelengths together with
a few superimposed broad emission lines. Thus,
its spectrum is quite different from that of the
photosphere, the visible solar disk, which has a
visible light spectrum consisting of a continuous
background with many dark absorption lines,
produced by some of the elements found in the
Sun. The coronal emission lines did not have
wavelengths that matched those identified from
any known chemical element, and some astron-
omers suggested that they were produced by a
new element, dubbed “coronium.” In 1925, simi-
lar lines were observed in the spectrum of a
nova (an exploding star), RR Pectoris. In 1939,
Walter Grotrian identified a red coronal line as
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being emitted by iron ions with nine electrons
removed (called Fe X, X being the Roman nu-
meral 10), and in 1942, Bengt Edlen identified a
green coronal line as being emitted from iron
ions with thirteen electrons removed (Fe XIV).
It turned out that highly ionized atoms of famil-
iar elements such as iron, calcium, and argon
are the source of the coronal emission lines.

The high degree of ionization requires high
temperatures in excess of one million kelvins. It
is now thought that this high temperature is
produced by the Sun’s strong magnetic field.
Magnetic waves from the turbulent convective
photosphere follow magnetic field lines upward
into the lower density corona (about 1015 parti-
cles per cubic meter or less, compared to 1022

particles per cubic meter in the upper photo-
sphere), becoming supersonic shock waves that
transfer their energy to the coronal gas. In addi-
tion, the complex pattern of magnetic field lines
may twist and reconnect, releasing energy. This
heating causes the temperature to rise steeply
from a minimum of about 4,400 kelvins in the
upper part of the photosphere to about 1.5 to
2 million kelvins in the corona. In spite of its
high temperature, because of its low density the
corona is only about one-millionth as bright as
the photosphere at visible wavelengths (which
is why the corona usually cannot be seen with
the human eye except when the Moon covers the
much brighter photosphere during total solar
eclipses).

In the early 1930’s, a French scientist, Ber-
nard Lyot, perfected the coronagraph, a tele-
scope that artificially created an eclipse of the
solar disk. The invention of this type of tele-
scope allowed observation of the corona at times
other than total solar eclipses, and for the first
time it was possible to follow the evolution of the
outer atmosphere of the Sun. The coronagraph
is now standard equipment at many ground-
based solar observatories, and similar instru-
ments have also been used for studies of the co-
rona performed from orbiting spacecraft. The
development of this instrument has been vital
to constantly monitoring the corona and study-
ing how it evolves with time. Studies of the
corona involving determination of its temper-
ature, density, and chemical composition occu-
pied researchers for the next three decades.

A major advance in solar physics was the
publication in 1958 of a classic paper on the dy-
namics of interplanetary gas, by Eugene Parker
of the University of Chicago. He deduced that,
as a consequence of the high temperature and
low density of the corona, there should be a con-
tinual outflow of ionized gas, which he called the
solar wind, from its outer edges. Confirmation
of the existence of the solar wind was quickly
forthcoming from early satellite experiments
and, with it, the recognition that Earth is actu-
ally surrounded by this flow of charged parti-
cles. Earth is exposed to a constant flux of
charged particles—mostly electrons, protons
(hydrogen nuclei), and alpha particles (helium
nuclei)—from the Sun, moving at speeds of a
few hundred kilometers per second. However,
only a tiny fraction of the Sun’s mass is lost via
the solar wind, about 10–14 of its mass per year.

The corona may be observed not only at visi-
ble wavelengths but also in the ultraviolet and
X-ray bands of the electromagnetic spectrum. A
major advantage of observing at ultraviolet and
X-ray wavelengths is that the corona is much
brighter in these parts of the spectrum than the
photosphere is (just the opposite of the situation
at visible wavelengths), so the corona is easily
observed against the disk of the Sun. However,
Earth’s atmosphere effectively blocks ultravio-
let and X-ray radiation from reaching Earth’s
surface, so these wavelength regions must be
observed above our atmosphere. Thus it was
natural to turn to the brightest source in the
sky, the Sun, as the first astronomical object to
study with instruments carried above the ab-
sorbing atmosphere. The first ultraviolet obser-
vations of the Sun were obtained with a spectro-
graph attached to a fin of a V-2 rocket, which
was launched from the White Sands test facility
on October 10, 1946. The results demonstrated
conclusively the value of sending observational
equipment above the absorbing blanket of air
and opened a new field of ultraviolet astronomy.

As a step toward the exploration of the so-
lar spectrum in these two wavelength regions, a
series of sounding rocket experiments was
conducted by the University of Colorado, the
Air Force Cambridge Research Laboratory
(AFCRL), and the Naval Research Laboratory
(NRL) between 1958 and 1965. These experi-
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ments succeeded in character-
izing the intensity and the
wavelength distribution of the
ultraviolet and soft X radiation
from the solar corona. Many of
these pioneering efforts were
undertaken by Richard Tousey
of NRL, a leader in this expand-
ing field in the 1960’s. The prob-
lem with using sounding rockets
is that they are above Earth’s
atmosphere for no more than a
few minutes, so long-duration
observations are impossible. The
solution is to launch spacecraft
into orbits around the Earth
and in some cases around the
Sun, so the Sun may be ob-
served for prolonged periods of
time. Some of the first of these
were the Orbiting Solar Obser-
vatories (OSOs), launched by
the National Aeronautics and
Space Administration (NASA).
Nine of these spin-stabilized
satellites were launched over
a thirteen-year period, from
March, 1962, through June, 1975. The major re-
search gains made through the use of these sat-
ellites included a definition of the differences
between active solar regions and quiet regions
as seen in the ultraviolet, evidence that mate-
rial found in the corona is cooler over the solar
poles than at the equator, and detection of coro-
nal “hole” features, large low-density regions of
the corona that typically last for several of the
Sun’s twenty-seven-day rotation periods. A
white-light coronagraph flown on OSO 7 de-
tected the ejection of a huge mass of material
upward from the Sun’s disk, a mass that evi-
dently had sufficient speed to escape the solar
gravitational field.

Initially, NASA intended to conduct a second
series of solar investigations from satellites, the
Advanced Orbiting Solar Observatory (AOSO)
series. These advanced spacecraft were to have
improved pointing capabilities and were in-
tended to employ higher spatial resolution for
studies of the solar atmosphere. This program
was integrated into the crewed Skylab program,

and a set of high-resolution solar instruments,
including a white-light coronagraph and sev-
eral ultraviolet and X-ray imaging telescopes,
was placed into Earth orbit with the Apollo
Telescope Mount (ATM) system on Skylab. Of
the many factors that made the ATM-Skylab
mission uniquely valuable, two had special
bearing on studies of the solar corona. First, the
nine-month duration of the mission permitted
uninterrupted observation of the evolution and
activity of the Sun’s atmosphere over a very
wide range of wavelengths that are not observ-
able from Earth’s surface. Second, since this
was a crewed mission, it was possible for the sci-
ence teams to exploit interactive observing
modes, where the data obtained suggested new
observations, with the astronauts controlling
the instrumentation to optimize the collection
of scientific data.

The ATM-Skylab experiments, along with
the data and knowledge gained from them
about the solar corona, form a cornerstone for
modern solar research concerning the outer por-

The Solar System Solar Corona

719

This image of the Sun was made in 1845 as a daguerreotype by physi-
cists Louis Fizeau and Jean-Bernard-Léon Foucault. Sunspots are visi-
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tions of the Sun’s atmosphere. The ultraviolet
and X-ray telescopes carried in this orbiting ob-
servatory were able to return new images of
how the material in the corona is distributed
over the disk of the Sun. As never before, astron-
omers were able to specify the morphology and
evolution of the distribution of mass in the outer
atmosphere. Coronal holes and their relation-
ship to the solar wind were investigated in de-
tail with ATM data. It also became clear, using
the images from the white-light coronagraph,
that there is considerable transient activity in
the corona, and numerous mass ejection events
were detected.

Based on the ATM-Skylab experience, a sec-
ond white-light coronagraph was launched on
the NASA Solar Maximum Mission (SMM)
spacecraft in February, 1980. This instrument
operated successfully for nine months until it
was subject to an electronics failure. The equip-
ment was later repaired in orbit by astronauts
who were transported to the satellite by the
space shuttle (STS-41C). The electronics pack-
age was successfully replaced, and the corona-
graph experiment was subsequently operated
for a number of years. Thus, the SMM corona-
graph has been used to define the variations of
the solar corona over a rather long period of
time.

KNOWLEDGE GAINED

The physical characteristics of the solar co-
rona are now reasonably well known, as are its
basic evolutionary characteristics. The corona
is made up of a fully ionized mixture of the solar
elements, mostly hydrogen and helium. Metals
and other elements constitute a minor fraction
of the total mass. The solar mixture is ionized by
the high temperature of the outer atmosphere.
The high ionization states of the elements iden-
tified by their emission lines in the spectrum of
the corona require temperatures on the order of
1.5 to 2 million kelvins.

The solar surface exhibits numerous regions
in which there is a concentration of magnetic
flux. Magnetic forces are frequently strong
enough to dominate the motion of the coronal
plasma (ionized gas). Unlike Earth’s atmo-
sphere, which is controlled by the interaction of
pressure and gravitational force, the Sun’s

outer atmosphere reacts to the interplay of
three forces: pressure, gravity, and magnetism.
Active regions, associated with sunspots, often
show coronal material to be configured into loop
or arch patterns, as if the material is confined to
specific magnetic field structures. Coronal holes
tend to form where the magnetic field lines are
open and oriented radially outward into inter-
planetary space.

The white glow of the corona seen during to-
tal solar eclipses is produced by the scattering of
photospheric light off the free electrons in the
coronal plasma. On average, the electron den-
sity near the base of the corona is about 1014 to
1015 per cubic meter; it is greater near active re-
gions and sunspots and less in coronal hole re-
gions. The major white-light structures tend
to be long streamers, which extend from the
limb (edge) of the Sun more or less radially,
and loops, which are almost always associated
with concentrations of surface magnetic fields.
Streamers viewed at eclipse are often found to
extend outward 4 to 6 solar radii. (The nominal
value of the solar radius is 700,000 kilometers, a
length approximately equal to twice the dis-
tance from Earth to the Moon.) Streamers occur
over two kinds of solar disk features: Long, lin-
ear streamers occur frequently over magneti-
cally active regions and sunspots, and helmet
streamers, which are shaped somewhat like
bowling pins, are often seen over magnetic neu-
tral lines, areas in which the magnetic polarity
switches from one sign to the other.

The Sun has a twenty-two-year cycle of mag-
netic activity. Sunspots rise and fall in number
with a period which is half of the magnetic cycle,
so that concentrations of magnetic flux have
been observed to be at maxima in 1958, 1969,
and 1980, for example. The total amount of ma-
terial in the corona is modulated by this cyclic
variation of magnetic flux, and the total mass of
the corona varies by about a factor of 2 over the
sunspot cycle. Also over the sunspot cycle, the
number of coronal streamers occurring at any
given time varies by a factor of 2.

By observing sunspots and other solar fea-
tures, it is possible to establish the rotation
period of the Sun. Near the equator, it is found
to be about twenty-seven days. The basic rota-
tion rate of the corona is approximately equal to
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the equatorial rotation rate, and the bright fea-
tures used to follow coronal rotation have life-
times that range from one to five months. By the
late 1930’s, it was known that some effect of
the Sun dominated Earth’s upper atmosphere.
Ionospheric disturbances and perturbations of
Earth’s magnetic field were observed to follow a
twenty-seven-day period (like the Sun’s rota-
tion). These so-called M-regions could not, how-
ever, be correlated with distinct solar struc-
tures, such as an enhanced concentration of
magnetic field. Following the discovery of the
solar wind and its variation in space and time,
the problem of locating the solar origins for
Earth-perturbing wind streams began to re-
ceive much attention from scientists. During
the 1970’s, the origins of the high-speed solar
wind streams were eventually identified with
open magnetic field configurations and solar
coronal holes, based on the OSO 7 and ATM-
Skylab data sets. This correlation constituted a
major breakthrough in the task of associating
the interplanetary magnetic field and flux con-
figuration at Earth with the physical conditions
of the corona at the base of the solar wind.

Along with the solar wind, there are other
sporadic ejections of solar material which es-
cape the pull of solar gravity. First detected in
the early 1970’s, coronal mass ejections (CMEs)
were finally explained using data from the
white-light coronagraph carried in the ATM-
Skylab observatory. Often appearing as huge
loops or bubblelike structures having a dimen-
sion of half a solar radius in the lower corona,
the ejections expand as they rise through the co-
rona and may exceed the size of the Sun at
heights above 5 solar radii. The average amount
of mass ejected is on the order of 1012 kilograms,
and their mean outward velocity from the Sun’s
surface is typically 300 to 400 kilometers per
second.

Some CMEs are associated with flare activ-
ity, the catastrophic conversion of magnetic en-
ergy into thermal energy in or near sunspot re-
gions. Occasionally, CME events occur in areas
that have no obvious sunspots. CME events oc-
cur about once every three to five days during
solar minimum, and the production of events
can reach one to two per day during times near
the maximum of the activity cycle. CME events

constitute one of the most energetic phenomena
detected on the Sun; typically, the kinetic en-
ergy of such an event can exceed 1025 joules.

CONTEXT

The corona provides scientists with a lab-
oratory for studies of how low-density, high-
temperature plasmas interact with magnetic
fields, and it affords investigators a view of a sit-
uation in which pressure, gravity, and electro-
magnetic forces operate simultaneously. The
study of such interactions is known as magneto-
hydrodynamics (MHD), and the solar corona of-
fers investigators an example at close range
where complete MHD processes, such as coro-
nal mass ejections, may be observed over a wide
variety of both temporal and spatial scales.

Recognition that Earth is, in fact, subjected
to constant bombardment by the solar wind flux
has given new impetus to studies of how this
wind is generated and how it is controlled by
MHD processes. At the center of the solar sys-
tem, there is a magnetic star (the Sun) that
modulates the interplanetary space beyond it.
The corona, reflecting the magnetic organiza-
tion of the Sun over a great variety of spatial
scales, is astronomers’ best clue to the initial or-
ganization of the interplanetary magnetic field
and the structure of solar wind flow. Once the
locations of coronal hole structures are identi-
fied, either by observing in the X-ray or ultravio-
let regions or by using limb observations from
coronagraphs, it is possible to predict when the
sub-Earth point on the Sun is occupied by a co-
ronal hole. This knowledge allows the predic-
tion, with fair accuracy, of when Earth will be
subjected to a high-speed stream of solar wind.

The geophysical significance of coronal ob-
servations has led to international collabora-
tion in satellite investigations of the Sun. The
Solar and Heliospheric Observatory (SOHO)
satellite, launched in 1995 and operated cooper-
atively by the National Aeronautics and Space
Administration (NASA) and the European
Space Agency (ESA), provides continuous moni-
toring of the Sun from a stable orbit around the
Sun at the Earth-Sun L1 Lagrangian point.
(This is the point, located 1.5 million kilometers
from Earth along the line between the Earth
and Sun, where the gravitational pull of the Sun
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and Earth are equal.) Among SOHO’s many de-
vices for studying various aspects of the Sun, it
carries plasma diagnostic instruments for in-
vestigation of the solar wind along with several
telescopes for solar coronal studies.

Studies of the Sun’s corona have provided in-
sights into observed features of other stars. In
the late 1970’s and early 1980’s, X-ray observa-
tions from the High-Energy Astronomical Ob-
servatories (HEAOs) were interpreted to show,
to the surprise of many investigators, that al-
most all types of stars have outer coronas that
radiate at the short wavelengths characteristic
of high temperatures. It is now accepted that co-
ronas are a standard feature of stellar atmo-
spheric structure.

Similarly, spectroscopic studies performed in
the 1980’s with the International Ultraviolet
Explorer (IUE) satellite demonstrated that stel-
lar winds, outflows of ionized gas like the solar
wind, are common from other stars. However,
unlike the Sun, which is a star of moderate lu-
minosity and surface temperature, luminous
hot stars have stellar winds driven by the radia-
tion pressure of the intense ultraviolet radia-
tion they emit. Again, insight gained from
Earth’s own star has aided in the identification
and interpretation of a common stellar process.

Richard R. Fisher
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netic Field; Solar Photosphere; Solar Radiation;
Solar Radio Emissions; Solar Seismology; Solar
Structure and Energy; Solar System: Origins;
Solar Ultraviolet Emissions; Solar Variability;
Solar Wind; Solar X-Ray Emissions; Sunspots;
Thermonuclear Reactions in Stars; Ultraviolet
Astronomy.

Solar Evolution
Category: The Sun

The Sun, the closest representative of the
stars that populate the universe, has been a
reliable benchmark for testing theories of
stellar astrophysics for centuries. Much
has been learned about the Sun’s forma-
tion, present status, and future evolution
from the developments of modern physics,
their powerful theoretical models, and a
wealth of observations of both this star and
others like it.

OVERVIEW

The Sun was born a little over 4.5 billion
years ago from a 10-kelvin, interstellar cloud,
roughly 1014 kilometers across, of cold atomic
and molecular gas. Triggered by an event like a
nearby supernova, supersonic turbulence in the
cloud caused a compressed region to collapse
under its own gravity, fragmenting into smaller
(on the order of 1012 kilometers) pieces on a
timescale of about 2 million years. These
clumps flattened into disks from their angular
momenta, feeding the disk centers as they col-
lapsed. In the disk that would become our solar
system, the center accumulated 1-2 solar masses
after an additional 104 years and became
opaque to its own radiation. Consequently, the
central temperature rose to about 10,000 kel-
vins, and the collapsing mass became a proto-
star within another 105 years.

This protostar, about the size of Mercury’s or-
bit and several times the Sun’s current luminos-
ity, contracted further over the next million
years. In the process, the early Sun entered the
T-Tauri stage of evolution, exhibiting strong
protostellar winds and bipolar outflows of jets

that became less and less collimated as the sur-
rounding disk flattened and dissipated. These
jets’ compositions concordantly evolved from be-
ing primarily molecular to atomic as the young
Sun’s temperature rose. This activity subsided
as the Sun’s protostellar evolution slowed over
the next 107 years, and gravity struggled to com-
press the hot, ionized stellar material further.
When the core reached a temperature of 10 mil-
lion kelvins, fusion of hydrogen into helium
through the proton-proton chain was possible.

Following a 30-million-year period of slight
contraction, the Sun settled into its current
state on the main sequence of stellar evolution,
with a radius of 6.96 × 105 kilometers, a lumi-
nosity of 3.83 × 1036 watts, and surface and cen-
tral temperatures of 5,780 kelvins and 15 × 106

kelvins, respectively. According to computer
models and meteoritic evidence, 4.5 billion
years have elapsed since that time. Early in its
main sequence history, the Sun increased its lu-
minosity by about 30 percent, as the core tem-
perature and fusion reaction rates rose with the
increasing mean atomic weight of the nuclear
end products deposited in the interior.

The Sun is expected to remain on the main
sequence for another 5.5 billion years, main-
taining its normal solar cycles and associated
magnetic activity. The Sun’s luminosity will
also continue to increase slowly as more helium
“ash” settles in the core. After a total lifetime of
10 billion years on the main sequence, the Sun’s
core will be composed of enough helium to shut
down hydrogen fusion at its center. Though fu-
sion will still occur in a shell surrounding the
depleted core center, hydrodynamic equilib-
rium will no longer be maintained, and the core
will begin to collapse under its own gravity. The
subsequent release of gravitational energy will
heat the hydrogen-burning shell, increasing the
nuclear reaction rates, which in turn will in-
crease the gas pressure on the surrounding so-
lar layers.

Arriving at the subgiant stage in its evolu-
tion, the Sun’s surface temperature will fall to
about 4,000 kelvins, and the solar envelope will
expand to a radius three times its current size.
The Sun will spend 108 years in this stage before
becoming a red giant star, 100 solar radii in
size—about the size of Mercury’s orbit—and
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several hundred times its present luminosity.
The surface temperature will not change appre-
ciably during this time, however.

About 105 years afterward, the core will have
contracted to the point where the central tem-
perature will reach 100 million kelvins, and he-
lium fusion can occur through the triple-alpha
process. The central density of this compressed
core will be an extremely high 108 kilograms/
meter3, and electron degeneracy pressure will
stabilize the core against further collapse. Since
a degenerate core is largely insensitive to the
additional energy generated by helium fusion,
the core will not expand as it is heated, and a
runaway “helium flash” will ensue for several
hours. The tremendous amount of energy
dumped into the core will then heat it to the
point where thermal pressure can take over, ex-
panding the core and establishing a new bal-
ance with gravity for the next 105 years.

The triple alpha process will then proceed at
a steady rate in the core, surrounded by a lower-
temperature hydrogen-fusing shell. The Sun
will reach the horizontal branch of stellar evolu-
tion, with a slightly higher surface tempera-
ture. The solar envelope will also shrink back to
10 main sequence solar radii. When the core’s
helium fuel is exhausted, it will be left as carbon
ash, surrounded by concentric shells of helium-
fusing, then hydrogen-fusing, layers. As before,
the core will contract until electron degeneracy
pressure dominates over thermal pressure,
reaching a central density of 108 kilograms/
meter3 and a temperature of 250 million kel-
vins.

At this red supergiant stage, the central tem-
perature is insufficient to fuse carbon, but the
compression will drive the surrounding helium-
and hydrogen-burning shells to higher temper-
atures and luminosities. This will cause the
outer layers to expand to 500 solar radii, or
about the size of Earth’s orbit, cooling to a sur-
face temperature of 4,000 kelvins. The exact
size of the Sun at this point is unknown, depend-
ing on the severity of mass loss from winds
ejected in the red giant phase. The Sun will last
a relatively short 104 years in this stage. Shell
helium burning will happen in a series of violent
spurts, causing the solar envelope to fluctuate
in size. Additionally, photons produced by

electron-nuclei recombinations in the envelope
will push the layers out farther with each ex-
pansion phase. Eventually, the outer layers will
be ejected as a planetary nebula, enriching the
surrounding interstellar medium and leaving
behind the Sun’s compact carbon core. As a
white dwarf, this Earth-sized object will cool in
a leisurely manner, over many billions of years,
to become a black dwarf at a temperature very
nearly that of absolute zero.

KNOWLEDGE GAINED

Our understanding of the Sun’s history is
gleaned mostly from theoretical models. In
1644, René Descartes proposed the theory of
vortices, roughly outlining solar genesis from
infalling swirling gas. Later, Emanuel Sweden-
borg’s 1734 nebular hypothesis postulated that
the Sun was formed by a rotating nebula, an
idea further explained in Immanuel Kant and
Pierre-Simon Laplace’s independently formu-
lated nebular hypotheses. In 1755 and 1796, re-
spectively, they invoked the conservation of an-
gular momentum to picture a collapsing cloud ro-
tating and contracting into a protostellar disk.

In the early twentieth century, James Jeans
established the physical criteria governing hy-
drodynamic equilibrium and the conditions nec-
essary for a cloud to collapse. Current models of
star formation favor supersonic turbulence in
the parent interstellar cloud, possibly from the
shocks of a nearby supernova, as the spark nec-
essary to trigger gravitational collapse. This
idea was originally posited by Carl von
Weizsäcker in 1944 and Dirk ter Haar in 1950,
and it resurfaced in the 1990’s with the advent
of modern computational power. While still a
vaguely understood subject, it is theorized that
turbulence was responsible for defining the
structure and evolution of the presolar molecu-
lar clouds, providing the high compression
and transport of angular momentum required
for gravity to induce further collapse. The ac-
tual isothermal collapse was investigated as
a simple case by Richard Larson and Michael
Penston in 1969 and also by Frank Shu, who ex-
plored the inside-out collapse model that pro-
duces protostars. More rigorous investigations
of star formation have since been conducted,
with thought given to the roles of complex mag-
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netic effects, turbulent viscosities, chemical
compositions, and rotation.

Observationally, astronomers have com-
pared these predictions with sunlike stars in
various stages of development. Radio observa-
tions of the M20 nebula provide images of many
stages of stellar evolution, from the parent
cloud, fragmentation, and collapse to emission
nebulae lit by the first generation of high-mass
stars. The 1970’s and 1980’s saw the discovery
of successively lower mass protostars closer and
closer to the solar system. For example, obser-
vations by the Infrared Astronomical Satellite
(IRAS) identified Barnard 5, a currently form-
ing solar-type star. Radio and infrared observa-
tions of hydrogen and carbon monoxide have
found winds of 100 kilometers per second, as
well as expanding knots of water and bipolar ra-
dio jets characteristic of protostars.

At higher energies, Chandra, XMM-Newton,
and Einstein Observatory X-ray satellites have
also observed nascent solar-type stars and star-
forming regions for clues to our Sun’s past.
Although the evolution of the Sun’s X-ray lu-
minosity depends on its poorly known initial ro-
tation, astronomers know that it declined grad-
ually from the outset of the main sequence for
100 million years and then dropped by a factor
of 1,000 until the present day. This decline is
connected to the decline of the solar corona’s
temperature with time. As for the emerging
Sun’s immediate environment, it has been sug-
gested that the abundance of neutron-rich iron
60 (Fe60) in some meteorites implies that super-
novae were nearby. This would indicate that the
Sun was born in a fairly crowded environment
similar to the active star-forming regions in the
Orion nebula.

The current isolation of the solar system is
probably a result of a series of gravitational in-
teractions with other protostars that ultimately
ejected the emerging solar system from its
crowded neighborhood. Similar isotope-decay
analyses have been applied to primordial gas-
rich meteorites, deducing the composition and
strength of the solar wind within one billion
years of the Sun’s formation. Observations of
current T-Tauri stars in both the X and ultravio-
let ranges indicate that the Sun emitted ener-
getic particles and winds as flares at this stage,

producing precompacted, irradiated grains
with peculiar isotope ratios in the circumstellar
disk. Excess neon 21 (Ne21) in meteoritic grains
is often seen as evidence for this process. After
reaching the main sequence, ancient meteoritic
evidence further shows that the solar wind flux
gradually declined to its present value. Fur-
thermore, radionuclides in lunar rock samples
show that the Sun’s proton emission has re-
mained relatively constant over the past five
million years, aside from variations from the
eleven-year solar cycle. This is also true for
heavy ions ejected in flares over this timescale,
with the exception that the most ancient flares
had an overall enrichment in the trans-iron
group of nuclei.

Verification of the Sun’s lifetimes in its
stages of evolution comes from confirming the
computed standard model of solar structure,
specifically the nuclear reactions occurring in
the core and their observable properties. For in-
stance, the Solar and Heliospheric Observatory
(SOHO), launched in 1995, probed the interior
composition and temperature structure of the
Sun by “listening” to internal pressure waves
reflecting off the photosphere. This application
of helioseismology has indirectly validated the
lifetimes of its various evolutionary stages by
substantiating the standard model’s predic-
tions of solar composition with depth. Further
insight into the Sun’s future is gained through
observing the evolution of other stars. The Ring
and Helix nebulae, for example, are photogenic
examples of planetary nebulae ejection and the
death throes of Sun-like stars.

CONTEXT

Interestingly, theories of solar formation and
evolution seem historically motivated by coinci-
dental developments in physics, taking advan-
tage of the increasing availability and sophis-
tication of quantitative measurements and
computations. Early speculations of star forma-
tion prior to the nineteenth century, without the
advanced physics needed to support them, were
easily discarded. In the 1840’s, J. Robert Mayer
and John James Waterson realized that re-
cently studied chemical and electrical energy
sources would be unable to provide the Sun’s
luminosity for any reasonable timescale. Bol-
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stered by the triumph of thermodynamic princi-
ples like energy conservation, William Thom-
son and Hermann von Helmholtz advocated
gravitational contraction as the Sun’s energy
source. In the twentieth century, solving this
problem required the synthesis of two separate
fields of science—astronomy and atomic phys-
ics—into the new field of astrophysics.

Arthur Eddington and Henry Russell ana-
lyzed the interplay of pressure and gravity to
understand high-temperature stellar interiors
and radiative equilibrium, while Ernest Ruth-
erford and Niels Bohr laid the foundation for so-
lar physics by establishing quantum mechan-
ics. In 1917 and 1920, Eddington and Harlow
Shapley concluded that stars must have ages
greater than the tens of millions of years allot-
ted by the gravitational collapse scenario.

From 1920 onward, favor shifted from elec-
tron-proton annihilation to fusion reactions;
these would offer lifetimes measured in trillions
and billions of years, respectively. The latter so-
lution won with arguments for a multibillion-
year universe from Edwin Hubble’s research in
receding galaxies, quantum mechanical argu-
ments for the possibility of fusion in hot stel-
lar cores, and Hans Bethe’s robust proposal of
the proton-proton chain and carbon-nitrogen-
oxygen (CNO) cycle (a series of thermonuclear
reactions) in 1938. This energy-generation
mechanism, along with the associated main se-
quence lifetime and later evolution, has since
been supported by a plethora of increasingly
sensitive observational data across the electro-
magnetic spectrum.

Further progress is expected, especially for
uncovering the Sun’s early evolution, with the
launch and operation of the James E. Webb
Space Telescope. This satellite, along with other
post-Hubble telescopes, will probe dust-obscured
interstellar clouds at infrared wavelengths and
at high resolution to help elucidate the intricate
picture of low-mass star formation.

Brendan Mullan
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Corona; Solar Flares; Solar Geodesy; Solar In-
frared Emissions; Solar Interior; Solar Mag-
netic Field; Solar Photosphere; Solar Radiation;
Solar Radio Emissions; Solar Seismology; Solar
Structure and Energy; Solar System: Origins;
Solar Ultraviolet Emissions; Solar Variability;
Solar Wind; Solar X-Ray Emissions; Sunspots;
Thermonuclear Reactions in Stars; Ultraviolet
Astronomy.

Solar Flares
Category: The Sun

A solar flare is a high-energy outburst in
the chromosphere of the Sun that emits a
variety of electromagnetic radiation rang-
ing from energetic gamma rays to long-
wavelength radio waves, along with high-
energy charged-particle radiation. If the
charged particles reach Earth’s atmo-
sphere, they produce various phenomena
such as auroras and long-distance commu-
nication disruptions.

OVERVIEW

Solar flares are sudden outbursts of electro-
magnetic and particle radiation in the Sun’s
chromosphere, releasing from 1022 up to 1030

joules of energy in a matter of minutes to hours.
The intensity of emission rises in a few minutes
in catastrophic eruptions, increasing more than
ten times in brightness in the visible range
alone, while radio, ultraviolet, and X-ray emis-
sions may increase a thousand times. In those
few minutes, the brightened area may expand
to include a billion square kilometers of the
Sun’s surface (up to a thousandth of the entire
solar disk) with temperatures from ten million
up to a hundred million kelvins at the center.

This explosive development usually begins in
the upper portion of the chromosphere and then
moves upward at a rate up to 100 kilometers per
second, often reaching heights of 7,000 to 16,000
kilometers above the photosphere. The bright-
est flares tend to be the most explosive, reaching
a peak in five to ten minutes and then fading
over a period of up to two hours.

Solar flares occur where there are strong
magnetic fields in the Sun’s chromosphere.
Large flares are magnetically complex and may
have a visible filamented structure. The more
magnetically complex the solar environment,
the more likely flares are to occur, since collid-
ing and reconnecting magnetic field lines are
the most common cause of flares.

The strongest magnetic fields undergoing the
greatest changes are associated with and lo-
cated near the centers of sunspot groups. The
intense magnetic fields impede radiation from
below the photosphere, creating areas called
sunspots, up to tens of thousands of kilometers
in diameter, that are cooler and therefore not as
bright as most of the photosphere. Sunspot
groups usually consist of two main sunspots
with opposite magnetic polarities, with many
smaller spots clustered around them. Individ-
ual sunspots appear and disappear with vary-
ing frequency, but their numbers are cyclical,
reaching a maximum every eleven years.

Flares occur most frequently above rapidly
developing sunspot groups, usually within the
first ten to fifteen days of the life of the group.
This timing takes place because the most com-
plex magnetic phase of a sunspot group occurs
during this period. The flares tend to appear
and reappear in association with the same ac-
tive sunspot regions. Although flares alter the
magnetic field, multiple reappearances are pos-
sible, which implies that the complex magnetic
configuration reestablishes itself between
flares.

Another solar feature associated with flares
are prominences, glowing plumes or arches of
ionized gases that rise above the chromosphere
into the corona. They frequently appear as loops
of glowing gas that reach from 20,000 to 50,000
kilometers above the Sun’s photosphere along
magnetic field lines. Other prominences appear
as filaments of gas that stream away from sun-
spots. Prominences, like flares, usually occur in
the same latitude belts as sunspots. When they
are near spots, they tend to vary rapidly. When
away from spots, prominences may be quite sta-
ble and last up to three hundred days. Promi-
nences are usually not strong enough to eject
matter from the Sun, but eruptive prominences
may be so energetic as to propel matter into
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space. Prominences provide some of the charged
particles that cause magnetic storms and auro-
ras on Earth, and they are a more modest source
of X rays than flares.

Flares emit a wide variety of electromag-
netic radiation, generally created by nonther-
mal mechanisms. Their emissions range from
gamma rays and X rays at wavelengths as short
as 0.1 nanometer through the spectrum of ultra-
violet, visible, and infrared, out to radio wave-
lengths of up to 10 kilometers. The different
kinds of radiation come from different portions
of the flare and from different altitudes within
it. Thousands of flares occur during each eleven-
year sunspot cycle, but flares visible in the
white or integrated light portion of the spec-
trum, are quite rare. The lower in the chromo-
sphere and thus the closer to the photosphere
that the flare develops, the more likely that it
will be a white-light flare. Only about fifty
white-light flares have been observed in the
past 150 years.

In addition to emitting electromagnetic radi-
ation, flares emit high-energy charged parti-
cles. Magnetic fields in the Sun’s atmosphere

accelerate charged particles to
speeds sufficient to escape from
the Sun. Flares eject billions of
tons of ionized gas into space
at speeds of up to 500 kilome-
ters per second. The ejection of
charged particles causes distur-
bances in the corona called flare
surges, which frequently follow
the magnetic field lines in the
region. Surges increase with
the strength of the flare. Flares
are one of the sources of shock-
wave phenomena that some-
times are observed upon the
Sun’s surface. At times, the ef-
fect of a flare can be traced out
to 600,000 kilometers by the ef-
fect of the shock wave on thin,
gaseous filaments in the Sun’s
atmosphere. The magnetic field
is often significantly altered or
dissipated after the flare, al-
though there is a gradual recov-
ery of the magnetic field and the

potential for further flares in the same area.
Waves of plasma (charged particles) ejected

from solar flares travel outward through inter-
planetary space. Once they reach Earth, they
produce various effects in Earth’s atmosphere,
such as auroras and long-distance communica-
tion disruptions. The fastest particles are high-
energy protons moving at an appreciable frac-
tion of the speed of light. A sufficient number of
protons may be emitted during a flare to raise
the cosmic-ray background on Earth to 180 per-
cent of its normal level.

APPLICATIONS

Scientists are interested in flares because of
the fascinating physics associated with their be-
havior, the grandeur of the size of the phenom-
ena, and the intense dynamism they represent.
Their main concern with flares, however, re-
sults from the fact that these outbursts can
have a significant effect on our planet. Two ba-
sic kinds of effects occur: those that are nearly
simultaneous with the flare and those that are
delayed a day or more.

The simultaneous effects begin at the same
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time or shortly after the flare is first observed—
they are caused by electromagnetic radiation
(all forms of which travel at the speed of light) or
by high-energy particles traveling almost as
fast as light. The most significant simultaneous
effects occur in the upper portion of the Earth’s
atmosphere known as the ionosphere. In this
very tenuous gaseous region, the number of free
electrons increases, and so the electrical charge
increases in an abrupt fashion, called either a
“kick” or a “crochet.” There is a rapid shortwave
radio fade-out that usually begins with the peak
of the flare. The fade-out lasts for about twenty-
five minutes and then the signal begins to re-
cover. During the fade-out, shortwave radio sig-
nals drop to as low as one-tenth of their normal
levels. By contrast, the increased reflectivity of
the ionosphere for long radio wavelengths of up
to 10 kilometers is enhanced. This increased re-
flectivity also occurs at a lower level in the iono-
sphere and produces an anomaly in the phasing
of the long-wavelength radio waves received di-
rectly, compared to those reflected by the iono-
sphere. Also, the changes in the ionosphere
tend to suppress the normal background radio
noise.

The delayed effects are caused by the arrival
of the particles that travel more slowly and
reach the Earth a day or so later. Prominent
among the delayed effects are the aurora bore-
alis and aurora australis (the northern and
southern lights), which can appear as glowing
rays and billowing draperies in the sky. This
shimmering display of light is caused when an
increased flux of charged particles from the Sun
(such as a flare can produce) overloads the Van
Allen radiation belts surrounding Earth. The
charged particles leak through Earth’s mag-
netic field near the magnetic poles and cascade
down into the upper atmosphere. There the
high-speed charged particles smash into atmo-
spheric atoms and molecules, exciting them to
higher energy states. Then they return to lower
energy states by emitting photons of various col-
ors of visible light. Auroras most commonly are
seen near Earth’s poles, inside the Arctic and
Antarctic circles. However, larger flares can
produce auroras seen over wider areas; in North
America, for example, occasionally they can be
seen as far south as the U.S./Mexican border.

Not all flares cause auroras, and not all auroras
are caused by flares, since the Sun emits
charged particles more or less continuously as
the solar wind.

Flares send particles in all directions, but
Earth receives the most particles when it is di-
rectly above the flare—that is, when the flare is
near the center of the solar disk as seen from
Earth. The most intense magnetic storms will
follow such an event.

The magnetic field deflects high-energy
charged particles, and the atmosphere blocks
high-energy X rays and gamma rays. Together
they provide a shield protecting life on Earth.
Flares pose a potentially lethal hazard for both
space travelers and uncrewed probes that ven-
ture beyond the Earth’s atmosphere and mag-
netic field, and better prediction of solar flares
as well as better shielding of spacecraft are
needed. In addition, the blast of charged parti-
cles from a solar flare can increase the density of
Earth’s thin upper atmosphere, creating extra
drag on satellites in orbit. For example, a partic-
ularly strong flare on March 6, 1989, caused a
drop of a kilometer in the orbit of the Solar Max-
imum Mission satellite.

The development of ever smaller and denser
microcircuitry has made devices using them
more susceptible to the effects of high-energy
particles. These single-event effects may dam-
age semiconductor circuits. High-energy parti-
cles can alter random access memory (RAM)
in computers, depositing charge and actually
changing stored information and instructions.
This has become an increasing problem for com-
puterized control systems, which may eventu-
ally be forced to use protective shielding, as is
employed with some satellites. A similar but
macroscopic problem is that enough charge can
be deposited on long metal cables and pipe-
lines to be hazardous, necessitating electrical
grounding.

CONTEXT

For a period of five minutes, a little after
11:00 a.m. on September 1, 1859, while mapping
sunspots, Richard C. Carrington saw two bright
patches of light on the Sun. They moved over the
surface of one of the spots he was mapping, with
the spot remaining unchanged. Carrington rea-
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soned that he had observed a solar atmospheric
phenomenon that had occurred above the sun-
spot. Independently, R. Hodgson observed the
same two spots and also reported them. Their
sightings marked the first recorded visual ob-
servation of a solar flare in the astronomical lit-
erature. Carrington noted that the flare oc-
curred during an intense magnetic storm that
lasted from August 28 to September 4, 1859.
From then on, flares were occasionally spotted
visually. When flares were observed visually
through a spectroscope, momentary bright re-
versals of the dark absorption lines in the solar
spectrum were seen. The connection between
flares and magnetic storms continued to be
noted, and a sense of causation grew among
most astronomers, although as late as 1892, the
physicist Lord Kelvin disputed the connection.
Prior to the 1890’s, the distinction between a
prominence and a flare was not made.

The systematic study of flares began with the
invention of the spectrohelioscope in 1891 by
George Ellery Hale. The sunspot cycle peaks of
1936, 1947, and 1958 were studied from ground-
based observatories, with the most intense ef-
fort made during the International Geophysical
Year from 1957 to 1958.

Although much was learned about flares,
there was an increasing awareness that there
probably were emissions in other parts of the
electromagnetic spectrum that could not be de-
tected from Earth’s surface because those wave-
lengths were blocked by the Earth’s atmo-
sphere. Instruments borne above the bulk of the
Earth’s atmosphere by balloons made the first
observations of some of these wavelength re-
gions, but the most significant advances came
with the advent of the space age. From 1949 to
1960, Herbert Friedman and a team of scien-
tists observed X rays from the Sun through a
complete sunspot cycle using sounding rockets
to carry detectors above the atmosphere. How-
ever, the flights of sounding rockets are subor-
bital, so the time above the atmosphere was lim-
ited to a few minutes.

Much of what is known about flares, their
structure, and the mechanisms that cause them
has come from satellite-based research, since
satellites allow continuous observation. The
first satellite devoted to solar studies was Solar

Radiation I (1960 Eta 2), launched in August of
1960. The most significant early space-based
studies were of X-ray emissions from the Sun.
The early results pointed to the areas around
sunspots as strong X-ray-emitting regions, with
X-ray emission varying dramatically over the
eleven-year sunspot cycle.

Another milestone in flare research was the
launching of the Solar Maximum Mission
(SMM) in 1980. Eight different collectors pro-
vided a flow of information from a variety of
overlapping wavelengths through the 1991-
1992 sunspot peak. The great flare of March 6,
1989, was the largest since satellite observa-
tions began. This particular flare released as
much energy as 10 trillion 1-megaton hydrogen
bombs. The great flare was followed by ten more
successive, extremely strong flares. New tech-
nology made the thorough study of this series of
events possible. Knowledge of the Sun, its fea-
tures and emissions, continues to expand rap-
idly with satellite-based observing devices.

A long-standing question about flares has
concerned their classification. In the past, some
astronomers argued that there was no signifi-
cant difference among flares; there were simply
different power levels of the same basic event.
Strong flares allowed observation of all the as-
sociated phenomena, while with weaker flares,
some phenomena were beyond the ability of ex-
isting equipment to detect. Early classification
systems simply arranged flares on a scale of one
to four, depending on brightness (usually in the
visible spectrum). Some scientists added a cate-
gory of –1 to represent “subflares” (microflares)
or exceedingly dim ones. Increased knowledge
of the radiation at various wavelengths, espe-
cially gamma rays and hard X rays, demon-
strated that the brightest visible flares were not
the brightest emitters at other wavelengths,
and vice versa. This knowledge has led to a new
classification system based on several criteria.
The letters C, M, and X are used as classes fol-
lowed by a number from 1 to 15. An X15 flare is
the strongest measurable.

Scientists continue to be surprised by the di-
versity of phenomena that ongoing satellite-
based research has revealed. More attention is
being devoted to the particle emissions from
flares that have an impact on communications.
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The expansion of space-based flare-sensing net-
works will warn of forthcoming communication
problems, allowing us to switch to alternative
satellite links in order to improve continuity in
communications. More attention will also be di-
rected to ultrashort-wavelength electromag-
netic radiation, and more study of solar mag-
netic fields is needed as well.

Ivan L. Zabilka
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Solar Geodesy
Category: The Sun

Solar geodesy is the study of the size and
shape of the Sun. In attempts to measure
the shape of the Sun precisely, astronomers
accidentally discovered solar oscillations,
complex rhythmic pulsations involving
both the deep interior and the atmosphere
of the Sun.

OVERVIEW

Geodesy is the mathematical study of the size
and shape of the Earth, and how these affect the
precise location of points on the Earth’s surface.
Solar geodesy is the application of this disci-
pline to the Sun, especially the study of the size
and shape of the Sun. The main impetus for
such studies up to the mid-1900’s was twofold:
(1) to see if the Sun is oblate due to its rotation,
and (2) to find out if the Sun is slowly shrinking.
Although not conclusively settled, it appears
neither of these actually is the case. However,
detailed measurements revealed something un-
expected: The Sun undergoes complex oscilla-
tions, or as one researcher put it, “The Sun rings
like a bell.” This discovery led to a new branch
of solar studies called solar seismology, or
helioseismology, which uses these oscillations
as probes of the Sun’s interior, analogous to the

way geologists use seismic waves as probes of
the Earth’s interior. The Sun’s vibrations are
geometrically complex, and solar physicists can
infer the physical nature of the solar interior by
analyzing the timing and amplitudes of the
many vibration patterns observed on the Sun’s
surface. Hence, solar geodesy today is focused
largely on helioseismology.

In 1960, Robert Leighton of the California In-
stitute of Technology observed that small re-
gions on the Sun’s surface were oscillating or
pulsating with a period of approximately five
minutes. He detected this oscillation by using
the Doppler effect, a shifting of the wavelengths
or frequencies of electromagnetic radiation. Mo-
tion of the source toward the observer causes a
“blueshift,” a shift to shorter wavelengths. Mo-
tion of the source away from the observer causes
a “redshift,” a shift to longer wavelengths. The
amount of the shift is in proportion to the speed
of the source toward or away from the observer.
Leighton wondered whether the pulsations he
observed were occurring only in small regions
on the Sun, perhaps a few thousand kilometers
in extent, or over a more extended region, possi-
bly even the entire Sun. Although his discovery
was noted and subsequently confirmed by many
other observers at many observatories, these
confirming observations could indicate only
that the oscillations were localized. The data
would not permit any conclusion regarding co-
herent motion (connected or related motion over
a wide region) on the Sun.

In the early 1960’s, a group of researchers at
Princeton University led by Robert H. Dicke
claimed that they had measured an oblateness
(a distortion of a sphere resulting from compres-
sion along the polar axis and stretching around
the equator) in the shape of the Sun. Using a
highly specialized telescope of their own con-
struction, they made measurements of the solar
equatorial and polar diameters. They claimed
the equatorial diameter to be slightly greater
than the polar diameter.

They made these measurements to test Al-
bert Einstein’s general theory of relativity
against an alternative, the Brans-Dicke scalar-
tensor theory, developed by Dicke and Carl
Brans. Both theories predicted, among other
things, that the orbit of the planet Mercury
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around the Sun should precess, meaning that
Mercury’s elliptical orbit itself should slowly ro-
tate around the focus occupied by the Sun. Ac-
cording to the theory of general relativity, this
would be due to the warpage of space-time by
the Sun’s mass. According to the Brans-Dicke
theory, however, a small oblateness in the
shape of the Sun would cause the same thing.
Thus, the oblateness measurements were cru-
cial in distinguishing between general relativ-
ity and the Brans-Dicke scalar-tensor theory.

In the mid-1960’s, Henry Hill at the Univer-
sity of Arizona designed and built another spe-
cialized telescope for detecting distortions in
the Sun’s surface. Hill’s preliminary measure-
ments, however, could not confirm the measure-
ments of the Princeton group. By the late
1960’s, other astronomers had shown that the
Princeton results probably were due to solar
activity that was producing increases in bright-
ness in the Sun’s equatorial regions. The in-
creased brightness was caused by plages—
bright, patchy regions on the Sun produced by
magnetic activity. The plages are usually found
near sunspots or centers of magnetic activity,
which tend to concentrate within about 30° to
40° north and south of the Sun’s equator. Mea-
surements of the solar equatorial diameter are
highly influenced by plages. There is a tendency
to overestimate the edge of the Sun, or its limb,
because of the bright glow of these plages near
the solar equator.

In 1975, Hill and Robin Stebbins concluded
that the Sun was not oblate but apparently
fluctuated or oscillated rhythmically over a
large region, possibly its entire surface. Fur-
ther research verified that the observed phe-
nomena were genuinely solar, not introduced by
Earth’s atmosphere or telescopic effects. Deli-
cate instruments always have random fluctua-
tions, or “noise,” associated with their measure-
ments, but researchers showed convincingly
that the observed oscillations were real and not
simply the misinterpretation of observational
noise.

It came to be accepted that the Sun shakes or
vibrates in a range of spectacular ways like a
ringing bell. In this process, the Sun’s shape un-
dergoes tiny, patterned distortions of a rhyth-
mic nature. These distortions are in effect

three-dimensional waves that pass from the
deep interior of the Sun to the surface and also
move about the Sun’s circumference. The pe-
riods of these measured oscillations range from
about 3 minutes to 160 minutes and perhaps
longer.

These oscillation patterns carry information
about the deep solar interior, which cannot be
observed directly since the Sun’s interior is
opaque. The waves or disturbances producing
these oscillations originate at different levels
within the Sun, some just beneath the surface
and others farther within the interior. The ob-
served properties of the oscillations—their tim-
ing and the extent of their displacement—
depend upon the environment through which
they pass on their way to the surface, where so-
lar physicists detect them spectroscopically us-
ing the Doppler effect. Just as geophysicists
study seismic waves traveling through Earth as
a result of earthquakes, solar physicists study
solar oscillations traveling through the Sun in
order to study the solar interior.

Why does the Sun shake? What in the solar
interior sets the oscillations in motion, and how
do they move through the Sun? All physical bod-
ies, whether they be solid or fluid (fluids include
gases and liquids), can oscillate or shake with a
variety of frequencies or periods. Virtually any
disturbance or natural internal motion can
start the oscillations. Convection (the process
whereby heat is transferred in the outer regions
of the solar interior) is one such stimulus. Solar
convection involves the ascent of hot, lower-
density bubbles of gas. These bubbles are
heated in the deeper, hotter interior; with lower
density, they rise buoyantly upward and convey
the heat to higher, cooler layers. The motion of
the bubbles disturbs the surrounding gases and
starts them oscillating, and the oscillations
move throughout the Sun. Just as the length of
an organ pipe determines the note played, cer-
tain fractions of that length produce overtones
or harmonics. The Sun’s spherical shape, inte-
rior density, and temperature determine both
the frequency and the length of the waves that
are set in motion, regardless of the process that
caused those waves.

In a structure such as the Sun, the oscilla-
tions can be of two types, depending on the na-
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ture of the force that maintains the oscillation.
Either gravity or pressure can supply the re-
storing force (the mechanism that brings the
displaced fluid back to its original position, thus
maintaining the motion necessary to produce
the pulsations or waves). Small pressure fluctu-
ations give rise to acoustic or soundlike waves,
alternate compressions and rarefactions that
move through the fluid at the speed of sound.
Waves of this type are referred to as “p modes.”
Just below the visible solar surface, the convec-
tion produces a deafening roar, similar to that
produced by a jet or rocket engine.

Gravity waves are created when an element
or small volume of fluid is displaced and sub-
sequently returned to its position by gravity.
This type of wave can occur only when the den-
sity or compactness of the material varies with
depth. On Earth, water waves larger than small
ripples are of this type. The wave moves toward
the shore, and its vertical displacement is re-
stored by gravity, causing the wave to move
along the surface of the water. (These gravity
waves are not to be confused with the gravita-
tional waves predicted by Einstein’s theory of
relativity, which are of a completely different
nature.)

Any movement or perturbation in the inte-
rior of the Sun can start the quivering process
and produce an oscillation. Individual oscilla-
tions can be manifested in many ways, with a
variety of wavelengths and nodes (regions or
points free of oscillations; in a vibrating string,
the node would be the tied-down point not
undergoing vibration). Because of the three-
dimensional, spherical structure of the Sun, a
virtually endless variety of modes or patterns
can occur in it. Some modes encompass the
Sun’s entire structure, while others take place
in localized regions.

The quivering waves generated by these os-
cillations reflect from the surface layers of the
Sun and speed back toward the deep interior,
where in turn they are refracted or bent back to-
ward the surface. The layer of refraction de-
pends on the speed of the waves. In many cases,
the speed is the local speed of sound for the solar
interior gas, which in turn depends on the tem-
perature of the gas at that location. The reflec-
tion from the surface is caused by a rapid de-

crease in density, since the surface represents
an abrupt boundary between the solar gas and
space. Since sound cannot travel through a vac-
uum, the waves are reflected at the boundary
back into the Sun. Such a process can occur
again and again, resulting in waves moving
along curved paths and bouncing and refracting
their way completely around the interior of the
Sun.

KNOWLEDGE GAINED

The Sun oscillates like a giant, spherical bell.
This discovery was first made by Robert Leigh-
ton in 1960. The observed oscillations were
about five minutes in duration. It was not
known at that time whether the oscillatory mo-
tion involved small, localized regions on the Sun
or much larger regions. Hill’s 1975 observations
found oscillations of relatively short duration,
with periods of a few minutes. Aconsiderable ef-
fort went into showing that these oscillations
were real and not the result of distortions
caused by Earth’s atmosphere or by instrumen-
tal effects. By 1980, however, similar oscilla-
tions had been observed at other observatories,
and some had been shown to have periods be-
tween two and three hours long.

These oscillations were found to be of two
types: (1) pressure waves and (2) gravity waves,
based on the natural force that maintains the
oscillations. In the case of short-period waves,
those lasting a few to several minutes, the wave
is essentially a sound wave traveling through
the solar interior. Such waves are known as
pressure waves, since alternate compression
and rarefaction of local gas produces the oscilla-
tions. Long-period waves, with oscillation pe-
riods as long as two or three hours, have gravity
as the driving, restoring force. A single oscilla-
tion can be set up in an almost infinite number
of geometric shapes, or modes. Many of these
patterns have striking geometrical beauty and
symmetry.

Observations of solar oscillations have re-
vealed many new things about the nature of the
Sun’s interior and have confirmed other things.
For example, at the surface, the Sun’s equato-
rial zone is observed to rotate somewhat faster
than do regions north or south of the equator;
this phenomenon is known as differential rota-
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tion. The rotation of the Sun’s interior cannot be
directly observed, but observations of surface
waves generated in the deep and shallow solar
interior indicate a complex rotation pattern,
with “flowing rivers” and “zones” and layers ro-
tating at different and sometimes varying rates.
Other studies find oscillation patterns that are
consistent with the Sun’s deep interior temper-
ature being about 15 million kelvins, a value de-
rived from computer models of the Sun’s inte-
rior.

Early theories of stellar evolution and energy
generation held that stars should slowly con-
tract gravitationally as they age, so solar geod-
esy once was concerned especially with measur-
ing such shrinkage in the Sun. Solar eclipses
provided much of the raw data. If the Sun were
shrinking, annular eclipses would have been
more common and the duration of totality dur-
ing total eclipses would have been shorter in the
past. Although some early studies claimed to
have found these effects, they have not been
substantiated by more recent work that better
accounts for instrumental errors.

CONTEXT

Later studies concentrated on measuring so-
lar oblateness, but claims that the Sun is
slightly oblate have not been confirmed. In-
stead, solar observers have discovered that the
Sun oscillates in complex patterns. By observ-
ing oscillations visible on the Sun’s surface, as-
tronomers are assembling a detailed picture of
the solar interior, in much the same way that
geologists and geophysicists gain knowledge of
Earth’s interior by the study of waves produced
in earthquakes. The most extensive series of ob-
servations of solar oscillations have been made
by the Global Oscillations Network Group
(GONG), an array of small telescopes around
the world that provide continuous monitoring of
solar oscillations over many years. The data
gathered by GONG are enabling astronomers to
differentiate real solar oscillations (together
with their amplitudes and periods) from noise
produced by instrumentation or Earth’s rota-
tion. An average value for the diameter of the
Sun is 1,392,000 kilometers, or the equivalent of
110 Earths lined up side by side.

James C. LoPresto

FURTHER READING

Chaisson, Eric, and Steve McMillan. Astronomy
Today. 6th ed. New York: Addison-Wesley,
2008. Very well-written college-level text-
book for introductory astronomy courses.
Good description of solar oscillations.

Foukal, Peter. Solar Astrophysics. 2d rev. ed.
Weinheim, Germany: Wiley-VCH, 2004. A
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The Solar System Solar Geodesy

735



solar oscillations over a five-to-ten-year pe-
riod.

Leibacher, John W., Robert W. Noyes, Juri
Toomre, and Roger K. Ulrich. “Helioseis-
mology.” Scientific American 253 (Septem-
ber, 1985): 48-57. Colorful diagrams illus-
trate a detailed description of how acoustic
waves within the Sun cause the surface to
heave up and down. The waves’ timing and
geometrical patterns are described, with em-
phasis on how study of them leads to knowl-
edge of the structure, composition, and dy-
namics of the invisible interior of the Sun.
Somewhat challenging reading.

See also: Red Giant Stars; Solar Chromo-
sphere; Solar Corona; Solar Evolution; Solar
Flares; Solar Infrared Emissions; Solar Inte-
rior; Solar Magnetic Field; Solar Photosphere;
Solar Radiation; Solar Radio Emissions; Solar
Seismology; Solar Structure and Energy; Solar
System: Origins; Solar Ultraviolet Emissions;
Solar Variability; Solar Wind; Solar X-Ray
Emissions; Sunspots; Thermonuclear Reac-
tions in Stars; Ultraviolet Astronomy.

Solar Infrared Emissions
Category: The Sun

Most solar infrared and far-infrared radi-
ation is emitted from the coolest layers in
the solar atmosphere, which are found in
the upper portion of the photosphere. Anal-
ysis of this radiation not only allows scien-
tists to understand these important layers
of the solar atmosphere but also provides
observational confirmation of the simplest
known interaction between matter and ra-
diation: local thermodynamic equilibrium.

OVERVIEW

Infrared (or IR) radiation is a form of electro-
magnetic radiation between visible light and
microwaves (short-wavelength radio waves).
Gases in Earth’s atmosphere (especially water
vapor) absorb much of the IR radiation—partic-
ularly the “far infrared,” the longer-wavelength

IR—before it reaches the ground. Effective
study of IR radiation from astronomical sources
must be done using telescopes at dry, high-
altitude, mountaintop observatories above the
densest part of Earth’s atmosphere, or prefera-
bly using space telescopes completely outside
our atmosphere.

The IR radiation emitted by the Sun repre-
sents only a tiny fraction of the total solar radia-
tive energy. The rate at which the Sun emits IR
energy is only about 0.058 percent of the total
solar luminosity, which is the rate at which the
Sun radiates energy over the entire electromag-
netic spectrum. The solar constant is the aver-
age total solar irradiance (electromagnetic en-
ergy per unit time per unit area) impinging
on the top of Earth’s atmosphere. Its value is
1,368 ± 7 watts per square meter, as measured
by the Solar Maximum Mission (SMM). Of this,
only 0.802 ± 0.026 watts per square meter is in
the IR.

The IR is the simplest part of the solar spec-
trum. The radiation is almost continuous over
the entire IR spectral range, with very few dark
absorption lines. The continuous background
spectrum is thermal radiation, such as a
blackbody (a perfect thermal radiator) emits.
Absorption lines (called Fraunhofer lines in the
solar spectrum) are formed when photons with
specific energies are absorbed by electrons
jumping to higher energy levels in atoms or mol-
ecules, or by molecules going to higher-energy
rotational or vibrational states. Consequently,
less energy remains in the spectrum at the
wavelengths corresponding to the absorbed
photon energies, so the spectrum looks darker
at those wavelengths. The absorption lines that
are present serve as a chemical fingerprint re-
vealing that specific elements and compounds
are present in the source. However, the absence
of absorption lines in some part of the spec-
trum—for example, in the IR—does not neces-
sarily indicate certain elements or compounds
are not present, just that the physical condi-
tions are not right for them to absorb in that
spectral range if they are present in the source.

IR radiation arises primarily in the upper
photosphere (the visible surface of the Sun) and
the lower chromosphere (the layer of the Sun’s
atmosphere, a few thousand kilometers thick,
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immediately above the photosphere). These lev-
els of the solar atmosphere consist of homoge-
neous strata. From place to place and layer to
layer, the gas and its behavior show a remark-
able similarity. This is where the solar atmo-
spheric temperature falls to its minimum value
and begins to rise to the higher temperatures
found in the chromosphere and corona, the ex-
tensive outer layers of solar atmosphere above
the photosphere.

The photosphere consists of a series of layers
from which most of the Sun’s visible light is
emitted into space. These layers make up a very
thin shell, only a few hundred kilometers thick.
The opacity of the photosphere increases rap-
idly with depth; thus the intensity of emitted ra-
diation drops off rapidly with depth into the
photosphere. A photon emitted outward from
the lower photosphere has a large probability of
being absorbed or scattered by the atoms and
free electrons within the photosphere. Because
of this, photons are likely to escape into space
only from the photosphere’s uppermost layers.
For this reason, the edge (or limb) of the Sun is
sharply defined, and the Sun appears to have a
definite surface.

The photosphere produces the continuous ra-
diation observed across the entire solar spec-
trum. The intensity peaks in the yellow-green
part of the visible spectrum and falls off toward
both longer and shorter wavelengths. That is
why the IR contributes such a small percentage
of the Sun’s total electromagnetic radiation.
This spectral distribution of intensity is similar
to that of a blackbody (an ideal thermal radia-
tor) with a temperature of about 5,800 kelvins.
In reality, each layer making up the photo-
sphere emits its own blackbody spectrum,
which in turn depends on the temperature of
that layer. The sum total of all the emissions
from all the layers is similar to one imaginary
layer emitting at approximately 5,800 kelvins;
this is referred to as the Sun’s “effective temper-
ature.” Those layers that are deeper in the
photosphere emit at higher temperatures, and
those that are higher in the photosphere emit at
lower temperatures, as low as 4,400 kelvins.

The blackbody spectral distribution results
from the high opacity of the layers. (Perfect
blackbody radiators are perfectly opaque.) The

source of this high opacity is the presence of neg-
ative hydrogen ions, first proposed by Rupert
Wilt in the late 1940’s. The negative hydrogen
ion is a hydrogen atom with an additional (sec-
ond) electron weakly attached. It easily absorbs
radiation in the visible spectrum and especially
in the infrared. The second electron is bound to
the hydrogen atom very weakly—with a bond
about 3.5 percent as strong as that of the first
electron. Since the bond of the second electron is
so weak and since the temperature drops off
rapidly toward the top of the photosphere, the
electron density also diminishes rapidly in the
photosphere’s upper reaches. In other words,
the number of free electrons and negative hy-
drogen ions per unit volume—known as their
“number densities”—are very sensitive to tem-
perature and thus height in the photosphere.

The phenomenon of limb darkening can be
observed on any good white-light solar image
(an image of the Sun obtained over the entire
range of visible wavelengths, the combined col-
ors from violet to red giving a white image with
a slight yellow tinge). The limb of the Sun is no-
ticeably darker than the center of the solar disk
because of the temperature gradient in the
photosphere. As an observer’s line of sight
moves toward the limb, it passes through only
the upper, cooler layers, whereas deeper, hotter
layers are seen near the disk center. Thus the
intensity of light decreases toward the limb due
to the drop in temperature with height. (In con-
trast, the Sun’s limb appears brighter than the
disk center in observations of the chromosphere
and lower corona, because of the reversal of the
temperature gradient in those layers.)

Since intensity of radiation can be measured
as a function of both distance from the disk cen-
ter and wavelength, much can be learned about
the way in which physical properties change
with depth, once the processes of photon emis-
sion, absorption, and scattering within the at-
mosphere are understood. These processes
control the flow of electromagnetic radiation
through the solar atmosphere by radiative
transfer. Using the processes of radiative trans-
fer and observed details of the solar spectrum
and limb darkening, astronomers can calculate
mathematical models of the solar atmosphere.
These models are tabulations of height versus

The Solar System Solar Infrared Emissions

737



variables of interest such as temperature, den-
sity, and pressure.

KNOWLEDGE GAINED

The entire solar photosphere emits radiation
like a stacked system of glowing shells, each
shining at its characteristic temperature. The
net effect of all these glowing shells is similar to
that of one thin shell emitting at a temperature
of 5,800 kelvins, the “effective temperature” of
the photosphere. The infrared and far-infrared
spectra are emitted from the coolest layers
(4,400 kelvins), located at the top of the
photosphere. Most of the solar IR spectrum is in
a continuous form, with few dark absorption
lines. IR radiation originates mainly in the up-
permost photosphere. At this level, the solar at-
mosphere is at its coolest temperature: about
4,400 kelvins.

CONTEXT

The study of the IR spectrum is important be-
cause these observations, along with limb-dark-
ening measurements, are needed in modeling
the solar atmosphere. These layers of gas are es-
sentially in local thermodynamic equilibrium
(LTE). Radiation is transferred in LTE by well-
understood processes: photon emission, absorp-
tion, and scattering. The primary contributor to
the opacity of all layers of the photosphere is the
negative hydrogen ion. Sources of opacity and
transport of energy by known nonthermal pro-
cesses—such as mechanical mechanisms, sound
waves, shock waves, and magnetic energy—are
very small in the photosphere.

Furthermore, spectral studies of solar IR
have illuminated details of the atomic and mo-
lecular composition of Earth’s atmosphere.
These studies, in turn, help scientists to under-
stand the interaction of other bands of electro-
magnetic radiation, such as ultraviolet, with
the terrestrial atmospheric constituents de-
tected in the IR.

James C. LoPresto
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ation; Solar Radio Emissions; Solar Seismology;
Solar Structure and Energy; Solar System: Ori-
gins; Solar Ultraviolet Emissions; Solar Vari-
ability; Solar Wind; Solar X-Ray Emissions;
Sunspots; Thermonuclear Reactions in Stars;
Ultraviolet Astronomy.

Solar Interior
Category: The Sun

The nuclear fusion reactions that power
our Sun occur in its interior. The nature of
this interior determines conditions at the
surface of the Sun, affecting the rest of the
solar system.

OVERVIEW

The Sun is composed primarily of hydrogen
and helium. Though these substances are gas-
eous on Earth, the conditions in the Sun are
such that they do not behave inside the Sun the
way that they do on Earth. The Sun’s gravity
compresses and heats these gases in the Sun’s
interior. About one-fifth of the way below the
surface of the Sun, the gases are so hot that they
are ionized—that is, they have been stripped of
their electrons. The closer to the center of the
Sun these gases are, the more compressed and
heated they are. Almost 94 percent of the Sun’s
mass is contained within the innermost half of
the Sun’s radius.

Near the center of the Sun, the temperature
is more than 15 million kelvins. Gases are com-
pressed to a density of about 160 grams per cu-
bic centimeter (g/cm3), more than fourteen
times denser than lead. At such density and
temperature, hydrogen nuclei begin to fuse into
helium. Every second, close to 600 million tons
of hydrogen is consumed in this fusion process.
The result of this fusion is the production of
about 596 million tons of helium. The difference
in these two mass figures, 4 million tons, is con-
verted into energy via the equivalence of mass
and energy given by Albert Einstein’s famous
equation E = mc2. This energy released in the
deep interior of the Sun is what supports the

Sun against gravity and keeps it from collaps-
ing further under its own weight.

Density and temperature are greatest at the
center of the Sun. This is where nuclear fusion
occurs at the fastest rate. The density and tem-
perature decrease with distance from the center
of the Sun. Therefore, the rate of nuclear fusion
decreases with increasing distance from the
center of the Sun. Beyond about 25 percent of
the distance from the Sun’s center to its surface,
the density and temperature are too low to sup-
port fusion at any appreciable rate. This inner-
most portion of the Sun, where nuclear fusion
occurs, is called the core of the Sun. The temper-
ature at the top of the core is about 7 million kel-
vins. However, there is no well defined edge to
the core. Rather, the farther from the center of
the Sun, the lower the rate of fusion.

Throughout the core, energy is produced
through nuclear fusion. Much of this energy is
initially in the form of high-energy gamma rays.
The gamma rays produced in this manner
travel only an extremely short distance before
they collide with an electron. Gamma rays are a
form of electromagnetic radiation. While often
described as waves, electromagnetic radiation
also acts like particles, called photons. These
photons carry momentum. Therefore, when the
gamma rays collide with electrons, they scat-
ter off of the electrons in a process called Comp-
ton scattering. In the scattering process, the
gamma rays lose momentum and energy and
the electrons gain momentum and energy.
These collisions between the gamma rays and
the electrons are what support the interior of
the Sun. Gamma rays continually rebound from
electron to electron, scattering in random direc-
tions. Gamma rays continually lose energy,
eventually becoming X rays. The radiation scat-
ters in random directions with each collision.
In this manner, called radiative diffusion, the
energy from the nuclear fusion in the Sun’s
core gradually works its way outward from the
middle of the Sun. Because of the large num-
ber of collisions in random directions, it takes
a long time for the radiation to travel outward.
On average, the radiation diffuses outward at
a rate of about 50 centimeters per hour and
takes nearly 170,000 years to make its way out
of the Sun.
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Radiative diffusion dominates until a dis-
tance from the center of about 71 percent of the
Sun’s radius. At that point, the temperature has
dropped to about 2 million kelvins and the gas
density has dropped to about 0.2 g/cm3 (about
150 times denser than Earth’s sea-level atmo-
spheric density). Here some electrons are cap-
tured by the atoms. Instead of the light scatter-
ing off of electrons, it is absorbed by atoms,
heating the gases. The hot gas then expands
and rises. When the gas reaches the surface of
the Sun, the photosphere, it cools by radiating
light into space. The cooler gas then sinks until

it is again warmed by absorption of more en-
ergy. Heat transfer in this manner is called con-
vection. Since convection dominates the energy
transfer mechanism in the upper portion of the
Sun, the top 29 percent of the Sun’s radius is
called the convective region. The lower 71 per-
cent of the Sun’s radius, including the core, is
called the radiative region because radiative
diffusion is the chief mechanism for energy
transfer.

Between the radiative region and the convec-
tive region is a small region that acts as an in-
terface between the radiative and convective re-
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gions. This zone is called the tachocline. Below
the tachocline, atoms are almost all ionized, and
radiative diffusion dominates. Above the tach-
ocline, atoms have electrons, and convection
dominates, but the transition is not sharp.
There is no set distance from the center of the
Sun where the transition between radiative dif-
fusion and convection occurs. The lower portion
of the tachocline has more radiative diffusion
than convection, and the upper portion of the
tachocline has more convection than radiative
diffusion. The tachocline is important to solar
astrophysicists because this is the region where
the Sun’s magnetic field is believed to be pro-
duced.

The top of the convective region is the
photosphere. This is often regarded as the visi-
ble surface of the Sun. However, because the
Sun is not solid, it really has no “surface.”
Rather, when the density and temperature of
the gases that make up the Sun drop to low
enough values, the gases become transparent to
light, and the heat energy then shines out into
space as thermal (blackbody) electromagnetic
radiation. The photosphere itself is not a sharp
boundary, but a rather thin zone. The distance
from the center of the Sun to the top of the
photosphere is generally regarded as the Sun’s
radius.

METHODS OF STUDY

The interior of the Sun is difficult to study. It
cannot be imaged directly. However, it is im-
portant because the Sun’s magnetic field is
produced deep inside the Sun, and the Sun’s
magnetic field and magnetic behavior are re-
sponsible for solar activity, solar storms, and
considerable interaction of the Sun with the rest
of the solar system.

Though the Sun’s interior cannot be imaged
directly, it can be studied by the way that it in-
fluences the surface of the Sun. The Sun reso-
nates in certain vibrational modes. This can be
thought of as being analogous to the ringing of a
bell, only at far lower tones because the Sun is so
large. These vibrations can be recorded on the
surface of the Sun through observations of the
rise and fall of the Sun’s surface using the Dopp-
ler shift of spectral lines in the Sun’s spectrum.
Study of the motions of the surface of the Sun in

this manner is called helioseismology. As shock
waves pass through the interior of the Sun, they
diffract (or bend) through the different layers of
the Sun. Shock waves can also reflect from dif-
ferent layers in the Sun. Motion of material
within the Sun can also distort the shock waves.
Helioseismology can therefore yield a great deal
of information about the Sun’s interior struc-
ture.

Solar astrophysicists have learned much
about the motion of material in the Sun’s con-
vective region beneath the photosphere. The in-
terior of the Sun has been found to rotate at a
slightly different rate than the surface layers of
the Sun. This is believed to play a role in the
Sun’s magnetic behavior.

A further probe into the Sun’s interior is
through the study of neutrinos streaming from
the Sun. Nuclear fusion occurring at the Sun’s
core produces not only gamma rays but also
tiny, weakly interacting particles called neutri-
nos. These particles then flow outward from the
Sun and can be detected on Earth. Studies of
those neutrinos can yield information about the
nuclear fusion processes going on in the Sun’s
core. Early studies of the neutrinos appeared to
show far fewer neutrinos than had been pre-
dicted by nuclear theory. However, more recent
studies suggest that the neutrinos oscillate, or
change form, between three types, and the early
experiments only detected one type of neutrino.

CONTEXT

The Sun is the nearest star to the Earth, and
it is the center of the solar system. It dominates
everything else in the solar system. The interior
structure of the Sun is determined by its compo-
sition and mass, and that interior structure de-
termines the observational characteristics of
the Sun. Understanding the interior structure
of the Sun, therefore, is important to under-
standing the Sun itself and ultimately its inter-
actions with its planets, including Earth.

For many years, it was assumed that because
the Sun is hot and bright, like fire, it must be
shining through some sort of burning process.
Burning, though, was unable to account for the
Sun’s energy. Astronomers theorized that per-
haps the Sun was shining through release of its
gravitational energy. That, too, failed to ac-

The Solar System Solar Interior

741



count for the Sun’s energy output. Finally, by
the early twentieth century, physics had ad-
vanced to the point where astrophysicists un-
derstood nuclear fusion to be the Sun’s energy
source.

Likewise, the interior structure of the Sun
could not be understood until physicists under-
stood the physics of materials under conditions
such as exist inside the Sun. Theoretical astro-
physicists now describe the Sun’s structure
through a set of equations called a solar model.
Helioseismological studies match the current
theoretical models to a very high degree of accu-
racy.

Raymond D. Benge, Jr.
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Solar Magnetic Field
Category: The Sun

The solar magnetic field constitutes a pow-
erful force throughout the Sun, causing
flares, prominences, sunspots, and a host
of other phenomena. Charged particles
from the Sun and the solar magnetic field
interact with the terrestrial magneto-
sphere, affecting life on Earth.

OVERVIEW

A magnetic field is produced by and associ-
ated with moving charges (electrical currents).
In a simple ring current, a dipolar field resem-
bling the field of a bar magnet results. Complex
interactions of charges occur everywhere in na-
ture, and the large-scale motion of charges is ex-
tensive and intricate. Thus, depending on the
current, magnetic fields can be found almost
anywhere in various strengths. (For example,
Earth’s dipolar magnetic field is about 0.6
gauss, rather weak compared to solar active re-
gions with field strengths of a few thousand
gauss and pulsars with field strengths of 1 tril-
lion gauss.) Interactions between magnetic
fields and charged particles result in the emis-
sion of X rays, the energizing and modulation of
cosmic rays, and the acceleration of charged
particles. For example, the strong solar mag-
netic field expels charged particles from the
Sun, while the weaker terrestrial magnetic field
interacts with these particles, forming a protec-
tive shield around Earth by deflecting many of
them, and letting some into the upper atmo-
sphere producing the auroras (the northern and
southern lights).

On a laboratory scale, the properties of mag-
netic fields are well known. The solar magnetic
field, however, is much larger and necessarily
more complex. The solar magnetic field appears
to be generated and sustained by the Sun’s rota-
tion and the turbulent convective motion of
charged particles below the photosphere (the
Sun’s visible surface). The development of im-
proved observing techniques and instruments,
including the use of space probes and space tele-
scopes, has yielded much information on the
Sun’s magnetic field and its effects.

Sunspots have been seen from Earth since at
least the fourth century b.c.e., as evidenced by
early descriptions of them. They appear as
darker spots of various sizes on the brighter so-
lar photosphere. The temperature of the photo-
sphere is about 5,800 kelvins, while sunspots
are cooler by about 1,000 to 1,500 kelvins, thus
making sunspots about one-third as bright as
the rest of the photosphere. The spots have di-
ameters ranging from a few thousand kilome-
ters to more than 150,000 kilometers. Gen-
erally, smaller spots last only a few days, while
larger ones linger for several weeks.

The solar sunspot cycle was discovered in
1843 by Samuel Heinrich Schwabe, who ob-
served that the average number of sunspots
varies systematically with an approximate peri-
odicity of eleven years. At the beginning of a
sunspot cycle, the spots appear symmetrically
at solar latitudes of about 30° to 40° north and
south, gradually working their way toward the
Sun’s equator by the end of the eleven-year pe-
riod. Then the pattern repeats during the next
sunspot cycle.

In 1908, George Ellery Hale—the American
astronomer responsible for establishing the ob-
servatories at Yerkes, Mount Wilson, and
Palomar—observed that lines in the spectra of
sunspots were split into several components.
Earlier, in 1896, Pieter Zeeman, a Dutch physi-
cist, had shown that such splitting occurs in the
presence of a strong magnetic field. Hale thus
established that the sunspots had intense mag-
netic fields (up to 5,000 gauss). Since the Sun is
a sphere of hot gases, such magnetic fields can
exist only as a result of powerful convective cur-
rents. Hale and his colleagues at Mount Wilson
Observatory tried to measure a general solar
dipolar magnetic field, similar to that of Earth
(whose magnetic field resembles that of a huge
bar magnet), but it was not until 1953 that Hor-
ace Babcock, using a specially designed solar
magnetograph, succeeded. He showed that a
weak, periodically varying dipolar field of 2 to
7 gauss exists over the entire Sun.

The solar magnetic field changes over a
twenty-two-year cycle, twice the eleven-year pe-
riodicity of the sunspot cycle. Sunspots appear
either in pairs or in clusters, but they are al-
ways organized in coherent pairs of opposite

The Solar System Solar Magnetic Field

743



magnetic polarity. During a particular eleven-
year sunspot cycle, for example, the leading
members of the sunspot pairs may display posi-
tive polarity in the Sun’s northern hemisphere
and negative polarity in the Sun’s southern
hemisphere. At the end of the eleven-year sun-
spot activity cycle, the polarities in the two
hemispheres reverse. The magnetic cycle then
repeats after two sunspot cycles.

The Sun’s diffuse, dipolar magnetic field also
undergoes a reversal of polarity with a periodic-
ity of twenty-two years. A positive magnetic
pole appears around the solar north rotational
pole at the peak of every other sunspot cycle,
while a negative magnetic pole is found around
the solar south rotational pole at that time. The
polar fields subsequently expand to latitudes of
50° to 60° while the sunspot numbers decline.
After the sunspot minimum passes, the in-
crease in number of sunspots with their strong
local magnetic fields forces the global field back
toward the rotational poles, there to coalesce
and form opposite poles from those of the previ-
ous cycle.

The sunspot cycle and the twice-as-long mag-
netic cycle are more or less successfully ex-
plained by the solar dynamo theory, which in-
volves interactions between the convective
motions of plasma (ionized gas) beneath the
photosphere and the Sun’s differential rotation.
Energy produced by nuclear fusion in the Sun’s
central core is transported slowly outward
through the deep interior by the process of radi-
ative diffusion (repeated absorption, emission,
and scattering of photons by particles). Higher
up, the energy is transported by radial convec-
tion currents and eddies (transport of energy by
the actual motion of matter). It is generally be-
lieved that, within these convection zones, pow-
erful magnetic fields are generated by a dynamo
process. Basically, a dynamo converts the en-
ergy of motion (kinetic energy) of an electrical
conductor into electromagnetic field energy.
The ionized matter (plasma) within the solar
convection zone is a good conductor of electric
current, with the ability to retain and “freeze”
the magnetic field. The Sun rotates differen-
tially, with a rotation period at the equator of
about 25 days, increasing to 30 days above 60°
latitude. This differential rotation modifies the

magnetic fields generated by dynamo action in
the convection zone.

According to the dynamo theory advanced by
Babcock, Eugene Parker, and others, the solar
magnetic cycle starts with the Sun’s global,
dipolar magnetic field lines of force extending
from pole to pole and frozen into the plasma a
few hundred kilometers beneath the photo-
sphere. The greater rotational speed at the
lower latitudes means that the frozen-in mag-
netic field lines are carried faster and thus far-
ther than those at higher latitudes. In due
course, after many rotations, the magnetic field
lines become tightly wrapped around the Sun,
producing an intense east-west azimuthal mag-
netic field parallel to the equator. Adjacent
magnetic field lines tend to repel one another,
and when the field strength is a few thousand
gauss, the repulsive force is strong enough that
the field lines burst through the solar surface
and loop back to reenter at a neighboring point,
thus creating sunspots of opposite polarity and
intense magnetic fields. The temperature
around sunspots is lowered (dropping about
1,000 to 1,500 kelvins) as a result of lowered
pressure in the region, caused by adjacent field
lines repelling each other.

The dynamo theory successfully explains the
reversed polarities of leading sunspots in terms
of the opposite directions of the azimuthal field
lines in the two hemispheres during a given
sunspot cycle. The local azimuthal field gradu-
ally neutralizes the general dipole field, eventu-
ally reversing the polarity and starting the next
sunspot activity cycle. The polarities, both of the
dipole field and of the leading sunspots, are re-
versed from those of the previous activity cycle,
so this starts the second half of the magnetic
cycle. After two sunspot cycles, the magnetic
cycle repeats in polarity.

Sunspot pairs occur as a result of random
bursting of magnetic field lines upward from
within the photosphere and their reentering at
a neighboring point to resume their path
around the Sun. Each sunspot has a central
darker umbra, with a temperature of about
4,500 kelvins, surrounded by a lighter penum-
bra, with a temperature of about 5,500 kelvins.
Most sunspot umbrae have diameters ranging
between 4,000 and 22,000 kilometers, and mag-
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netic field strengths ranging between 2,500 and
3,500 gauss. Smaller sunspots, with umbrae
ranging from 1,400 to 3,600 kilometers in diam-
eter and field strengths averaging 2,000 gauss,
are known as “pores.” Compact magnetic struc-
tures with diameters less than 1,000 kilome-
ters, field strengths less than 1,500 gauss, and
no discernible penumbral region are called
“magnetic knots.” The lifetime of the sunspot
and its associated magnetic field typically is
days to weeks, and in general it is found to be
proportional to the total field strength of a sun-
spot or an active region.

Large clusters of magnetically active regions
tend to produce prominences and flares because
of excessive magnetic buoyancy. Prominences
are relatively cool masses of gases arching
above the photosphere into the corona, follow-
ing magnetic lines of force. According to the
Skylab data of 1973, eruptive (or active) promi-
nences, triggered by large-scale magnetic fields
associated with major sunspot activity, widely
dissipate the field and disperse charged parti-
cles out into interplanetary space. Flares (even
more violent bursts of energetic charged parti-
cles and electromagnetic radiation) occur near
complex groups of sunspots, and in the process,
intense magnetic field lines emerge and dissi-
pate into space.

When high-energy charged particles from
large flares reach Earth, they interfere with
Earth’s geomagnetic field and terrestrial com-
munications systems. Coronal mass ejections
(CMEs) are giant magnetic bubbles of ionized
gas that carry enormous amounts of energy into
space. If they encounter Earth, they can dump
enough energy into its magnetosphere to cause
disruptions of communication and electrical
power distribution systems. Such phenomena
gradually finetune the solar dynamo mechanism
for the succeeding cycle. The solar wind (the
continuous flow of charged particles from the
corona into the far reaches of interplanetary
space) carries a tenuous magnetic field with it
as well. Fluctuations in the solar wind, as well as
in X-ray and ultraviolet emissions from the Sun,
are closely correlated with the magnetic cycle.

Evidence for long-term variability in solar ac-
tivity and corresponding fluctuations in the so-
lar magnetic field comes from the quantitative

analysis of radioactive carbon-14 deposition in
tree rings. Cosmic rays from various sources
normally reach Earth’s upper atmosphere and
produce several radioactive isotopes, including
carbon 14, which results from a collision be-
tween energetic particles and nitrogen nuclei.
During a prolonged period of reduced sunspot
activity, the lack of turbulence in the Sun’s mag-
netic field will allow more intense cosmic rays to
reach Earth, thus increasing the rate of produc-
tion of carbon 14, which is absorbed by vegeta-
tion and eventually deposited in tree rings. His-
torical records (often indirect) show a good
correlation between climate variations and var-
ious indicators of solar activity (such as sunspot
numbers, auroras, and the size of the corona
seen during solar eclipses). The Spörer mini-
mum of the mid-fifteenth century (corroborated
by the recorded paucity of auroras), the Maun-
der minimum (a seventy-year hiatus in sunspot
activity, beginning about 1645), and the Little
Maunder minimum between 1800 and 1830 are
examples of periods of solar inactivity and
colder climates on Earth.

Searches for magnetic cycles in nearby Sun-
like stars indicate that in earlier times, the so-
lar cycle may have been more irregular, erratic,
and intense than it is now. Stronger magnetic
fields, causing a significant loss of electromag-
netic and particle energy from the Sun, may
have contributed to a loss of angular momen-
tum, thus decreasing the rotation rate. In any
case, as stars age, their magnetic cycles tend to
become more regular and well established. The
Sun’s magnetic field strength is expected to de-
cline as it slowly enters the red giant stage. The
expanding Sun’s rotation rate will slow down
and the mass density of its convection zone will
decrease, thus reducing the dynamo effect.
Chromospheric emissions triggered by the mag-
netic field dissipation process are expected to
subside to a low level; however, studies of chro-
mospheric emission activities of some subgiants
show a curious revival of phenomena associated
with their magnetic fields.

KNOWLEDGE GAINED

Clearly, there is still much to learn about
solar magnetism. What is known has been
gleaned by both earthbound and space-based
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observations from the mid-twentieth century
onward. The solar magnetograph invented in
1952 by Horace Babcock and his father, Harold
Babcock, marks a milestone in the observa-
tional study of the Sun’s magnetic field. Obser-
vations from space by the instruments onboard
Skylab and the Solar Maximum Mission of re-
gions of the electromagnetic spectrum that are
blocked by Earth’s atmosphere from reaching
the ground have enhanced the understanding of
solar magnetic phenomena and their astrophys-
ical implications.

The advent of new and improved magnetom-
eters has yielded a wealth of data concerning
the Sun’s magnetic field. Observations and
measurements of small and large magnetic fea-
tures and related solar atmospheric activities
have led astrophysicists to develop an elaborate
dynamo theory to explain the origin and varia-
tions of the solar magnetic field. Astrophysicists
have established that the twenty-two-year
magnetic cycle is responsible for most, if not all,
of the phenomena collectively referred to as so-
lar activity (such as sunspots, prominences, and
flares), as well as the processes that result in
the solar wind and the formation of the inter-
planetary medium.

The Skylab data of 1973 amply demonstrate
the link between the magnetic activity cycle and
stress-relieving eruptive phenomena such as
prominences, flares, and coronal emissions. So-
lar plasma, carrying with it extensive unstable
magnetic fields, interacts with terrestrial mag-
netic fields to affect the size and shape of
Earth’s magnetosphere and processes occurring
in it. Data from the Solar Maximum Mission
showed modulations in the output of solar en-
ergy attributable to the time-varying, churning
action of the Sun’s magnetic activity cycle.

Questions have been raised concerning the
magnetic stability of a convective shell dynamo
such as the one envisioned for the Sun. Pointing
out the difficulty of initiating in the solar atmo-
sphere the large electric currents associated
with the observed magnetic field, numerous
theorists have suggested that there may be a po-
tent, primordial magnetic field frozen within
the solar core. It has been hypothesized that
when interstellar nebulae with tenuous mag-
netic fields collapse to form stars, they can re-

tain intense primordial fields over a relaxation
time of some 5 billion years, which is the present
age of the Sun.

CONTEXT

Almost half a century after Hale’s discovery
of the strong magnetic fields associated with
sunspots, Babcock and Babcock, in 1952, de-
vised the modern solar magnetograph, opening
up a new era of solar observational physics.
Knowledge of the Sun’s observed differential ro-
tation, inferences about the Sun’s convective
zone drawn from computer models of its inte-
rior, and the laws of electrodynamics from phys-
ics were combined to develop the theory of the
solar dynamo to explain observed magnetic phe-
nomena.

While the larger pieces of the puzzle appear
to be in place, many missing elements blur the
picture. The solar magnetic field is not uniform,
but filamentary or tubular. The precise manner
in which the large-scale field produces observed
emission features and expels unstable field ele-
ments, seemingly perpetuating the solar dy-
namo and creating the solar wind, is not well
understood. It is known that a large-scale solar
magnetic field can lead to a variety of mechani-
cal wave modes. These may contribute to a heat-
ing mechanism, but this notion requires further
observational confirmation. Virtually all activ-
ity in the solar atmosphere (except for the gran-
ulation in the photosphere) owes its existence to
and is orchestrated by the turbulent and some-
what unpredictable solar magnetic cycle, yet
many astrophysically important details are not
known. Numerous attempts at improving the
dynamo model, including the invocation of a
strong primordial magnetic field, have proved
to be only marginally successful. Long-term, de-
tailed observations of the finer magnetic ele-
ments and processes, possibly through remote
sensors, will be required, along with concurrent
theoretical refinements.

An area of immediate and compelling inter-
est is the further study of the long-term effects
of solar activity cycles on terrestrial weather
patterns and climate trends. Cosmic rays and
their modulation by magnetic fields play an im-
portant role in genetic mutation and the evolu-
tion of life in general. Quantitative observation
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in this area will aid in evaluating the extent to
which the deflecting action of the solar mag-
netic field has affected life. Further probing in
this area may bring to light relationships be-
tween the evolution of life on Earth and the so-
lar magnetic cycle.

Finally, research on the Sun’s magnetic field
has added to our insight into stellar magnetic
fields in general. It has been firmly established
that the Sun’s magnetic cycles, flare phenom-
ena, and coronal properties are common at least
among main sequence stars similar to the Sun.
For astronomers, then, the Sun is a cosmic labo-
ratory, a window to the realm beyond the solar
system.

V. L. Madhyastha
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Solar Photosphere
Category: The Sun

The solar photosphere is the visible surface
of the Sun. Because it is opaque, it is not
possible to see the Sun’s interior layers di-
rectly. Convection currents transport en-
ergy from the interior through the photo-
sphere, and this convection, along with
magnetic activity, causes surface features
such as granules and sunspots. Solar mag-
netic activity may affect Earth’s climate.

OVERVIEW

The Sun is a ball of gas and, as such, has no
solid surface. The Sun’s photosphere approxi-
mates its surface, marking the region between

the solar interior and the chromosphere (the
region that approximates the solar “atmo-
sphere”). Because the photosphere is relatively
opaque, it blocks any view of the solar interior.
As a result, most images of the solar disk show
only the photosphere. The photosphere is also
the coolest layer of the Sun, with a temperature
of about 6,600 kelvins near its bottom and a
temperature of about 4,400 kelvins near the
chromosphere at the top; in the 400 kilometers
between, the photosphere’s temperature gradu-
ally decreases with altitude above the solar in-
terior. Astronomers know that the photosphere
is relatively cool, because it displays absorption
lines that are darker than the spectrum of the
hot solar interior. The temperature of the over-
lying chromosphere is likewise hotter, climbing
to about 30,000 kelvins as the distance from the
photosphere increases. Where the chromo-
sphere ends is the corona, and in the approxi-
mately 100-kilometer-thick transition between
the chromosphere and corona, the temperature
rapidly increases from about 6,000 kelvins to
several hundred thousand kelvins. In the co-
rona itself, the temperature can be millions of
kelvins, but the gas is very thin.

Looking at a picture of the solar disk, one can
notice that the edge of the disk appears darker
than the central portions. This illusion is called
limb darkening. In the central portion of the so-
lar disk one sees light from the deepest and hot-
test layer of the photosphere. Near the Sun’s
edge—its limb—only the upper, cooler layers of
the photosphere are visible, because the very
edge of the solar disk does not have the base of
the photosphere in our line of sight behind the
top layers. The cooler upper layers of the
photosphere emit less energy than the hotter,
deeper layers, so the limb of the solar disk ap-
pears darker. It is not really dark; it is just less
bright. Limb darkening, therefore, indicates
that the lower layers of the photosphere are hot-
ter than the upper layers.

Because it is cooler than the hot, compressed
gas of the solar interior, the Sun’s photosphere
produces an absorption line spectrum (a contin-
uous spectrum with dark absorption lines su-
perimposed on it at certain wavelengths). In
1814, Joseph von Fraunhofer observed the solar
spectrum, and—because he was unable to iden-
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tify the elements producing the various spectral
absorption lines he observed—labeled the
prominent lines using capital letters.

The most obvious features of the Sun’s
photosphere are the granules, which give the
photospheric surface a mottled light and dark
appearance. Granules are bright regions that
vary in size but are typically about 1,000 kilo-
meters across. They also are temporary fea-
tures, typically lasting from about five to thirty
minutes. Granulation results from convection
currents below the photosphere.

Nuclear reactions powering the Sun take
place in the core, and the energy must be trans-
ferred from the core to the surface. In the deep
interior of the Sun, the energy is transferred by
radiation. In the upper portions of the interior,
just below the photosphere, the energy is trans-
ferred by convection currents. The solar convec-
tion currents are similar to the convection cur-
rents that heat a room, if there is a radiator in
one side and no fan to blow the warm air to the
other side. These solar convection currents form
convection cells, regions where the hot gas from
the interior flows up and then flows back down
after it cools. The granules that we observe are
the tops of these convection cells. They appear
brighter because they are still hot from the
Sun’s interior energy.

Supergranules are larger versions of gran-
ules. They might typically be about 35,000 kilo-
meters across. A typical supergranule might last
one or two days, much longer than the typical
lifetime of a granule. Rather than being observed
directly, like granules, supergranules are typi-
cally observed from Doppler maps of the Sun’s
surface. The upward-moving material is moving
toward Earth, and hence toward the observer,
so the wavelengths of common spectral lines are
blueshifted to slightly shorter (higher-energy)
wavelengths and hence appear brighter.

Granules are part of what astronomers call
the “quiet Sun,” which comprises the solar fea-
tures that are always present. Features that are
present or more common only during the maxi-
mum of the solar magnetic activity cycle com-
prise the “active Sun.” Features of the active
Sun found in the photosphere are sunspots and
faculae.

Sunspots are dark areas on the Sun’s photo-

sphere. Sunspots appear dark because they are
about 2,000 kelvins cooler than the rest of the
photosphere. Although this temperature is still
quite hot, sunspots are nevertheless cool when
compared to the background of the rest of the
photosphere. Large sunspots can extend to tens
of thousands of kilometers, larger than Earth
but still very small compared to the Sun’s size.
Sunspots will typically cover less than about
1 percent of the Sun’s photosphere.

Magnetograms of the solar surface measure
the magnetic field strength at points across the
Sun’s surface. Magnetograms show that sun-
spots are regions of intense magnetic fields, with
magnetic field strengths up to a few thousand
times stronger than the rest of the Sun’s surface.
Sunspots are darker and cooler than the rest of
the photosphere because these strong magnetic
fields conspire to deflect the convection currents
bringing heat energy from the interior to the
photosphere. The reduced heat flowing from the
interior causes lower temperatures.

Faculae are regions on the photosphere that
are hotter and therefore brighter than the rest
of the photosphere. They might be thought of as
the opposite of sunspots; like sunspots, faculae
are regions of strong magnetic fields, but for
faculae the magnetic fields concentrate, rather
than deflect, the energy from the interior.
Faculae form in regions surrounding sunspots
and in lower boundaries between the elevated
granules. When faculae extend up into the chro-
mosphere they are called plages.

The numbers of both sunspots and granules
wax and wane in an eleven-year sunspot cycle.
This eleven-year cycle in the number of spots is
actually half of the Sun’s twenty-two-year mag-
netic activity cycle. Sunspots form in groups
that contain leading and following spots. The
magnetic polarities (north or south magnetic
poles) of the leading and following spots in a
group interchange each eleven-year cycle to
produce a twenty-two-year magnetic activity
cycle. The last sunspot maximum occurred
around 2001.

KNOWLEDGE GAINED

The Sun’s total energy output, or luminosity,
is largely the energy from the photosphere.
Hence if the photosphere’s brightness changes,
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the Sun’s total energy output and the solar radi-
ation reaching Earth also change. Variations in
the Sun’s luminosity could cause, and very
likely have caused, climate changes on Earth.
Changes in the Sun’s luminosity are so small
that, from using ground-based measurements,
it is difficult (but not impossible) to measure the
Sun’s luminosity accurately enough to measure
those variations. With the advent of space-
based observatories—which eliminated the need
to correct for the amount of light absorbed by
Earth’s atmosphere—it became possible to mea-
sure the Sun’s luminosity more easily and accu-
rately. Beginning in the late 1970’s, satellite
data show that when there is a maximum num-
ber of sunspots, the Sun is a very small amount
more luminous than at sunspot minimum.

These data, when combined with the long-
term sunspot record, suggest that changes in
the Sun’s energy output may have caused the
Little Ice Age in the seventeenth century. The
Little Ice Age was a period of more than two cen-
turies that was colder than normal and that
coincided with a prolonged period of virtually
no sunspot activity, from about 1645 to about
1715 c.e. There was also a prolonged medieval
grand maximum in sunspot activity from about
1100 to about 1250 c.e. This period was the
warmest of the past millennium. It is likely,
therefore, that changes in the amount of mag-
netic activity have affected Earth’s climate at
other times in the past. It is also possible that
such changes may be a contributing factor to
current global warming. The Sun has been
fairly active since the mid-1700’s, except for mi-
nor, brief decreases in sunspots in the early
1800’s and in the late 1800’s.

CONTEXT

The Sun’s energy is crucial to life on Earth.
Without it we would not survive. Hence we want
to understand the Sun and all its components,
including the photosphere. As the visible disk of
the Sun that we see, the photosphere is the im-
mediate source of this energy. Changes in the
photospheric energy output could have drastic
effects for life on Earth and may even affect cli-
mate change.

Visible light, ultraviolet light, infrared light,
radio waves, X rays, and gamma rays are all

forms of electromagnetic waves. The signifi-
cance of visible light is that it is the region of the
electromagnetic spectrum that is detectable by
the human eye. This range is determined by the
Sun’s photosphere. With a temperature of 5,800
kelvins, the photosphere is brightest at the
wavelength region from red to blue, peaking at
yellow. This is also the wavelength of peak sen-
sitivity of the human eye and most animal eyes.
Our eyes evolved to detect the wavelength re-
gion of the electromagnetic spectrum that is
most plentiful.

Paul A. Heckert
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Solar Radiation
Category: The Sun

The total solar radiation that falls on
Earth is the primary factor in determining
Earth’s weather and climate. Even the
smallest variation in the solar irradiance,
if sustained, could alter the terrestrial en-
vironment drastically.

OVERVIEW

Solar radiation spans the entire electromag-
netic spectrum, from very short-wavelength,

high-energy gamma rays given off by some so-
lar flares to extremely long-wavelength, low-
energy radio waves given off by magnetic dis-
turbances associated with sunspots and other
kinds of solar activity. Between these two ex-
tremes, there are X rays, ultraviolet light, visi-
ble light, and infrared radiation, all of which
provide clues to the processes occurring in and
on the Sun. Astronomers study solar radiation
and the solar spectrum with the use of ground-
based telescopes, high-flying aircraft, balloons,
and spacecraft. Study of solar radiation ad-
dresses one of the most important problems in
solar physics: Does the Sun change its radiation
output over time, or is it constant?

The Sun’s luminosity is the total electromag-
netic energy emitted by the Sun per unit time
into space, or the solar radiative power. Solar
luminosity is approximately 3.8 × 1026 watts,
meaning it radiates 3.8 × 1026 joules of electro-
magnetic energy into space every second. The
solar radiation per unit time per unit area im-
pinging upon the top of Earth’s atmosphere is
known as the total solar irradiance, also re-
ferred to as the “solar constant.” This value is
1,368 ± 7 watts per square meter. Whether the
Sun’s luminosity is really constant, however, is
in question. A decrease of as little as one-half of
1 percent over a period of one century could send
the entire Earth into an ice age. An increase of
the same magnitude could produce first a global
tropical rain forest and eventually scorched
desert continents.

Most of what is known about the Sun’s radia-
tion is derived from an analysis of its electro-
magnetic spectrum. The Sun’s visible spectrum,
like that of most other stars, consists mainly of a
smooth distribution of intensity of emitted light
known as the continuum (or the continuous
spectrum), with narrow dips in brightness,
termed dark absorption lines. An oversimplified
explanation is that the continuum is emitted
from the Sun’s photosphere, an extremely thin
shell of gas giving off the visible light that can be
seen with the human eye (although damage to
the retina is severe if the Sun is observed di-
rectly). Also known as Fraunhofer lines after
their discoverer, solar absorption lines are pro-
duced when electrons in atoms in the Sun’s at-
mosphere absorb photons with specific energies
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or wavelengths of light, causing the electrons to
jump to higher energy levels in the atoms.

The visible colors are only a narrow band of
wavelengths within the entire electromagnetic
spectrum. The wavelengths of the visible light
range from just under 400 nanometers in the vi-
olet to more than 700 nanometers in the far red.
Approximate wavelength boundaries for the
other regions of the electromagnetic spectrum
outside the visible range include the near ultra-
violet, from about 120 nanometers up to just be-
low 400 nanometers, where visible violet be-
gins; extreme ultraviolet, wavelengths between
about 10 and 120 nanometers; soft X-ray wave-
lengths, between about 0.1 and 10 nanometers;
hard X rays, between about 0.001 and 0.1 nano-
meters; and gamma rays, shorter than about
0.001 nanometers. At the other end of the spec-
trum, near-infrared emissions range from more
than 700 nanometers (where visible red ends)
up to about 1,000 nanometers; far infrared re-
fers to wavelengths between about 1,000 and
1 million nanometers (about 1 millimeter, or
1,000 microns); and radio waves are longer than
1 millimeter and can be many kilometers in
length. All these regions of the spectrum pro-
vide information about different layers of the
solar atmosphere as well as about aspects of so-
lar activity associated with sunspots, promi-
nences, and flares.

The spectral distribution of the Sun’s electro-
magnetic radiation approximates that of a black-
body, which is a hypothetical object that is
opaque to all the radiation that falls upon it. It is
a highly useful concept for describing the way
stars radiate their continuous spectra. Black-
bodies of higher temperatures emit much more
electromagnetic energy at all wavelengths than
those of lower temperatures, and the peak of the
radiation distribution (spectrum) is at progres-
sively shorter wavelengths for increasing black-
body temperature. The Sun’s continuum radia-
tion distribution is similar to that of a blackbody
whose temperature is about 5,800 kelvins.

Changes in the Sun’s output of electromag-
netic energy and hence the solar “constant”
could profoundly affect the climate on Earth.
There is some evidence that short-term climatic
variations, measured in terms of decades to
millennia, may be brought on by changes in

the Sun’s luminosity and the solar constant.
Astronomers have wondered whether even
shorter-term climatic changes, such as exten-
sive droughts, might be caused by changes in
the Sun’s energy output. (On the other hand,
long-term variations, such as the advance and
retreat of continental glacial ice sheets over pe-
riods of tens of thousands to hundreds of thou-
sands of years, are best explained by seasonal
and latitudinal variations of the solar energy in-
put caused by changes in the geometry of
Earth’s orbit and axial tilt. Even longer inter-
vals of hundreds of millions of years between
major continental glaciations are thought to re-
sult from changes in ocean and continent geom-
etries caused by continental drift.)

Claude Pouillet, who introduced the concept
of the solar constant in 1837, tried to measure
the solar constant by monitoring the tempera-
ture of a blackened box filled with water. The
temperature increase of the water per unit of
time would reflect the energy gained via sun-
light. Samuel Pierpont Langley and Charles
Greeley Abbot were later pioneers in measuring
and monitoring the solar constant. In 1878,
Langley invented a device that he named the
bolometer. The bolometer measures the energy
of incoming radiation, regardless of its wave-
length. (Langley discovered far-infrared light
while using his bolometer to study solar ra-
diation.) Langley used the bolometer at high al-
titudes to try to measure the solar constant,
making mathematical corrections for Earth’s
atmospheric extinction. His values of the solar
constant are considered fairly accurate even by
today’s standards.

However, modern solar astronomers ques-
tion the reality of the small variations Langley
and Abbot detected in the solar constant and so-
lar luminosity. Such doubts have arisen be-
cause of the lack of precision of nineteenth cen-
tury equipment and the inability to estimate
accurately experimental errors and uncertain-
ties. It can be said that, if Langley and Abbot’s
study suggests anything, it suggests that the so-
lar constant is indeed constant. Any small vari-
ations simply escaped the capabilities of their
measurements, even though they were con-
vinced that they detected small changes of
about 0.5 percent or less.
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Certain types of variations, however, have
since been demonstrated, principally variations
associated with the solar cycle. John Eddy con-
ducted an exhaustive historical study, looking
back many years for evidence of past solar cy-
cles. Much of this work concentrated on eras
before the invention of the telescope and thus
necessitated gathering descriptions of the ap-
pearance of the solar corona during solar
eclipses, accounts of sunspot observations, and
descriptions of the aurora borealis.

Regular magnetic changes occur in the solar
atmosphere over a period of about 11.2 years,
the period of the solar cycle. Sunspots are ob-
served to be at a maximum each time the cycle
reaches its highest magnetic strength. The
years 1969 and 1980 were such peak years; dur-
ing the latter, the Solar Maximum Mission
(SMM) satellite was launched. The solar cycle is
driven by the Sun’s interior magnetism. Mag-
netic fields are wrapped by the rotation of the
Sun. The Sun is a differential rotator; that is, its
rotation rate depends on latitude; its equator ro-
tates with a period of about twenty-five days,
but at latitudes of 75° north and south, the rota-
tion period can be thirty days or longer. Mag-
netic field lines between the Sun’s magnetic
poles are dragged by the differentially rotating
gas and coiled more and more tightly around the
Sun. As the magnetic field lines become twisted
and snarled, they arch into the upper layers of
the solar atmosphere and produce a variety of
solar magnetic activity, including sunspots,
prominences (arching spires of gas), and flares
(caused by magnetic trapping of thermal en-
ergy, which, at its breaking point, suddenly trig-
gers a release of immense energy).

These cycles vary in intensity and are irregu-
lar in occurrence. The intensity of a cycle is mea-
sured most directly by the number of sunspots
observed during the cycle. These numbers vary
noticeably from one cycle to another. Several cy-
cles have been observed to be deficient in sun-
spot production, and in a few cases almost no
spots are produced. These “weak” cycles might
be associated with a smaller luminosity and so-
lar constant. Some solar physicists believe that
the rate of solar rotation may vary from one cy-
cle to another and that this rate may affect the
solar constant. The magnetic centers of activity

on the Sun are thought to interfere with the nor-
mal outflow of radiation; they can act to ob-
struct or reduce the flow outward and thus
slightly modify the solar constant.

Peter Foukal and Jorge Vernazza found a
possible correlation between solar rotation and
the solar constant variation by examining the
data from the experiments by Langley and Ab-
bot. Their statistical analysis found a change of
0.07 percent every twenty-seven days in the ob-
servations. This tiny variation, occurring suspi-
ciously in phase with the solar rotation, is ac-
cepted by some solar physicists and doubted by
others. Some hold that such a small change is
difficult to verify.

The period of solar rotation seems to have
suffered “glitches” in the past. There is even
modern evidence for small changes in solar ro-
tation on a very short timescale, weeks or even
days long. A known, but presumably very small,
connection between solar rotation and the solar
constant is the fact that as solar rotation carries
sunspots around the Sun, their appearance on
or disappearance from the earthward side of the
Sun alters the solar constant very slightly, be-
cause less light is emitted by the sunspot than
from a comparable area of the photosphere.

Variable solar rotation, if real on both long
and short timescales, may also be an indication
of other types of changes in the Sun’s deep inte-
rior that could lead to changes in the solar con-
stant. A. Keith Pierce and James C. LoPresto,
using the McMath solar telescope at Kitt Peak,
Arizona, reported in 1984 that the Sun’s rota-
tion does quickly change; it speeds up and slows
down in a large cap around the polar regions
within periods as short as a day or two.

Many astronomers and solar physicists have
not been particularly interested in measure-
ments of the solar constant over periods of time
long enough to include one or more solar cycles.
They contend that such experiments are diffi-
cult and expensive and that it is unlikely that
significant changes in the solar constant could
be documented. However, in response to the
need for good solar irradiation measurements,
it was decided to include an experiment for mea-
suring the solar constant on board the Solar
Maximum Mission (SMM) satellite, launched in
1980. Although the primary mission of the sat-
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ellite was to study the Sun’s behavior during the
peak (or “maximum”) activity cycle, it was also
decided that monitoring any changes in the so-
lar constant during the maximum was of utmost
importance. Richard C. Willson thus devised an
instrument dubbed the active cavity radiometer
irradiance monitor (ACRIM) that was carried
onboard SMM. Willson’s measurements with
ACRIM from SMM gave a value for the solar
constant of 1,368 ± 7 watts per square meter.
Furthermore, it has been established that large
sunspots decrease the solar irradiance by a few
watts per square meter for very short periods (a
week or so).

KNOWLEDGE GAINED

Despite all the studies of the solar constant,
attempts to verify its constancy or variability
were inconclusive until the last few decades.
Richard C. Willson measured the solar constant
from high-altitude balloons in 1969 and again
from an Aerobee rocket in 1976. To within 0.75
percent, the solar constant during that period
remained unchanged. This period included the
last half of a solar cycle. In 1967, 1968, and 1978
David A. Murcray of the University of Denver
measured the solar constant from high-altitude
balloons. He found no change from 1967 to 1968,
but he detected a 0.4 percent change between
1968 and 1978.

The SMM spacecraft, launched into Earth or-
bit by the space shuttle in 1980, carried a di-
verse, sophisticated payload to study solar ac-
tivity. Among the instruments on board was the
ACRIM, which was designed by Willson to de-
tect changes in the solar constant of as little as
0.1 percent. ACRIM measured the solar input
during half of each 131.072-second measure-
ment interval and a known radiation source
onboard the spacecraft during the other half of
each measurement interval, during which time
a shutter blocked solar radiation. The solar
irradiance received by Earth is proportional to
the difference between the heating rates with
the shutter open and with it closed. The ACRIM
results indicate that the average value of the so-
lar constant is 1,368 ± 7 watts per square meter.
It decreased slightly but steadily between 1980
and 1986, leveling off in 1987 and 1988. There
are indications of a possible slow period vari-

ation connected with the solar cycle of about
2 watts per square meter. It was also deter-
mined that sunspots cause very short term vari-
ations, for periods equal to the life of the spot.

Solar astronomers working at the National
Solar Observatory, Kitt Peak, Arizona, will con-
tinue to monitor certain absorption lines in the
solar spectrum that are known to be sensitive to
stellar luminosity. They have found that the
strengths of these lines closely correspond to the
variability first detected by ACRIM, both in
magnitude and in the temporal variation asso-
ciated with the sunspot cycle.

CONTEXT

The goal of solar spectral irradiance mea-
surements is to measure solar absolute bright-
ness and how much and how rapidly it changes.
The visible spectrum dominates the energy
emission, and both it and the infrared seem to
be relatively constant. In contrast, radio, ultra-
violet, and X rays show large fluctuations asso-
ciated with solar magnetic activity during the
solar cycle.

Prior to the space age, measurements of solar
irradiance had a very incomplete time record,
even over one solar cycle. Many astronomers
and solar physicists were not particularly inter-
ested in measuring the solar constant over long
periods of time, contending that such experi-
ments were difficult and expensive and it was
unlikely that significant changes in the solar
constant could be documented. Since the solar
spectrum covers an enormous wavelength
range, from radio waves to X rays, taking mea-
surements of absolute brightness was, and re-
mains, very challenging, inasmuch as different
detectors and different techniques are required
in each wavelength band. Over the electromag-
netic range, at least five different experimental
techniques are required for imagery and disper-
sion of the solar spectrum.

Another difficult problem in attempts to
measure the solar constant was the attempt to
determine how much energy Earth’s atmo-
sphere blocked before the radiation reached de-
tectors on the ground. Earth’s atmosphere fil-
ters out radiation according to wavelength; its
blocking of many parts of the electromagnetic
spectrum is very effective. Ozone in the upper
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atmosphere completely absorbs all radiation
shorter than the very longest near-ultraviolet
waves, including gamma rays, X rays, and most
ultraviolet rays. At the lower end of the spec-
trum, water vapor and carbon dioxide strongly
absorb much of the infrared, and water vapor
and oxygen absorb radio waves shorter than
about 1 centimeter. The ionosphere, a thin layer
of charged particles at an altitude of about 100
kilometers, reflects radio waves longer than
about 10 meters. Even those wavelengths that
are not completely blocked, still may suffer
some absorption and scattering as they pass
through our atmosphere.

The solution to this problem appeared when it
became possible to to make observations above
Earth’s atmosphere, and just about the entire
solar spectrum has been observed using the Or-
biting Solar Observatories (OSOs), Skylab, the
Solar Maximum Mission (SMM), and the Solar
and Heliospheric Observatory (SOHO).

James C. LoPresto
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Solar Radio Emissions
Category: The Sun

Specific solar phenomena lead to the pro-
duction of radio waves that affect Earth.
These can be broken down into several
types of radio emissions, many of which ap-
pear to be more closely tied to certain solar
events than others. Detecting and under-
standing these emissions are important to
both human activities and life on Earth.

OVERVIEW

In 1942, investigations began to determine
what was “jamming” British radar and allowing
German battle cruisers to pass freely through
the English Channel. J. S. Hey attacked this
problem. Investigations led to recognition that
the Sun, and not any German technology, was
the source of this kind of radio interference. Hey
learned that “jamming” happened during day-
time and was worse when British receiving in-
struments were pointed in the general direction
of the Sun. Hey also discovered that the Sun at
that time sported a large group of sunspots. In-
deed, solar radio waves were creating the inter-
ference.

It is necessary to understand the basic struc-
ture and dynamics of the Sun before seeking to
understand why radio regions are produced.
Two main solar processes emit energy. Begin-
ning closest to the core, radiative diffusion is at
work. Photons are created in the center of the
Sun and move outward as a result of absorption
and reemission by atoms and electrons that
make up the interior of the Sun. After they move
out past the radiative zone, they undergo the
process of convection. Convection is caused by
temperature differences that make hot and cool
fluids circulate. Hotter gas rises, and cooler gas
falls. As cooler gas sinks closer to the Sun’s core,
it begins to be heated, causing it to rise again.
This progression repeats itself, forming convec-
tion cells.

The innermost layer of the Sun’s atmosphere
is called the photosphere, and is also known as
the Sun’s visible “surface.” Most of the light
emitted by the Sun escapes through this “sur-
face.” Furthermore, sunspots are found in this
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region. The umbra, or dark region of a sunspot,
emits approximately 30 percent less light than
an equally sized area without sunspots. Above
the photosphere is the chromosphere. The chro-
mosphere is characterized by an emission line
spectrum, whereas the photosphere displays an
absorption line spectrum. Vertical spikes of ris-
ing gas, or spicules, as well as plages, originate
in the chromosphere. The outermost layer of the
atmosphere is the corona. Atoms located here
are highly ionized due to extremely high kinetic
temperatures. This is responsible for nonther-
mal radio emissions.

Variations in the Sun’s magnetic field often
cause explosive emissions of energy, in the form
of both streams of particles and electromagnetic
radiation. Visually, these can be seen as solar
flares erupting from the lower corona to the
photosphere, specifically where sunspots are lo-
cated. However, there is more complexity to this
phenomenon than this simple picture might sug-
gest. Flares create shock waves that excite the
local plasma into oscillation. These oscillations
produce radio waves of a frequency equal to that
of the plasma oscillations that give rise to them.
Occasionally, electrons near the location of a
flare will get excited and interact with strong
magnetic fields. This interaction will also create
intense radio emissions, called radio bursts.

Detailed studies of these solar flares were
done by the radio heliograph in Culgoora, Aus-
tralia. It was discovered that the explosions
originated from the corona. However, there
were limitations to the effectiveness of the radio
heliograph. It could observe at only three radio
frequencies: 327 megahertz (MHz), 180 MHz,
and 80 MHz. To help overcome this problem,
the Clark Lake Radio Observatory was de-
signed to use frequencies ranging from 15 MHz
to 125 MHz. This new capability unveiled radio
microbursts that are believed to be caused by co-
ronal heating. Radio emission frequencies have
been discovered to be a function of electron den-
sity. Typical ranges for the lower corona are ap-
proximately 100 MHz to 1 gigahertz (GHz).
Near the middle of the corona, the frequencies
become 10 MHz to 100 MHz. The frequencies for
the lower coronal areas are larger than higher
up in the Sun’s atmosphere, because electron
density is greater closer to the core.

The Sun also emits radio waves through syn-
chrotron radiation, the same process by which
auroras are produced. Electrons become caught
spinning around magnetic field lines and have
their motion restricted in two directions: one ro-
tating around the field line and the other in the
direction along the magnetic field line. This
type of radiation is more intense at radio wave-
lengths. When plasma expands, it can overcome
the Sun’s inward gravitational pull. When this
occurs, it is possible for electrons to escape, cre-
ating the solar wind.

Solar radio emissions come in several types.
Type I is mainly narrow-band bursts that occur
frequently and can last on the order of hours to
days. Type II radio bursts have a wavelength of
approximately 1 meter. These bursts are usu-
ally caused by solar flares. Along with solar
flares, Type II bursts can be created from highly
energetic particles. They are also slow “drift
bursts” that begin at high frequencies and drift
to lower frequencies. Type III bursts are fast
drift radio bursts because their emission fre-
quency decreases over time. They can occur
from energetic electrons escaping along mag-
netic field lines. Typically, these bursts have
wavelengths in the meter range, but have also
been discovered in the decimeter range as well.
Energies of the particles that create these
bursts range from 1 to 100 kilo-electron volts
(keV). Bursts that have broadband qualities are
Type IV and Type V. Type IV are also related to
solar flares. Type V most commonly last for a
few minutes but can last for longer periods of
time if the frequency is decreased; this type
has also been observed simultaneously with
Type III bursts.

KNOWLEDGE GAINED

It was once believed that Type II radio bursts
correlated with energetic solar flares, in that
these bursts occur only from high-energy flares.
Investigation of radio bursts, however, led to
the determination that Type II bursts do in fact
occur with less intense flares as well as high-
intensity flares.

The robotic Cassini orbiter was outfitted
with a radio and plasma wave science (RPWS)
instrument, designed to measure electric fields,
magnetic fields, and electron density while that
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spacecraft orbits the planet Saturn. Even
though Cassini’s main mission was to explore
Saturn and its large satellite Titan, in 2003,
with the spacecraft still en route to the Saturn
system (Saturn orbit insertion was in mid-
2004), Cassini unexpectedly picked up two Type
III radio bursts coming from the Sun, one on Oc-
tober 28 and the other on November 4. These
bursts were caused by intense solar flares. The
orbiter was approximately 8 astronomical units
(AU) away from the Sun at the time when it de-
tected these flares. That these solar flares were
so intense was evidenced by the detection of
those radio bursts at such a great distance from
the Sun. Solar flares have a huge effect on the
“space weather” of the entire solar system.

Ulysses is a joint National Aeronautics and
Space Administration (NASA) and European
Space Agency (ESA) spacecraft devoted to stud-
ies of the Sun. Launched in October, 1990, from
the space shuttle Discovery on mission STS-41,
Ulysses was sent on a trajectory rising up above
the ecliptic plane in order to fly around the poles
of the Sun and thereby study the Sun at all lati-
tudes. Its mission was to understand what is
happening during solar maximum, the period in
the solar cycle when a copious number of sun-
spots are present.

Ulysses recorded coronal mass ejections and
discovered an irregular solar wind that is not
very periodic. This mission also made it possible
to look closely at Type III radio bursts from the
Sun, because Ulysses was equipped with a uni-
fied radio and plasma wave instrument (URAP).
One of the functions of URAP is to reveal the di-
rection, angular size, and polarization of radio
sources located in the heliosphere, the area of
space that encompasses the Sun’s magnetic
field and the solar wind. Investigating radio
bursts is important because it can lead to map-
ping out the pattern of the Sun’s magnetic field
by the detection of energetic particles making
up these long-wavelength electromagnetic
waves. Scientists have questioned how beams of
particles of Type III emissions can stay together
long enough to be observed. Data from Ulysses
addressed this by making observations of the
solar plasma’s electric field. It discovered that
disturbed plasma can stabilize the beams and
“hold” the particles and beams together. These

bunches have been termed envelope solitons.
Ulysses also recorded that more shock waves oc-
cur during periods when sunspot activity in-
creases.

CONTEXT

If properly funded, the proposed Solar Or-
biter will fly near the Sun, taking measure-
ments of radio emissions and plasma waves
that can later be compared to visual measure-
ments to make correlations. One of the main
tasks of Solar Orbiter will be to further investi-
gate interrelationships between solar flares, co-
ronal mass ejections, and radio bursts. Solar Or-
biter will have a radio spectrometer (RAS) to
measure solar radio emissions of frequencies in
the range of 100 kilohertz (kHz) to 1 GHz. Be-
cause of the large range of frequencies that it
can observe, RAS has three component spec-
trometers: one ranging from 100 kHz to 16 MHz,
a second from 16 to 200 MHz, and a third from
200 MHz to 1 GHz. It can observe plasma varia-
tions originating at the low coronal level of the
Sun’s atmosphere.

NASA’s Solar Dynamics Observatory (SDO)
is another orbiter designed to explore the Sun.
In 2008, it was under construction at the
Goddard Space Flight Center. SDO’s purpose is
to focus on coronal mass ejections, sunspots,
and solar flares. This idea of investigating so-
called space weather is important because vio-
lent weather can endanger astronauts, satel-
lites, probes, and airplanes flying near the poles
of the Earth.

Jessica Lynn Bugno
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Solar Seismology
Category: The Sun

Solar seismology, or helioseismology, is the
study of the oscillations that take place
within the Sun. These periodic vibrations
originate in the Sun’s convective zone. By
analyzing the motion of these oscillations,
scientists can image the solar interior and
develop more accurate models of the Sun.

OVERVIEW

In 1960, Robert Leighton of the California In-
stitute of Technology discovered that small ar-
eas of the Sun’s surface oscillated up and down
with a period of about five minutes. He observed
that the spectra of various points on the Sun’s
surface were Doppler-shifted alternately to-
ward shorter and longer wavelengths. The
Doppler effect shifts electromagnetic radiation
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to shorter wavelengths (termed “blueshifts”)
when the source moves toward the observer and
to longer wavelengths (termed “redshifts”)
when the source moves away from the observer.
However, he was not able to tell whether the os-
cillations occurred only in small regions or over
the entire Sun.

A few years later, it was found that the entire
Sun vibrates. Like many other scientific discov-
eries, it happened while trying to measure
something else. Astronomers were attempting
to measure the oblateness of the Sun to discrim-
inate between Einstein’s general theory of rela-
tivity and a competing theory of gravity—the
Brans-Dicke scalar-tensor theory. Since the
mid-1800’s, it had been known that Mercury’s
orbit around the Sun precesses; that is, the el-
liptical orbit itself slowly rotates about the focus
occupied by the Sun. Most of the observed pre-
cession could be explained by the other planets
gravitationally perturbing Mercury according
to Sir Isaac Newton’s laws of gravity and mo-
tion, but a small residual was unaccounted for.
The existence of an unknown planet, the leg-
endary Vulcan, inside the orbit of Mercury was
suggested to provide the extra gravitational
perturbation. Searches were made, and some

even reported spotting Vulcan, but none of the
“discoveries” was confirmed.

In the early 1900’s, Einstein developed his
general theory of relativity. One of its conse-
quences is that mass distorts space-time in its
vicinity. Thus Mercury’s orbit would precess be-
cause of the curvature of space-time around the
Sun. The amount predicted by general relativ-
ity for Mercury’s precession matched exactly
the observed discrepancy, and this was hailed
as major evidence supporting the theory.

A half century later, Carl Brans and Robert
H. Dicke, developed an alternative to general
relativity called the Brans-Dicke scalar-tensor
theory. It, too, predicted the precession of Mer-
cury’s orbit if the Sun were slightly oblate—that
is, if the Sun had a small equatorial bulge due to
its rotation. In the early 1960’s, Dicke’s team at
Princeton University claimed to have measured
a small oblateness of the Sun using a telescope
of their own design and construction. Afew years
later, Henry Hill of the University of Arizona
built a telescope that was designed specifically
to detect a distortion in the shape of the Sun. He
found no evidence of any distortion, but after fur-
ther study, Hill and his colleagues discovered
periodic oscillations of the Sun’s entire surface.
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Since then, it has been determined that the
entire surface of the Sun is in a state of constant
oscillation, with periods varying between min-
utes and hours. It might be said that the Sun is
ringing like a bell being struck continuously.
The origin of these vibrations is the convective
zone beneath the photosphere or “visible sur-
face” of the Sun. Bubbles of hot gas rise in con-
vection cells, carrying heat from the Sun’s inte-
rior to the surface. The tops of these convection
cells produce the granulation seen in images of
the photosphere. The hot bubbles rise toward
the surface, accompanied by a tremendous roar.
These sound waves oscillate through the Sun
and cause its surface to rise and fall periodically
as they are reflected by the bottom of the
photosphere. As the waves travel back down-
ward into the Sun, they encounter higher tem-
peratures and pressures. These changing physi-
cal conditions result in the waves’ velocity being
increased, which eventually causes the waves to
refract or bend upward toward the surface.
When they reach the surface, again the waves
are reflected back downward. The depth that
the wave reaches depends upon its wavelength.
The wavelength also determines how far a wave
will travel around the Sun between reflections
from the surface.

The Sun’s interior is conducting waves with
virtually millions of different wavelengths and
frequencies. Some waves have the exact wave-
length necessary to make an even number of
bounces before they return to where they began.
Astronomers categorize these waves by the
number of times that they reflect from the sur-
face in one complete circuit of the Sun. For ex-
ample, a wave with the designation I-4 strikes
the surface in three places before it bounces
back to its starting position. Once it returns to
its origin, it has struck the surface of the Sun
four times. Scientists have found that waves
with low I numbers travel deep into the Sun and
can reveal physical characteristics there, while
waves with higher I numbers probe the shal-
lower zones closer to the Sun’s surface.

KNOWLEDGE GAINED

On Earth, geologists use seismic waves (pro-
duced naturally by earthquakes or artificially
by setting off explosions or by “thumping” the

ground) as probes of the Earth’s interior. As-
tronomers use solar seismic waves in an analo-
gous way to image the interior of the Sun, which
cannot be observed directly. Prior to this new
development in solar physics, knowledge of the
processes that occur within the Sun and the lo-
cations of various boundaries within the Sun
came only from computer-generated models of
its interior.

Currently, the generally accepted model of
the Sun’s interior is called the Standard Solar
Model (SSM). Observed frequencies and wave-
lengths of observed solar oscillations for the
most part are consistent with the SSM to within
0.1 percent. For example, within the Sun’s core,
hydrogen nuclei are fused together to form he-
lium nuclei. This process converts a small frac-
tion of the input mass into energy that keeps the
Sun shining. The SSM indicates the central
temperature needed to maintain this reaction
at the right rate to account for the Sun’s lumi-
nosity is about 15 million kelvins. Vibration
patterns observed on the Sun’s surface but that
travel through the deep interior are consistent
with this temperature.

Direct observation shows that the Sun’s sur-
face rotates differentially—the equatorial re-
gion has a shorter rotation period than the polar
regions. Helioseismology provides a way to
study the internal rotation of the Sun, and it
turns out to be quite complex. At shallow depths
there is a “zonal” flow with alternating bands
moving faster and slower than the average. Just
below the surface are wide “rivers” moving more
slowly near the equator and faster near the
poles, just the opposite of what the surface itself
does. The base of the convection zone oscillates
in rotational speed with a period of 1.3 years,
sometimes moving faster than the surface and
sometimes more slowly than the surface by
about 10 percent. The deeper radiative zone, in-
cluding the core, rotates reasonably uniformly
with a period of about 27 days.

CONTEXT

The discovery that the surface of the Sun is
oscillating was made in the early 1960’s. At the
time, scientists were gathering data on the
oblateness of the Sun. As it turned out, there
was no measurable oblateness of the Sun, but

The Solar System Solar Seismology

761



subsequent observations revealed an alternat-
ing Doppler shift in the solar spectra taken from
various points on the Sun’s surface. This Dopp-
ler shift provided evidence of periodic oscilla-
tions. Further investigations revealed that the
Sun is ringing as if it were a large bell that is
continuously being struck. The millions of dif-
ferent wavelengths and frequency combina-
tions of waves are believed to originate within
the Sun’s convective zone. In this region, the
tremendous heat from the interior is carried
outward toward the surface by rising bubbles of
hot gas. The sound waves given off by this move-
ment of hot gases cause the Sun to vibrate.

The Global Oscillations Network Group
(GONG) has provided extensive observations of
solar oscillations. GONG consists of an array of
50-millimeter-aperture refracting telescopes at
various locations around the Earth. These loca-
tions were selected to ensure that at least two
telescopes could gather data from the Sun at all
times, enabling astronomers to differentiate
real oscillations, together with their amplitudes
and periods, from noise produced by instrumen-
tation or Earth’s rotation. Each of the telescopes
contains a Fourier tachometer. This device is
capable of measuring extremely small Doppler
shifts at more than sixty-five thousand different
points on the surface of the Sun. By observing
these shifts, astronomers can determine oscilla-
tion periods of these various points and form a
detailed picture of the solar disk. This large
amount of data is necessary to determine the
paths that the waves follow through the Sun
and convert that information into a model of the
solar interior. The Solar and Heliospheric Ob-
servatory (SOHO), launched by the European
Space Agency (ESA) in 1995 and on station be-
tween the Earth and Sun, also provides continu-
ous monitoring of solar oscillations.

Helioseismic waves act as probes of the solar
interior that enable solar scientists to map the
interior of the Sun and solve some of the per-
plexing problems in solar physics. By observing
oscillations visible on the Sun’s surface, astron-
omers are assembling a detailed picture of the
solar interior, in much the same way that geolo-
gists gain knowledge of Earth’s interior by the
study of seismic waves traveling through our
planet. For example, solar oscillations provide

information about the temperature and density
of the Sun from its surface down to its core. They
reveal the rotational speeds of internal layers of
the Sun. Helioseismic imaging helps delineate
the boundaries between the convective zone, ra-
diative zone, and the core itself. Solar seismol-
ogy also provides clues as to how energy is
transferred from the solar surface to the chro-
mosphere and corona. (It is currently believed
that intense magnetic fields, along with acous-
tic shock waves from the tops of convecting cells,
are responsible for high temperatures in the
chromosphere and the corona—up to 2 million
kelvins in the corona.) In sum, the accumulation
of helioseismic data over the years is helping as-
tronomers form an accurate model of the condi-
tions and processes occurring both on the solar
surface and in the interior.

David W. Maguire
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Solar Structure and
Energy
Category: The Sun

Advances in both theoretical physics and
astronomical observing capabilities have
provided an increasingly detailed descrip-
tion of the Sun. As the nearest star to us, the
Sun can also function as a laboratory for
investigations of stellar physics in general.

OVERVIEW

The Sun is composed mostly of hydrogen.
When the Sun first formed, there was enough
hydrogen in the estimated size of its core for this
reaction to keep the Sun shining for approxi-

mately 10 billion years. Since the Sun is about
4.5 billion years old, it is only about halfway
through with generating energy in its core by
hydrogen fusion.

The Sun’s mass is about 2 × 1030 kilograms. It
consists primarily of the two simplest atoms:
hydrogen (about 91 percent by number of at-
oms, about 71 percent by mass) and helium
(about 9 percent by number of atoms, about 27
percent by mass). Other chemical elements ac-
count for a combined total of about 0.1 percent
by number of atoms or 2 percent by mass. More
than sixty chemical elements have been identi-
fied in the Sun’s spectrum, and probably all the
elements are present in minute amounts. Some
of the more abundant of the other elements in-
clude oxygen, carbon, nitrogen, silicon, magne-
sium, neon, iron, and sulfur.

A major clue to the conditions inside the Sun
is that it seems to be reasonably stable, with no
large, rapid changes. Thus it must be in a state
of hydrostatic equilibrium. This means that its
self-gravity, which tries to make it contract, is
balanced by its internal pressure, which tries to
make it expand. If it were not in hydrostatic
equilibrium (or at least very, very close to it),
the Sun would either be contracting or expand-
ing noticeably.

The Sun’s luminosity—that is, the rate at
which it emits electromagnetic energy—is ap-
proximately 3.8 × 1026 joules per second. The nu-
clear reaction that supplies the Sun’s energy
needs is the fusion of four hydrogen nuclei into
one helium nucleus. In the production of this
single helium nucleus, 4.8 × 10–29 kilograms of
mass are converted into 4.3 × 10–12 joules of en-
ergy. Thus, to generate the Sun’s luminosity
(3.8 × 1026 joules per second), every second about
36 × 1037 hydrogen nuclei (with a total mass of
602,300,000 metric tons) are fused into 9 × 1037

helium nuclei (with a total mass of 598,100,000
metric tons), and the excess 4,200,000 metric
tons of mass is converted into energy in the
Sun’s core.

From the center outward, the Sun has sev-
eral layers or zones: the hydrogen fusion core,
the radiative zone, the convective zone, the
photosphere, the chromosphere, and the co-
rona. However, other than the photosphere,
these layers are either difficult or impossible to
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observe. Above the photosphere, the gas is so
tenuous that it emits much less visible light. Be-
low the photosphere, the gas is opaque—sort of
like fog—so electromagnetic radiation cannot
escape. Consequently, the layers below the
photosphere must be studied indirectly via com-
puter models of the Sun’s interior. The layers
above the photosphere can be seen visually on
special occasions or observed anytime at vari-
ous wavelengths outside the visible range.

The energy generated in the Sun’s core ini-
tially makes its way outward by radiation—
that is, as a flow of photons. However, because
the Sun’s interior is so opaque, a photon travels
only about 1 centimeter before it is absorbed
and reemitted by an atom. This occurs over and
over again, so this method of energy transport is
called radiative diffusion. The region of the Sun
in which energy is transported entirely by radi-
ative diffusion (or simply radiation) is its radia-
tive (or radiation) zone, and this zone extends
from the center out to about two-thirds of the
Sun’s radius.

Beyond this distance, the gas becomes even
more opaque, making it more difficult for pho-
tons to travel. As a result, convection sets in,
and energy is carried by rising bubbles of hot,
lower-density gas. After transferring their heat,
the cooler, denser bubbles sink. The region of
the Sun in which convection occurs is its convec-
tive (or convection) zone, and it occupies the
outer third of the Sun’s radius. Even in this zone
in which convection occurs, some energy is also
carried by radiation, that is, by photon flow.

The next layer, the photosphere or visible
surface of the Sun, is the lowest level of the solar
atmosphere, with a radius of about 700,000 kilo-
meters and a thickness of about 500 kilometers.
Temperatures decrease from about 6,600 kel-
vins at its base to about 4,400 kelvins at its top;
the overall effective temperature of the photo-
sphere is 5,800 kelvins.

When examined with high-resolution imag-
ers, the photosphere reveals a wealth of struc-
ture and detail. Most pronounced is the pres-
ence of granulation, an alternation of brighter
spots with darker borders, resembling a mix-
ture of salt and pepper. Each granule is a region
of gas about 1,000 kilometers in diameter,
larger than the state of Texas. The photosphere

is at the top of the Sun’s convective zone, the
part of the Sun’s interior where energy is trans-
ported outward by convection. The brighter re-
gion at the center of the granule is a hot gas bub-
ble rising, while the darker border regions of
a granule are cooler gases sinking back down.
The convection zone in the Sun produces waves
of thermal energy that shoot up through the
photosphere. These waves make the photo-
sphere appear to oscillate, with periods ranging
from minutes to hours.

Above the photosphere are two more layers of
the solar atmosphere, called the chromosphere
and the corona, that usually cannot be seen with
the unaided eye. The photosphere emits so
much light and is so much brighter than the rest
of the solar atmosphere that usually it over-
whelms the weaker visible light from the layers
above it, making them difficult to see. During a
total solar eclipse, however, the Moon blocks the
bright photosphere, and the fainter chromo-
sphere and corona are visible to the unaided
eye, extending out around the silhouette of the
Moon.

Chromosphere literally means “color sphere.”
When seen during total solar eclipses, it ap-
pears as a narrow red ring just beyond the
Moon’s silhouette. The red color is one of the
wavelengths (656.3 nanometers) that can be
strongly emitted and absorbed by hydrogen at-
oms. The thickness of the chromosphere is
about 2,000 kilometers, with temperatures of
4,500 kelvins at its base and rising to 30,000
kelvins at its top. These temperatures result in
strong ultraviolet emission, and the chromo-
sphere can be observed any time (not just dur-
ing eclipses) at ultraviolet wavelengths. How-
ever, our atmosphere is opaque to most of the
ultraviolet, so ultraviolet observations must be
conducted by spacecraft above our atmosphere.

The chromosphere contains hundreds of
thousands of thin spikes, called spicules. These
spicules are jets of hot gas, hundreds of kilome-
ters across and thousands of kilometers tall.
They rise dramatically and then fall over a life-
time of several minutes, thus creating a dynamic
appearance, like the dance of many small candle
flames. The chromosphere also has a granulated
structure. This structure cannot be directly ob-
served but has been deduced from spectroscopic
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studies of the motions of gas in the chromo-
sphere using the Doppler effect (a change in the
frequency and wavelength of electromagnetic
radiation caused by the motion of its source to-
ward or away from the observer). Such studies
have revealed that the chromosphere contains
large, organized cells of gas called supergran-
ules that move in unison under the influence
of convective forces. These supergranules are
30,000 kilometers in diameter and contain hun-
dreds of normal granulation regions.

Above the chromosphere, the density rapidly
decreases and the temperature abruptly in-
creases to about 1 million kelvins in a thin layer
called the transition region. Beyond is the co-
rona, the outermost part of the solar atmo-
sphere, The corona’s density is so low that it
emits relatively little visible light, but during a
total solar eclipse, the corona can be seen as a
broad, glowing white halo of light out to dis-
tances of several solar radii. The temperature of
the corona is about 1 million to 2 million kelvins.
Consequently, it strongly emits X rays. It can be
observed at any time at X-ray wavelengths, but
our atmosphere is opaque to X rays (just as it is
opaque to most ultraviolet radiation), so X-ray
observations of the corona must also be con-
ducted from spacecraft above our atmosphere.

APPLICATIONS

Our Sun is a star, the only star in our solar
system. It is often described as an “average”
star. While it is average in the sense that it is a
“main sequence star” and just about in the mid-
dle of the ranges of stellar luminosity, mass, di-
ameter, surface temperature, and various other
properties, it is not typical in the sense that the
vast majority of stars are smaller, cooler, and
less luminous than the Sun. Furthermore, the
comparatively small number of stars that are
larger and more luminous than the Sun are so
bright that they account for most of the light
emitted within a galaxy of billions of stars.

Nevertheless, the Sun is the closest star to
us—at a distance of about 150 million kilome-
ters (which defines one astronomical unit, or
1 AU)—and as such provides a “laboratory”
where normal stellar processes can be observed
and studied at relatively close range. The next
closest star, Proxima Centauri (which probably

is a member of the Alpha Centauri star sys-
tem and thus sometimes is called Alpha Cen-
tauri C), is about 40 trillion kilometers away, or
about 270,000 times the distance to the Sun.
Light from the Sun takes only five hundred sec-
onds (a little over eight minutes) to reach Earth,
while light from Proxima Centauri takes more
than 4 years to reach us.

Aside from the fact the most other stars are
smaller and less luminous, they do share have
much in common with the Sun. Most stars have
compositions similar to the Sun’s—mostly hy-
drogen, some helium, and very small amounts
of other chemical elements. Most stars, like the
Sun, are reasonably stable and thus are in hy-
drostatic equilibrium. The light we receive from
other stars, like the light we receive from the
Sun, comes from a layer that resembles the
photosphere (and hence other stars are said
to possess “photospheres”). Observational evi-
dence suggests that at least some stars (and
probably most if not all) possess chromospheres
and coronas as well—like the Sun.

Also like the Sun, stars generate energy for
most of their active “lives” by nuclear fusion re-
actions. The fusion of hydrogen into helium in
its core is the first and by far the longest-lasting
fusion reaction that a star can tap. Most stars
thus are generating energy the same way the
Sun is, by hydrogen-to-helium fusion in their
cores. After a stellar core’s hydrogen is ex-
hausted, other nuclear fusion reactions are pos-
sible, such as the fusion of three helium nuclei
into a single carbon nucleus, but these higher
fusion reactions do not supply energy for long.

The energy generated in a star’s core is trans-
ported outward in most stars by the same two
processes operating in the Sun: radiation and
convection. However, computer models of stel-
lar interiors indicate that in some stars, the con-
vective zone is in the central part of the star,
and the radiative zone is farther out. Further-
more, in some parts of some stars in some stages
of their lives, a third energy-transport mecha-
nism, conduction, is more effective than either
radiation or convection.

CONTEXT

Unraveling the mystery of how the Sun and
most other stars shine is one of the great
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achievements of science in the twentieth cen-
tury. Ever since Anaxagoras in the fifth century
b.c.e. asserted that the Sun was not a god but
simply a big ball of fire, the question of solar fuel
was a mystery. An early suggestion for the en-
ergy source was some form of chemical combus-
tion; in other words, the Sun was literally a ball
of fire that was burning something, just as An-
axagoras said. The problem was the timescale.
No matter what the Sun was made of, it would
have to chemically consume (burn) its entire
mass in a time on the order of thousands to tens
of thousands of years to keep shining at its pres-
ent rate.

Another suggestion was meteoritic infall;
that is, the Sun was heated by matter falling
into it. Again, there is a problem of scale. A
rocky asteroid 11 kilometers in diameter would
have to slam into the Sun every second to re-
lease enough energy to supply its present lumi-
nosity. Also, such a rate would have produced
some observable immediate effects, but none
had ever been detected.

By the middle of the nineteenth century, the
answer seemed to be slow gravitational contrac-
tion. The Sun would only have to shrink by a few
tens of meters each year (an insignificant
amount compared to its radius of 700,000 kilo-
meters) to provide for its present luminosity.
Furthermore, slow gravitational contraction
could keep the Sun shining for tens of millions of
years. At the time, it seemed like a reasonable
duration to astronomers and physicists, but ge-
ologists, paleontologists, and biologists were be-
ginning to figure out that the Earth and its rock
and fossil record were at least hundreds of mil-
lions if not billions of years old. Again, the
timescale did not fit the theory.

The accepted energy source now is nuclear
fusion, a process in which light atomic nuclei
are fused into heavier atomic nuclei, releasing
energy. The mass of the resulting nucleus is not
quite as great as the sum of the masses of the
nuclei that fused to form it. That small differ-
ence in mass gets converted into energy accord-
ing to Einstein’s famous equation, E = mc2,
which says that matter, m, and energy, E, are
equivalent and are related by a physical con-
stant (the speed of light, c, squared). To be able
to overcome the electrostatic repulsion that pos-

itively charged nuclei feel toward each other,
nuclear fusion reactions can occur only at high
temperatures (so the nuclei are moving rapidly)
and high densities (so the nuclei are close to-
gether), exactly the conditions at the center of
the Sun and most stars. According to computer
models of the Sun’s interior, the central temper-
ature is about 15 million kelvins and the central
density is about 150 times the density of water.

Our current understanding of the structure
and physics of the Sun has been obtained in two
ways: through observations of the Sun in all
parts of the electromagnetic spectrum, and
through computer models that calculate condi-
tions inside the Sun. The processes that take
place in the Sun are representative of processes
that take place in stars generally. Thus our so-
lar research has also contributed to our study of
stars throughout our Milky Way galaxy and in
galaxies beyond the Milky Way.

Karl Giberson
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Solar System: Element
Distribution
Category: The Solar System as a Whole

The abundance and distribution of chemi-
cal elements in the solar system resulted
from many events: the creation of hydrogen
and helium in the big bang, the synthesis of
heavier elements by nuclear fusion reac-
tions in earlier generations of stars, differ-
ential condensation in the early solar neb-
ula during the accretion of the planets, and
physical and chemical processes within
solar-system bodies after their formation.
Elemental abundance and distribution
within the solar system therefore point to
the origin and history of the solar system
and its constituent bodies.

OVERVIEW

The solar system consists of three rather dis-
tinct parts. At the center is the Sun, composed

mostly of hydrogen and helium and containing
most of the solar system’s mass. Next comes an
inner system of four small planets (the terres-
trial planets, Mercury, Venus, Earth, and
Mars), three moons, and many asteroids, all
composed mainly of rock and metal. Last there
is an outer system of four large gas/liquid/ice
planets (the Jovian or “gas giant” planets, Jupi-
ter, Saturn, Uranus, and Neptune), many small
ice-rock moons and other bodies, and lots of icy
cometary nuclei. The four inner planets are
made predominantly of magnesium and iron sil-
icates, with cores rich in iron, nickel, and sulfur.
The four gas giants have thick envelopes of hy-
drogen, helium, and hydrogen compounds in
the form of gases, liquids, ices, or a combination
of these, with cores of silicates and metals; these
large planets generally approximate the Sun in
composition. The small ice-rock bodies may
have rocky silicate cores with outer layers of
various ices, or they may be homogeneous mix-
tures of ice and rock.

A little over 91 percent of the atoms in the so-
lar system are hydrogen, and almost 9 percent
are helium; together they account for almost
99.9 percent of the atoms. In terms of number of
atoms, the next two most abundant are oxygen
(about 0.08 percent) and carbon (about 0.04 per-
cent). Then come nitrogen, silicon, magnesium,
neon, iron, and sulfur. Each of the other ele-
ments accounts for less than 0.001 percent of
the atoms, and their abundance generally falls
off rapidly with increasing atomic number.
There also is a general alternation in abun-
dance, with atoms of even-numbered elements
more abundant than odd-numbered elements.

The overall abundance of chemical elements
in the solar system was established by events
before the solar system formed. Hydrogen and
most of the helium were created in the first few
minutes after the big bang; it also created a
trace of lithium, even less beryllium, and possi-
bly still less boron. Most of the atoms in our so-
lar system heavier than helium were formed by
nuclear fusion reactions in earlier generations
of stars that went through their “life-cycles” be-
fore the solar system began to form. The heavier
atoms were dispersed throughout interstel-
lar space when these stars ended their energy-
producing “lives,” either puffing off their outer
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layers as planetary nebulae or exploding vio-
lently as supernovae. The heavier atoms en-
riched the interstellar clouds of gas from which
new generations of stars and their accompany-
ing systems of planets formed. Measurements
of the solar system abundances for the heavier
nuclei roughly match the expected abundances
based on the types of nuclear reactions that are
expected to occur in stars.

The solar system formed when part of a large
cloud of interstellar gas and dust began to con-
tract inward under its own gravity. As the cloud
contracted, it began to rotate faster to conserve
angular momentum; eventually it spun off an
equatorial disk of matter. Most of the mass of
the contracting cloud collected in the center to
form the proto-Sun, while the rest of the solar
system formed in the equatorial disk. Chemical
reactions governed the events that occurred in

the “leftover” matter of the disk. Close to the de-
veloping Sun, only a few refractory materials
condensed to form small grains of minerals and
metals; far from the Sun, even gases such as
ammonia and methane condensed to form
grains of ice.

The first solids to condense in the early solar
nebula, at temperatures around 1,600 kelvins,
were oxides of calcium, aluminum, titanium,
and some rare Earth elements. At about 1,300
kelvins, iron-nickel metal condensed, followed
at about 1,200 kelvins by enstatite (MgSiO3),
the magnesium variety of the silicate mineral
pyroxene. At about 1,000 kelvins, sodium, po-
tassium, calcium, and aluminum reacted with
silicate grains to create the feldspar minerals.
At 680 kelvins, metallic iron reacted with hy-
drogen sulfide gas to create the iron sulfide
troilite (FeS). Also, between 1,200 and 500 kel-
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vins, metallic iron reacted with oxygen to create
ferrous iron oxide (FeO), which reacted in turn
with enstatite to create a variety of the silicate
mineral olivine (FeMgSiO4). Between about 600
and 400 kelvins, water reacted with calcium sil-
icates and olivine to form various hydrous min-
erals. This sequence accounts for all the most
common constituents of meteorites. A class of
meteorites called chondrites matches the ele-
ment abundance in the Sun, minus those ele-
ments which would have remained gases.
Chondritic meteorites are thus considered to be
the most primitive surviving materials in the
solar system.

Ice sublimes quickly into gas in a vacuum.
Only at and beyond the distance of Jupiter,
about 5 astronomical units from the Sun, was it
cold enough (about 175 kelvins) for ice to form
in a vacuum and survive billions of years. At
150 kelvins, methane hydrate (a solid mixture
of methane and water) condensed, followed by
ammonia hydrate at 120 kelvins. Argon and
pure methane solidified at about 65 kelvins.

The condensation of various solid grains at
different distances from the early Sun explains
much of the present distribution of materials in
the solar system, and the accretion of the plan-
ets further modified their chemistry. Computer
simulations of solar system accretion indicate
that the small grains orbiting the Sun coalesced
first into many small planetesimals (up to sev-
eral hundred kilometers across) and then into
protoplanets (2,000 to 3,000 kilometers across).
As these bodies grew, their increasing gravity
swept in matter from wider and wider swaths in
the disk. The protoplanets became massive
enough to attract one another, disturbing their
orbits. Thus, the protoplanets swept up matter
from rather wide bands in the disk, mixing ma-
terials from a variety of temperature zones.
Late in the accretion process, the protoplanets
collided to create larger planets. The collisions
would have vaporized substantial parts of the
impacting bodies, while perhaps mixing materi-
als from two protoplanets of rather different
composition.

The Earth-Moon system may be the result of
such a collision. The Moon has a much lower
overall density than does the Earth, suggesting
that it has a lower proportion of metal to rock

than does the Earth. Also, the Moon is poorer in
volatile materials than is the Earth, and the
more volatile a material is, the lower is its abun-
dance on the Moon. Thus, it appears that the
Moon formed in a hotter region of the solar disk
than did the Earth. Many of the problems ex-
plaining the formation of the Moon can be re-
solved if the early Earth collided with a Mars-
sized protoplanet. Much of the material of the
impacting protoplanet, along with part of the
Earth’s crust and mantle, could have sprayed
off into orbit around the Earth, later coalescing
to form the Moon.

The large rocky/metallic objects possess a
concentric-shell structure consisting of a dense
metallic central core, a less dense silicate
mantle, and a thin silicate crust. This layering
reflects internal changes after the body formed.
Gravitational separation of a dense metallic
core occurred during or shortly after the accre-
tion of a planet; this process may have been well
under way during accretion. Collision of two
large protoplanets with metallic cores might ac-
count for the unusually large core of the planet
Mercury; the collision would have vaporized
much of the outer rocky shells of the proto-
planets, resulting in a large core but only a thin,
rocky mantle and crust.

Deep within planets, high pressures crush
minerals into new and denser crystal lattice
structures. At depths below about 700 kilome-
ters in the Earth, for example, magnesium sili-
cates are crushed into densely packed cubic
crystal structures. Water ice undergoes a re-
markable series of changes in crystal structure
as pressure increases; some of these high-pres-
sure forms of ice are surely present in the interi-
ors of large satellites in the outer solar system.

Internal processes may also concentrate ma-
terials on the surface of a planet or satellite to
form a crust. For example, the Moon’s crust
formed fairly simply by melting of chondritic
material. Early in the history of the Moon, its
outermost 100 kilometers melted to produce a
“magma ocean,” probably from heat generated
by the final impacts of the accretion process. As
the molten material solidified, magnesium and
iron atoms accumulated in dense minerals such
as pyroxene and olivine, which settled to the
bottom. Calcium and aluminum mostly went to
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form less dense feldspar, which was neutrally
buoyant, neither rising nor sinking. Sinking of
the olivine and pyroxene would have created a
lower layer of peridotite, leaving behind an up-
per layer of anorthosite, matching the observed
makeup of the ancient lunar crust.

When chondritic material is melted and then
cooled, basalt or gabbro forms; basalt forms
from rapid cooling and has small mineral crys-
tals, while gabbro forms when the cooling is
slower, allowing the mineral crystals to grow
larger. Thus, it is reasonable to expect basalt
and gabbro to be very common rocks in the solar
system. They form the crust of the ocean basins
on Earth, where they are derived from rocks of
the underlying mantle. Basalt also forms the
dark lava plains, or maria, on the Moon, and
lava flows on Venus. The shield volcanoes on
Earth are made of basalt, and similar shield vol-
canoes are present on Venus and Mars. The re-
flection spectra of some asteroids indicate that
they probably have basalt on their surfaces.

In contrast to the simplicity of ocean crust,
the continental crust of the Earth is chemically
more complex, consisting of granite, a rock type
relatively rare in the solar system; the only
other possible identification of it in the solar
system came from one of the Venera landers on
Venus (Venera 8). Granite consists of quartz,
potassium and plagioclase feldspar, micas, and
amphibole. Compared with basalt and gabbro,
it is greatly enriched in silica (SiO2), potassium,
and sodium, and depleted in iron and magne-
sium. The granitic crust of the Earth is also en-
riched in some less abundant elements, notably
those whose atoms are unusually large (rubid-
ium and some rare-Earth elements) and those
with large atomic numbers (uranium, thorium,
and lead). These elements do not fit easily into
the dominant minerals of the mantle, where the
principal metallic elements (iron, magnesium,
and calcium) have moderate-sized atoms and
atomic numbers. Granite has formed by chemi-
cal differentiation during repeated melting of
the Earth’s mantle and crust. Granite found on
another solar-system object would be clear evi-
dence that it had a high degree of internal ac-
tivity.

Io, the innermost of Jupiter’s large Galilean
satellites, is a remarkable example of a body

whose surface was created by internal pro-
cesses. Io, though slightly smaller than the
Earth’s moon, is internally hot and volcanically
active due to tidal flexing. Io has too little grav-
ity to retain water vapor, the main propellant
for terrestrial volcanic eruptions. In fact, Io is
extremely dry, having lost most of its water to
space. The only material that is cosmically
abundant, volatile enough to power eruptions,
and heavy enough to have been retained by such
a small body is sulfur. Io has a spectacular
white, yellow, and red surface, probably coated
by sulfur dioxide frost and various crystalline
forms of sulfur erupted onto its surface.

As protoplanets and planets grew larger,
they eventually became massive enough to at-
tract and hold gases. However, violent colli-
sions such as those that appear to have occurred
late in the accretion process would probably
have driven off whatever atmospheres the pro-
toplanets had, so smaller planets would have
had great difficulty in accumulating atmo-
spheres. In the inner solar system, the warm
temperatures would have given gas molecules
greater speeds, enabling them to escape more
readily from small planets. Also, the early Sun
probably underwent a time of intense activity
(called the T-Tauri phase) during which it emit-
ted intense streams of charged particles that
swept the inner solar system free of its remain-
ing gas. For these reasons, the inner planets
have thin atmospheres or none. Earth and Ve-
nus are massive enough to have retained signif-
icant atmospheres, but Mars has only a thin at-
mosphere, and Mercury has only a bare trace.

In the outer solar system, the Jovian planets
grew large enough to retain gases despite dis-
ruption by protoplanet collision and early solar
activity. Jupiter and Saturn, which were mas-
sive enough to retain essentially all their gases,
are quite close to the Sun in composition. Ura-
nus and Neptune did not become massive
enough to attract or retain hydrogen and he-
lium quite as effectively as Jupiter or Saturn,
and thus they contain somewhat less hydrogen
and helium and a somewhat greater proportion
of denser gases such as ammonia and methane.
The heavy elements in all four Jovian planets
probably accumulated into roughly Earth-sized
solid cores at their centers.
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Small bodies in the outer solar system
accreted like those in the inner solar system,
but with the addition of water ice as a major con-
stituent. Except for Io, the small bodies of the
outer solar system have silicate cores with icy
mantles and crusts. Comets, whose orbits ex-
tend to great distances from the Sun, probably
formed in the vicinity of Jupiter and Saturn and
were expelled during close passages by the gi-
ant planets. They are mostly water ice, with
other frozen gases in smaller amounts.

METHODS OF STUDY

The composition of many solar-system ob-
jects is known at least partially through spec-
troscopy. When materials are in the form of a
diffuse gas, their atoms or molecules emit and
absorb certain specific wavelengths of light and
other forms of electromagnetic radiation. The
specific wavelengths of electromagnetic radia-
tion emitted or absorbed by a gas act like a
chemical fingerprint of its composition. Solids
have far more complex and less conclusive spec-
tral patterns than do gases, but the spectra of
light reflected from the solid surface of asteroids
can be matched to laboratory measurements of
the reflection spectra of various types of meteor-
ites.

Since the generally accepted model is that
the entire solar system formed during the same
time from a homogeneous cloud of gas and dust,
it would be expected that any solid grains that
condensed from the solar nebula would have a
composition similar to that of the Sun, minus
those elements that would have remained
gases. In the inner solar system, where the tem-
perature of the solar nebula would have been
above the freezing point of water, most hydro-
gen, nitrogen, and carbon would have remained
gases. Most oxygen would combine with hydro-
gen to form water vapor, but some would com-
bine with various metals to form oxides or
would combine with silicon to form silicate min-
erals. Some sulfur would be available for iron-
sulfide minerals such as troilite (FeS). The
noble gases (helium, neon, argon, krypton, and
xenon) do not chemically bond with other ele-
ments and would be nearly absent from any
solid grains. This simple approximation pre-
dicts that the inner solar system bodies should

consist of the most abundant elements in the
Sun, minus the gases; thus the most abundant
elements of the inner planets should include ox-
ygen, magnesium, silicon, sulfur, and iron, and
the actual compositions are consistent with the
predictions just described.

Meteorites are particularly valuable because
they provide samples of the actual materials
that condensed in the early inner solar system.
The type of meteorites called chondrites match
the theoretical expected composition very
closely and are believed to be samples of the
primitive inner solar system.

Samples of rocks from the Earth’s crust are
easily obtained (even from ocean basins). Sam-
ples of the Earth’s mantle are found in two geo-
logic settings: as parts of ophiolite suites (frag-
ments of displaced oceanic crust and underlying
mantle) and as kimberlite pipes, or volcano-like
vents that appear to have brought rocks (and oc-
casionally diamonds) from the mantle to the
surface with great speed and violence. These
processes bring both shallow mantle rocks,
made mostly of olivine and pyroxene, and
deeper mantle rocks, or eclogites, to the surface.

Studies of the propagation of seismic waves
through the Earth provide information about
both the internal structure of the Earth and the
physical properties of the Earth’s interior. The
observed physical properties match those of a
magnesium and iron silicate mantle and a
dense iron-nickel core.

One measure of solar system bodies can pro-
vide great insight into their chemistry, even for
bodies not sampled directly. That measure is
bulk density or average density, which is the
mass of a body divided by its volume. The vol-
ume of a body can be readily computed once
the diameter is known, and diameter can be
obtained with high precision with spacecraft
imagery. The same spacecraft that obtains im-
agery can also provide an accurate mass deter-
mination, through the gravitational effect of the
body on the path of the spacecraft. Most com-
mon rocks from the Earth’s crust have densities
of about 2.7 to 3.0 grams per cubic centimeter.
The rocks of the Earth’s mantle are denser,
about 3.3 grams per cubic centimeter for rocks
from the upper mantle. Compression within the
interior of a planet would result in higher densi-
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ties, but bodies with bulk densities between 3 to
4 grams per cubic centimeter, such as the Moon,
Mars, and Io, are probably made mostly of sili-
cates of the sort found in the Earth’s mantle.
Denser bodies, such as Earth, Venus, and Mer-
cury, with average densities between 5 and 6
grams per cubic centimeter, must have some
denser material in addition to silicates. The
most likely dense material is an iron/nickel core
like that of the Earth.

The only solids that are abundant in the solar
system and less dense than silicate rocks are
various ices, with densities of about 1 gram per
cubic centimeter. Small solid bodies with densi-
ties of about 1 to 3 grams per cubic centimeter
are very likely made of varying proportions of
silicate rock and ice. Most of the satellites in the
outer solar system are of this composition.

The very large outer planets also have low
bulk densities; Saturn has an average density of
only 0.7 gram per cubic centimeter, and Jupiter,
Uranus, and Neptune have average densities
between 1 and 2 grams per cubic centimeter.
These planets are known, from spectroscopic
evidence as well as direct imaging by spacecraft,
to have dense gaseous atmospheres, that, ac-
cording to models of their interiors, liquefy with
depth as a result of tremendous pressure. At
their centers probably are solid cores of ice,
rock, and/or metal.

CONTEXT

The principal value of knowing the chemical
composition of the solar system is the insight it
provides into its origin and evolution. For exam-
ple, scientists know that the gases that formed
in the early solar system did not include free ox-
ygen. Free oxygen would have combined rapidly
with other substances. Therefore, the present
atmosphere of the Earth cannot be original but
must have formed through chemical and biolog-
ical processes on the Earth’s surface.

Many elements essential to technological so-
ciety, such as silver, lead, gold, and uranium,
are rare in the solar system (and the universe
generally). They can be extracted economically
only because geologic processes on Earth have
concentrated them into ore bodies. The Earth’s
diverse ore deposits evolved in many ways be-
cause the Earth is a dynamic planet both in its

interior and on its surface. Chemical elements
are concentrated in the Earth’s crust by plate
tectonic processes; they are further redistrib-
uted and concentrated by weathering and ero-
sion, driven by Earth’s oxygen-rich atmosphere
and liquid water.

Understanding solar system chemistry also
can offer a glimpse into a possible future. There
has been speculation that extraterrestrial min-
ing might someday contribute valuable re-
sources to human civilization. Some asteroids
are rich in iron and other metals; eventually it
may be technologically feasible to mine these
metals economically. On the other hand, the
Moon lacks both the internal and surface activ-
ity of Earth, so many types of ore deposits are
unlikely to form. Mining the Moon may be the
most practical way to supply a future lunar col-
ony, but it probably would involve extracting
metals from common rocks, a very energy-
intensive and expensive proposition. Thus it is
unlikely we will mine the Moon to supply Earth.

Steven I. Dutch
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Solar System: Origins
Category: The Solar System as a Whole

The solar system formed about 4.6 billion
years ago from a cloud of gas and dust that
contracted due to its own gravity. Most of
the matter went to form the Sun at the cen-
ter. The planets, their satellites, and the as-
teroids and comets formed through con-
densation and accretion in an equatorial
disk that developed around the contracting
proto-Sun.

OVERVIEW

Although many models and theories of the so-
lar system have been generated from ancient
times, most scientists today accept a version of
the nebular hypothesis, which states that the

solar system formed from a cloud of gas and
dust. This nebula probably was part of a much
larger interstellar cloud of gas and dust that
contained enough matter to form several hun-
dred to several thousand stars like our Sun.
Density irregularities probably caused the
larger cloud to fragment into many smaller
clouds that produced stars and accompanying
planetary systems. One of these smaller clouds
was the solar nebula, the protosolar system.

Although the solar nebula was only a small
fragment of the much larger parent cloud, it
probably was at least one light-year in diameter
and contained at least as much matter (and
maybe up to twice as much) as the solar system
today. Its composition probably was similar to
what we determine spectroscopically today for
the Sun’s atmosphere: about 71 percent hydro-
gen, 27 percent helium, and 2 percent all the
other known chemical elements. The hydrogen
and helium were formed in the aftermath of the
big bang, which occurred about 13 to 14 billion
years ago. The heavier chemical elements
(those up to iron in atomic mass) were synthe-
sized by nuclear fusion reactions in the cores of
massive stars, and those heavier than iron were
formed when massive stars exploded as super-
novae. The explosive deaths of these massive
stars dispersed the heavier elements through
interstellar space, where they enriched the
clouds of gas and dust from which new genera-
tions of stars and their systems of planets would
form.

The trigger for the gravitational contraction
of the solar nebula could have been its passage
through the density wave associated with one of
our Milky Way galaxy’s spiral arms. As the
cloud orbited the center of our galaxy, passing
through a spiral arm density wave would have
slowed the cloud a bit, compressing the gas and
starting its gravitational contraction. Support
for this idea comes from observing that the spi-
ral arms of galaxies are highlighted by groups of
very young stars that have just recently formed
and glowing clouds of gas that have been excited
by nearby hot young stars. Another possible
trigger to compress the gas and start gravita-
tional contraction could have been a shock wave
from the explosion of a nearby supernova. In
fact, there is evidence based on the abundance

The Solar System Solar System: Origins

773



of certain isotopes that such a nearby supernova
exploded not long before the solar system
formed.

At first, the cloud of gas and dust was cold
and rotated slowly. Gravity pulled the material
toward the center, and as the cloud contracted,
it rotated faster to conserve angular momen-
tum. It continued to contract and consequently
rotate even faster, and after about 100,000
years it spun off a disk of material in its equato-
rial plane. Much of the matter of the solar neb-
ula collected at the center of the disk, becoming
the proto-Sun. As the proto-Sun contracted,
gravitational potential energy was converted
into thermal energy, heating the proto-Sun to
the point where it began to shine at infrared
wavelengths.

The proto-Sun continued to contract, increas-
ing in temperature and luminosity. This heated
the inner part of the equatorial disk close to the
proto-Sun, but not the part farther out. The ra-
dial difference in temperature across the disk
led to differential condensation into small, solid
grains. At the high temperatures of the inner
part of the disk, only metals and silicate miner-
als could condense, but farther out, where it was
cooler, more abundant materials such as water,
ammonia, and methane could condense into
ices. The solid grains that formed by condensa-
tion collided with each other as they orbited the
proto-Sun; if the collisions were not too violent,
they stuck together in a process called accre-
tion, gradually building objects up to several ki-
lometers in size called planetesimals. Exactly
how the grains stuck together is not certain;
perhaps they acquired electrical charges and
were held together by static electricity, or if
the grains were near their melting points, they
might have been somewhat “sticky.”

As the planetesimals grew in size, their in-
creased mass gravitationally attracted addi-
tional material until they had swept clear the
area around their orbits. The planetesimals
continued to grow through collisions, becoming
protoplanets. The planetesimals and protoplan-
ets that grew in the inner part of the disk were
mostly rocky and metallic in composition, while
those that grew farther out in the disk were
composed mostly of ices such as water, ammo-
nia, and methane. Because water, ammonia,

and methane were so much more abundant
than metals and silicate minerals, the outer
protoplanets grew much larger than the inner
ones; with their increased mass, they were able
to capture hydrogen and helium gases, which
were even more abundant in the disk, and hence
grew larger still. The hydrogen and helium
formed thick envelopes around the planet cores,
with the material in the outer part of the enve-
lope remaining gaseous, but liquefying with
depth due to increasing pressure. Eventually,
only a few planet-sized bodies remained: four
small, rocky and metallic inner planets (the ter-
restrial planets) and four large gas/liquid/ice
outer planets (the so-called gas giants).

The asteroid belt, a region of small rocky and
metallic bodies between the orbits of Mars and
Jupiter, probably is leftover material from an
early stage of solar system development that
failed to coalesce into a planet, perhaps because
of the gravitational influence of Jupiter. The
Kuiper Belt, a region of icy and rocky bodies be-
yond the orbit of Neptune, like the asteroid belt
probably also is leftover material that never co-
alesced into a major planet; Pluto is one of the
largest members of the Kuiper Belt. Ices in the
vicinity of the Jovian planets accreted into
small cometary nuclei that, through gravita-
tional interactions with giant planets, were
tossed randomly into the far outer reaches of the
solar system to become the Oort comet cloud.

Most of the larger moons of the planets prob-
ably formed in a process similar to that of the
planets themselves: by accretion in an equato-
rial disk around the protoplanet. Smaller
moons may have formed separately from the
protoplanet and were later captured gravita-
tionally. The Earth’s moon probably formed as
the result of the collision of a large protoplanet
with the early Earth, the impact blasting mate-
rial from the Earth’s crust and mantle as well as
the impacting object itself into orbit around the
Earth, there to accrete into our Moon.

As the proto-Sun continued to contract gravi-
tationally, the density and temperature in its
core eventually became high enough to initiate
the fusion of hydrogen into helium. In this ther-
monuclear reaction, four hydrogen nuclei fuse
to make one helium nucleus. The combined
mass of the four hydrogen nuclei that go into the
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1. The solar system began as a cloud of rotating interstellar gas and dust.

2. As the force of gravity contracted the nebula, rotational speed increased to conserve
angular momentum and most of the mass formed a central proto-Sun.

3. Rotation accelerated, and centrifugal force pushed icy, rocky material away from the
proto-Sun. Small planetesimals formed around the Sun in interior orbits.

4. The interior, rocky material formed Mercury, Venus, Earth, and Mars. The outer
gaseous material formed Jupiter, Saturn, Uranus, and Neptune. Pluto and other
Kuiper Belt objects orbit beyond Neptune.



reaction slightly exceeds the mass of the single
helium nucleus that results, and this small ex-
cess in mass gets converted into energy. Once
hydrogen fusion was initiated in its core, the
Sun became a full-fledged main sequence star.

The young Sun was much more active than it
is today, shedding gases profusely from its sur-
face into space. This became the solar wind,
streams of electrically charged particles ejected
from the atmosphere of the Sun. With a speed of
at least several hundred kilometers per second,
the early energetic solar wind blew any gas and
dust remaining in the equatorial disk out into
space.

The solar system took a few hundred million
years to stabilize. Accretion ended with a period
of heavy bombardment, when the remaining
planetesimals and protoplanets, as well as icy
cometary nuclei, smashed into the planets and
moons; the scars left by thousands of impacts re-
main today on the surfaces of many of the plan-
ets and moons that are geologically inactive. It
may be that much of the water on Earth came
from icy cometary impacts early in Earth’s his-
tory.

METHODS OF STUDY

To deduce how the Sun and planets formed,
scientists are constrained by what the solar sys-
tem is like today. In a sense, investigating the
origins of the solar system is like a detective
mystery in which ambiguous—and sometimes
misleading—clues must be put together to as-
semble a plausible sequence of past events. Un-
fortunately, some clues are still missing, and
still others are poorly understood.

Meteorites, asteroids, and cometary nuclei
are among the smallest bodies of the solar sys-
tem. These objects should have changed the
least since their formation, and their composi-
tion should reflect the original material from
which the solar system formed. The age of the
solar system is determined by dating meteorites
using the decay of radioactive isotopes they con-
tain. Most meteorites have very nearly the same
age, 4.6 billion years. The most abundant type
of meteorite, the chondritic stony meteorites,
also appear to be the most primitive and unpro-
cessed. Their internal structure of small min-
eral grains along with somewhat larger glassy

chondrules is taken to be evidence of the early
period of condensation and accretion. Asteroids
seem to be the parent bodies of many meteor-
ites, based on comparison of the spectra of the
light both reflect. Asteroids are thought to be
examples of the planetesimals that formed
through accretion, and the compositions of dif-
ferent types of asteroids and meteorites proba-
bly represent the processing of solar nebular
material that occurred as the planetesimals
grew in size. Cometary nuclei probably are un-
processed samples of the ices that condensed in
the outer part of the solar nebula.

Spectra of the light emitted by the Sun and
reflected by other solar-system objects provides
information about the composition of their at-
mospheres (if any) and their surface materials.
Actual samples of surface material include
Earth rocks and minerals, Moon rocks brought
back by the Apollo lunar missions, and a few
meteorites that are thought to have been
blasted off the Moon and Mars by large impacts.
In addition, landers on the Moon, Mars, and Ve-
nus have sent back information on surface com-
position. Clues about the overall composition of
solar-system objects are provided by their aver-
age density, found by dividing their mass by
their volume.

CONTEXT

Just about every culture has its creation
myths—stories about the origin of the world.
Naturalistic explanations for the origin of stars
generally and the solar system in particular can
be traced back to the late 1600’s, after scientists
came to accept the heliocentric model of the so-
lar system and Sir Isaac Newton published his
theory of gravitation. Newton himself sug-
gested that the Sun and stars could have formed
by gravitational contraction of initially diffuse
matter evenly dispersed through an infinite
space. About the same time, the French philoso-
pher René Descartes introduced perhaps the
first description of what has come to be called
the nebular theory. He proposed that a large
cloud of gas (a nebula) had contracted under its
own gravity, with the Sun forming at the center
and the planets forming in the cooler outer
parts. This idea was developed by the German
philosopher Immanuel Kant in the mid-1700’s.
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The French mathematician Pierre-Simon La-
place in 1796 added conservation of angular mo-
mentum to the model, concluding that, as the
nebula contracted, it would spin faster.

Alternative models for the origin of the solar
system were also proposed. Many involved a
second star in addition to the Sun. One hypothe-
sis was that another star passed near our
planetless Sun and gravitationally pulled mat-
ter out of it to become the planets. Another hy-
pothesis was that our Sun was a member of a bi-
nary star system; the companion star exploded,
and its debris formed the planets. However, by
the early to mid-twentieth century, these alter-
native models fell into disfavor because of diffi-
culties in getting them to work the way they
were supposed to when physics was applied to
them to try to make them more rigorous. Mean-
while, the nebular model continued to be re-
fined to the point where today it is the generally
accepted explanation.

Any successful model for the formation of our
solar system must explain several patterns and
regularities observed today. First, the planets
all orbit the Sun in nearly the Sun’s equatorial
plane and in the same direction that the Sun ro-
tates. The orbits of the planets are nearly circu-
lar. The four inner planets (the terrestrial plan-
ets) all are small, dense, and composed mainly
of rocky and metallic material. The four outer
planets (the Jovian planets) are large, low in
density, and composed mainly of gases, liquids,
and ices. The Sun, the planets, and other solar-
system objects all have about the same age—
about 4.6 billion years. Current versions of the
nebular model account for all these points.

Solar system oddities and irregularities also
need to be explained. In the basic nebular
model, one would expect that the planets would
all rotate in the same direction as they revolve
around the Sun, and their rotational axes
should be perpendicular to their orbital planes.
Indeed this is the case for a few planets, like Ju-
piter. However, most have their rotation axes
tilted at moderate angles of 20° to 30° away
from the perpendicular to the orbital planes; for
example, Earth’s rotational axis is tilted about
23.5°. The most glaring exceptions are Uranus,
which is tilted over so much that its rotational
axis lies almost in its orbital plane, and Venus,

which rotates very slowly and opposite to its di-
rection of revolution. These departures are ex-
plained by impacts during the final accretion of
the planets. Off-center impacts by moderately
sized protoplanets could account for the mod-
erate axial tilts of planets like Earth, and off-
center impacts by large protoplanets are invoked
to explain the unusual rotations of Uranus and
Venus.

A feature not fully understood is the spacing
of the planetary orbits; the orbits of the four in-
ner terrestrial planets are much more closely
spaced than the orbits of the four outer Jovian
planets. Of course the Jovian planets are larger,
which means that they formed from more mate-
rial spread over a greater range of distances.
Did they just happen to form this way by chance,
or was it because of gravitational interactions
among the planets leading to long-term orbital
stability?

A major problem with early nebular models
concerned the distribution of angular momen-
tum in the solar system. The Sun, with more
than 99 percent of the mass of the solar system,
accounts for only 2 percent of the total angular
momentum; the planets, with less than 1 per-
cent of the mass, together possess 98 percent of
the angular momentum. There had to be some
mechanism for the early Sun to transfer most of
its angular momentum to the equatorial disk in
which the planets formed. It now generally is
assumed that magnetic braking between the
magnetic field of the early Sun and the ionized
gas in the inner part of the surrounding disk
transferred the angular momentum. Also,
much of the original angular momentum could
have been carried out of the system entirely by
the energetic early solar wind.

Until 1995, most scientists agreed that there
was only one system of planets orbiting a star:
our own. Then, in 1995, the first planets orbit-
ing other stars were detected; now several hun-
dred such systems are known. Many of these
systems are quite different from our own in
terms of their planets’ masses and the distances
of those planets from their parent stars. Com-
paring the properties of our own solar system
with these others can help refine our models for
the formation of planetary systems generally.

Divonna Ogier and Richard R. Erickson
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Solar Ultraviolet Emissions
Category: The Sun

The Sun’s upper chromosphere, visible as a
reddish ring around the Moon during a so-
lar eclipse, has been found to be the princi-
pal source of solar ultraviolet radiation.

OVERVIEW

Ultraviolet (or UV) radiation is a form of elec-
tromagnetic radiation between visible light and
X rays. Most UV radiation is absorbed by ozone
in Earth’s upper atmosphere; only the “near ul-
traviolet” (UV with wavelengths not too much
shorter than visible violet light) can penetrate
to the ground. (Solar near UV is what produces
suntans and sunburns.) Since Earth’s atmo-
sphere acts as an efficient UV filter, astronomi-
cal observations in most of the UV range are
best conducted by instruments on board a
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spacecraft, beyond the atmo-
sphere of Earth.

Observations of both UV
and extreme ultraviolet ra-
diation (EUV radiation, with
short wavelengths approach-
ing “soft X rays”) are important
because of the effects these
emissions have on Earth’s up-
per atmosphere and also be-
cause they can be used to
model empirically the layers of
the solar atmosphere known
as the chromosphere and lower
corona. The UV spectrum is a
good spectral diagnostic for in-
ferring physical conditions in
these layers, with the bright-
ness and variations of the spec-
trum providing clues about
the solar atmosphere.

Before the Orbiting Solar
Observatories and Skylab
were launched, observations
of the Sun’s ultraviolet region
had been made by brief sound-
ing-rocket observations, last-
ing for several minutes at best.
The results of these observa-
tions made it clear that the study of the Sun’s at-
mosphere and its UV radiation would be crucial
to an understanding of the Sun. Observations of
total solar eclipses had made solar astronomers
somewhat aware that the chromosphere and co-
rona, invisible to the human eye outside those
eclipses, emit much of their light in UV and
shorter wavelengths. It became apparent with
the eight Orbiting Solar Observatory satellites
that wavelength regions other than the visible
had to be observed and mapped in detail if these
layers were to be understood. It was also clear
that solar EUV radiation over time underwent
significant variations in brightness, variations
that perhaps could be attributed to changing so-
lar magnetic activity.

The solar atmosphere has a thin but signifi-
cant layer known as the transition region, lo-
cated between the upper chromosphere and co-
rona. For a variety of reasons, the temperature,
which steadily falls as the distance from the

Sun’s center increases outward, reverses in
the upper chromosphere and spikes upward in
the transition region to very high temperatures
in the corona, near 2 million kelvins. Solar as-
tronomers had long wanted to use ultraviolet
images to study the upper chromosphere and
transition region. The complete study of the
chemical composition, temperatures, densities,
and physical processes within these regions
would help astronomers to understand the com-
plex mechanisms involved in the structure and
dynamics of the solar atmosphere. How is heat
transferred to the corona through the transition
region? How are the transition region and chro-
mosphere related to the corona above and
photosphere below?

Skylab provided the first detailed pictures of
the transition region, using the ultraviolet spec-
trograph associated with the Apollo Telescope
Mount. At UV wavelengths, the edge, or limb, of
the Sun appears brighter than the disk because
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of the increase of temperature with increasing
height above the surface. This thin region has a
temperature of about 150,000 kelvins in its
lower layers and 300,000 kelvins at the halfway
point between the surface and the coronal lay-
ers. (This behavior is opposite to that observed
in ordinary visible light, where limb darkening
occurs in the visible image because of a decrease
in temperature with height in the photosphere.)
The duration in space and the large size of the
Apollo Telescope Mount observatory telescopes
enabled the astronauts to obtain sensational
images that would never be possible on the
ground because of interference from Earth’s at-
mosphere. Previously, these images had not
been obtainable from space either, since the
weight of instrumental packages on spacecraft
was highly restricted.

Observations of the UV chromosphere give
insight into the way the Sun’s atmosphere
changes with distance from the surface, as well
as details of how changes come about as a result
of solar magnetic activity. The chromosphere is
covered by a mesh of bright spike-like jets of
gas, shooting from the chromosphere into the
low corona, called spicules. When viewed near
the limb of the Sun, they resemble slanted
spikes arranged in uniformly spaced circles,
separated by distances slightly larger than the
diameters of the circles, so that they do not in-
termesh. This arrangement is referred to as the
“spicule forest.” Many solar astronomers be-
lieve that spicules play a crucial role in transfer-
ring nonradiative energy (energy produced by
mechanisms other than electromagnetic radia-
tion) into the layers of the solar atmosphere at
and above the transition region.

UV images show fluffy loops that join and
link active regions together in a lacelike pat-
tern. This pattern shows up in the images as a
mottled network that is no doubt directly re-
lated to the spicule network. In higher layers of
the chromosphere near the transition region,
this mottled network takes on a more uniform
distribution.

The Skylab full-disk pictures provided a
better understanding of spicules and the chro-
mospheric network and also revealed larger
spicule-like features found at the Sun’s poles.
These observations provided new insights into

the way energy is transmitted upward to heat
the outer layers of the solar atmosphere. The
network fades and becomes nearly indistin-
guishable at the poles, because the larger
spicules protrude to roughen the appearance of
the solar limb. The overall chromospheric net-
work is also distorted and made into a nonuni-
form pattern near centers of activity in middle
solar latitudes.

Fine brushes of lines sprout from bright UV
regions of the chromosphere, revealing lower
legs of magnetic loops that stand in magneti-
cally active regions. The burning-bush appear-
ance of these curving lines is formed by the roots
of the magnetic loops that correspond to concen-
trated magnetic areas in the photosphere where
sunspots and other aspects of solar activity are
observed. Above the photosphere, in the chro-
mosphere, corresponding to higher arch struc-
tures in these same loops, other forms of activity
are observed, such as prominences (large flame-
like tongues of gas that appear to be extensions
of the chromosphere into lower regions of the
corona) and flares (sudden, triggerlike releases
of tremendous amounts of thermal energy
trapped by these magnetic arched loops). They
appear to occur in tubelike sections of these
arched loops from the corona through the chro-
mosphere and on occasion into the photosphere.
The flares are believed to occur where two or
more of the arches magnetically join one an-
other and violently rearrange their magnetic
fields. This entire chromospheric ultraviolet
network fades in the lower corona and gives way
to a looser, less uniform distribution of mate-
rial.

Almost all the light emitted by hot coronal
gas comes from loops that trace out and mark
patterns of magnetic lines of force rooted in
bright, active regions in the chromosphere. The
entire corona appears to be made up of inter-
twined arrangements of many of these arched
loops. Snarled and twisted magnetic fields show
up as particular patterns in the UV chromo-
spheric network where magnetic activity is lo-
cated; these UV patterns also signal the begin-
ning of energetic events associated with this
activity.

In addition to revealing the overall network-
like structure of the chromospheric layers and

Solar Ultraviolet Emissions The Solar System

780



the location of solar activity, the UV images
from Skylab provided great insight into the
structure and physical properties of various
forms of transient solar activity such as promi-
nences, surges (sudden eruptions of gas from
deeper layers), and flares. Skylab obtained
many detailed pictures of prominences, show-
ing their temperature and three-dimensional
structure. The ghostly prominences are shaped
and supported by magnetic forces and are made
up of chromospheric material elevated and im-
mersed in the hotter coronal gas. Detailed UV
images of prominences show coronal tunnel-
shaped refrigerators maintained by magnetic
tubes, whose outside diameter is surrounded by
the hot corona. The tube has a temperature that
is lowest in a line running down its center. The
temperatures of these structures are inferred
from the brightness of the UV image. The
brightness-temperature correlation is scientifi-
cally defined in terms of a quantity called “emis-
sion measure,” but simply put, the basic princi-
ple is the hotter the gas, the brighter the glow.

The ultraviolet spectrograph on board the
Solar Maximum Mission (SMM) satellite gave
solar astronomers the ability to observe promi-
nences at wavelengths, and hence tempera-
tures, not seen from Earth. These observations
established the existence of downflows at the
footpoints (regions of strongest photospheric
magnetic fields) of the arches of the prominen-
ces. After sufficient loss of mass to lower layers,
the prominence can rise into the corona and bow
up into an archlike shape. A prominence can be
thought of as a long magnetic tube whose length
twists and turns much like a rope. Tight wrap-
ping of the ropelike structure can give rise to
various magnetic activities associated with phe-
nomena such as flares or eruptive prominences.

Observations of sunspots made with the ul-
traviolet spectrograph provided information
on the mass flow in the umbra (darkened cen-
tral area) of sunspots and measures of the
emission of radiation from them. With the ultra-
violet spectrograph, scientists detected upward-
propagating acoustic waves above the umbra,
created by either a subphotospheric cavity trap-
ping plasma waves or the resonant transmis-
sion of magnetoacoustic waves by a chromo-
spheric cavity.

KNOWLEDGE GAINED

In the near UV, radiation with a wavelength
of about 300 nanometers originates in the
photosphere, and at progressively shorter
wavelengths the radiation originates at higher
and higher layers throughout the chromo-
sphere. Shorter than 140 nanometers, the spec-
trum changes from a bright continuum with
dark Fraunhofer lines to a faint continuum with
emission lines. At wavelengths near 140 nano-
meters, the solar material is very opaque to ra-
diation from the lower levels. As a result, it be-
comes possible to see emission lines from the
chromosphere, since the continuum becomes so
faint.

Many new emission lines were discovered by
the Skylab and SMM spectrographs. The stron-
gest emission line, the Lyman alpha line of hy-
drogen at 121.6 nanometers, is a very good solar
activity indicator much like the line of ionized
calcium at 392 nanometers. Images at the wave-
lengths of both lines show a mottled structure
that fills in and becomes patchier and more ir-
regular near centers of magnetic activity. Study
of the Sun in various emission lines allows
scientists to study higher and higher layers of
the chromosphere and transition region. The
Lyman alpha emission line, the strongest line in
the entire solar spectrum, emits more energy
than the entire solar spectrum between 0 and
120 nanometers.

The total solar UV irradiance is very low, ac-
counting for about 1 percent of total solar elec-
tromagnetic emission. There is some evidence
that the entire UV irradiance varies with the so-
lar cycle. This variation has been established for
EUV but not for all of the UV range. EUV
irradiance is very sensitive to solar activity.

Radiation wavelengths of 100 nanometers or
less have important terrestrial effects. This ra-
diation originates in the chromosphere, transi-
tion region, and lower corona. The elaborate
network structure of the chromosphere was ver-
ified and understood in much more detail than
had previously been known from ground-based
observations.

The transition region is striking in UV im-
ages. Since the temperature rises with height
quickly in the transition region, the images
taken in the EUV band show a pronounced limb
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brightening. The edges of these images are simi-
lar to a lightened ring surrounding the disk.

UV and EUV images of prominences show
them to be coronal refrigerators. They are es-
sentially tunnel-shaped magnetic tubes twisted
like a rope, often into an arch rising above the
chromosphere into the corona. The motion of
material in the tube can be very complex. Mo-
tion occurs predominantly downward near the
footpoints of the arches, whereas material near
the top of the arch appears to have a buoyant
quality. The arches are often seen to rise and
stretch simultaneously until dissipating into
the corona.

The ultraviolet spectrograph on the SMM
verified that material motion, which had been
detected in ground-based observations, occurs
in the umbrae of sunspots. Ground-based obser-
vations suggest a motion starting at the center
of the spot and radiating outward into a circle.
In some cases, the reverse of that phenome-
non—radiating motion inward to the center of
the circle—was observed. The motions observed
by the ultraviolet spectrograph seemed to be es-
sentially vertical, rising outward from the spot.
The motions also seemed to have a wavelike,
pulsing character, suggesting a form of solar os-
cillations.

CONTEXT

Solar UV striking the upper atmosphere dis-
sociates diatomic oxygen molecules (O2) into
separate oxygen atoms. Between 15 and 50 kilo-
meters above Earth’s surface, ozone (O3) is
formed by a combination of single oxygen atoms
and diatomic oxygen molecules. Ozone is de-
stroyed by UV radiation, particularly between
210- and 310-nanometer wavelengths. This ra-
diation is harmful to living tissue. Equilibrium
is normally maintained between the creation
and the destruction of ozone. Earth’s ozone
concentration peaks at an altitude of about 20
kilometers, the “ozone layer,” where its concen-
tration is about ten parts per million. Neverthe-
less, this thin concentration is essential for the
preservation of human life.

Knowledge of the UV and the EUV has al-
lowed astronomers and solar physicists to study
the elusive transition region between the chro-
mosphere and corona. The transition layers

glow mostly in the UV and show a pronounced
increase in temperature and decrease in density
with height in the solar atmosphere. Within
these layers, various waves (both mechanically
and magnetically generated) dissipate energy,
mostly in the form of mechanical heat (the vi-
bration of atoms and particles) to the layers
above. Thus, they account for the steep increase
in temperature with height in the chromo-
sphere and corona above the photosphere. The
pronounced decrease in density within these
layers is partly responsible for allowing only
certain types of wave energy to move outward,
retaining most of the thermal energy. Various
heat mechanisms, such as sound waves, induce
vibrations among the particles, which in turn
introduce heat and other forms of energy to
their surroundings.

Most solar physicists still consider the in-
crease in temperature of the chromosphere and
corona with height above the photosphere to
be one of the most difficult problems in solar
physics. The foregoing explanations account
for some of the mechanisms responsible, but
not all. UV and EUV observations show fine
structural details that may also be observable
in X-ray wavelengths. These details may reveal
phenomena that might contribute to this heat-
ing and also provide clues as to the physical na-
ture of solar flares. Most notably, these details
reveal the interaction of many small magnetic
loops giving rise to new local magnetic geome-
tries having the ability to accelerate charged
particles and waves into the chromosphere and
corona. Solar oscillations of various modes and
amplitudes, the “ringing” of the Sun three-
dimensionally, no doubt send energy to the
chromosphere and corona.

James C. LoPresto
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sack, N.J.: World Scientific, 2005. An inter-
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textbooks. In addition to solar astronomy, the
author also provides directions for building a
solar telescope and details how to observe the
Sun at various portions of the electromag-
netic spectrum.
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Buchler, J. Robert, and Henry Kandrop, eds. As-
trophysical Turbulence and Convection. New
York: New York Academy of Sciences, 2000.
Approaches the subject of turbulence and
convection from four different perspectives:
those of theorists, experimentalists, astro-
physicists, and computational physicists.
Technical, for scientists and college students
studying the Sun and its energy production
and emission.

Eddy, John A. A New Sun: The Solar Results
from Skylab. NASA SP-402. Washington,
D.C.: Government Printing Office, 1979. This
spectacular volume highlights what was
learned about the Sun as a result of the Sky-
lab mission, using the Apollo Telescope
Mount. Using spectacular photographs, the
book contrasts astronomers’ knowledge of
the Sun before and after Skylab and shows
how space-acquired information corrected
and greatly amplified previous knowledge.

Fraknoi, Andrew, David Morrison, and Sidney
Wolff. Voyages to the Stars and Galaxies.
Belmont, Calif.: Brooks/Cole-Thomson Learn-
ing, 2006. A well-written, thorough college
textbook for introductory astronomy courses.
Provides discussions of solar energy produc-
tion, output, and the influence it has on
Earth’s magnetosphere and environment.

Gibson, Edward G. The Quiet Sun. Washington,
D.C.: Government Printing Office, 1973. This
excellent survey of solar physics uses a struc-
tural outline form to discuss what is known
about the Sun. The author starts with the so-
lar interior and works his way outward
through the atmosphere, discussing the
photosphere, chromosphere, and corona in
separate chapters. The first chapter is a very
helpful overview of the entire topic. Solar ac-
tivity and solar-terrestrial relationships are
covered in the latter chapters. Rather techni-
cal; recommended for the reader with some
background knowledge of the subject.

Golub, Leon, and Jay M. Pasachoff. Nearest
Star: The Surprising Science of Our Sun.
Cambridge, Mass.: Harvard University Press,
2001. The authors explain the contemporary
state of knowledge about the Sun, including
historical and observational data. An excel-
lent source for nonscientists.

Haigh, Joanna, et al. The Sun, Solar Analogs,
and the Climate. New York: Springer, 2005.
A set of lectures published by the Swiss Soci-
ety for Astrophysics and Astronomy. Focuses
on how the Sun changes and how Earth’s cli-
mate responds. Changes in solar ultraviolet
output can have dramatic effects on the bio-
sphere. For undergraduate and graduate
students.

Hille, Steele, and Michael Carlowicz. The Sun.
New York: Harry N. Abrams, 2006. A vast
collection of images taken by photographers,
satellites, and observatories.

Nicolson, Iain. The Sun. New York: Rand
McNally, 1982. In an atlas-style presenta-
tion, Nicolson provides an overview of what is
known about the Sun. Includes a historical
perspective; discusses the relationship of the
Sun to the stars, the Galaxy, and the uni-
verse; supplies a detailed description of the
solar interior, the solar atmosphere, solar ac-
tivity, and solar-terrestrial relationships.
Many problems are discussed in detail, in-
cluding solar flares, the solar neutrino prob-
lem, coronal holes, solar oscillations, and the
solar wind. Even the pragmatic problems of
solar energy are discussed.

Noyes, Robert W. The Sun: Our Star. Cam-
bridge, Mass.: Harvard University Press,
1982. This excellent book reviews the re-
search done in solar physics from ground-
based telescopes and space satellites. The
material presented is related to how modern
knowledge of the Sun increases knowledge of
stars in general. There is an emphasis on how
studies of the solar spectrum provide infor-
mation about the complex solar atmosphere.
The contents are arranged according to re-
gions or zones within the interior and atmo-
sphere of the Sun. Much attention is given to
solar activity and its relationship to Earth.
Suitable for general audiences.

Stix, Michael. The Sun. New York: Springer,
2004. Covers all aspects of solar physics. As-
sumes the reader has some mathematics and
physics knowledge. Includes practice prob-
lems on most topics.

Zirker, Jack B. Total Eclipses of the Sun. Ex-
panded ed. Princeton, N.J.: Princeton Uni-
versity Press, 1995. A delightful short study
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that discusses the history of observed
eclipses as well as their significance to solar
science. Current topics, such as using the
Sun to test the general theory of relativity,
the physics of the solar corona, and solar os-
cillations, are covered and explained well.
There is also some discussion of the Sun’s in-
fluence on Earth’s atmosphere. An accessible
presentation.

See also: Coronal Holes and Coronal Mass
Ejections; Electromagnetic Radiation: Thermal
Emissions; Interplanetary Environment; Nu-
clear Synthesis in Stars; Red Giant Stars; Solar
Chromosphere; Solar Corona; Solar Evolution;
Solar Flares; Solar Geodesy; Solar Infrared
Emissions; Solar Interior; Solar Magnetic Field;
Solar Photosphere; Solar Radiation; Solar Ra-
dio Emissions; Solar Seismology; Solar Struc-
ture and Energy; Solar System: Origins; Solar
Variability; Solar Wind; Solar X-Ray Emis-
sions; Sunspots; Thermonuclear Reactions in
Stars; Ultraviolet Astronomy.

Solar Variability
Category: The Sun

There is evidence that the Sun’s total en-
ergy output varies. The variations are
much smaller than the brightness varia-
tions observed in other types of variable
stars, but even small changes in the Sun’s
energy output could have significant effects
on Earth’s climate. Variations correlated
with  the  eleven-year  sunspot  cycle  have
been reliably measured. The evidence for
possible longer timescale variations is not
as clear.

OVERVIEW

A significant fraction of the stars we observe
are “variable stars,” which means that they
vary in brightness. Many of these variable stars
vary by significant fractions of their total en-
ergy output. Fortunately, the Sun does not fall
into this class. If the Sun’s energy output were
to vary significantly, Earth’s climate would be

very unstable. However, if the Sun were to vary
a very small amount, there might be small but
measurable effects on Earth’s climate.

The amount of solar energy falling on a
square meter at the top of Earth’s atmosphere
every second is called the solar constant. Accu-
rate measurements of the solar constant can re-
veal whether the Sun’s total energy output per
second, its luminosity, varies or is constant.
However correcting for Earth’s atmospheric ab-
sorption is difficult, making it difficult to mea-
sure the solar constant from Earth’s surface ac-
curately.

Samuel Pierpont Langley invented an in-
strument called a bolometer in 1878. A bolom-
eter is an extremely sensitive electrical ther-
mometer that can be used to measure the
amount of radiant energy from the Sun at all
wavelengths. Using his bolometer, Langley,
who was secretary of the Smithsonian Institu-
tion, pioneered efforts to measure the solar con-
stant accurately. To minimize possible errors
from atmospheric absorption, Langley traveled
to the top of Mount Whitney in 1881 to make
his measurements. In 1895 Langley offered
Charles Greeley Abbot a job at the Smithsonian.
Using an improved bolometer, Abbot again
measured the solar constant. Abbot spent the
rest of his career accurately measuring the solar
constant and looking for solar variability. Un-
der his direction, the Smithsonian repeatedly
measured the solar constant from 1902 to 1957.
This program remains the longest continuous
search for solar variability. Abbot and his assis-
tants made observations from various remote
high-altitude sites in his quest for accuracy. Ab-
bot maintained that he had observed variability
in the solar constant, but few other scientists
thought that his data were accurate enough to
detect solar variability.

Sunspots are dark areas on the Sun’s visible
surface, where solar magnetic fields divert en-
ergy coming from the Sun’s interior. There is an
eleven-year cycle in the number of sunspots on
the Sun. From the perspective of modern satel-
lite observations, it seems that solar variability
is too small for Abbot’s instruments to have de-
tected. However, Abbot did turn out to be cor-
rect in his conclusions that when a major sun-
spot group faces Earth directly, the Sun’s
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luminosity is slightly reduced and that para-
doxically the Sun has a slightly higher energy
output during the maximum sunspot activity.
The Sun can have a greater luminosity during
periods of maximum sunspots because during
these times the number of faculae, which are
brighter areas on the Sun, increase. Most scien-
tists still thought, however, that it was just too
difficult to correct for the variable absorption
from Earth’s atmosphere, and the question of
solar variability remained controversial.

In 1978, the National Aeronautics and Space
Administration (NASA) launched the Nimbus 7
satellite with a new, accurate radiometer for
measuring the Sun’s energy output. In 1980,
the Solar Maximum Mission satellite also con-
tained an accurate radiometer. These and later
similar satellites confirm two of Abbot’s conclu-
sions. When a large sunspot group faces Earth
directly for a short time, the Sun’s irradiance
decreases a small amount because the sunspots
block some of the Sun’s radiant energy. Over
decade-long timescales, however, the Sun’s to-
tal luminosity is about 0.15 percent higher dur-
ing sunspot maximum than during sunspot
minimum. This result is just slightly less than
the estimated accuracy limit of Abbot’s observa-
tions. During maximum sunspot activity the ef-
fect of the brighter faculae is slightly greater
than the effect of the fainter sunspots, and the
Sun’s energy output is slightly higher.

In 1894, E. Walter Maunder called attention
to the fact that very few sunspots were observed
from 1645 to 1715. Few astronomers paid much
attention to Maunder’s work until the mid-
1970’s. In 1976 John A. Eddy published an arti-
cle confirming this seventy-year paucity of sun-
spots and naming it the Maunder minimum.
During this time, the Sun had about one-thou-
sandth the normal number of total sunspots.
Galileo did not discover sunspots until the early
1600’s, so modern scientists use indirect means
to deduce the number of sunspots prior to the
time of Galileo. These indirect methods show
the Spörer minimum about 1500, another mini-
mum around 1350, and a medieval grand maxi-
mum in sunspot activity around 1200.

If, as satellite data show, the Sun’s luminos-
ity varies with the eleven-year sunspot cycle, it
is reasonable to ask if it also varies with these

much longer cycles. Because these longer cycles
have greater variations in sunspot activity than
the eleven-year cycle, it is also reasonable to ask
if the Sun’s luminosity variations are larger
than during the eleven-year sunspot cycle. If
they exist, increases or decreases in the Sun’s
total energy output lasting for several decades
or longer should affect Earth’s climate. If the
Sun is less luminous during extended sunspot
minima and more luminous during sunspot
grand maxima, then the Maunder and Spörer
minima should be periods of lower solar lumi-
nosity and the grand maximum should be pe-
riods of higher solar luminosity. Are they?

It is not possible to travel back in time to mea-
sure the Sun’s energy output during these pe-
riods. However, extended periods of variable so-
lar luminosity should affect Earth’s climate. We
also lack accurate climate records this long ago.
It is therefore necessary to rely on anecdotal
and indirect evidence to determine the Earth’s
climate, and by extension the Sun’s luminosity,
during these minima and maxima.

Direct measurements are not available, but
there is considerable indirect evidence that the
Sun’s luminosity has varied over the last mil-
lennium and that these variations have affected
Earth’s climate. The time of the Maunder mini-
mum is often referred to as the Little Ice Age.
Considerable anecdotal evidence suggests that
Europe was much colder than normal during
this period. The indirect evidence includes re-
ports of the Thames River freezing in England,
Dutch paintings of frozen landscapes in places
that usually do not freeze, tree ring studies, and
other biological indicators. The grand maxi-
mum corresponds to the time period when a Vi-
king colony flourished on Greenland, which is
normally much colder than it was during the
grand maximum. It is plausible that the Sun
had greater luminosity during the grand maxi-
mum, and Earth’s climate was warmer.

KNOWLEDGE GAINED

Descendants of Langley’s bolometer are still
in use today, although they are much more sen-
sitive than Langley’s original instrument. Mod-
ern astronomers cool them with liquid helium to
increase their sensitivity and mount them on
the ends of large research telescopes to measure
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the infrared energy from distant stars and gal-
axies. They have added considerably to our
knowledge of the universe.

Abbot and his coworkers at the Smithsonian
spent fifty years systematically measuring the
solar constant from a variety of locations on
Earth as accurately as possible. (It helped that
Abbot lived to be 101.) Because solar variability
is so small, he was not able to convince many sci-
entists that he was really measuring the solar
variability that he claimed. However, even sci-
entists who disagreed with Abbot’s claim that
the solar constant varied recognized the preci-
sion and long time span of Abbot’s data. Many
scientists have since analyzed Abbot’s data to
study changes in the absorption of Earth’s at-
mosphere, such as might be induced by major
volcanic eruptions and similar phenomena.

The understanding of solar variability made
a great leap forward when astronomers were
able to put radiometers on satellites to measure
the solar constant from space. Because astrono-
mers did not have to correct for the changing ef-
fects of light absorbed by Earth’s atmosphere,
the resulting measurements of the solar con-
stant were more accurate. Scientists could fi-
nally agree that the variability in the solar con-
stant is real rather than a measurement error.
As a result, efforts to understand how solar
variability may be associated with climate
changes over past millennia will result in a
better understanding of Earth’s climate, includ-
ing current climate changes.

Just as solar variability may affect Earth’s
climate, it can also affect the temperatures on
other planets in the solar system. For example,
the polar ice caps on Mars could grow or shrink
in response to long-term increases or decreases
in the Sun’s energy output. Earth, however, is
the only planet in the solar system known to
have life, so such temperature changes are most
serious on Earth. If one of the other planets or
satellites in the solar system does indeed have
life, then this life could be adversely affected by
solar variability.

CONTEXT

Global warming is considered to be among
the most serious environmental issues facing
the world today. Effects include rising sea lev-

els, melting glaciers, ecosystem damage or de-
struction, increasing frequency of violent storms,
and, in some regions, more severe droughts.
Many but not all scientists agree that the major
cause of this global warming is the increase in
carbon dioxide and other greenhouse gases in
our atmosphere caused by human activity.
However, the causes may be more complex. If
the Sun’s luminosity does indeed vary over time
periods of decades or centuries, these variations
can also affect Earth’s climate. To be accurate,
climate prediction models need to take into ac-
count any possible solar variability as well as
changes in the amount of greenhouse gases. If
the Sun’s luminosity is decreasing slightly, that
could help solve the global warming problem. If
the luminosity is increasing, however, that
could exacerbate the effects humans have on
Earth’s climate. Unfortunately, at this point,
solar variability is still too poorly understood to
answer these questions definitively.

Paul A. Heckert
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serving the Sun.
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The Maunder Minimum and the Variable
Sun-Earth Connection. Hackensack, N.J.:
World Scientific, 2003. This well-documented
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See also: Auroras; Coronal Holes and Coronal
Mass Ejections; Electromagnetic Radiation:
Nonthermal Emissions; Electromagnetic Radi-
ation: Thermal Emissions; Nuclear Synthesis
in Stars; Red Giant Stars; Solar Chromosphere;
Solar Corona; Solar Evolution; Solar Flares; So-
lar Geodesy; Solar Infrared Emissions; Solar In-
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Emissions; Sunspots; Thermonuclear Reac-
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Solar Wind
Category: The Sun

The Sun emits streams of protons, elec-
trons, and some heavier particles in all di-
rections. Known as the solar wind, the out-
ward flow of material in these streams
comes from the outermost region of the
Sun’s atmosphere, the corona.

OVERVIEW

The Sun’s corona (its outer atmosphere) does
not end abruptly but gradually decreases in
density, as it extends billions of kilometers into
space. The outward movement and expansion of
the corona are functions of distance from the
Sun. Expansion close to the Sun is very slow,
since the pull of gravity is dominant, but as the
distance from the Sun increases, the outward
flow increases. This flow of gas is the solar wind,
the term originally devised by Eugene N.
Parker in 1958 in his classic paper on the dy-
namics of the interplanetary gas. The solar
wind is a stream of ionized gas constantly blown
away from the Sun at high speed in all direc-
tions. It is composed primarily of electrons, pro-
tons, alpha particles (helium nuclei), and some
heavier ions.

The rate of mass loss as a result of the outflow
of material via the solar wind is only on the or-
der of 10–14 or 10–15 of the solar mass per year (or
about 10–9 of the Earth’s mass per year). Since
the Sun is losing mass, however, the total angu-
lar momentum of the Sun is decreasing. As a re-
sult, the angular speed of rotation of the Sun
also decreases with time, at least on stellar evo-
lutionary timescales. Astudy of surface rotation
rates of young solar-type stars in the Pleiades
and Hyades star clusters shows that they have
rotation rates some ten times faster than that of
the Sun.

At the distance of Earth’s orbit from the Sun
(150 million kilometers), the average number
density of ions under “quiet Sun” conditions (pe-
riods when the Sun is not exhibiting high activ-
ity, as during solar maxima) is 5 particles per
cubic centimeter. Varying solar activity can
cause this number to vary widely from the aver-
age value; measurements from space probes
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yield a range of 0.4 to 80 particles per cubic cen-
timeter. The temperature of the particles in the
solar wind at the Sun is about 1 million kelvins.
By the time they reach the Earth, their temper-
ature has dropped to 200,000 kelvins on aver-
age, but because their density is so low, no ap-
preciable heat transfer to Earth occurs. Again,
there is considerable variation, from a mini-
mum of 5,000 kelvins to a maximum of 1 million
kelvins.

The use of the word “wind” is appropriate
considering the speeds involved. At the Earth’s
orbit, the solar wind whips by at approximately
400 to 500 kilometers per second on average,
though there are large fluctuations ranging be-
tween 200 kilometers per second minimum and
1,000 kilometers per second maximum. The so-
lar wind is composed mostly of electrons and
protons, with a helium abundance averaging
5 percent, but ranging from 0 percent up to a
maximum of 25 percent.

Historically it was known that there is a cor-

relation between solar activity and geomagnetic
storms. A large summary of historical data cor-
relating geomagnetic activity and solar activ-
ity was published in 1940 by Chapman and
J. Bartels. In 1931, 9 years prior to this compre-
hensive summary, the initial model to provide
an explanation for the connection was proposed
by Sydney Chapman and V. C. A. Ferraro. The
model involved streams of ionized (electrically
charged) gas ejected from the Sun at the time of
solar flares. The interaction of these ionized gas
streams, trapped in the magnetic polar regions
of the Earth, with the Earth’s atmosphere trig-
gered the northern and southern lights (also
known as the aurora borealis and australis).
This initial model was updated in 1951 by Lud-
wig Biermann, who suggested that, rather than
occasional streams, there was a continuous out-
ward flux of charged particles from the Sun into
interplanetary space. This revised model was
designed to explain the antisolar spikes ob-
served in some comets. The classic paper by
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A schematic showing the influence of the solar wind, the extent of which largely defines the heliosphere, which be-
gins to slow dramatically at the heliopause and ends at the bow shock, the outer boundary of the solar system
where the pressure of interstellar matter checks the solar wind. (Lunar and Planetary Institute)



Parker in 1958 predicted that interplanetary
space is filled with a solar wind. The content
and speed of this predicted wind would be func-
tions of the temperature of the corona. Parker
predicted that the solar wind speed in the vicin-
ity of the Earth would range from 400 to 800 ki-
lometers per second.

Parker’s paper came out just at the dawn of
the space age. Since then, numerous space mis-
sions have gathered massive amounts of data on
the solar wind that could not have been ob-
tained any other way. Between 1959 and 1961,
the Soviet interplanetary probes Luna 2 and 3,
Venus 1, and Mars 1, using rudimentary (by to-
day’s standards) particle detectors, confirmed
Parker’s prediction. Also in 1961, the initial find-
ings of the Soviet space probes were confirmed
by the United States’ Explorer 10 satellite using
a Faraday-cup probe. The first long-term moni-
toring of the solar wind was conducted by the
U.S. Mariner 2 spacecraft on its three-month
mission to Venus in 1962. Mariner 2 again con-
firmed Parker’s prediction by measuring a con-
tinuous solar wind with speeds ranging from
319 to 771 kilometers per second. However, the
Mariner results disclosed something not pre-
dicted by Parker: gusts in the solar wind up to
1,000 kilometers per second that were phase-
correlated with the rotational period of the Sun.

The reason for the correlation between the
Sun’s rotation, solar wind gusts, and geomag-
netic perturbations with a recurrent twenty-
seven-day period (which matched the Sun’s syn-
odic rotation period) was not determined until
rocket and spacecraft X-ray data of the Sun re-
vealed the existence of nonmagnetic, long-lived
holes in the corona. The coronal holes rotate
with the rest of the Sun, and, since they are non-
magnetic, they permit ions an easy exit from
what normally are magnetically confined re-
gions of the Sun. The streams of ions passing
through the coronal holes have higher-than-
normal speeds because they are able to escape
without having to overcome the additional mag-
netic force effects usually present at the Sun’s
surface. Data from Skylab firmly established
that coronal holes are the source of the high-
speed streams (gusts) of the solar wind. This
discovery is among the most well-established
solar-terrestrial connections and is useful in

making daily forecasts of geomagnetic distur-
bances.

Even though the solar wind is emitted in all
directions from the Sun, the resultant plasma is
not uniform. Observations indicate that the
speed of the solar wind tends to be higher and
more variable at high solar latitudes. The polar
regions of the Sun are nearly always covered
by coronal holes, and thus one would expect
gusts from the higher latitudes at higher-than-
normal speeds.

The Pioneer series of spacecraft carried in-
strumentation to detect and measure the solar
wind. In August, 1972, Pioneer 9 (at a distance
from the Sun close to Earth’s) recorded solar
wind speeds of 1,000 kilometers per second,
while Pioneer 10 (which was 214 million kilome-
ters from the Sun, nearing the orbit of Mars) re-
corded the solar wind at about half that speed.
In 1983 Pioneer 10 detected the presence of the
solar wind as far out as 4.5 billion kilometers, at
the orbit of Neptune. All the Pioneer data show
that the average speed of the solar wind
changes comparatively little out to Jupiter’s or-
bit, but the range of fluctuations in speed is re-
markably diminished at Jupiter’s orbit com-
pared with the range at Earth’s orbit. This can
be seen clearly in the Pioneer data.

KNOWLEDGE GAINED

The bulk of the solar wind is composed of elec-
trons, protons (hydrogen nuclei), and alpha par-
ticles (helium nuclei), but there are also traces
of heavier elements, the most abundant of
which are measurable at the distance of Earth’s
orbit. Solar wind abundances have been derived
from Vela (3, 5, and 6) and Apollo (11, 12, 14, 15,
16, and 17) mission data for the elements that
are most common in the entire solar system and
in the Sun’s corona. The agreement of relative
abundance values is quite good considering the
varying accuracies of the individual determina-
tions (roughly a factor of two).

The Apollo 17 mission provided data to com-
pute the abundance of iron in the solar wind.
Other Apollo missions produced data that re-
sulted in abundance ratios for the light noble
gases neon and argon and their isotopes. A ma-
jor finding of the Apollo program was the detec-
tion of the heavier noble gases krypton and xe-
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non in the solar wind and, by implication, the
presence of these two elements in the Sun. The
anomalous presence of noble gases in meteoritic
and lunar surface material is explained by the
exposure of these materials to the solar wind.

The ancient solar wind is preserved in ap-
proximately the outermost micron of the sur-
face of solid objects, since ions with kinetic ener-
gies greater than 1 kilo-electron volt (keV) are
trapped on impact with solid surfaces. This rec-
ord is an easy target for alteration or destruc-
tion by a whole host of events. Even so, analyses
of lunar material and meteorites indicate that
some sort of solar wind has been present at the
distance of Earth’s orbit for the past 3 to 5 bil-
lion years. A study of Apollo 15 deep-drill cores
(as deep as 3 meters) by Donald D. Bogard and
L. E. Nyquist concluded that the solar wind at
the distance of Earth’s orbit shows little varia-
tion over the last 400 million years.

Magnetic fields associated with the planets
in the solar system are distorted by interaction
with the solar wind. The magnetopause (outer
boundary of a planet’s magnetosphere) is where
a balance exists between the solar wind and the
planet’s magnetic field. The magnetopause
boundary appears to be stable for planets with
large magnetic fields. An average value for the
size of Earth’s magnetosphere (a term in which
the root “sphere” does not necessarily mean
spherical in shape, but rather refers to the
sphere of influence of Earth’s magnetic field) is
about 13 Earth radii. This is a sizable obstruc-
tion in the path of the solar wind. The result of
this obstacle to the supersonic flow of the solar
wind is a standing shock wave. In order to have
a smooth flow about the periphery of the mag-
netosphere, the solar wind must make the tran-
sition from supersonic to subsonic speeds. In ad-
dition, when the plasma is so abruptly slowed, its
effective temperature is increased (about ten-
fold). The point of closest approach by the solar
wind to the center of a planet is called the stag-
nation point. The stagnation point for Earth is
at a distance of about 10 Earth radii from the
center of the planet (well above the atmosphere).

On December 27, 1984, the Active Magneto-
spheric Particle Tracer Explorers (AMPTE), a
three-satellite cooperative venture by West
Germany, Britain, and the United States, gen-

erated an artificial cloud of ionized barium. The
project was designed to track ionized elements
to determine how many of the solar wind’s ion-
ized particles actually enter the Earth’s mag-
netosphere and to understand the formation
and motions of the high-energy particles in the
Van Allen trapped-radiation belts. Results from
an earlier test in September, 1984 (with lithium
as the tracer element), had shown that approxi-
mately 1 percent of solar-wind particles are
transported into the magnetosphere surround-
ing the Earth.

The data from these tests were not definitive
and provided only a measure for the specific
conditions existing at the time of the test. They
indicated that charged particles captured from
the solar wind spill out of the outer Van Allen
radiation belt (which is inside Earth’s magneto-
sphere) and enter Earth’s atmosphere around
the north and south magnetic poles. The colli-
sions of these charged particles with atoms of
oxygen and nitrogen stimulate them to radiate
pale greens and bright reds in the northern and
southern skies. This colorful display is known
as the aurora borealis or aurora australis (the
northern or southern lights), most often seen in
zones between 65° and 70° north and south
magnetic latitude.

The heliopause is the boundary about 15 bil-
lion kilometers from the Sun (about three times
the size of Neptune’s orbit), where the solar
wind merges with the interstellar medium and
loses its identity. The interface is the outer limit
of the heliosphere, the region influenced by the
solar wind. Pioneer 10 data showed that the so-
lar wind oscillates with the eleven-year solar
cycle. Increases in solar activity and the solar
wind result in decreasing numbers of entering
galactic cosmic rays, since the more active helio-
sphere acts as a shield. Thus, the solar wind in-
fluences both the solar and galactic cosmic-ray
fluxes at the Earth through a modulation pro-
cess at the heliopause and through magnetic
field-line reconnections at the magnetopause.

CONTEXT

The nucleus of a comet is a “dirty snowball” of
various ices with embedded dust and grit. The
outer layer of the nucleus sublimates when it
nears the Sun, producing a gaseous cloud (the
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coma) around the nucleus and one or two tails—
Type I and Type II. Type II tails are the dust
tails. They are smooth, homogeneous, and point
generally away from the Sun along a curve.
Dust grains in Type II comet tails have a high
area-to-mass ratio and thus the effect of solar
radiation pressure is significant; Type II tails
are blown away from the Sun by the transfer of
momentum from solar photons to the dust
grains. Type I tails are the ionic tails and are
primarily composed of CO+ along with some
other ions, such as N2

+, CO2
+, CH+, and OH+.

Type I tails are long, straight, patchy, and point
radially away from the Sun.

Early theories postulated some sort of inter-
planetary medium to account for the orienta-
tion of Type I ionic tails. An extensive study of
Type I comet tail orientations by C. Hoffmeister
in 1943, long before Parker’s predictions and
the actual discovery of the solar wind, required
the existence of an interacting resistive medium
expanding outward from the Sun. A detailed
analysis by John C. Brandt yielded an average
expansion speed of 474 ± 21 kilometers per sec-
ond, with a minimum near 150 kilometers per
second. These values match very well the
speeds measured for the solar wind by space-
craft. The interaction of the solar wind with
the coma of a comet produces a bow shock, a
hundred thousand to a million kilometers from
the nucleus. This interaction in turn carries
charged particles from the coma away from the
Sun, forming the Type I tail.

In 1981, Brandt and Malcolm B. Niedner
published an extensive photographic summary
of Type I tail disassociation events (when the
ionic tail disconnects from the comet). An angu-
lar sector structure of the interplanetary me-
dium and solar wind was identified that rotates
with the Sun, within which the direction of the
dominant magnetic field is constant. The basic
premise is that as a comet crosses a sector
boundary, the sudden reversal of the dominant
magnetic field direction causes the charged tail
to break away from the rest of the uncharged
comet, producing the patchy appearance of
Type I tails. Thus, comets can be used as inter-
planetary magnetic probes to determine the
spatial location of the sectors.

Theresa A. Nagy
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Solar X-Ray Emissions
Category: The Sun

The Sun emits X rays and gamma rays, re-
vealing the presence of extremely high tem-
peratures (tens of millions of kelvins) and
high-energy particles. Solar X rays are pro-
duced in the solar corona (the hot, tenuous
outer atmosphere of the Sun), and both
X rays and gamma rays are generated
by the magnetic explosions or eruptions
known as solar flares.

OVERVIEW

X rays and gamma rays are forms of electro-
magnetic radiation with very short wave-
lengths and very high energy photons. Electro-
magnetic radiation displays the properties of

both waves and particles; the term “photon” is
used to refer to electromagnetic radiation when
it acts like a stream of particles. The wave-
lengths of X and gamma rays are less than
about 10 nanometers, compared to visible light,
which ranges from about 400 nanometers (vio-
let) to 700 nanometers (red). Their photons have
energies ranging from about 100 electron-volts
(eV) upward; for comparison, the photons of visi-
ble light have energies from a little less than 2 to
a little more than 3 eV. Because their photons
are so energetic, the presence of X rays and
gamma rays generally indicates high tempera-
tures and interactions of high-energy particles.

The existence of temperatures of at least a
million kelvins in the solar corona (the Sun’s
outer atmosphere) had been known since the
1940’s because of the presence of emission lines
of highly ionized elements in its optical spec-
trum. Why should the corona be so hot? The
photosphere, or visible “surface” of the Sun, is
much cooler (around 5,800 kelvins), and com-
mon sense had misled astronomers to expect a
steady decrease of temperature outward, rather
than the precipitous temperature increase that
actually occurs.

The physical cause of the high temperatures
of the solar corona now is thought to be the
strong magnetic fields in the Sun. The Sun’s
magnetic field is complex, with loops or arches
that extend beyond the photosphere out into the
corona. Charged particles flow along these
loops, gain energy from them, and transfer it to
the corona. Observations show that the corona
is not uniform at X-ray wavelengths. The stron-
gest, “brightest” X-ray emission comes from re-
gions where the magnetic field is the strongest
and the gas is hottest. Coronal streamers of hot
ionized gas follow the Sun’s magnetic field lines
outward from these areas. Coronal holes are
large, dark (in X rays), cool regions with weak or
absent magnetic fields.

Solar flares were originally discovered
serendipitously in 1859, in ordinary visible
light, by Richard Carrington, who had been
making routine observations of sunspots. Sub-
sequent observations at certain specific wave-
lengths (such as the red light at 656.3 nanome-
ters emitted and absorbed by hydrogen atoms)
disclosed flares more distinctly in the solar
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chromosphere (that part of the Sun’s atmo-
sphere in between the photosphere and the co-
rona), so before the 1950’s the general phenome-
non was known as “chromospheric flares.” They
were not assigned much importance physically.

X-ray and gamma-ray observations changed
this perception of the importance of solar flares.
Whereas solar flares had been perceived as com-
plicated but otherwise insignificant features of
the solar atmosphere—some kind of solar
cloud—they were discovered to be a fundamen-
tally important phenomenon, the prototype ob-
ject of high-energy astrophysics. This branch,
which involves observations of X rays and
gamma rays, brings together gravitational,
atomic, nuclear, and plasma physics.

X-ray bursts accompany essentially every so-
lar flare, and during times of great solar activ-
ity, this occurs many times per day. The “soft”
(longer-wavelength, lower-energy) X-ray spec-
trum reveals the existence of dense plasmas,
hot ionized gases composed of electrons and
atomic nuclei with temperatures in the range of
10 to 20 million kelvins, some ten times the typi-
cal coronal temperatures. X-ray images ob-
tained with grazing-incidence telescopes show
the hot plasmas to be trapped in the magnetic
tubes, or loops, that may rise about 100,000 ki-
lometers above the photosphere of the Sun. The
energy trapped in the hot plasma flows down
the magnetic field lines over a period of min-
utes, feeding into the chromosphere. The
plasma, shown by its soft X-ray emission, ap-
pears to be the central agent in producing many
of the classical effects of solar flares.

What initially produces the hot flare plasma?
Its creation is usually marked by a “hard” X-
ray burst (shorter-wavelength, higher-energy
X rays). These hard X rays come from the inter-
actions of fast electrons, with energies far above
those of the particles in the hot plasma respon-
sible for the soft X rays. Furthermore, data from
the Solar Maximum Mission (SMM) have
shown that gamma-ray bursts also occur com-
monly in solar flares. The presence of gamma
rays indicates that the high energy required to
produce flares involves the acceleration of pro-
tons (and other ions) as well as electrons. X rays
and gamma rays have revealed many of the
mechanisms involved in flare events. Magne-

tism plays a crucial but ill-understood role in
causing the plasma instabilities that put on
such spectacular and dramatic displays in solar
flares. However, the initial cause of these
events—and hence a general theory of flares—
remains elusive.

To summarize what we do know, a solar flare
is now believed to originate as an instability oc-
curring in the solar atmosphere, a heteroge-
neous magnetized plasma that extends upward
from the photosphere (visible surface of the
Sun) into interplanetary space. This instability
results in the acceleration of high-energy parti-
cles, both electrons and ions, and the creation of
plasmas with temperatures of tens of millions of
kelvins. In essence, a flare is a magnetic explo-
sion in the upper solar atmosphere, leading to
rapid acceleration of high-energy particles and
an outward eruption of denser solar material
from near the photosphere. The flare features
observable by ordinary techniques of optical
spectroscopy from ground-based telescopes ap-
pear to be secondary products of this explosive
release of magnetic energy.

KNOWLEDGE GAINED

Solar flares have connections to Earth that
are both economically significant and scientifi-
cally important. Their high-energy radiation
can perturb Earth’s ionosphere (a layer of ion-
ized atoms in the upper atmosphere), inducing
surge currents to flow in electrical power grids,
causing failures and sometimes extensive
blackouts. Similar disturbance of the iono-
sphere can also interrupt radio communica-
tions, because the ionosphere reflects some
types of radio communication. Unfortunately,
solar physicists cannot predict the level of solar
activity with much more precision than is af-
forded by the simple recognition of the well-
known eleven-year sunspot cycle. They can pre-
dict large flares no better than seismologists
can predict major earthquakes. The problem
appears to lie in the complexity of the physics
and the lack of adequate observations.

The high-energy radiation of a solar flare is
produced in various ways. Soft X rays are pro-
duced by hot plasmas (with temperatures ex-
ceeding 10 million kelvins). In a major solar
flare, the X-ray flux may reach a level as high as
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one-millionth of the total solar luminosity. Hard
X rays are intense flashes of higher-energy
X rays that occur near the onset of a solar flare,
showing the acceleration of energetic electrons.
Gamma rays are produced by nuclear interac-
tions in solar flares, showing that particle accel-
eration in solar flares extends to protons and
other heavier ionized particles. The spectra,
time profiles, and spatial distributions of the
high-energy radiation all serve as guides to the
physics of the flare phenomenon. Fairly de-
tailed observations of some of the properties of
soft X rays have been obtained, but many obser-
vational gaps exist for hard X rays and gamma
rays.

The introduction of grazing-incidence X-ray
optics, first from sounding rockets and later
(in 1973) from the Skylab crewed space sta-
tion, showed that the hot plasmas responsible
for X-ray emission from solar flares were
trapped in magnetic loops. These structures
have their “footpoints” anchored in the solar
photosphere, but extend great distances up into
the corona. Numerous X-ray observatories since
the Skylab era have been used to study solar
flares and the Sun’s corona such as XMM-
Newton and the Chandra X-Ray Observatory.

CONTEXT

The discovery of X rays and gamma rays
from the Sun led directly to a new branch of
astronomy, high-energy astrophysics, and to
great changes in understanding solar behavior.
These discoveries resulted from the use of in-
struments designed to detect these high-energy
emissions, mounted on instrument platforms
ranging from the V-2 rockets captured from
Germany during World War II to high-altitude
uncrewed balloons and eventually artificial
Earth satellites and deep space probes. These
vehicles were able to place these detectors above
Earth’s atmosphere, which blocks high-energy
photons, and opened a whole new view of the
Sun and other stars.

After World War II, when American re-
searchers made observations above Earth’s at-
mosphere, initially using V-2 rockets captured
from the Germans. These observations showed
the somewhat unexpected existence of “high-
energy” radiation from the Sun, from ultraviolet

(UV) to X rays. Herbert Friedman’s group at the
Naval Research Laboratory was instrumental
in these observations, which paralleled those of
James Van Allen, the discoverer of Earth’s ra-
diation belts. A most important discovery came
in 1958, when Laurence E. Peterson and John
Winckler flew a high-altitude balloon over Cuba
for cosmic-ray studies and were able to detect
gamma radiation from a solar flare that hap-
pened to occur during the balloon flight.

Over the decades since the 1950’s, new
launch vehicles, combined with remarkable
progress in the technology of X-ray optics and
X-ray and gamma-ray detectors, have led to a
great expansion of research in this area. Solar
observations in the X-ray and gamma-ray spec-
tral regions have greatly broadened our knowl-
edge of the physics of solar flares and hence the
Sun’s structure and physics.

In addition, X rays and gamma rays are now
observed from a variety of other astronomical
sources: white dwarfs, neutron stars, black
holes, supernova remnants, galaxies, and clus-
ters of galaxies, to name some. Observatories
specifically designed to detect the X rays and
gamma rays of such objects, including the
Chandra X-Ray Observatory, the Compton
Gamma Ray Observatory, XMM-Newton, the
Swift mission, and Astro-E2, have been
launched above Earth’s atmosphere and have
returned data that have rendered startlingly
beautiful images of some of these sources. It can
be speculated that some of the same physics of
magnetized plasmas in the Sun may underlie
the high-energy emissions from these objects.

Hugh S. Hudson
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Space-Time: Distortion by
Gravity
Category: The Cosmological Context

Space and time are linked together, and the
fabric of space-time can be distorted or
warped by the presence of matter. Albert
Einstein’s general theory of relativity rein-
terprets many diverse phenomena by re-
placing Newtonian gravity with distor-
tions of space-time.

OVERVIEW

To the layperson, space is empty but time is
full of activity. Time is perceived as a flow, car-
rying consciousness from one present moment
to the next. To a physicist, however, the terms
“space” and “time” denote quite different con-
cepts: Space possesses physical properties and
many levels of structure, and the flow of time is
an illusion. Indeed, some theories hold that
matter, rather than being located in space and
time, is nothing more than disturbances in the
fabric of space and time.

Although space and time can be perceived in
radically different, separate ways, they are
linked together by motion: Average speed is de-
fined as distance divided by time. The motion of
material objects and light signals is described in
relativity theory in terms of a single, unified re-
ality called space-time. Anything that happens
in some particular place at some particular time
is called an “event” in space-time. Its location in
space-time is specified by its three spatial coor-
dinates and one time coordinate. The series of
events that trace the “where” and “when” of an
object is called its world line through space-
time. Objects at rest or moving with a constant
velocity follow straight world lines, while the
world lines of accelerated objects are curved.
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The structure of space can be described
mathematically in terms of geometries. The ge-
ometry taught in most high schools is called Eu-
clidean geometry. Developed (or at least de-
scribed) by Euclid around 300 b.c.e., it deals
with “flat” space. Some familiar features of flat
space are that parallel lines never meet, even
when extended infinitely far in both directions,
and that the sum of the interior angles of a tri-
angle equals 180°. During the mid-nineteenth
century, the Russian mathematician Nikolai
Ivanovich Lobachevsky (1793-1856) and the
German mathematician Georg Friedrich Rie-
mann (1826-1866) developed self-consistent
non-Euclidean geometries. In these new geome-
tries, the sum of the angles of a triangle could be
more or less than 180°, and locally parallel lines
could converge or diverge over large distances.
A physical space described by a non-Euclidean
geometry is called a curved space, as opposed to
flat Euclidean space.

A familiar curved two-dimensional (2-D)
space is the surface of a sphere, such as the
Earth or a basketball. If one draws a triangle on
the surface of a sphere, and that triangle is

small (compared to the radius of the sphere),
the angles of the triangle add up to 180° because
the surface is nearly flat over small distances.
However, if the triangle covers a large part of
the surface, the angles add up to more than
180°. As an example, imagine doing this on
the surface of the Earth. One side of the triangle
is the 0° longitude line between the North Pole
and the equator. The second side of the tri-
angle is the 90° longitude line, also between the
North Pole and the equator. The third side of
the triangle is the equator from 0 to 90° longi-
tude. Each of the three angles of this triangle
is 90°, and thus the sum of the angles is 270°.
Similarly, lines of longitude are parallel where
they cross the equator, but because they are lo-
cated on a sphere, they eventually meet at both
poles.

These results—the angles of a triangle add-
ing up to more than 180°, and locally parallel
lines converging—are characteristic of, and can
be used as tests for, the geometry developed by
Riemann for positively curved spaces. The oppo-
site properties—the angles of a triangle adding
up to less than 180°, and locally parallel lines di-
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verging—are characteristic of, and can be used
as tests for, the geometry developed by Loba-
chevsky for negatively curved spaces.

The mathematics of curved space geometries
took on new physical significance in 1915, when
Albert Einstein (1879-1955) put forth his gen-
eral theory of relativity. One consequence of it is
that four-dimensional (4-D) space-time, first in-
troduced by Einstein in his 1905 special theory
of relativity, is curved by the presence of matter.
Gravity appears to exist only because mass
warps space-time in its vicinity. Physicist John
Wheeler, who contributed enormously to rela-
tivity theory, provided this succinct description
of the relation between matter and space-time:
Matter tells space-time how to curve, and the
curvature of space-time tells matter and light
how to move. Where space-time is not flat, Eu-
clidean geometry fails to provide an adequate
description; non-Euclidean geometries must be
used instead.

The fundamental postulate at the heart of
general relativity is the principle of equiva-
lence: The effects of a uniform gravitational
field and the effects of a constant acceleration
are indistinguishable. In a closed rocket accel-
erating through space at 9.8 meters per second
per second (m/s2), there is no experiment that an
astronaut could perform that would distinguish
this situation from one in which the rocket is at
rest on the Earth’s surface (where the accelera-
tion of gravity is 9.8 m/s2). Einstein realized
that, if he could express this equivalence in a
mathematical form, then he could relate both
gravitation and acceleration to the curvature of
space-time, thereby providing a geometric ex-
planation of gravity. Non-Euclidean geometry
provided the mathematical formalism to de-
scribe how the distribution of mass warps
space-time. Einstein’s field equations of general
relativity enable one to compute, in principle,
the curvature or warpage in space and time due
to a given mass distribution.

Naturally, the bending of space-time pro-
foundly affects the world lines of objects. As
space-time warps, the world lines warp as well,
since they are constrained to follow geodesics
(locally straight lines) through a curved space.
When an object moves on a world line that is
curved, the object is being accelerated; that is,

its motion is not uniform. From the perspective
of general relativity, gravity is not to be consid-
ered as a force, but rather as an effect of geome-
try—a distortion of space-time. The presence of
mass will distort the fabric of space-time. What
is experienced as gravitation is the warping of
space-time because of mass.

APPLICATIONS

The idea that matter distorts space-time led
Einstein to make several remarkable predic-
tions. In Euclidean geometry, the shortest dis-
tance between two points is a straight line. In a
curved space, the shortest path is curved be-
cause space itself is curved. In order to gain a
clearer understanding of this concept, consider
that New York and Tokyo have similar latitudes
but that the shortest distance between them,
along the Earth’s surface, passes close to the
North Pole. Although incomprehensible on a
flat map, this fact is easily visualized on the
curved surface of a globe.

Similarly, a light beam passing near a mas-
sive object will follow a curved path because the
massive object distorts space-time in its vicin-
ity. The bending of light in the presence of a
massive object also is mandated by the equiva-
lence principle. In a reference frame acceler-
ating upward, a transverse light beam would
appear to deflect toward the upwardly acceler-
ating floor. Since the equivalence principle re-
quires that there be no distinction between ac-
celeration and gravitational fields, light has to
be deflected toward a source of gravity—that
is, a massive object that warps space-time
around it.

In 1911, Einstein predicted that a ray of star-
light passing near the Sun would be bent by the
warpage of space-time around the Sun. (Stars
can be seen near the Sun during total solar
eclipses when the sky is darkened sufficiently.)
Although the predicted deflection of starlight
just grazing the Sun’s limb (edge) is only 1.75
arc seconds, it was first confirmed at the 1919
total solar eclipse, and later at many subse-
quent total solar eclipses since then. The effect
has also been verified at radio wavelengths
when the Sun occults (passes in front of) the ra-
dio source 3C279 every October 9. A similar ef-
fect, called gravitational lensing, has been ob-
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served when light from very distant galaxies
is bent when it passes near massive, closer gal-
axies.

A previously known but unsatisfactorily ex-
plained effect—the advance of Mercury’s peri-
helion—also is explained by the warpage of
space-time near the Sun. Mercury’s orbit
around the Sun is slowly precessing (or pivot-
ing) so that Mercury reaches perihelion (the
point when it is closest to the Sun) slightly later
with each orbit. Observations of Mercury’s mo-
tion were sufficiently accurate that its perihe-
lion advance was know by the mid-nineteenth
century. Almost the entire effect could be ex-
plained by the gravitational perturbations of
the other known planets on Mercury, but a
small residual was attributed to the gravita-
tional perturbation of an as yet undiscovered
planet (given the name Vulcan) inside the orbit
of Mercury. Vulcan was searched for, and some
claims of discovery even were made, though
none was confirmed. In 1915, Einstein ex-
plained how the warpage of space-time around
the Sun causes Mercury’s orbit to pivot forward
(or precess); the precession predicted by general
relativity accounts almost precisely for the re-
sidual that once was attributed to Vulcan. This
(along with the bending of starlight passing
near the Sun) was one of the first predictions of
general relativity to be confirmed observation-
ally. Since then, residual perihelion advances
have been measured for Venus, Earth, and the
asteroid Icarus; all agree within their observa-
tional errors with the predicted values calcu-
lated from general relativity.

Since space and time are intrinsically bound
together, the effect of mass on the geometry of
space-time means that time will be warped as
well as space. Einstein predicted that time
would be slowed by the warped space-time in
the vicinity of a mass. Thus, clocks at the
Earth’s surface should run slightly slower than
clocks at higher altitudes, which are farther
from Earth’s mass, where the warpage is less.
The effect is small (about one part in 1013 for
each vertical kilometer of altitude), but this mi-
nuscule effect was first measured (indirectly) in
1960 by the physicists R. V. Pound and G. A.
Rebka at Harvard, again verifying a prediction
of general relativity.

CONTEXT

In 1827, the German mathematician Carl
Friedrich Gauss published a paper in which he
recorded his measurements of the interior an-
gles of a large triangle formed by three moun-
tain peaks. His measurement was an attempt to
ascertain whether space was Euclidean. The ex-
periment was inconclusive: He obtained 180°
within the experimental accuracy of his mea-
suring devices. Gauss’s experiment may have
been the first attempt to test the long-estab-
lished assumption that the universe is best de-
scribed by Euclidean geometry.

By the middle of the nineteenth century, two
other self-consistent geometries had been de-
vised: the geometry of negatively curved space,
by the Russian mathematician Nikolai Ivano-
vich Lobachevsky, and the geometry of posi-
tively curved space, by the German mathemati-
cian Georg Friedrich Riemann. Until 1915,
however, when Einstein published his general
theory of relativity, most mathematicians and
physicists assumed that non-Euclidean geome-
tries were mathematical curiosities but had lit-
tle to do with physical reality. In Einstein’s the-
ory, space-time is curved by the presence of
mass, and gravity exists only because mass
gives space a non-Euclidean character.

Several months after Einstein’s theory was
published, the German astrophysicist Karl
Schwarzschild found rigorously exact solutions
to Einstein’s field equations for two different
cases: an ideal point mass and a finite spherical
mass. The first case predicted that, at a rela-
tively small radius from the mass point, some of
the mathematical terms become infinite. This
condition represents such an intense warping of
space-time that any signal (whether matter or
electromagnetic radiation) within this bound-
ary would be unable to escape. This radius,
called the Schwarzschild radius, defines a sur-
face (called the event horizon) such that any
mass or energy within this surface is forever
trapped. Most physicists of the time, Einstein
included, believed that it would be impossible
for any real object to contract to such a small
size that its mass would be contained within
this surface. (For example, an object with the
mass of the Sun would have to shrink within a
radius of about 3 kilometers, and an object with
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the mass of the Earth would have
to shrink within a radius of about
9 millimeters.) In 1963, Roy Kerr
developed a new exact solution to
Einstein’s equations for a rotat-
ing mass, and the Schwarzschild
solutions were seen to be special
cases of Kerr’s solution. Since
matter and energy could cross
the event horizon in the inward
direction but nothing could es-
cape from inside the event hori-
zon, the term “black hole” was
coined.

By the 1970’s, indirect evi-
dence had begun to accumulate
indicating the existence of just
such black holes, and there now
is compelling evidence for at
least two classes of black holes.
Stellar-mass black holes form
when massive stars exhaust all
the fuels they used for nuclear fu-
sion reactions and finally ex-
plode as supernovae. Supermas-
sive black holes have masses of
millions of solar masses or more
and are thought to exist at the
centers of many galaxies, includ-
ing our own Milky Way galaxy.

The application of the equa-
tions of general relativity to cos-
mology and the structure of the
universe allows for the universe
to be flat, negatively curved, or
positively curved. Any curvature
is related to how the average den-
sity of matter and energy in the
universe compares to a value
called the critical density, which
is equivalent to about three hy-
drogen atoms per cubic meter.

In the simplest form of relativ-
istic cosmology, any possible cur-
vature of the universe is linked to
its ultimate fate. If the average
density of matter and energy equals the critical
density, the universe is flat and it will continue
to expand, but slowing down in such a way that
it just barely expands forever. In this case the

universe is said to be critically open. If the aver-
age density of matter and energy is less than the
critical density, the universe is negatively
curved and it will easily expand forever, slowing
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The Schwarzschild Radius

At the start of World War I in 1914, Karl Schwarzschild, a
young professor at the University of Göttingen, volunteered for
military service. Craving action, he eventually managed to get
transferred to Russia, where he heard of Albert Einstein’s new
general theory of relativity. Schwarzschild wrote two papers on
that theory, both published that year. He provided a solution—
the first to be found—to the complex partial differential equa-
tions fundamental to the theory’s mathematical basis. Schwarz-
schild solved the Einstein equation for the exterior space-time
of a spherical nonrotating body. This solution showed that there
is an enormous, virtually infinite, redshift when a body of large
mass contracts to that certain radius—a size now known as the
Schwarzschild radius.

The value of that size is easily calculated by a simple astro-
physical formula Schwarzschild derived, relating the radius
to the universal gravitational constant, the star’s mass, and
the speed of light: R = 2GM/c2.
Surprisingly, he showed that
the general theory of relativity
gave basically the same results
as Isaac Newton’s more com-
mon theory of gravitation, but
for different reasons. When the
mass of the object is measured
in units of the Sun’s mass, the
Schwarzschild radius is neatly
given by three times the ratio of
the mass to the Sun’s mass, the
answer expressed in kilome-
ters: R = 3 × M/M(Sun). If the
Sun were contracted to a radius
of 3 kilometers, it would be of the right size to be labeled a “black
hole.” Abody becomes a black hole when it shrinks to a radius of
less than the critical radius; at that point, nothing, including
light, will have enough energy ever to escape from the body—
hence the name “black hole,” since no light escapes and any-
thing falling in remains. Earth would have to contract to a ra-
dius of approximately one centimeter to become a black hole.

While in Russia, Schwarzschild contracted pemphigus, an
incurable metabolic disease of the skin. He was an invalid at
home in 1916 when he died. He was forty-two years old. For his
service in the war effort, he was awarded an Iron Cross. In 1960,
he was honored by the Berlin Academy, which named him the
greatest German astronomer of the preceding century.



just a little. In this case, it is said to be open. If
the average density of matter and energy is
greater than the critical density, the universe is
positively curved. It will expand to some maxi-
mum size and then contract on itself in what
some call the big crunch. In this case, it is said to
be closed.

Various measures (mostly very indirect) indi-
cate that the universe is extremely close to be-
ing flat, but the amount of matter and energy
observed is substantially less than the critical
density. This observation has led to the notion
that most of the mass in the universe is in the
form of “dark matter,” which has not yet been
detected. Moreover, it seems as if only a small
part of the unobserved dark matter can be in the
form of conventional matter; most of it must be
something exotic and as yet unknown.

Acompletely unexpected discovery in the mid-
1990’s was that the expansion of the universe
seems to be accelerating. This necessitates us-
ing a more general form of relativistic cosmology
that includes an extra term involving a parame-
ter called the cosmological constant (or some
other modification similar to it). To account for
the accelerating expansion of the universe,
some unknown energy is required. Called “dark
energy,” it may represent 70 percent or more of
the total matter and energy in the universe.

General relativity with its distortions of
space-time has thus become an important tool
for understanding the origin, structure, and fu-
ture of the universe and its contents. Although
its basic structure has remained unaltered
since 1915, it continues to find applications in
such diverse areas as the precession of orbits,
the bending of light, gravitational redshifts,
black holes, and cosmology. It is truly amazing
that an abstract theory concerning the warping
of space-time has turned out to be so powerful
and useful.

George R. Plitnik and Richard R. Erickson
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Space-Time: Mathematical
Models
Category: The Cosmological Context

In both the special and general theories of
relativity, neither space by itself nor time
by itself is independent of the state of the
observer. Only a certain mathematical
union of them, called space-time, has in-
variant properties. The geometry of space-
time is the basis for relativistic physics,
which are seen in our solar system. A full
description of the advancement of the peri-
helion of Mercury, for example, requires
the use of relativity. Also, the way the mass
of the Sun can bend light coming from
other stars and galaxies is described by rel-
ativity theory.

OVERVIEW

Space-time is a four-dimensional coordinate
system or reference frame in which one mathe-
matically describes the spatial location and
temporal coordinate of an event. Such a frame of
reference can be either inertial or non-inertial.
An inertial frame of reference often is defined in
Newtonian mechanics as a frame that is not ac-
celerated, but then one must ask, “Accelerated
relative to what?” A better definition consistent
with relativity is that a local inertial frame (or
LIF) is a frame in which a body subject to no
external force moves at constant speed in a
straight line, or alternatively, that it is a
frame in which everything is weightless. The
word “local” is added because in the space-time
of general relativity, it is not possible to have a
truly universal inertial frame, if any mass is
present.

A wide variety of experiments have repeat-
edly confirmed that physical phenomena do not
fundamentally differ from one inertial frame of
reference to any other. The special theory of rel-
ativity asserts this as a basic postulate or prin-
ciple: All the laws of physics are the same in ev-
ery inertial frame of reference. This means that
both the mathematical form of fundamental
equations of physics and the values of the physi-
cal constants that they contain are the same in

all inertial frames. When this principle is ap-
plied to the theory of electromagnetism, it re-
quires that observers in all inertial frames of
reference agree about the numerical value of
the speed of electromagnetic waves in empty
space. The universality of this speed—hence-
forth referred to as the “speed of light” and rep-
resented by the letter c—requires that space
and time separately cannot be invariant but
must change upon transformation from one in-
ertial frame of reference to another.

An event is the name given to something that
happens at a particular time and place. The col-
lection of all events (the “whens” and “wheres”)
in the history of a particle is called its world line.
Measurements of the time and place of an event
will vary from one inertial frame to another, but
there are equations called Lorentz transforma-
tions that relate the time and space coordinates
of an event in one inertial frame to the time and
space coordinates in another inertial frame,
based on the relative velocity of the two frames.
All the famous phenomena predicted by the spe-
cial theory of relativity (relativity of simultane-
ity, length contraction, time dilatation) can be
derived from these transformations.

Although the space and time coordinates of
an event will differ from one inertial frame to
another, there is a quantity called the space-
time separation (or space-time interval) be-
tween the events that is invariant, meaning
that it has the same value in all inertial frames.
Let A and B be two events with time and space
coordinates (tA, xA, yA, zA) and (tB, xB, yB, zB) in one
inertial frame, and (tA′, xA′, yA′, zA′) and (tB′, xB′,
yB′, zB′) in another inertial frame. The space-
time separation s between the two events is de-
fined as

s2 = –c2 (tB – tA)2 + (xB – xA)2 + (yB – yA)2 +
(zB – zA)2

as calculated in one frame, and

s2 = –c2 (tB′ – tA′)2 + (xB′ – xA′)2 + (yB′ – yA′)2

+ (zB′ – zA′)2

as calculated in the other frame. It can be shown
using the Lorentz transformations that these
two expressions for s are equivalent, demon-
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strating that the space-time separation is in-
variant between inertial frames.

The interval or separation between two
events in space-time is somewhat analogous to
the distance r between two points in space:

r2 = (xB – xA)2 + (yB – yA)2 + (zB – zA)2

However, there is a fundamental difference be-
tween the geometry of space-time and the geom-
etry of space by itself. Notice that the square of
the difference in the time coordinates appears
in the space-time formula with the opposite sign
from the squares of the differences in the spatial
coordinates.

APPLICATIONS

Because the squares of the time and space co-
ordinate differences have opposite signs in the
formula for space-time interval or separation,
the square of the interval or separation between
two distinct space-time events can be positive,
zero, or negative, depending on how the squared
difference of the time coordinates compares to
the sum of the squared differences of the space
coordinates.

If the squared interval or separation is posi-
tive, the squared difference of the space coordi-
nates dominates over the squared difference of
the time coordinates, and the separation is called
space-like. This means that there exists some
inertial frame of reference in which the time co-
ordinates of the two events are equal, so in this
frame the two events are simultaneous and they
differ only in spatial location. In particular, nei-
ther event can be the cause or effect of the other,
since all physical influences require time to
propagate. In other inertial frames, the events
will have different time coordinates, and it is
possible for either of the two events to have the
larger time coordinate, meaning it occurred
later. Consequently, “later” and “earlier” have
no universal meaning for a pair of events with a
space-like separation, since in some frames one
event occurred later while in other frames the
other event occurred later.

If the squared interval or separation is nega-
tive, the squared difference of the time coordi-
nates dominates over the squared difference of
the space coordinates, and the separation is

called time-like. This means that there is some
inertial frame in which the spatial coordinates
of the two events are equal, so in this frame the
two events occurred at the same location and
differ only in time. When a pair of events have a
time-like separation, observers in all inertial
frames agree on which event occurred first and
which occurred second.

If the squared interval or separation is zero,
the squared difference of the space coordinates
equals the squared difference of the time coordi-
nates (multiplied by the speed of light squared),
and the separation is called null or light-like.
This means that, in every inertial frame, the
pair of events may be connected by the world
line of a ray of light moving from one to the
other. Such a ray of light could be the agent by
which the earlier event causes the later event.
Watching a pair of events that have light-like
separation, observers in all inertial frames
agree on which event occurred first and which
occurred second.

Since a particle is always at its own location,
intervals between events on the world line of a
particle with mass must be time-like. On the
other hand, intervals between events on the
world line of a photon (a “particle” of light) must
be light-like or null.

The sign of the squared intervals between
events can be used to divide space-time into re-
gions of different character. Suppose that event
A is at the coordinate origin (“here and now”) of
space-time (xA = 0, yA = 0, zA = 0, tA = 0). As an aid
to visualization, the z coordinate may be sup-
pressed; then it is possible to draw a diagram il-
lustrating these regions. The surface mapped
out by all null intervals is a double cone. The up-
per cone (positive t) represents all events in the
future that can be reached by a light ray emitted
here and now, while the lower cone (negative t)
represents all events in the past that could have
sent a light ray to arrive here and now. All
events that occur within the cone have squared
space-time separations from event A that are
negative or time-like.

Consequently the world line of any particle
with mass that passes through (“coincides
with”) the event chosen as the “here” and “now”
origin of the figure is confined to the interior of
the light cone. All events outside the cone have
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squared space-time separations from event A
that are positive or space-like. Consequently
they can neither influence nor be influenced by
event A, for to do so the influence would have to
travel between event A and any event outside
the cone at a speed greater than the speed of
light.

The time axis of any space-time coordinate
plot indicates the passage of time in the frame of
reference with those coordinates. In an inertial
frame, the time axis will be a straight line. The
world line, curved or straight, of any particle can
be considered a time axis for that particle. Inter-
vals along its world line define its “proper time,”
which elapses on a clock carried by the particle.

The straight line between two points in Eu-
clidean space has the shortest length of any
curve joining them. The geometry of space-time
is such that the straight line between two
events with a time-like separation has the lon-
gest proper time of any world line joining them.
This is the basis of a straightforward prediction

of relativity which is usually
called the twin paradox. Effects
of the special theory of relativity
are analyzed from inertial frames
of reference but may include ac-
celerated objects, such as the twin
who travels out and back, thus
aging less than the twin remain-
ing at rest in one inertial frame
throughout the other’s trip.

Analysis of motion from the
point of view of observers in ac-
celerated frames of reference is
also possible, but it uses the
mathematical concepts of differ-
ential geometry. As seen from ac-
celerated frames of reference, the
structure of space-time is not
globally covariant but only lo-
cally covariant. This means that
the light cones at various events
may be tilted in relation to each
other. Albert Einstein’s general
theory of relativity attributes
such distortion of the geometry of
space-time to gravity. This the-
ory can be summarized in two in-
timately linked statements: (1)

Matter warps space-time, and (2) warped space-
time tells matter and light how to move.

CONTEXT

The root of the concept of space-time was the
discovery by Hendrik Antoon Lorentz, pub-
lished in 1898, of the rules of transformation of
the coordinates of an event from one inertial
frame of reference to any other inertial frame of
reference. His derivation was carried out to find
a transformation that does not change the form
of the fundamental laws of electrodynamics,
known as Maxwell’s equations. However, Lo-
rentz did not claim that the transformations he
found which kept electromagnetism invariant
had the broad applicability they are now under-
stood to have. It remained for Einstein to formu-
late a comprehensive view, published in 1905 in
his special theory of relativity, of space and time
as measured in inertial frames moving relative
to each other, and their dependence on the state
of motion of an observer.
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Even as he was establishing the foundations
of what is now called the special theory of rela-
tivity, Einstein was aware of the incompatibil-
ity of these ideas with Newtonian gravitational
theory. His early work on extending the prin-
ciple of relativity beyond inertial frames of ref-
erence was hampered by mathematical com-
plexities. Hermann Minkowski, a former math
professor of Einstein at Zurich Polytechnic Uni-
versity, in an address presented in 1908, intro-
duced the concept of unified space-time based
on the new ideas expressed in Einstein’s 1905
description of his special theory of relativity.
Minkowski realized that Einstein’s assertion of
the constancy of the speed of light for all observ-
ers implied that space and time were funda-
mentally linked. He also introduced the power-
ful techniques of geometry, which provided both
the mathematical formalism for dealing with
noninertial frames as well as intuitive insights
into the physical implications. By exploiting
ideas first introduced to understand the differ-
ential geometry of curved surfaces, unified
space-time became the natural way to under-
stand all of physics. Thus, the mathematics of
non-Euclidean geometry found application in
Einstein’s general theory of relativity, which
was published in 1916. The general theory is a
comprehensive synthesis of the relations among
space, time, matter, and motion from the point
of view of any frame of reference whatsoever.

In contemporary physics, space-time is ac-
cepted as the arena in which all things exist and
move. The assertion that the laws of physics
must be independent of arbitrary choice of a
particular frame of reference in space-time is a
powerful working tool of the theoretical physi-
cist. This requirement puts limits on possible
new hypotheses and the equations they imply in
almost all areas of physics. The one branch of
physics that has remained at odds with relativ-
ity theory is quantum mechanics. It remains to
be seen whether quantum behavior can be uni-
fied with the space-time of relativity.

John J. Dykla
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Stellar Evolution
Category: The Stellar Context

Stars go through a series of changes that
are referred to as stellar evolution or stellar
life cycles, in analogy to the life stages of
living organisms. Stars are “born” in inter-
stellar clouds of gas and dust called nebu-
lae. They generate energy by various mech-
anisms for most of their “lives.” They “die”
when they finally run out of ways to pro-
duce any more energy.

OVERVIEW

For most of the twentieth century, one of the
primary goals of astronomers was to determine

how stars are born, how they live, and how they
die. By the end of the century, a fairly complete
picture finally had emerged. It is convenient to
express most stellar parameters relative to the
Sun: The Sun’s mass is 1.99 × 1030 kilograms
(330,000 times the mass of Earth), its radius
is 696,000 kilometers (109 times larger than
Earth’s), its surface temperature averages
about 5,800 kelvins, and its luminosity (rate of
energy output) is 3.9 × 1026 watts, or 3.9 × 1026

joules per second.
Stars are born in nebulae, large clouds of gas

and dust in interstellar space. The clouds typi-
cally are several tens of light-years in diameter
and contain enough matter to form hundreds to
thousands of stars. The gas is mostly hydrogen
(about 71 percent by mass), with some helium
(about 27 percent by mass) and small amounts
of heavier elements. The dust particles are
small, solid grains of carbon, silicate minerals,
iron compounds, and ices, probably about 0.001
millimeter in size, on average. The nebulae in
which stars form are cold, with temperatures on
the order on 10 kelvins. At such low tempera-
tures, atoms can bond together to form mole-
cules, so these nebulae are referred to as mo-
lecular clouds. Also as a result of the low
temperatures, the gas pressure is very weak
and can barely keep the cloud from contracting
from its self-gravity. In denser parts of the
cloud, self-gravity may overcome the weak pres-
sure and start that part of the cloud collapsing.
The trigger for this increased density may be an
encounter with a spiral arm density wave as the
nebula orbits the center of its galaxy, strong
stellar winds from a nearby star that already
formed, or shock waves from a nearby super-
nova explosion.

Amolecular cloud usually breaks up into sep-
arate clumps that collapse on their own. As each
clump collapses, gravitational energy is rapidly
converted into thermal energy, heating the gas
and causing it to begin feebly emitting radio
waves. When a sufficiently dense core has
formed at the center of the clump, the contrac-
tion slows and the object is called a protostar.
Usually many neighboring protostars form at
about the same time. A protostar continues to
contract gravitationally, growing hot enough to
begin to shine in the infrared part of the electro-
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magnetic spectrum. What little visible light the
protostar emits is blocked by the shroud of dust
that surrounds it. Eventually the dust shroud
dissipates, some of it joining the growing equa-
torial disk around the protostar (in which plan-
ets may ultimately form) and some of it blown
away as the protostar becomes hotter and
brighter. As the protostar continues to contract
and get hotter, collisions break molecules apart
into individual atoms and electrons are stripped
off the atoms, ionizing the gas.

When the temperature at the center of the
contracting protostar reaches a few million kel-
vins, hydrogen nuclei start to fuse together to
form helium nuclei. The energy released by this
nuclear fusion reaction stops the contraction,
and the protostar becomes a main sequence
star. It takes higher-mass protostars less time
to reach the main sequence stage than lower-

mass protostars, because their greater mass
means stronger gravity and more rapid contrac-
tion. The protostar stage lasts on the order of a
hundred thousand years for a star with 10 solar
masses, a few tens of millions of years for a star
like the Sun, with 1 solar mass, and from sev-
eral hundred million to a billion years for a star
with 0.1 solar mass.

In hydrogen fusion, four hydrogen nuclei fuse
together to form one helium nucleus. The mass
of the four hydrogen nuclei is slightly greater
than the mass of the one helium nucleus pro-
duced, and the excess mass is converted into
energy according to Albert Einstein’s formula
E = mc2, which states energy E and mass m are
equivalent and are related by a physical con-
stant c (the speed of light squared). To overcome
the electrical repulsion that the positively
charged hydrogen nuclei (bare protons) have for

each other requires high tempera-
tures (so the nuclei are moving
quickly) and high densities (so the
nuclei are close together). These
are the conditions in the cores of
main sequence stars.

A main sequence star is in a
state of hydrostatic equilibrium,
which means the self-gravity try-
ing to make the star contract is
balanced by the pressure trying to
make the star expand. The energy
released by hydrogen fusion in the
core provides the energy that the
star radiates into space. The main
sequence stage is the longest and
most stable part of a star’s energy-
producing life. A star remains a
main sequence star as long as it
has hydrogen in its core to fuse to
helium. Massive main sequence
stars have more fuel, but they con-
sume that fuel much more rapidly,
so their main sequence lives are
relatively short. For example, a
30-solar-mass star has a main se-
quence lifetime of about 5 million
years. The Sun, with 1 solar mass,
has a main sequence lifetime of
about 10 billion years. (Since the
Sun is currently about 4.5 billion
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new stars “hatching” from the dust clouds in which they formed.
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years old, it has progressed about halfway
through its main sequence life.) Low-mass main
sequence stars have less fuel, but they consume
it much more slowly, so their main sequence
lives are much longer, from about 30 billion
years for a star with 0.5 solar mass to as much
as a trillion years for a star with 0.1 solar mass.
These main sequence lifetimes are longer than
the age of the universe, so every low-mass main
sequence star that ever formed is still a low-
mass main sequence star.

When all the hydrogen in the core has been
fused into helium, the core contracts and heats
up. Hydrogen fusion is transferred to a still
hydrogen-rich shell surrounding the contract-
ing helium-rich core. This causes the outer lay-
ers of the star to expand and cool, and the ex-
panding surface of the star becomes red in color.
The star ceases to be a main sequence star and
becomes a red giant or red supergiant. Stars
similar to the Sun, with about 1 or 2 solar
masses, become red giants, ten to one hundred
times bigger than the present Sun. Massive
stars become red supergiants, one hundred to
one thousand times bigger than the present
Sun.

When the temperature of the contracting
helium-rich core reaches about 100 million kel-
vins, helium fusion is ignited. Three helium nu-
clei fuse to form one carbon nucleus. Add an-
other helium nucleus, and an oxygen nucleus
forms. The total mass of the three or four helium
nuclei is a bit greater than the mass of the car-
bon or oxygen nucleus, and again this mass ex-
cess gets converted into energy. This fusion re-
action supplies the star with energy for much
less time than hydrogen fusion did, when it was
a main sequence star.

When the helium in the core is exhausted, the
core once again contracts and heats up. A star
like the Sun is not massive enough for its core to
shrink enough to get hot enough to start any
more nuclear fusion reactions. Thermal pulsa-
tions and a strong stellar wind blow off its outer
layers in one or more shells of gas. The expand-
ing shell of gas surrounding what is left of the
star is called a planetary nebula. (Planetary
nebulae have nothing at all to do with planets.
The name originated in the 1800’s because, with
the telescopes in use then, they looked round,

like planets, and fuzzy, like nebulae.) The cen-
tral star of a planetary nebula is the exposed
former core of the star. It contracts as much as it
can and becomes a white dwarf star composed of
carbon and maybe oxygen. White dwarf stars
have about the mass of the Sun packed into a
sphere about the size of the Earth. This makes
them very dense, averaging about 1 metric ton
per cubic centimeter. White dwarf stars can no
longer generate energy; they cannot contract to
release gravitational energy, and thus they can-
not get any hotter to be able to tap other nuclear
fusion reactions. They shine only because they
are very hot. As they shine, they radiate their
energy away and cool off, gradually becoming
black dwarfs (cold, dark, dead stellar “embers”).

The core of a massive star (more than about
eight solar masses), because of the star’s stron-
ger self-gravity, can shrink enough to get hot
enough to go through a series of nuclear fusion
reactions, one after another, producing heavier
atomic nuclei. This stops with the production of
iron nuclei, since iron is the heaviest nucleus
that can form through fusion reactions that re-
lease energy. To form heavier nuclei through fu-
sion requires the input of energy. The iron core
collapses, and the outer layers collapse on top of
it and rebound, sending shock waves through
the star. This tears the star apart in a Type II
supernova explosion. In a few minutes, it re-
leases more energy than it produced by nuclear
fusion reactions during its entire preceding life.
A Type II supernova becomes about a billion
times more luminous than the Sun before it
gradually fades away. Some of the prodigious
energy released in the explosion goes into fusion
reactions forming elements heavier than iron.
Much of the star’s matter is violently ejected
into interstellar space at speeds ranging from
thousands to a few tens of thousands of kilome-
ters per second, thereby enriching the interstel-
lar material in elements heavier than helium.

If the mass of the stellar remnant that re-
mains after the Type II supernova explosion is
less than approximately 2 to 3 solar masses, it
becomes a neutron star. Aneutron star has a ra-
dius of only 15 kilometers and a density of a bil-
lion metric tons per cubic centimeter. If the re-
maining mass of the supernova remnant is
greater than about 3 solar masses, however, no
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known force can stop its collapse to a black hole.
The gravitational field of a black hole is so great
that nothing, not even light, can escape from it.
Consequently, a black hole cannot be directly
“seen” in any part of the electromagnetic spec-
trum. A black hole can be detected only by its ef-
fects, primarily through its gravity, on nearby
objects.

KNOWLEDGE GAINED

The Earth and all life on it exist only because
of the life and death of massive stars. Our cur-
rent understanding of the big bang (the primor-
dial “explosion” that created the universe about
13 to 14 billion years ago) is that it produced
only hydrogen and helium with very small
traces of lithium and beryllium. The first stars
that formed in the earliest days of our galaxy
consisted only of hydrogen and helium. Gas
planets like Jupiter might have formed around
those first stars, but not rocky/metallic planets
like Earth, nor could carbon-based life have de-
veloped. The atoms of all the elements heavier
than helium that make up our bodies and the
Earth we live on were produced by nuclear fu-
sion reactions in massive stars before and dur-
ing their deaths as Type II supernovae. These
heavy elements were spewed out into interstel-
lar space by the supernova explosions, where
they enriched the interstellar clouds of gas from
which new stars formed. By the time the Sun

and solar system began to form in one of these
nebulae about 4.5 billion years ago, about 2 per-
cent of its mass consisted of elements heavier
than helium. This provided the material for
rocky/metallic planets to form in the inner solar
system and for carbon-based life-forms to de-
velop on one of them, our Earth. The production
and dispersal of heavy elements by massive
stars, with the resulting enrichment of nebulae,
continues to the present time, so that today
about 5 or 6 percent of interstellar matter con-
sists of elements heavier than helium.

Our understanding of the evolution of stars
like the Sun reveals the future of our solar sys-
tem, including Earth. About 5 billion years from
now, the Sun will run out of hydrogen in its core.
It will expand until its radius is about one hun-
dred times larger than it is now, swallowing the
planet Mercury and possibly Venus. At that
point it will be a red giant, about a thousand
times more luminous than it is now. Tempera-
tures on Earth will reach between 1,000 and
2,000 kelvins; our atmosphere will escape into
space, our oceans will boil away, surface rocks
will at least partly melt, and life will not survive
here. Eventually, a strong solar wind and ther-
mal pulses will blow the Sun’s outer envelope
back into space, producing a planetary nebula.
What is left of the Sun will become a white
dwarf, with perhaps one-half to two-thirds of its
present mass. Initially, this white dwarf Sun
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will have a surface temperature of about
100,000 kelvins, but since it will be unable to
generate more energy, it will cool, rapidly at
first, then ever more slowly, until it becomes a
cold, dark, dead black dwarf.

CONTEXT

The twentieth century witnessed the devel-
opment of our modern understanding of stellar
evolution. New and improved instrumentation,
including detectors in space above Earth’s at-
mosphere, made it possible to observe the solar
system and deep space with sharper resolution
and in all parts of the electromagnetic spec-
trum. Advances in theoretical physics and the
widespread use of computers led to the con-
struction of more and better models of the stel-
lar interiors and the study of how they change
with time.

In the late 1890’s and early 1900’s, George
Ellery Hale oversaw the design and construc-
tion of several large telescopes—the 40-inch re-
fractor at Yerkes Observatory in Wisconsin,
and the 60-inch and 100-inch reflectors on
Mount Wilson in California. For the next half
century, they were the largest telescopes in the
world, and their use led to many observational
discoveries in all branches of astronomy.

The early 1900’s also saw the development of
the Hertzsprung-Russell (or H-R) diagram, a
graph used for plotting stellar luminosity ver-
sus surface temperature. It turns out that the
location of a star in this diagram indicates many
things about the star; besides its luminosity and
surface temperature, these include its radius, in
some cases its approximate mass, and its evolu-
tionary stage. Consequently, the H-R diagram
has proved to be a powerful tool for tracing the
life cycles of stars of various masses.

In 1926, Sir Arthur Stanley Eddington pub-
lished The Internal Constitution of the Stars, a
book that established much of the formalism
still used today to construct models of stellar in-
teriors. Its most serious deficiencies, of which
Ediington was well aware, involved the sources
of stellar opacities and energy generation. In
the 1930’s, Subrahmanyan Chandrasekhar
used relativity theory to work out the structure
of white dwarf stars, which, since their discov-
ery in the middle to late nineteenth century,

had at best been a stellar enigma and which
many astronomers considered to be a physical
impossibility.

Continuing through the 1930’s and into the
1940’s, the problem of stellar energy generation
began to be addressed by advances in nuclear
physics, which led to the idea that stars gener-
ate energy through nuclear fusion reactions; a
few specific fusion reactions were suggested for
main sequence stars. Work in nuclear physics
also suggested the existence of neutron stars,
though many thought that even if they did exist,
they could never be detected. (It was not until
1967 that the discovery of pulsars, identified as
rapidly rotating, highly magnetic neutron stars,
confirmed the existence of neutron stars.)

The late 1950’s saw the publication of a num-
ber of seminal articles and books. A long article
by Margaret Burbidge, Geoffrey Burbidge, Wil-
liam A. Fowler, and Fred Hoyle titled “Synthe-
sis of the Elements in Stars” (1957) traced the
various processes by which heavy elements
could be produced by nucleosynthesis in stars.
Martin Schwarzschild’s book Structure and
Evolution of the Stars (1958) described in an ac-
cessible way the methods for computing models
of stellar interiors. About this time, electronic
computers become more readily available, and
Schwarzschild’s book spurred increased use of
them to rapidly calculate many models for the
interiors of stars of different masses and in dif-
ferent evolutionary stages. His basic methods
can still be applied today to personal computers
and even programmable calculators.

The year 1957 also saw the dawn of the space
age with the launch of Sputnik 1, the first artifi-
cial Earth satellite, by the Soviet Union. Visible
light is distorted as it passes through Earth’s
turbulent atmosphere, resulting in images that
are somewhat blurred. One way to get around
this problem and produce sharper images is to
observe from satellites above our atmosphere.
The Hubble Space Telescope, placed in orbit at
an altitude of 600 kilometers in 1990, has sup-
plied incredible high-resolution images of vari-
ous stages of stellar evolution. Since observing
time on space telescopes is limited and spar-
ingly assigned, techniques have been developed
for ground-based telescopes to provide sharper
images. In speckle interferometry, many short
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exposure images (with little blurring due to at-
mospheric turbulence, since the exposure is so
short) are recorded electronically and then com-
bined in a computer to produce a sharper final
image. In adaptive optics, sensors monitor the
effects of atmospheric turbulence and control
small motors that slightly alter the telescope
optics to compensate for it and reduce the blur.
These techniques have given new life to large
ground-based telescopes.

Observations from space are essential, how-
ever, for observations in certain nonvisible por-
tions of the electromagnetic spectrum, because
Earth’s atmosphere is opaque to much of the
electromagnetic spectrum, including gamma
rays, X rays, and most ultraviolet and infrared
radiation. Gamma rays, X rays, and ultraviolet
radiation are emitted by hot objects; infrared
radiation is emitted by cool objects. It is neces-
sary to observe in all these wavelength regions
to study both the cool births and the hot deaths
of stars. Placing astronomical instruments on
board satellites orbiting outside Earth’s atmo-
sphere has allowed astronomers to observe over
all parts of the electromagnetic spectrum. Infra-
red observations are revealing regions of star
formation and the embryonic stars developing
there. Around many of them it is possible to de-
tect disks in which planets might eventually
form. Ultraviolet and X-ray observations have
revealed that stars lose much more mass during
the giant and supergiant stages of their lives
than was previously thought, so computer mod-
els of stellar evolution are being revised to ac-
count for this discovery.

George E. McCluskey, Jr.
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Sunspots
Category: The Sun

Sunspots are small areas on the solar
photosphere that appear darker than their
surroundings because they are not as hot.
They occur at sites with strong magnetic
fields, which are their cause. Sunspots
vary in number over an eleven-year cycle,
and their associated magnetic fields switch
polarity with each eleven-year cycle, so the
full magnetic cycle is twenty-two years.

OVERVIEW

Sunspots appear as darker spots on the
brighter photosphere of the Sun. Their temper-
ature is about 1,000 to 1,500 kelvins cooler than
the rest of the photosphere (which is about
5,800 kelvins); as a result, sunspots are only
about one-third as bright, so they look dark in
comparison. The spots have diameters ranging
from a few hundred kilometers to occasionally
more than 100,000 kilometers. Generally,
smaller spots last only a few days, while larger
ones linger for several weeks. At any given time,
the Sun may display lots of sunspots or it may
have none at all. Their numbers cyclically in-
crease and decrease with a period of approxi-
mately eleven years. Especially large sunspots
could occasionally be seen with the unaided eye,
although the Sun should never be observed with
the naked eye or directly through devices such
as cameras or telescopes; such observation will
severely damage the eyes.

In 1843, Samuel Heinrich Schwabe (1789-
1875), a German pharmacist and amateur as-
tronomer, announced after seventeen years of
recording sunspots that the number of spots in-
creased and decreased over an eleven-year cy-
cle. At the beginning of each sunspot cycle, spots
first appeared at latitudes around 40° north and
south of the solar equator, progressing down to
latitudes around 5° north and south at the end
of that cycle; then the next cycle began.

A few years later, in 1859, the British astron-
omer Richard Carrington found that the motion
of sunspots across the solar disk depends on
their latitude. He concluded that the rotation
period of the Sun varies with latitude, ranging
from about 25 days near the equator to about 28
days at 40° north or south latitude. (This lati-
tude range is the band in which sunspots are
commonly seen. We now can measure the Sun’s
differential rotation in other ways, and have
found that it increases to about 33 days at 75°
north or south latitude.)

In 1908, George Ellery Hale, the American
astronomer responsible for establishing Yerkes,
Mount Wilson, and Palomar observatories,
found that absorption lines in the spectra of
sunspots were split into two or more compo-
nents. He attributed this to the Zeeman effect,
which describes the splitting of spectral lines in
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the presence of strong magnetic fields. It had
been noted that sunspots usually occur in close
pairs, one ahead of the other in the direction of
solar rotation. Hale discovered that the two
spots in a pair have opposite magnetic polari-
ties; that is, the magnetic field lines coming out
of one spot return into its neighbor. Moreover,
the leading spot in all the spot pairs in one solar
hemisphere (north or south of the equator) have
the same magnetic polarity, and the polarity of
the leading spots is opposite in the other solar
hemisphere. In 1924, Hale announced that the
magnetic polarities of spot pairs reverse with
each eleven-year sunspot cycle, so the complete
magnetic cycle is twenty-two years, twice as
long as the sunspot cycle.

Each sunspot has a central darker region
called the umbra, which is surrounded by an
outer not-as-dark region called the penumbra.
The temperature is as low as 4,000 to 4,500 kel-
vins in the umbra and averages 5,000 to 5,500
kelvins in the penumbra, compared to around

5,800 kelvins in the adjoining photosphere; con-
sequently the umbra is only about one-third as
bright as the photosphere, so it looks dark in
comparison. Within the central umbral region
of the sunspot, the magnetic field is on the order
of 3,000 gauss (0.30 tesla), strong enough to de-
flect away hot bubbles of ionized gas rising from
the bottom of the Sun’s convection zone up to-
ward the photosphere. This inhibits the trans-
fer of heat from below, making the spot cooler
and thus darker. Furthermore, the cooler,
denser gas in the umbra sinks, drawing in gas
from inside and outside the surrounding pen-
umbra.

The diameter of the umbra seldom exceeds
20,000 kilometers (although an exceptionally
large one might on rare occasions exceed
100,000 kilometers), limiting its depth to about
the same distance and large-scale mass move-
ment to about half its size. Sunspots and their
associated fields appear to be anchored at this
depth. Vertical flow of matter downward in the

umbra is found to be limited to
25 meters per second, while the
horizontal flow from the pen-
umbra into the umbra does not
exceed 50 meters per second.
Sunspots also show irregular
patterns of bright points called
“umbral dots” or “umbral gran-
ulation,” in addition to solar fili-
grees caused by delicate, small-
scale movement of magnetic
field elements.

The average magnetic field
strength in the penumbra is
about one-half the field of the
central umbra. The penumbral
magnetic field has fine hori-
zontal structures, giving the re-
gion a filamentary overlapping
white and gray appearance.
Penumbral matter flow is nearly
horizontal, inward toward the
umbra, with progressively de-
creasing velocities farther out.

“Pores,” smaller regions with
dark umbrae, also occur, having
magnetic fields on the order of
2,000 gauss (0.20 tesla). “Mag-
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Some very large sunspots can be seen in this 2001 image from the Solar
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netic knots” are compact mag-
netic structures, having fields
on the order of 1,000 gauss (0.1
tesla).

The dynamo theory of solar
magnetic fields was developed
by Eugene N. Parker, Horace
W. Babcock, and others in the
1950’s to explain the Sun’s mag-
netism and associated phenom-
ena, such as sunspots, flares,
and prominences. The outer
zone of the Sun’s interior, below
its visible surface or photo-
sphere, is in a state of con-
vective motion; the convective
cells that form are responsible
for the observed boiling and
bubbling (called granulation)
on the solar surface. Along
the granule boundaries, tubu-
lar magnetic fields emerge and
disperse into the solar atmo-
sphere. Basically, it is theorized
that the rising and sinking mo-
tions of the ionized gas (plasma)
in the convective zone constitute electrical cur-
rents that induce magnetic fields through a dy-
namo process. These magnetic fields get dis-
torted and intensified by the Sun’s differential
rotation. As described earlier, the solar rotation
period is about 25 days at the equator, progres-
sively increasing to 28 days at 40° north and
south latitudes, and 33 days at 75° north and
south latitudes. The general background dipole
magnetic field, produced by convective motion
and “frozen” into the ionized gas of the convec-
tion zone, gets twisted and wound up around
the Sun by this differential rotation, thus in-
creasing the local magnetic field strength.

At the beginning of an activity cycle, the
Sun’s magnetic field is generally that of a di-
pole, with magnetic field lines running from
near one rotational pole to the other. Differen-
tial rotation, after a few rotations, stretches
these field lines that are frozen into the ionized
gas near the surface so that they wrap around
the Sun parallel to the equator. As the magnetic
field lines are wound more closely together, the
local field strength increases. The convective

motion of the plasma further twists the field
lines like strands of rope. The increased inten-
sity of the magnetic field lines at higher lati-
tudes finally makes them break through the
solar surface as sunspots roughly along the
east-west direction. As the field weakens at
higher latitudes by the dissipation of energy
through sunspots, the field intensifies toward
the equator, forcing the locations of new sun-
spots to migrate toward the equator. The sun-
spot cycle ends with the last spots fading near
the equator and the magnetic field there weak-
ening.

The next solar activity cycle begins with the
dipole field reversed from the preceding activity
cycle. Thus the solar magnetic cycle has a period
double that of the activity cycle. The solar dy-
namo theory satisfactorily explains the inci-
dence and location of sunspots during each ac-
tivity cycle, and the reversal of spot polarity in
the two solar hemispheres from one activity cy-
cle to the next. However, the complexity of the
proposed mechanisms warrants further investi-
gation.
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APPLICATIONS

The sunspot cycle seems to be related to long-
term temperature fluctuations on Earth. There
appear to have been long episodes of solar inac-
tivity, as evidenced by historical records of re-
duced numbers of sunspots and other related
manifestations, such as smaller coronas seen
during total solar eclipses and fewer auroras.
These generally occurred during times when
the Earth’s climate was cooler. An accumulat-
ing body of information indicates that the Sun
may be a slightly variable star, possibly with
complex periodicity. Such a prospect for solar
luminosity changes would have far-reaching
ramifications for life on Earth.

It is believed that the magnetic fields of the
major planets, including the Earth, are prod-
ucts of a dynamo mechanism similar to that op-
erating in the Sun. The study of sunspot cycles
led to the solar dynamo theory, which in turn
has contributed to progress in understanding
planetary magnetic fields.

The Sun is the nearest star. Everything
learned about the Sun can be extended to most
other stars. Spectroscopic studies of magnetic
fields in other stars have revealed that many
stars possess fields similar to those found on the
Sun, with intensities ranging from 2,000 to
20,000 gauss (0.20 to 2.00 tesla). The observed
stellar dipolar fields appear to vary, with pe-
riods ranging from half a day to decades. Mag-
netic field activity, presumably similar to that
of the Sun, appears to be stronger in younger
stars, which rotate more rapidly in compari-
son with older and more slowly rotating stars.
For example, the younger stars in Orion have
magnetic field intensities three times that of
similar-sized older stars.

Among many stars, “starspots” are suspected
to exist. They tend to occur mainly in relatively
younger stars. It is possible that sunspot activ-
ity and associated magnetic field intensity may
have been stronger at an earlier time in our so-
lar system, when the Sun may have been spin-
ning more rapidly.

CONTEXT

Recorded descriptions of sunspots date back
to at least the fourth century b.c.e. In 1612, Gali-
leo (1564-1642) was the first to observe them

with a telescope. He noticed their positions on
the Sun’s bright disk changed over a few days,
and from this he concluded that the Sun rotates
about once a month. These observations, along
with many others Galileo made with his tele-
scopes, contradicted the prevailing views held
then by scholars throughout Europe that dated
back to the ancient Greeks.

Today, much has been learned about the Sun
and its physics through both Earth-based and,
more important, space-based observatories and
instruments. Solar research is concerned with
many broad areas of the Sun’s structure and ob-
servable activity, such as sunspots and the solar
magnetic cycle. Solar activity has been deter-
mined to be periodic, marked by the occurrence
of sunspots and related phenomena, and caused
by complex variations in associated magnetic
field intensities. It has become possible to study
the Sun at virtually all wavelengths of the
electromagnetic spectrum (from high-energy
gamma rays to low-frequency radio waves) with
the aid of telescopes on the ground and space-
craft outside the Earth’s atmosphere. The ad-
vent of supercomputers has permitted very
detailed modeling of the structure and develop-
ment of sunspots and other solar activity. Ad-
vances in plasma physics and magnetohydrody-
namics continue to refine our understanding of
the solar dynamo mechanism and the related
activity cycle, including sunspots.

V. L. Madhyastha
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Supernovae
Category: The Stellar Context

Supernovae are stars that explode violently
at the end of their lives. They are spectacu-
lar events, emitting light at rates up to ten
billion times greater than the Sun. They
are responsible for the synthesis of chemi-
cal elements heavier than iron and dispers-
ing them through interstellar space. Shock
waves from supernovae can act as triggers
for new star formation.

OVERVIEW

Novae and supernovae have been observed
and recorded since ancient times as “new” stars
that appeared suddenly in the night sky (hence
the name “nova” which is from the Latin novus,
“new”). Originally there was no distinction be-
tween novae and supernovae, since superfi-
cially both display the same behavior: a nova or
“new star” suddenly appears in the sky, bright-
ening dramatically in no more than a few hours,
and then slowly fades from view over a period of
weeks to months. It was not until the 1920’s
that astronomers began to realize there was a
difference; some of the outbursts were much
brighter intrinsically than the others, up to a
million or more times. The “super” outbursts
came to be called supernovae. Today it is known
that both novae and supernovae are not new
stars but explosive events involving stars in the
last stages of their lives. A nova is a relatively
minor hydrogen fusion explosion on the surface
of a white dwarf star, while a supernova is a
much more violent explosion that tears a star
apart.

A supernova is one of nature’s most spectacu-
lar events. The total energy released is on the
order of 1046 joules. Most of the energy is carried
by a flood of neutrinos produced in the explo-
sion, while a much smaller part goes to drive the
explosive outburst that destroys the star. The
electromagnetic radiation emitted by the blast
is only on the order of 1043 joules, but this is al-
most as much as the Sun emits during its entire
life. At its peak, a supernova shines as bright as
100 million to 10 billion Suns.

Supernovae are rare events. The last one to

occur in our Milky Way galaxy was observed
in the year 1604. Thus historical records of
supernovae are invaluable resources for mod-
ern astronomy, even though those who recorded
their observations long ago had no real under-
standing of what they witnessed. Descriptions
of past supernovae can reveal when and where
they occurred, how bright they got, and how
long they remained visible in the sky. Their fre-
quency (or rather infrequency) provides esti-
mates of the death rates among stars.

Chinese records of celestial events date back
to several hundred years b.c.e. They believed
events in the sky were omens that forecast
events on Earth, and woe to the astronomer who
failed to correctly warn of an impending catas-
trophe. They recorded “broom stars” (comets
with tails that “swept” the sky like brooms) and
“guest stars” (novae and supernovae that sud-
denly appeared and eventually faded slowly
away, like visiting guests). “Guest stars” were
sighted and recorded in what would have been
these years (all c.e.) in our current calendar sys-
tem: 185, 386, 393, 1006, 1054, 1181, 1572, and
1604.

The supernova that appeared in May, 1006,
was particularly bright. More than twenty re-
ports of it have been identified from all around
the world. Because of its position in the south-
ern sky and thus below the horizon in northern
Europe, the best records of it come from Chi-
nese, Japanese, and Middle Eastern sources. It
was a brilliant spot of light perhaps one hun-
dred times brighter in appearance than Venus,
visible during the day and bright enough to cast
shadows at night. A gaseous remnant of the ex-
plosion, now very faint, was identified in the
1970’s in the constellation of Lupus, the wolf.
The rate of expansion of its filaments indicates
it is about a thousand years old, consistent with
its being a remnant of the supernova of 1006.

The supernova that appeared in July, 1054,
was probably brighter than Venus (though not
as bright as the supernova in 1006), visible in
the daytime sky for nearly a month and in the
night sky for two years. Interestingly, this
bright object, although surely visible, went un-
mentioned in European historical records, pos-
sibly because its appearance in the sky some-
how conflicted with church doctrine in medieval
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Europe. The event definitely was recorded in
China and the Middle East. A rock painting
made at approximately that time by Native
Americans in New Mexico shows a ten-pointed
object next to a crescent and may represent this
supernova when it first appeared next to a thin,
waning crescent Moon. The descriptions of the
position of this supernova match approximately
the location of the Crab nebula in the constella-
tion of Taurus the bull. The measured expan-
sion rate of the Crab nebula is consistent with
its origin in the supernova of 1054. This super-
nova left behind, in the center of the Crab neb-
ula, a rapidly spinning neutron star called a
pulsar.

On November 11, 1572, a supernova brighter
than Venus appeared in the constellation of
Cassiopeia, gradually fading from view over the
next eighteen months. Most European scholars
at that time still adhered to the teachings of Ar-
istotle and Plato that the heavens were perfect
and unchanging, and there-
fore this bright new thing
could not be a star but had to
be something close to Earth,
perhaps in the air overhead.
The young Danish astrono-
mer Tycho Brahe made care-
ful measurements of its posi-
tion for as long as it was
visible. Since it showed no
motion relative to other stars,
he concluded it was far from
Earth, like the stars, but had
to be a new star no one had
seen before. (Brahe’s work so
impressed King Frederick II
of Denmark that he financed
the construction of two obser-
vatories for Brahe on the
Danish island of Ven. It was
from these observatories that
Brahe measured—without a
telescope, since the telescope
had not yet been invented—
the changing positions of the
planets that Johannes Kep-
ler used to derive his three
laws of planetary motion.)
An expanding shell of gas

ejected by the 1572 supernova and plowing into
the surrounding interstellar gas has been de-
tected at visible, radio, and X-ray wavelengths.
No central stellar object has been found, sug-
gesting that the star was completely destroyed
by the explosion.

Kepler, who had been Brahe’s assistant for a
year prior to his death in 1601, sighted a super-
nova on October 17, 1604. He described the star
as similar to Jupiter in brightness, with the
color of a diamond. It remained visible through
October, 1605, although the star briefly disap-
peared behind the Sun from November, 1604,
until January, 1605. Sightings of this super-
nova were also recorded in China and Korea. A
remnant from this supernova was first photo-
graphed in 1947. This was the last supernova to
be observed in the Milky Way.

Fortunately, because supernovae are so
bright, hundreds have been observed in galax-
ies outside our own. Modern measurements of

The Solar System Supernovae

817

Proportion of total mass: 40%
Major constituents: hydrogen and helium

20%
helium

20%
carbon, oxygen

neon, magnesium

10%

10%

titanium, vanadium,
chromium, manganese,

iron, cobalt,
nickel

silicon, sulfur,
chlorine, argon,

potassium,
calcium

Anatomy of a Supernova



their properties combined with historical rec-
ords of past supernovae have yielded our cur-
rent understanding of supernovae.

Several types of supernova spectra can be
identified. Type II supernova spectra have
emission lines of hydrogen, while Type I super-
nova spectra do not. Type I spectra are subdi-
vided into Type Ia, with a strong absorption line
of ionized silicon; Type Ib, with a strong absorp-
tion line of neutral helium; and Type Ic, with
neither of these absorption lines. There are two
distinct ways that supernovae explode. Types
II, Ib, and Ic are core-collapse supernovae, in
which the iron cores of massive supergiant stars
collapse, triggering the supernova explosion. In
contrast, Type Ia supernovae occur in white
dwarf stars in close binary systems that acquire
so much matter from their companions that
their mass is raised above the Chandrasekhar
limit (the maximum mass a white dwarf star
can have); the whole white dwarf then collapses
and explodes.

To understand how stars explode as super-
novae, one must understand the earlier stages
of their lives. Stars form from nebulae, clouds of
gas and dust in interstellar space, by gravita-
tional contraction. When the center of a con-
tracting protostar reaches a temperature of a
few million kelvins, hydrogen nuclei begin fus-
ing into helium nuclei in the star’s core, releas-
ing energy. This stops the contraction, and the
star becomes a stable main sequence star. It re-
mains a stable main sequence star as long as it
has hydrogen in its core to fuse into helium.
This is the longest-lasting stage in a star’s life.
(The Sun is a main sequence star; it has been
one for most of the 4.5 billion years of its exis-
tence, and it probably has enough hydrogen left
in its core to last several billion years more.)
When hydrogen is exhausted in its core, the star
expands to become a red giant or supergiant and
begins to fuse helium into carbon and maybe ox-
ygen in its core.

Stars with up to about 8 solar masses cannot
go further in nuclear fusion reactions. When
their core helium is exhausted, they puff off
their outer layers as expanding shells of gas
called planetary nebulae (a purely descriptive
term, having nothing to do with planets), and
their cores become electron-degenerate white

dwarfs (meaning their electrons are packed as
tightly as quantum mechanics allows), shining
only because they are hot. As they radiate their
energy away, they grow cooler and fainter,
eventually becoming cold, dark black dwarfs.
This usually is the end of life for stars of this
size.

However, a white dwarf in a close binary star
system can end its life in a much more dramatic
way if its binary companion transfers enough
matter to the white dwarf. Since white dwarfs
are electron-degenerate, there is a maximum
mass they can have, the Chandrasekhar limit,
which equates with about 1.4 solar masses. If
enough matter is transferred from the compan-
ion star to the white dwarf so its mass is raised
above the Chandrasekhar limit, its self-gravity
exceeds the pressure of the degenerate elec-
trons and it collapses in on itself. The rapid com-
pression drives the temperature up to billions of
kelvins, igniting a whole series of nuclear fusion
reactions that release tremendous amounts of
energy. This is a Type Ia supernova. At its peak,
it shines as brightly as nearly 10 billion Suns.
The star apparently is completely destroyed, its
matter flung into interstellar space as a cloud of
rapidly expanding gas containing the heavier
chemical elements produced in the fusion reac-
tions. The companion may become a runaway
star, no longer held in orbit by the mutual gravi-
tational attraction between the two stars. The
last two supernovae seen in the Milky Way—in
1572 and 1604—apparently were Type Ia.

A different kind of supernova explosion,
called a core-collapse supernova, is in store for
stars more massive than about 10 solar masses.
They are massive enough to continue to form
heavier elements through various nuclear fu-
sion reactions while they are supergiant stars.
Each element formed in one fusion reaction be-
comes the fuel for the next reaction. Eventually
the supergiant builds up a small central core of
iron surrounded by shells of lighter nuclei, simi-
lar to the thin layers in an onion. In each of
these shells, nuclear fusion reactions form
heavier nuclei that become part of the next shell
inward, except that iron is the heaviest nucleus
that can form in fusion reactions that release
energy. To form heavier nuclei than iron re-
quires the input of energy. The iron core
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shrinks, trying to tap another nuclear fuel, but
none is available. The temperature climbs as
high as a few hundred billion kelvins, causing
the iron nuclei to begin to break up. When the
central density reaches about 400 billion times
the density of water, free electrons are forced
into the nuclei, where they combine with pro-
tons to form neutrons and neutrinos. The loss of
free electrons reduces the pressure so much
that the core collapses at speeds as fast as one-
fourth to one-third the speed of light, shrinking
from a diameter about as large as the Earth to
less than 20 kilometers in less than one second.
The outer layers collapse inward on top of the
core, where some of the matter rebounds and
collides with the still infalling gas above. This
collision heats the gas to billions of kelvins, ig-
niting fusion reactions that release energy.
Even more energy is added by the outward flow
of neutrinos. Although neutrinos do not ordi-
narily interact very much with other forms of
matter, the density near the core is so great that
the neutrinos transfer some of their energy to
the collapsing outer layers, reversing their fall
and blasting them outward at speeds greater
than 10,000 kilometers per second. This core-
collapse supernova has a spectrum of Type II,
Ib, or Ic. (The differences in the spectra depend
on how much of their outer layers the stars lost
as a result of strong stellar winds while they
were supergiants.) The huge amounts of energy
now available allow fusion reactions to occur
that form the chemical elements heavier than
iron. The outer layers become a rapidly expand-
ing supernova remnant that disperses into in-
terstellar space the heavy elements formed both
in the supergiant before it exploded and in the
supernova explosion itself.

If the neutron-rich core at the center of this
explosion is less than about 3 solar masses, it
becomes a neutron star, a neutron-degenerate
sphere about 20 kilometers in diameter with an
average density of about a billion metric tons
per cubic centimeter or about 1015 times the
density of water. (Neutron degeneracy means
that the neutrons are packed as tightly as quan-
tum mechanics allows.) Neutron stars typically
rotate very rapidly, up to several hundred times
per second, a consequence of conserving their
angular momentum as they collapsed. Their

magnetic fields become concentrated, with two
very strong magnetic poles that do not necessar-
ily lie at the two rotational poles. Electromag-
netic radiation beamed outward from the two
magnetic poles can appear to blink on and off as
seen from Earth in a “lighthouse beacon” effect
as the star rotates, if the rotation and magnetic
axes are aligned the right way. Such blinking
neutron stars are called pulsars, and their
blinking can be detected throughout the electro-
magnetic spectrum, from radio waves (where
they were first discovered) to visible light to
X rays. There is a pulsar spinning 30 times per
second at the center of the Crab nebula, pro-
duced by the Type II supernova in 1054. The
fastest-spinning pulsar known rotates more
than 600 times per second.

However, if the core at the center of the explo-
sion exceeds about 3 solar masses (called the
Oppenheimer-Volkoff limit), neutron degener-
acy will not stop its ultimate collapse to a black
hole. “Black hole” is the name given by the phys-
icist John Wheeler in 1969 to matter with such
strong gravity that nothing, not even light, can
escape from it. Although black holes cannot be
observed directly in any part of the electromag-
netic spectrum, precisely because no form of
electromagnetic radiation can escape from
them, they can be detected by the gravitational
effects they have on matter nearby. Several
likely stellar-mass black holes, the kind that
can be formed from supernovae, have been iden-
tified, and it is strongly inferred that a black
hole lies at the center of the Milky Way.

The final mass of the core, whether it is below
or above the Oppenheimer-Volkoff limit, is what
determines whether a neutron star or black hole
is left by the supernova explosion. Computer
models of the late stages of massive stars sug-
gest that the final core mass is determined by
the mass the star had when it was born. Stars
with initial masses less than about 20 to 40 so-
lar masses probably produce neutron stars,
while those with initial masses greater than 20
to 40 solar masses probably produce black holes.

APPLICATIONS

Because supernovae emit so much light, they
can be observed at very large distances, up to
billions of light-years away in very distant gal-
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axies. Core-collapse supernovae (Types II, Ib,
and Ic) come from stars with a wide range of
large masses and consequently somewhat dif-
ferent interior structures and histories. The ex-
plosions are not all identical and thus there is a
range of peak luminosities; they do not all be-
come equally bright. On the other hand, almost
all Type Ia supernovae reach nearly the same
peak luminosity, nearly 10 billion solar lumi-
nosities, because they have essentially identical
progenitors: white dwarfs with masses that just
exceed the Chandrasekhar limit of 1.4 solar
masses. (Occasionally a Type Ia supernova may
noticeably exceed the normal maximum bright-
ness. This is thought to be due to a collision be-
tween the white dwarf and its binary compan-
ion.) The vast majority of Type Ia supernovae
therefore make very reliable standard candles;
their assumed “standard” real brightness, com-
bined with their measured apparent bright-
ness, yields their distance. If a Type Ia super-
nova is observed in a galaxy, then the distance
to the galaxy can be determined. Type Ia
supernovae were used to find the distances of
galaxies in two independent projects that show
the expansion of the universe is accelerating.

Supernova SN 1987A was first seen before
dawn on February 24, 1987. It was bright
enough to see with the unaided eye, since it was
relatively close, only 160,000 light-years away
in the Large Magellanic Cloud (LMC), a small
galaxy that forms a companion to our own,
much larger Milky Way galaxy. SN 1987A pro-
vided the first opportunity to study a relatively
nearby supernova with a whole array of modern
instruments. It was also possible to identify its
progenitor in earlier images of the LMC, so as-
tronomers know what kind of star produced it: a
blue supergiant with about 20 solar masses.
Hence, SN 1987A was a core-collapse, or Type
II, supernova. Based on theory and computer
models, astronomers formerly thought that
core-collapse supernovae occurred in red super-
giants; SN 1987 led astronomers to conclude
that any massive supergiant could explode as a
core-collapse supernova.

Neutrinos from the explosion were detected
almost a day before the supernova was seen at
visible wavelengths; the neutrinos were able to
escape directly from the collapsing core, while

the light was absorbed and reradiated by mat-
ter between the collapsing core and the star’s
surface, emerging almost a day later with the
supernova shock wave. The time difference
from the detection of the neutrinos to the first
observed light from the supernova provided
information on the size of the star just prior to
the explosion, confirming that it was a blue
supergiant rather than a red supergiant. Com-
paring the observed neutrino flux with the ob-
served visible light, astronomers noted that the
neutrinos carried more than one thousand
times the energy of the visible light. Overall,
less than 0.1 percent of the energy of the explo-
sion was emitted in the form of visible light,
about 1 percent of the energy was used to propel
most of the star’s matter outward, and the rest
of the energy was carried away by neutrinos.

SN 1987A brightened rapidly at first, becom-
ing a thousand times brighter in less than a day.
Then it continued to brighten slowly, eventually
reaching about 100 million solar luminosities
after about a hundred days. In appearance it
looked about as bright as some of the stars of the
Little Dipper. Its peak luminosity was not as
bright as would be expected for a Type II super-
nova produced by a 20-solar-mass supergiant.
However, a blue supergiant is more compact
and not as extended as a red supergiant of the
same mass, so more energy would be needed to
break up a blue supergiant, leaving less energy
to appear as visible light.

For about the first forty days, the energy be-
ing radiated came from the explosion itself; af-
terward it came from the radioactive decay of
unstable isotopes created in the explosion. The
radioactive decays produced gamma rays that
were absorbed by the expanding gas, heating it,
and the energy was reemitted at visible wave-
lengths. Some of the gamma rays were detected
directly by instruments in Earth orbit at the en-
ergies emitted by radioactive decays of nickel 56
and cobalt 56, isotopes expected in the after-
math of a supernova, thus confirming some the-
ories about supernova nucleosynthesis.

Several months after the initial outburst of
SN 1987A, spectroscopic observations with an
infrared telescope flown at an altitude of 12,000
meters on a jet transport identified many more
expected elements, including iron, nickel, co-
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balt, oxygen, neon, sodium, potassium, silicon,
and magnesium. The intensity of the infrared
spectral lines proved that the quantities of
these elements were larger than what could
have been present initially in the star at birth.

A few years later, a bright ring of gas about
one light-year in diameter was observed around
the star, and it remained bright for several
years. This was not a ring of material ejected by
the supernova. Rather it was matter blown off
the star by stellar winds about 30,000 years ear-
lier, when it was a red supergiant. The ring lit
up when high-speed gas ejected by the super-
nova plowed into it, compressing and heating
the matter in the ring. Meanwhile, an expand-
ing “blob” was observed at the center of the ring,
thought to be slower-speed gas ejected by the ex-
plosion.

CONTEXT

Supernovae are significant for a number of
reasons. Perhaps the most important is that we
owe our existence to massive stars that ex-
ploded as supernovae long ago. The big bang
that created the universe about 13 to 14 billion
years ago produced significant amounts only of
hydrogen and helium. All the chemical ele-
ments heavier than helium—the carbon in our
cells, the nitrogen and oxygen in the air we
breathe, the silicon and iron in the Earth, the
gold and silver in our jewelry, and everything
else heavier than helium—were produced by
nuclear fusion reactions in massive supergiants
and the supernovae that destroyed them. These
elements were dispersed into interstellar space
by the supernova blasts, where they enriched
the clouds of gas from which new generations of
stars and accompanying planets formed. The
first stars to form after the big bang would have
contained only hydrogen and helium. Any plan-
ets that developed around them would have
been gaseous planets composed of hydrogen and
helium, maybe similar to Jupiter and Saturn,
but not rocky/metallic planets like Earth. By
the time our Sun and solar system formed about
4.5 billion years ago, enough massive stars had
already run through their life cycles and ex-
ploded as supernovae that the nebula in which
our Sun and solar system developed had become
enriched in elements heavier than helium, so

that they accounted for about 2 percent of its
mass. This provided the raw materials for
rocky/metallic planets like Earth and for life as
we know it.

Second, supernova shock waves propagating
through large interstellar molecular clouds may
provide the trigger for new bursts of star forma-
tion, compressing the gas and starting the grav-
itational contraction that leads to new stars and
solar systems. (Supernova shock waves are only
one of several possible ways to initiate the grav-
itational contraction that forms new stars.)

Supernovae may contribute to the evolution
of life on Earth in two ways. Supernovae proba-
bly are a major source of high-energy cosmic-ray
particles. Trapped by the magnetic field of our
Milky Way galaxy, they continually bombard
Earth. Although most never reach the Earth’s
surface, enough do to possibly cause genetic mu-
tations in the life-forms on Earth, resulting in
the diversity of life here. Although most genetic
mutations are not advantageous and some are
outright deadly, life could not evolve and adapt
to changing environmental conditions without a
steady supply of mutations. If it were not for
mutations, then all organisms today would be
mere replicas of the initial simple forms of life.

However, if a supernova were to explode too
close to us, the large burst of electromagnetic
radiation and high-energy particles would pose
a serious danger to life. A supernova within 50
light-years of our solar system probably would
wipe out all life on Earth, and one within 100
light-years could result in major extinctions. Al-
though the mass-extinction event 65 million
years ago that wiped out the dinosaurs and
many other forms of life was probably the result
of an asteroid impact, other extinctions in the
history of Earth might be due to nearby super-
novae. Arelatively minor extinction of some ma-
rine species about 2 million years ago might
have been related to a supernova explosion
about 120 light-years away. Of course, an ex-
tinction of only some species opens up new eco-
logical niches to those organisms that do sur-
vive, which in turn can lead to rapid evolution of
new species as the survivors rush to fill the envi-
ronmental holes.

Supernovae are very rare. The last one seen
in our Milky Way galaxy was in 1604 c.e. Ac-
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cording to estimates, up to five supernovae may
occur in the Milky Way Galaxy each century,
most escaping detection because they are ob-
scured by interstellar dust in the galactic plane.
In other galaxies, the rate varies from several
each century in the largest spirals to one every
few centuries in the smallest galaxies.

Since supernovae are so rare, it is hard to pre-
dict when or where the next one is likely to occur
or exactly what the progenitor star will look
like. The star will be either a massive super-
giant in its last stages before collapse or a white
dwarf in a close binary system. Fortunately, the
suspected possible candidates are sufficiently
far away that they should not pose a threat to
life. One of the closest is Canopus (Alpha
Carinae), the second brightest star in appear-
ance in the night sky, located about 200 to 300
light-years away. Two other possible candidates
are located in the constellation of Orion the
hunter: the red supergiant Betelgeuse (Alpha
Orionis), about 430 light-years away, and the
blue supergiant Rigel (Beta Orionis), about 770
light-years away. Betelgeuse, in particular,
seems unstable and pulsates. Another possible
candidate is the supergiant star in the Eta
Carinae nebula. With a mass of more than 100
solar masses, it is very luminous and is expel-
ling mass at a prodigious rate. It has had a num-
ber of outbursts; the one observed in 1843 is the
largest single loss of mass that any star is
known to have survived.

Michael L. Broyles
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T
Telescopes:
Ground-Based
Category: Scientific Methods

In the age of the Hubble Space Telescope
and other space-based observatories,
ground-based telescopes are often per-
ceived as antiquated. However, ground-
based telescopes are still playing key roles
in the search for extrasolar planets and
other fields of cosmological research, and
larger telescopes are always under con-
struction or development.

OVERVIEW

Ground-based telescopes have a long history
of advancing various areas of astronomy re-
search. Starting in the 1960’s, large ground-
based telescopes (which, for the purposes of this
discussion, are those telescopes situated in ad-
vantageous locations on Earth’s surface and
having apertures larger than 250 centimeters)
were used to explore and further study objects
in our solar system. For example, in the 1950’s,
the Martian atmosphere was believed to be
thin, and, based on the intensity and polariza-
tion of Martian reflected light, Martian surface
pressure was determined to be only 5 to 10 per-
cent of that on Earth. Designers of preliminary
Martian landers used this value when deciding
whether a descent to the Martian surface
should be effected by balloon, glider, or down-
ward-pointing rocket engine. Also, the presence
of this much atmosphere suggested that Mar-
tian life might exist, as there would be enough
air to breathe (if free oxygen were present) and
enough protection from ultraviolet light and ex-
treme temperature changes.

However, a University of California scientist,
Hyron Spinrad, using ground-based telescopes,
found evidence that the correct value might be
very different. When he was able to obtain good
high-dispersion spectra using the Lick Observa-
tory’s 3-meter telescope in the early 1960’s,

Spinrad concluded that the true value for the
Martian surface pressure must be only about
5 millibars. This is only 0.5 percent of Earth’s
atmospheric pressure—a very small value. New
designs had to be considered for Martian space-
craft, and at that time it seemed less likely that
anything remotely resembling terrestrial life
could exist under such harsh conditions.

The oldest observatory in the United States
is Mount Wilson, which overlooks Pasadena,
California. George Hale founded the observa-
tory in 1904 and used funding from the Carne-
gie Institute of Washington, D.C., to create a
solar research laboratory. The Snow Solar Tele-
scope was moved to Mount Wilson in 1904 from
Yerkes Observatory in Wisconsin. Long-term
studies of the Sun began in 1905. Hale ordered
the mirror for his 100-inch telescope in 1906.
Two years later, the 60-foot solar telescope be-
came operational. Hale used it when he de-
tected the Sun’s magnetic field. In May, 1912, a
solar telescope was mounted atop a 60-foot-tall
tower, and work began on the foundation for
Hale’s 100-inch mirror telescope. The latter
telescope achieved first light on November 2,
1917, to much fanfare. Several discoveries of
great importance in the history of astronomy
were made using the telescopes at Mount Wil-
son. These include detecting the first Cepheid
variable star; measuring the distance to M31
(the Andromeda nebula, now called the
Andromeda galaxy), thereby proving that the
Milky Way is but one of many galaxies in the
greater universe; determining extragalactic
distances and providing evidence that the uni-
verse is expanding; detecting remnants of the
1604 supernova; and discovering four addi-
tional satellites of Jupiter.

Mount Wilson remains one of the top ob-
servatories conducting astronomical research.
In 1995, it became home to Georgia State’s
CHARA stellar interferometer array. The 150-
foot-tall tower telescope is operated by the As-
tronomy and Astrophysics Division of the Uni-
versity of California at Los Angeles. It is used to
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study solar magnetic activity and look for long-
term changes that may provide an understand-
ing of the Sun’s variability and its implications
for the solar radiation received by the Earth and
its biosphere. The solar telescope is part of a
worldwide network monitoring the Sun’s sur-
face (its photosphere). The 60-inch telescope,
which became operational in 1908, is also the
largest in the world available for approved use
by the general public.

One of the oldest large optical telescopes in
the United States is the Palomar Observatory’s
5-meter Hale reflector. Completed in 1948, for
thirty years it was the world’s largest. Located
in the mountains northeast of San Diego, Cali-
fornia, Palomar was used primarily for deep
space cosmology and stellar studies. With the
advent of the space program and the accompa-
nying renaissance of planetary astronomy, the
Palomar telescope came to be used occasionally
for solar-system work. It was used, for example,
to analyze the Martian atmospheric gases and,
in the 1950’s, to examine the Martian surface
for signs of chlorophyll to see if greenish surface
regions might indicate plant life; they did not.
With infrared detectors, the telescope was used
to make some of the first temperature maps of
the observed disk of Jupiter and to sample the
temperatures of the surfaces
of the other major planets.

The Palomar telescope has
played an important role in
space research with its explo-
ration of objects that were
first identified by the Infra-
red Astronomical Satellite
(IRAS) as being anomalous
infrared sources. Many of
these objects are obscured
stars and interstellar clouds
within the Galaxy. These are
not easily detected and stud-
ied at optical wavelengths,
but Palomar observers have
used infrared detectors, work-
ing at short enough wave-
lengths that are transmitted
through Earth’s atmosphere.
There is still a considerable
amount of research to be

done before the place of infrared-emitting gal-
axies in the general scheme of the extragalactic
universe is understood thoroughly.

The largest telescope at the Lick Observa-
tory—located at Mount Hamilton, east of San
Jose, California—is the Shane 3-meter tele-
scope, completed in 1959. It has been used by
University of California astronomers to make
numerous discoveries related to space research.
An exotic example of such discoveries has to do
with the planet Mercury. In 1961, there were re-
ports from the Soviet Union that Mercury ap-
peared to have an atmosphere; according to one
Soviet astronomer, it was composed of hydro-
gen, but another report claimed that it was car-
bon dioxide. Space scientists were concerned
about these reports. Because Mercury’s surface
was known to have high temperatures, astrono-
mers had deduced that the planet should not be
able to retain any appreciable atmosphere, be-
cause gases would be so hot that they would es-
cape into space in a relatively short time. In
1962, to explore the question further, the Shane
telescope was used to obtain high-dispersion
spectra of Mercury. Because Mercury is always
quite close to the Sun (never more than 28° from
it in the sky), the telescope was used during the
daytime for these observations. The results, af-
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ter analysis, were clear. The better data provided
no sign whatsoever of an atmosphere. Years
later, in 1979, Mariner 10 confirmed this con-
clusion by returning data that showed that, be-
cause of its high temperature, Mercury does not
have an appreciable atmosphere. It only retains
temporarily a minute and tenuous envelope of
hydrogen gas captured from the solar wind.

In 1979, the National Aeronautics and Space
Administration (NASA) built a 3-meter infra-
red telescope to be used especially for space-
related research. It was put on Mauna Kea in
Hawaii to take advantage of the mountain’s
high altitude (4,200 meters) and lack of water
vapor. It has been employed successfully in a
large number of infrared projects, including
studies of asteroids, comets, planetary satel-
lites, the galactic nucleus, and infrared-bright
and active galaxies.

The 2.7-meter telescope of the McDonald Ob-
servatory, near Austin, Texas, was built in 1968
with NASA sponsorship and with the intent
that it be used largely for space-related re-
search. A particularly interesting example of
this has been its lunar-ranging measurements.
A powerful laser at its focal point is used to
beam visible light to the lunar surface, and 2.5
seconds later the telescope detects the reflected
light. The light’s travel time can be measured so
accurately that the distance to the Moon could
almost instantaneously be determined to an ac-
curacy of about 2.5 centimeters.

In the mid-1980’s some astronomers felt that
ground-based astronomy had reached its limit.
However, advances in computers and technol-
ogy would prove them wrong. The first telescope
using a new technique known as active optics
was the New Technology Telescope (NTT) at the
European Southern Observatory (ESO); it was
installed in 1988. NTT has a 3.58-meter mirror
that is only 24 centimeters thick and is there-
fore flexible. Traditional telescopes hold their
shape by the thickness of the mirror. This thick-
ness increases the mirror’s weight and limits its
size. The shape of NTT’s mirror is maintained
by a series of supports known as actuators,
which are computer-controlled. Success with
NTT design led to the construction of ESO’s
Very Large Telescope (VLT), which is an array
of four 8-meter mirrors.

Two of the most famous telescopes using ac-
tive optics are located at the Keck Observatory
in Hawaii near the summit of the dormant
Mauna Kea volcano. These telescopes (Keck I
and Keck II, completed in 1993 and 1996) each
have mirrors measuring 10 meters in diameter.
The two can also be linked together to form an
even larger interferometer. Keck I and II are
used for investigations of brown dwarfs, globu-
lar clusters, black holes, Jupiter’s atmosphere,
and distant young galaxies, for example.

Active optics helps minimize the limiting ef-
fects of the telescope itself, increasing light col-
lection and image quality. Adaptive optics, on
the other hand, reduces or eliminates the effects
of the Earth’s atmosphere. Telescopes using
adaptive optics (such as Keck) can achieve im-
age resolutions of 30 to 60 milli-arc seconds at
infrared wavelengths. Without adaptive optics,
they would be able to produce resolutions of only
one arc second. One method of adaptive optics
uses a guide or reference star. The telescopes
are equipped with a wavefront sensor that mea-
sures the atmospheric distortion of the light. In-
formation is sent to a computer, which alters
the telescope’s deformable mirror to correct the
image. When astronomers study very distant
objects, the target is often too faint for this pro-
cess. Instead, astronomers use a brighter refer-
ence star that is located near the target. Light
from the guide star is then used to determine
how to adjust the telescope to negate effects of
atmospheric distortion of the target object. A
second method for adaptive optics is using a la-
ser beam in place of a reference star. The laser
guide star (LGS) is directed toward the upper
atmosphere and often is pulsed. Reflected light
is then detected as it travels back down through
the Earth’s atmosphere, where it is used as an
“artificial” reference star. LGS has advantages
for scientists, because a reference star of suffi-
cient brightness is not always found in all parts
of the sky.

Technological advances of both active and
adaptive optics have led to an ever-increasing
number of larger ground-based telescopes. The
largest optical telescope in the United States is
the Large Binocular Telescope (LBT) located
near Safford, Arizona. The telescopes are a joint
project with the Italian and German astronomi-
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cal communities, the University of Arizona,
Arizona State University, Northern Arizona
University, Ohio State University, Research
Corporation of Tucson, and the University of
Notre Dame. The LBT consists of two 8.4-meter
mirrors with a common mount. Therefore the
two telescopes together have the equivalent
power of an 11.8-meter telescope. The first tele-
scope was built in Italy and was shipped to Ari-
zona in 2002. In March, 2008, LBT produced its
first binocular images, making it the most pow-
erful optical telescope in the world. The first im-
ages produced were false-color pictures of NGC
2770, a spiral galaxy 102 million light-years
away. One image shows hot young stars concen-
trated in the spiral arms; the second shows
older stars that are more evenly dispersed. The
third image is a composite photograph that

shows the full range of stars from cool to hot. An
instrument is being developed to work with the
telescopes at near-infrared wavelengths that
would produce images ten times sharper than
ones taken by the Hubble Space Telescope. A
high-resolution spectrograph is also planned,
which would help astronomers study the mag-
netic field of the Sun and other stars by looking
at Zeeman splitting of spectral lines.

Several other extremely large telescopes
(ELTs) are being designed or are currently un-
der construction. The 25-meter Giant Magellan
Telescope (GMT) is a joint endeavor of the Car-
negie Institute of Washington, Harvard Univer-
sity, the Massachusetts Institue of Technology,
the University of Arizona, the University of
Michigan, the Smithsonian Institution, Austra-
lian National University, the University of
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Texas at Austin, and Texas A&M University.
Located in Las Campanas, Chile, GMT will
have six mirrors surrounding a central one.
Each mirror will measure 8.4 meters, giving
GMT a diameter of 25.2 meters. In August,
2008, grinding and polishing of the primary
mirror began. When GMT is completed in 2017,
scientists will use it to study the origins and
evolutions of planetary systems, the formation
of black holes, and dark matter.

The Thirty Meter Telescope (TMT) will have
492 hexagonal mirrors, each measuring about
1.44 meters in diameter. The 30-meter tele-
scope will use six laser guide stars to study dis-
tant star systems and galaxies. Sites in Chile
and Hawaii are being considered, and TMT
could be constructed and operational by 2013.

The Large Aperture Mirror Array (LAMA)
will combine a series of eighteen 10-meter liquid
mirrors. The mirrors of the LAMA telescope are
coated with a very thin layer of liquid mercury.
The layer is initially 2-3 millimeters thick. The
mirrors spin constantly, and after cleaning are
started spinning manually. After the mirror is
closed, a layer of oxide forms on top, which seals
the surface. This allows the extra mercury to be
skimmed off and can achieve a liquid mercury
layer about 1 millimeter thick. Liquid mirrors
are favored over glass ones, because on average
they cost 95 percent less. Another benefit of liq-
uid mirrors is the fact that the primary mirror
does not tilt. This means that the support struc-
ture does not need to be as massive, thus also re-
ducing cost. Together the mirrors that form the
array will have the power of a 42-meter tele-
scope. Sites are being considered in New Mex-
ico and Chile. Scientists plan to use LAMA to
study distant galaxies, stars, and extrasolar
planets.

The most ambitious telescope in develop-
ment is the European Southern Observatory’s
100-meter Overwhelmingly Large Telescope
(OWL). The primary mirror will be composed of
3,042 segments, each 1.6 meters in diameter.
OWL’s spherical primary mirror technology
was originally used in the 1990’s on the Hobby
Eberly telescope. The ESO estimates OWL’s
cost to be 1.2 billion euros. Locations in Chile,
Argentina, the Canary Islands, and near the
South Pole are being considered. When fully op-

erational, OWL will be able to observe stars
with magnitudes as low as 38 (the faintest stars
that can be seen with the unaided eye have a
magnitude of 6). OWL will be used to study stel-
lar and planetary system formation, extrasolar
planets, and the mysterious dark matter.

Radio telescopes form another category of
ground-based telescopes. These telescopes,
used to receive and analyze extraterrestrial ra-
diation at radio wavelengths, have been of great
importance to the development of modern as-
tronomy and space science. Most large radio
telescopes have been one of three distinct types:
large single dishes, interferometric arrays of
dishes, and millimeter telescopes.

Centimeter-wavelength radio waves can best
be detected by means of a very large parabolic
reflecting surface (a “dish”) that can move in po-
sition to follow the celestial object as it moves
across the sky. The largest of these actually
does not move, however, but instead has a mov-
ing receiver suspended above the dish. The 300-
meter radio telescope of the Arecibo Ionospheric
Radio Observatory was made by smoothing out
a depression in the hills of Puerto Rico and lin-
ing it with a parabolic metal surface suspended
a few feet above the ground. Three pylons rise
from the rim of the valley. These hold cables
that span the depression and support the small
laboratory, dangling above the center of the
dish, that contains the receiver. Motors pull the
receiver building from west to east to compen-
sate for the diurnal motion of the image of the
celestial object being observed. Only a limited
range in position in the sky is available to the
Arecibo telescope, but its immense collecting
area and high resolution have made it an impor-
tant instrument for many years.

A different type of single-dish antenna is
the 100-meter Effelsberg radio telescope near
Bonn, West Germany. In this case, the para-
bolic metal dish is fully movable; it can turn to
any place in the sky and can follow celestial
sources at the diurnal rate. Although it is
smaller than the Arecibo telescope, its flexibil-
ity has made it useful for many projects that
would have been impossible with a large, fixed
dish.

Similar, though smaller, single dishes that
have been important are a 76-meter telescope at
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Jodrell Bank, England, a 64-meter telescope at
Parkes, Australia, and a 43-meter one at Green
Bank, West Virginia. A 90-meter transit-type
radio telescope at Green Bank collapsed sud-
denly in 1988; it was replaced by the Robert C.
Byrd Green Bank Telescope (GBT), which is the
world’s largest fully steerable single-dish radio
telescope. The 100-meter telescope became op-
erational in 2000.

High resolution at radio wavelengths is hard
to achieve. Resolution is proportional to wave-
length; to achieve the same resolution afforded
by an optical telescope, a radio telescope working
at a long wavelength such as the 21-centimeter
neutral hydrogen line must be many kilometers
in diameter. This size would be impractical for a
single-dish design, so radio astronomers have
constructed giant arrays of radio dishes, con-
nected electronically so that the signals re-
ceived are blended and analyzed as if from an
immense single telescope. These instruments
are called “interferometric arrays” and range in
size from 1 kilometer or so for the pioneer in-
strument in Cambridge, England, to interconti-
nental arrays.

The largest interferometers that are located
in physical proximity are the Very Large Array
(VLA) near Socorro, New Mexico, and the
Westerbork Array in the Netherlands. The for-
mer consists of twenty-seven 25-meter dishes
spread out in a Y-shaped pattern on the dry lake
bed of the St. Augustine plain; the latter con-
sists of a linear array of telescopes. All radio in-
terferometers of this type have at least some of
their antennae on wheels and tracks so that the
spacing can be adjusted according to the needs
of different observing projects.

The Australia Telescope array was designed
with some of the properties of both the VLA and
Westerbork; a continental array of telescopes
planned to span North America would permit
extremely high resolution. Ad hoc interferome-
ters, made up of existing single dishes that are
coordinated to simulate an array, have utilized
even larger baselines (for example, from Aus-
tralia to Canada), achieving radio images that
are more detailed than even optical telescopes
can produce, using normal detectors. Space-
borne radio telescopes can achieve even wider
separations, as large as the solar system.

Millimeter-wavelength radio telescopes tend
to have characteristics midway between those
of standard radio telescopes and those of optical
telescopes. Most are housed in domes of some
sort and are fully steerable. For example, the 9-
meter telescope on Kitt Peak in Arizona has a
dome-shaped housing with a large slit that can
be opened for observing. Other large millimeter
telescopes are located in Hawaii (on Mauna
Kea), in Japan, and in Massachusetts. They are
especially powerful for detecting and analyzing
emissions from cool molecular gas in star-form-
ing regions.

The world’s largest millimeter telescope is lo-
cated on the Sierra Negra volcano, 350 kilome-
ters southeast of Mexico City. The Large Milli-
meter Telescope (LMT) has a 50-meter dish.
LMT is a joint effort between the National Insti-
tute of Astrophysics, Optics, and Electronics (of
Mexico) and the University of Massachusetts.
Construction was completed in 2006, after
which followed a two-year testing period before
initial research began. Scientists plan to use the
large telescope to study extrasolar planetary at-
mospheres, compositions of comets, and the ori-
gins of the universe.

First conceived in 1995, the Atacama Large
Millimeter/Submillimeter Array (ALMA) is a
joint effort of organizations from North Amer-
ica, Europe, Japan, and Chile. ALMA is located
in the Atacama Desert of the Andes Mountains
in Chile. When completed in 2012, the array will
include up to eighty radio antennas operating at
0.3 to 9.6 millimeters, at a cost of $1.3 billion.
The dishes range in size from 7 to 12 meters in
diameter. ALMA should produce resolutions
about ten times better than the Hubble Space
Telescope. Radio astronomers will use ALMA to
study galactic nuclei, quasars, distant stellar
compositions, and galactic, stellar and plane-
tary formation.

The largest radio telescope presently in de-
velopment is the Square Kilometer Array
(SKA). When finished, this international facil-
ity will be fifty times more sensitive than any
existing radio telescope. SKA will consist of
thousands of radio dishes measuring 10 to 15
meters in diameter. Sites in South Africa and
Australia are being considered. If built in South
Africa, the Karoo Array Telescope (MeerKat)
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will play a central role, with other dishes spiral-
ing outward across Africa.

Several other very large or extremely large
telescopes are operational, under construction,
or in development. Some notable ones are the
Expanded Very Large Array (EVLA), the Euro-
pean Extremely Large Telescope (E-ELT), the
Multi Mirror Telescope (MMT), South Africa’s
Large Telescope (SALT), Gran Telescopio Cana-
ras (GTC), and the Allen Telescope Array (ATA,
designed for the Search for Extraterrestrial In-
telligence, SETI).

KNOWLEDGE GAINED

In the past, ground-based telescopes have
helped scientists learn more about our solar sys-
tem. Among the most important ways are the
following: gathering of basic data on planetary
celestial mechanics; discovery and orbit deter-
mination of comets and asteroids; mapping of
galactic X-ray and infrared sources; discovery of
quasars and radio galaxies; detection of cosmic
background radiation; and the search for extra-
solar planets.

In order to determine the continuously
changing orbits of the planets well enough to
make interplanetary spaceflight possible, it is
important to map planetary positions very accu-
rately. Laser ranging of the Moon, for example,
allows astronomers with large ground-based
telescopes to measure its distance to within a
few centimeters. Radar-ranging measurements
of the planets, especially Venus, Mercury, and
Mars, have led to very precise determinations of
their positions.

Spacecraft exploration of comets depends on
ground-based telescopes, to discover comets in
the first place and then to monitor them in their
somewhat unpredictable paths near the Sun
and Earth. Exploration of asteroids by space-
craft similarly depends on ground-based tele-
scopes for tactical support.

Most of the cosmic objects found at X-ray and
infrared wavelengths by orbiting detectors
would be unexplained were it not possible to
study them at other wavelengths from the
ground. For example, two of the objects thought
to be black holes, LMC X-1 and Cygnus X-1,
would merely be mysterious, unidentified X-ray
sources if it had not been possible, using large

ground-based telescopes, to discover that each
is a binary star, with a normal star in orbit
around a dark, massive object.

The Keck telescopes in Hawaii have been
used to study seasonal variations on Uranus. In
2007, astronomers were able to photograph the
change of seasons on Uranus for the first time.
Still in its early stages, this study found signifi-
cant changes in some cloud features that had
previously appeared to be unchanging. Scien-
tists were also able to calculate wind speeds on
the planet more extensively, up to 901 kilome-
ters an hour. That year astronomers were also
able to use the Keck telescopes to look at Ura-
nus’s ring system edge-on. They found that Ura-
nus’s dusty rings have changed since Voyager 2
visited the system in 1986. This ring crossing
was also observed using the Very Large Tele-
scope (VLT) in Chile, and the Palomar Observa-
tory in Southern California. Such observations
would not be possible, or economically feasible,
without ground-based instruments.

As ground-based telescopes increase in size,
they also increase in power. The newer genera-
tions of VLTs (very large telescopes) and ELTs
(extremely large telescopes) allow scientists to
study objects at greater distances and therefore
look back in time, since their light takes years
(light-years) to reach us.

CONTEXT

Astronomy seeks a better understanding of
cosmology. Ground-based telescopes have pro-
vided the basic list of objects and phenomena
(including quasars, radio galaxies, and cosmic
background radiation) that allow astronomers
to penetrate to the edge of the universe and the
beginning of time. New generations of ground-
based telescopes are designed to push farther
into deep space and to determine the true story
of how the universe came about. They study dis-
tant galaxies, stars, and planetary systems to
learn about the formation and evolution of our
own solar system.

Despite the advent of space-based observato-
ries, ground-based observations will continue to
play a major role in astronomy so long as the
risks and costs associated with space-based
telescopes continue to be high. Ground-based
observations will therefore continue to provide
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data and images complementary to space-based
observations, which together will aid astrono-
mers in understanding the nature and evolu-
tion of the physical universe.

Jennifer L. Campbell
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Telescopes: Space-Based
Category: Scientific Methods

Since the 1960’s, robotic observatories
placed in space have become a key part of
the overall effort by astronomers to under-
stand the solar system and universe. Able
to view the universe without the interfering
effects of Earth’s atmosphere, these space
telescopes have revealed sights and won-
ders that were previously unimagined.

OVERVIEW

With the exception of relatively few objects
found within the solar system, objects of study
outside our planet are too far away to visit and
sample. We cannot simply travel to distant stars,
nebulae, and galaxies to learn about them.
Thus, if humans wish to study these distant ob-
jects, they must find another way to do so.

Electromagnetic Radiation. The primary
method of learning about distant objects is by
observing various kinds of electromagnetic ra-
diation. One must bear in mind that since light
travels at a finite speed (300,000 kilometers per
second, or 186,000 miles per second), objects can
be studied only as they were when they emitted
the light we observe. Thus the telescope,
whether in space or on Earth, can be thought of
as something like a time machine. For example,
if an object is determined to be 10 billion light-
years away (a light-year being the distance
traveled by light in vacuum in one year, that is,
9.467 trillion kilometers), the telescope pro-
vides a view of what that object looked like ten
billion years ago. Depending on how distant ob-
jects are, they probably are radically different
today from what they were in the past. For ex-
ample, considering the presently accepted value
for the age of the universe, a galaxy 12 billion
light-years away is observed as it was only a lit-
tle less than 2 billion years after the big bang.

Sir Isaac Newton demonstrated that visible
white light is actually composed of an infinite
sequence of wavelengths from red to violet in
color. If one disperses white light with a prism
or diffraction grating, then a rainbow band of
colors called a spectrum is seen. Visible light is
actually only a very small part of the total elec-

tromagnetic spectrum; the rest of it is made of
other radiation, “invisible” light. If humans
could see the other parts of the spectrum, they
would find in turn beyond the violet end of the
spectrum, at ever shorter wavelengths, ultravi-
olet, X-ray, and gamma-ray radiation. Beyond
the red end, at ever longer wavelengths, are in-
frared, microwave, and radio radiation. Radio
radiation includes frequencies used for broad-
cast, radar, and television signals. All of these
different kinds of “light” are electromagnetic
waves, or electromagnetic radiation, with spe-
cific frequencies and wavelengths. Electromag-
netic radiation is such that all waves share the
property that the product of their wavelength
and frequency is the speed of light, approxi-
mately 300,000,000 meters per second (yielding
the per-year results that define the light-year
described previously). When taken together,
these waves of spatially and temporally oscillat-
ing crossed electric and magnetic fields (or
streams of photons) comprise the electromag-
netic spectrum.

The instrument commonly used to collect
light is the telescope. The telescope can be de-
fined as a “light bucket,” the function of which is
to gather as much light as possible from a given
region of the sky and direct it to a focal point. To-
day telescopes exist that study every part of the
electromagnetic spectrum. The first telescopes,
optical telescopes, collected light only in the vis-
ible region. These are still the most common
type of telescopes today, especially on Earth’s
surface.

The opening in the telescope permitting en-
try of light is called the aperture, and its size
serves two functions. The larger the aperture,
the more light can enter, enabling one to see
fainter objects. Larger apertures also result in
greater resolution. “Resolution” pertains to the
ability to “see” something in sharp focus. The
smaller an object, the more resolution one needs
to see it clearly. However, if greater resolution
were the sole requirement for viewing faint ob-
jects, it would simply be necessary to make
larger and larger telescopes in order to see
them. The biggest problem facing astronomers,
however, is Earth’s atmosphere. Because of its
chemical and physical composition, most elec-
tromagnetic frequencies are blocked out. Only
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certain frequencies have the ability to penetrate
the atmosphere all the way to Earth’s surface.
One obvious frequency band is visible light. An-
other is radio waves. Other frequencies are ab-
sorbed or reflected by the atoms and molecules
in the atmosphere, by water vapor, or by the
natural or industrial dust and pollution in the
air. If it were possible to see in any of these ab-
sorbed frequencies, such as ultraviolet light or
X rays, the air would be opaque, like a wall.
However, when instruments can be positioned
beyond the atmosphere, rising above all the
components of the atmosphere that block out in-
visible light, they are able to “see” in these invis-
ible frequencies.

For these reasons, telescopes have histori-
cally been built in high places such as moun-
taintops. Telescopes have also sent aloft in air-
planes, balloons, and rockets for short-term
observations. However, it was not until the later
half of the twentieth century, with the advent of
the space age, that scientists were able to add
telescopes and other detectors of electromag-
netic radiation to orbiting spacecraft and inter-
planetary space probes in order to capture im-
aging data beyond Earth’s atmosphere for long
periods of time. As a result, new areas of astron-
omy—such as infrared, X-ray, and gamma-ray
astronomy—blossomed. For example, infrared
measurements from space are important to as-
tronomers because infrared radiation is related
to heat, and star-forming regions of the uni-
verse release large amounts of infrared radia-
tion that is not detectable from Earth’s surface.
Similarly, high-energy astrophysics is studied
by X-ray and gamma-ray observatories placed
in Earth orbit.

Orbiting Solar Observatories. The idea of
placing telescopes into orbit is an old one. The
early space theorist Hermann Oberth wrote
about this in the 1920’s. In 1946 the astronomer
Lyman Spitzer, Jr., composed a report titled As-
tronomical Advantages of an Extra-Terrestrial
Observatory. Under the direction of its first
chief astronomer, Nancy Roman, the National
Aeronautics and Space Administration (NASA)
prepared for the development of space-based ob-
servatories, an idea that was not initially wel-
comed by large portions of the astronomical
community for fear that money would be di-

verted from the construction of ever larger
ground-based observatories. NASA launched
eight Orbiting Solar Observatories (OSOs) be-
tween 1962 and 1971, designed specifically to
make observations of the Sun in visible, ultravi-
olet, and X-ray wavelengths. Seven of the eight
OSOs were successful and provided data that
added to our understanding of the eleven-year
sunspot cycle, as well as characterizing the so-
lar corona. An OSO produced the first full-dura-
tion image of the solar corona. Some of the OSO
instruments were test beds for later space-
based X-ray telescopes, such as those incorpo-
rated into the Skylab space station’s Apollo
Telescope Mount. OSO studies also investi-
gated cosmic rays, neutron emissions, and
extrasolar X-ray sources.

Orbiting Astronomical Observatories. The
OSOs were followed by a sequence of Orbiting
Astronomical Observatories (OAOs). The first
OAO was launched on April 8, 1966. However,
its pointing system failed when activated and
caused the onboard batteries to explode. A suc-
cessful OAO-2 was launched in December,
1968, making observations for four and a half
years in the infrared, ultraviolet, X-ray, and
gamma-ray portions of the electromagnetic
spectrum. This advancement was followed by
several other very successful orbiting observa-
tories, including OAO-3 in 1972, the Interna-
tional Ultraviolet Explorer (IUE) in 1978, and
the European Space Agency’s (ESA’s) Infrared
Astronomical Satellite (IRAS) in 1983.

Granat. The Russians operated an X-ray/
gamma-ray observatory named Granat from
December, 1989, to November, 1998. It probed
the center of the Milky Way, recorded spectral
and temporal variability in black holes, and de-
tected 511-kiloelectron volt (keV) X rays pro-
duced by electron-positron annihilation.

Extreme Ultraviolet Explorer. NASA’s Ex-
treme Ultraviolet Explorer (EUVE) was launched
on June 7, 1992. This observatory was designed
to detect and record radiation ranging in wave-
length from 7 to 76 nanometers, a portion of the
electromagnetic spectrum that had not been in-
vestigated by many space-based instruments
previously. The telescope was outfitted with an
imaging microchannel plate detector and three
spectrometers available at its focal plane.
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EUVE’s mission continued through January 31,
2001.

The Great Observatories. In the 1980’s NASA
announced its Great Observatories Program,
the purpose of which was to place in orbit a se-
ries of telescopes to observe across the electro-
magnetic spectrum. Observatories under this
program include the Hubble Space Telescope
(HST), which was deployed in orbit from the
space shuttle Discovery (mission STS-31) on
April 25, 1990; the Compton Gamma Ray Ob-
servatory (GRO), which was deployed in orbit
from the space shuttle Atlantis (mission STS-
37) on April 8, 1991; the Advanced X-Ray Astro-
physics Facility (AXAF), which was deployed
from the space shuttle Columbia (mission STS-
93) on July 23, 1999; and the Space Infrared
Telescope Facility (SIRTF), launched on August
25, 2003, by an expendable Delta II booster. Af-
ter deployment, GRO was commissioned as the
Compton Gamma Ray Observatory in honor of
the American physicist Arthur Compton; AXAF
was commissioned as the Chandra X-Ray Ob-
servatory (CXO) in honor of Indian astrophysi-
cist Subrahmanyan Chandrasekhar; and SIRTF
was commissioned as the Spitzer Space Tele-
scope (SST) in honor of the American astrono-
mer Lyman Spitzer, Jr.

Many of the observatories described thus far
represented revolutionary steps in expanding
humanity’s investigations of the universe.
Many opened up entirely new windows on the
universe, since the types of radiation they de-
tected could not penetrate Earth’s atmosphere
to reach ground-based telescopes. In order to
gain a clear picture of the physical processes in
stars, galaxies, and exotic objects such as qua-
sars, active galactic nuclei, gamma-ray burst-
ers, and black holes, it is necessary to examine
those objects simultaneously across the differ-
ent regions of electromagnetic spectrum. That
indeed was the overriding aim of NASA’s Great
Observatories Program: to construct several
cutting-edge telescopes that, once in space,
would provide means to observe across the spec-
trum, from gamma rays to infrared radiation.
No radio telescope in space was included in this
project, since the majority of the radio spectrum
is observable from ground-based facilities. Nev-
ertheless, for reasons of having an electromag-

netic quiet zone away from earthly sources,
many astronomers have long dreamed of a radio
telescope on the far side of the Moon.

Hubble Space Telescope. The crown jewel of
all these Great Observatories is certainly the
Hubble Space Telescope (HST); it has had the
greatest appeal to the public. Hubble was
launched aboard the space shuttle Discovery
into the highest attainable space shuttle orbit,
at 615 kilometers above Earth’s surface, with
an orbital inclination of 28.5°. After requiring a
heroic on-orbit repair by space shuttle mission
STS-61 astronauts, Hubble began producing a
steady stream of impressive images that fasci-
nated the public and rewrote astronomy text-
books. For example, by early 1997 Hubble had
taken more than 100,000 images of various ob-
jects in the solar system and universe, amazing
scientists and the general public alike with the
incredible sights it had captured. Hubble is ex-
pected to continue providing new insights about
the universe well into the second decade of the
twenty-first century.

A telescope’s ability to see is controlled by the
size of its aperture, but it is also controlled by
the medium through which the telescope must
look (or what the radiation must travel through)
to capture its images. Even though visible light
can penetrate the air, the atmosphere has sev-
eral detrimental effects on a telescope’s ability
to see. These effects include twinkling, which is
caused by movement in the air; weather; the
moisture content of the air; dust and air pollu-
tion; the natural glowing of the atmosphere,
known as airglow; and light pollution caused by
city lights. Because of all these factors, observa-
tories are built on remote mountaintops. The
largest optical telescopes in the world are the
two 10-meter (393.7-inch) Keck telescopes on
Mauna Kea in Hawaii and the 11-meter (433-
inch) Hobby-Ebberly telescope at the McDonald
Observatory on Mount Locke, Texas. Even
these instruments, however, contend with at-
mospheric effects. By placing a telescope in or-
bit, all of these atmospheric factors are elimi-
nated, making it possible to obtain much clearer
images. The Hubble Space Telescope has a pri-
mary mirror of only 2.4 meters (94.5 inches), yet
it can see many times better than either of these
two earthbound telescopes.
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Hubble was designed to provide the clearest
view ever of the cosmos, providing astronomers
with vision that was ten times clearer and fifty
times more sensitive than that of the best
ground-based telescopes. This provides astron-
omers with the largest boost in viewing capabil-
ity since Galileo first used a telescope to view
the sky in 1610. Hubble is 13.3 meters long, 4.3
meters in diameter, and 12 meters across with
its solar array deployed. It weighs 11,200 kilo-
grams (12.3 tons). The 2.4-meter primary mir-
ror is a Cassegrain mirror. That is, the light re-
flected by the primary mirror is then reflected
by a secondary mirror, after which the light
travels through a hole in the primary mirror to
the instruments positioned behind it.

The primary mirror was manufactured with
greater precision than anything previously.
Yet, shortly after the telescope was deployed

in 1990, it became apparent that there was a
problem. Although the mirror was extremely
smooth, it was not shaped correctly, exhibiting
what is known as a spherical aberration—that
is, the curvature of the mirror was slightly
rounder than the parabolic shape required. As a
result, the images were blurry. However, this
problem was rectified by means of correcting
lenses and mirrors known as the Corrective
Optics Space Telescope Axial Replacement
(COSTAR). COSTAR, along with several new
gyroscopes and instruments, was installed by
the STS-61 space shuttle servicing mission in
December, 1993. A second servicing mission
(STS-82) occurred in February, 1997. Addi-
tional servicing missions were conducted in late
1999 (STS-103) and in 2002 (STS-109). These
servicing missions allowed new instruments to
be emplaced within the telescope and accom-
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plished maintenance and repair work to keep
Hubble operational for its designed fifteen-year
life span, until 2005. In May, 2009, a shuttle-
based repair mission, STS-125, was flown to
keep the Hubble Space Telescope operational
at least through 2011-2013, when the next-
generation space telescope, the James E. Webb
Space Telescope (JWST), was expected to sup-
plant Hubble.

Compton Gamma Ray Observatory. The
Compton Gamma Ray Observatory (CGRO)
was deployed in a high orbit (450 kilometers
above the Earth’s surface), yet still underneath
the Van Allen radiation belts to preclude in-
terference with the observatory’s detectors.
Compton was outfitted with four instruments:
the Burst and Transient Source Experiment
(BATSE), the Oriented Scintillation Spectrome-
ter Experiment (OSSE), the Imaging Compton
Telescope (COMPTEL), and the Energetic
Gamma Ray Experiment Telescope (EGRET).
Together these scintillation detectors spanned

six orders of magnitude of
wavelengths in the gamma-
ray portion of the electro-
magnetic spectrum, specifi-
cally from 20 keV to 30
gigaelectron volts (GeV) in
energy.

When Compton was on the
verge of losing attitude con-
trol, NASAdecided to deorbit
the heavy observatory in a
controlled fashion so that
any debris, such as portions
of its very massive detectors,
would not impact populated
areas. Compton was deor-
bited on June 4, 2000, and
safely rained debris over open
regions of the Pacific Ocean.

Infrared Space Observa-
tory. ESA followed up its
highly successful IRAS cat-
aloging mission with the
Infrared Space Observatory
(ISO). After launch on No-
vember 17, 1995, ISO pro-
duced more than twenty-six
thousand infrared observa-

tions before its liquid helium cryogenic coolant
supply ran out after a bit more than twenty-
eight months. ISO was outfitted with a high-
resolution infrared camera (ISOCAM), an infra-
red photo-polarimeter (ISOPHOT), a shortwave
spectrometer (SWS), and a long-wave spectrom-
eter (LWS) in order to observe wavelengths
between 2.4 and 240 microns. Among ISO’s
achievements were the finding of planet forma-
tion around old stars nearing their end of life,
the detection of dust between galaxies, finding a
number of new chemical compounds in inter-
stellar gas clouds, locating protoplanetary disks
around stars in early stages of formation, and
determining chemical abundances in planets
within this solar system.

Far Ultraviolet Spectroscopic Explorer. NASA
launched the Far Ultraviolet Spectroscopic Ex-
plorer (FUSE), an Explorer-class satellite (spe-
cifically, Explorer 77), on June 24, 1999, atop
a Delta II booster. FUSE, an observatory in
the agency’s Origins program, was placed in a
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low Earth orbit. The spacecraft was designed
to last at least three years. Scientists at the
Johns Hopkins University used the spacecraft’s
Wolter-type grazing incidence telescope and its
spectrograph to observe far-ultraviolet emis-
sions ranging from 90.5 to 119.5 nanometers.
FUSE was designed specifically for determin-
ing the distribution of deuterium (the isotope of
hydrogen having a nucleus consisting of a pro-
ton and a neutron) in the aftermath of the big
bang. FUSE covered a region of the electro-
magnetic spectrum not detected by any of the
members of the Great Observatory program
and investigated astrophysical and cosmologi-
cal questions that added to and complemented
discoveries made by Hubble, Chandra, and
other space-based telescopes.

FUSE suffered failures in its pointing system
and for a time was on the verge of being shut
down, despite the fact that its science hardware
functioned perfectly. Engineers developed al-
ternate means of pointing the telescope, and
FUSE got a reprieve for more science. However,
on July 12, 2007, the spacecraft lost its last reac-
tion wheel. Efforts to restore FUSE to science
operations failed, and two months later the tele-
scope was abandoned.

Chandra X-Ray Observatory. Because X rays
cannot be focused in the same manner as visible
light, the design of the Chandra X-Ray Obser-
vatory required a quartet of nested pairs of
mirrors in the shape of paraboloids and hyper-
boloids. At normal incidence (that is, perpendic-
ular to the surface of the mirror), X rays are
much more likely to be absorbed by than re-
flected off a mirror; hence, there the design for
any X-ray telescope must allow for low grazing
angles. Chandra’s X-ray resolution was over a
thousand times greater than any previous
space-based X-ray detector. Placed in a highly
elliptical orbit ranging from 10,000 to 140,000
kilometers, Chandra is capable of collecting
data during as much as 85 percent of its sixty-
five-hour orbital period. Chandra is outfitted
with four instruments: an imaging spectrome-
ter, a high-resolution camera, and high-energy
and low-energy high-resolution transmission
grating spectrometers.

Spitzer Space Telescope. The Spitzer Space
Telescope was placed in an Earth-trailing helio-

centric orbit in 2003. The telescope was de-
signed to be cooled to 5.5 kelvins and last a mini-
mum of 2.5 years. Outfitted with an infrared
camera (the Infrared Array Camera), an infra-
red spectrometer (the Infrared Spectrograph),
and far-infrared detection arrays (the Multi-
band Imaging Photometer for Spitzer), Spitzer
was designed to cover infrared emissions from 3
to 180 microns. Spitzer’s supply of liquid helium
cryogenic coolant lasted longer than a minimal
mission, and, in late 2008, it was calculated that
Spitzer could last between another six months
and a year, or perhaps longer.

Swift Gamma-Ray Burst Mission. The Swift
Gamma-Ray Burst Mission, usually referred to
simply as Swift, was launched on November 20,
2004, to study and identify the origin of gamma-
ray bursts. Aptly named, Swift had the capabil-
ity to reorient itself quickly in order to place an
incoming gamma-ray flux centrally within the
observatory’s field of view, and thereby alert the
astronomical community rapidly so that other
telescopes and detectors could record the after-
glow of a gamma-ray burster (GRB), even short-
period ones.

Gamma-Ray Large Area Space Telescope.
The Gamma-Ray Large Area Space Telescope
(GLAST) was launched on June 11, 2008. It was
a next step in gamma-ray astronomy after the
loss of the Compton Observatory. GLAST was
designed to investigate black holes, the high-
speed jets of gas and energetic particles emitted
from black holes, the physics of dark matter, so-
lar flares, pulsars, cosmic-ray production, and
gamma-ray bursts.

Kepler Observatory. The Kepler Observatory
was designed to survey more than 100,000 stars
in four years to detect transits of exoplanets
across those stars’ photospheres. Such a cross-
ing would result in a slight diminishment of the
star’s light curve, and additions to the stellar
spectrum of absorption lines from the planet’s
atmosphere, if it were to have one. Planned for
launch in early 2009, Kepler’s primary objective
was to detect terrestrial planets within habit-
able zones around a wide variety of stars. The
location of habitable zones is determined by a
star’s spectral class and luminosity. For a G2-
class star such as the Sun, the habitability
zone—where life as humanity knows it is per-
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missible due to the possibility of water existing
in liquid form—extends from 0.72 astronomical
units (AU) out to 1.5 AU, essentially from Venus
to Mars. However, for a red dwarf star, the hab-
itability zone would be closer. The chance of de-
tecting an Earth-class planet transiting a star
is a complicated combination of star spectral
class, the possibility of planets forming about
that particular star, and the planet’s mean dis-
tance from the star.

For example, for the star Tau Ceti (spectral
class G8), if a terrestrial planet similar to Earth
were located 1 AU away from the star, the possi-
bility of a transit being observed is approxi-
mately 1 in 210. By the sheer number of survey
stars Kepler would examine, the chances of
finding evidence of terrestrial planets would be
high. It was estimated that if Kepler were able
to examine its planned 100,000 stars, then 480
or more terrestrial planets should be observed
by this transit method.

James E. Webb Space Telescope. Originally
called the Next Generation Space Telescope
(NGST), the James E. Webb Space Telescope
(JWST, named for James E. Webb, who served
as NASA Administrator from 1961 to 1968) has
often been described as the replacement for the
Hubble Space Telescope. This is not strictly ac-
curate, as JWST is designed as an exclusively
infrared observatory, to be placed in a position
where the Sun’s gravitational attraction on the
telescope is balanced precisely by that of the
Earth. This location is called the L2 Lagrangian
point. It is located 1.5 million kilometers from
Earth.

JWST is designed to be constructed of eigh-
teen hexagonal mirror segments that must de-
ploy from a folded configuration at launch. If
successfully deployed, JWST will have a light-
collecting area six times greater than Hubble’s.
Instruments incorporated into JWST’s design
included a near-infrared camera, a near-infra-
red spectrograph, a mid-infrared instrument,
and fine guidance sensors. These will provide
coverage of the infrared between wavelengths of
0.6 to 28 microns. Launch of JWST is planned
for sometime in the 2010’s. Should Hubble still
be available at the time, early studies conducted
by JWST could be coordinated with those sup-
plied by Hubble. Among JWST’s primary objec-

tives are an investigation of the earliest epoch of
star and galaxy formation, observation of evolu-
tionary processes in galaxies, examination of
star-forming regions and developing planetary
systems, and searches for planetary systems
that may have materials and conditions neces-
sary for the evolution of life.

KNOWLEDGE GAINED

Findings from OAOs. Among the achieve-
ments of the Orbiting Astronomical Observa-
tories were the finding that halos of hydrogen
surround comets, the discovery that novae may
increase in ultraviolet brightness while dimin-
ishing in visible luminosity, the discovery of
long-period pulsars, and the collection of sev-
eral hundred high-resolution spectra of stars in
X-ray and ultraviolet wavelengths.

Findings from IRAS. The Infrared Astro-
nomical Satellite was the first fully dedicated
infrared observatory in space. Its greatest
achievement was the location of an enormous
number of infrared sources to be studied in de-
tail by later generations of infrared detection
systems placed in space, such as ISO and
Spitzer.

Findings from IUE. Among the scientific dis-
coveries of the International Ultraviolet Ex-
plorer were auroras in Jupiter’s atmosphere,
sulfur in comets, stellar spots, the progenitor
star for Supernova 1987A, the extent of active
regions in Seyfert galaxy nuclei, and galactic
halos. IUE produced the first light curves col-
lected undisturbed for more than twenty-four
hours, and it detected the first emissions of
wavelengths less than 50 nanometers. More
than 104,000 observations were made by IUE
before its decommissioning.

Findings from Hubble. One of the primary
goals for Hubble was to measure the brightness
of certain kinds of stars, called Cepheid vari-
ables, in several distant galaxies, making it pos-
sible to determine how far away these galaxies
are. The importance of this is related to a discov-
ery by the American astronomer Edwin Hubble,
the man after whom the Space Telescope is
named. Hubble discovered that the universe is
expanding and that the distance to an object
is proportional to just how far away the object is.
This proportionality is known as Hubble’s con-
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stant. If one finds a reliable value for Hubble’s
constant, it is possible to determine just how far
away a galaxy is. It is also possible to determine
how old the universe is. The problem is finding a
reliable value. Using measurements made with
the Hubble after the installation of COSTAR,
astronomers were able to determine a definitive
value for this constant. In 2008 the accepted
value for the age of the universe was deter-
mined to be 13.7 billion years, and for the Hub-
ble constant, 77 kilometers per second per
megaparsec.

Hubble was not necessarily expected to make
significantly new discoveries, because it ob-
serves in the same visible light in which obser-
vations from the Earth’s surface are made.
Rather, it was expected to see with unequaled
clarity and resolution the objects previously ob-
served. Yet, it has still succeeded in making pre-
viously unsuspected discoveries, mainly be-
cause it is able to see much fainter objects than
could ever be seen using ground-based tele-
scopes. One such discovery occurred during a
ten-day exposure of a section of the sky that was
previously thought to be empty and was found
by Hubble to be filled with distant galaxies. Two
such Hubble deep field surveys were eventually
made. The other Great Observatories in orbit
made radically new discoveries from the very
beginning, because they observe in light fre-
quencies in which humans were previously un-
able to observe due to atmospheric influences.

While it is the mirror that actually gathers
the light, it is the instruments on the Hubble
Space Telescope that provide its tremendously
exciting scientific advances. One of these in-
struments is the Wide Field/Planetary Camera-
2 (WF/PC-2). WF/PC-2 serves as the primary
imaging camera. This instrument has provided
us with the startling images of towers of inter-
stellar matter and other phenomena that have
become so familiar.

Another instrument is the Space Telescope
Imaging Spectrograph (STIS), which gives the
Hubble unique and powerful spectroscopic ca-
pabilities. A spectrograph separates light gath-
ered by the telescope into its spectral compo-
nents so that the composition, temperature,
motion, and other chemical and physical prop-
erties of astronomical objects can be analyzed.

STIS’s two-dimensional detectors allow the in-
strument to gather thirty times more spectral
data and five hundred times more spatial data
than existing spectrographs on the Hubble that
observe one location at a time. The STIS is a
particularly powerful tool for studying super-
massive black holes. STIS searches for massive
black holes by studying the star and gas dy-
namics around galactic centers. It also mea-
sures the distribution of matter in the universe
by studying quasar absorption lines, using its
high sensitivity and spatial resolution to exam-
ine star formation in distant galaxies and per-
forming spectroscopic mapping of solar-system
objects.

Another instrument is the Near Infrared Cam-
era and Multi-Object Spectrometer (NICMOS),
which promises to gather valuable new infor-
mation on the dusty centers of galaxies and the
formation of stars and planets. Consisting of
three cameras, NICMOS is able to perform in-
frared imaging and spectroscopic observations
of astronomical targets. Because these detec-
tors perform more efficiently than previous in-
frared detectors, NICMOS has given astrono-
mers their first clear view of the universe at
near-infrared wavelengths between 0.8 and 2.5
micrometers. These views in the infrared are
important because expansion of the universe
has shifted the light from very distant objects
toward longer red and infrared wavelengths.
Hence, NICMOS’s near-infrared capabilities
provide views of objects too distant for research
by Hubble’s optical and ultraviolet instru-
ments.

Astronauts installed the Advanced Camera
for Surveys (ACS) inside Hubble in 2002, re-
placing the Faint Object Camera. ACS was de-
signed to observe from far-ultraviolet to visible
wavelengths, and therefore to collect images
that would shed light on some of the earliest gal-
axies. ACS possesses a field of view twice that of
the Wide Field Planetary Camera 2, giving it
the capability to accomplish very broad surveys
of the early universe. ACS lost performance in
its charge-coupled devices in early 2007 and
was slated for repair during the STS-125 final
Hubble servicing mission.

Included as a part of a final planned shuttle
service mission to the Hubble (the shuttle flight
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designated STS-125) was installation of the
Cosmic Origins Spectrograph (COS), designed
to perform spectroscopy between 115 and 320
nanometers in ultraviolet wavelength. Accord-
ing to the Space Telescope Science Institute,
this instrument’s principal research would cen-
ter on investigating the large-scale structure of
the universe, the early formation of galaxies
and their subsequent evolution, formation of
stellar and planetary systems, and the inter-
stellar medium. Several spacewalks would be
required on STS-125 to achieve a life extension
for Hubble. The mission was set up to install six
new gyrodynes, six new solar batteries, the
COS, and the Wide Field Camera 3, a new cool-
ing system, and a replacement Fine Guidance
Sensor. The astronauts would also repair both
the thermal insulation and STIS, in order to
leave Hubble in an almost new configuration
that would last at least five years.

Among the numerous major discoveries from
ACS research was the collection of gravitational
lensing data sufficient to determine the mass of
seventy distant galaxies. Gravitational lensing
is the process whereby massive objects bend
and focus light passing near them so that a tele-
scope will see a ring of identical images, some-
thing referred to as an Einstein ring. The
amount of lensing present in an image is deter-
mined by the mass of the lensing objects, such
as these seventy galaxies, which divert the light
and form the Einstein ring.

Findings from Compton. Among the Comp-
ton Gamma Ray Observatory’s impressive
achievements over its nine years in orbit were
the amassing of an all-sky survey of emissions
over 100 megaelectron volts (MeV). Compton
identified 271 individual sources, compiling an
all-sky map of gamma-ray emissions from de-
cays of the radioactive isotope Al26 of aluminum.
Compton also detected gamma-ray burster
990123, the brightest object recorded to that
time, along with gamma-ray emissions from the
tops of terrestrial thunderstorms.

Findings from EUVE. The Extreme Ultravio-
let Explorer’s mission consisted of two phases.
During the first, which lasted only half a year,
the telescope was used in imaging mode to gen-
erate a full-sky atlas of sources of extreme ultra-
violet radiation. The telescope’s second phase of

investigation then involved pointed studies of
individual sources using the spectroscopic capa-
bilities of EUVE. Among EUVE’s discoveries
and observations with regard to the solar sys-
tem were extreme ultraviolet/X-ray emissions
in Comet P/Encke, changes in interplanetary
helium wind, day glow at Venus, mechanisms
whereby solar flares promote coronal heating,
and images of the full Moon in extreme ultravio-
let wavelengths.

Findings from Chandra. The Chandra X-Ray
Observatory’s contributions to X-ray astronomy
include the first detection of X-ray emissions
from the Milky Way’s supermassive black hole
located at the galactic center; detecting a mid-
mass-range black hole in galaxy M82; providing
data which might be evidence of a star com-
posed of matter collapsed to quarks (a quark
star); demonstrating that virtually all main se-
quence stars also emit somewhat in the X-ray
region of the electromagnetic spectrum; helping
to determine the Hubble constant (and hence
the age of the universe); and collecting evidence
of dark matter involved in supercluster colli-
sions.

In 2008 Chandra and the Very Large Array of
Earth-based radio telescopes located near
Socorro, New Mexico, collaborated to observe
the most recent supernova in the Milky Way.
This supernova had occurred only 140 years
earlier. Prior to this discovery, the most re-
cently noted supernova in the galaxy was
Cassiopeia A. The data on this young supernova
allowed astronomers to investigate the stellar
explosion process and creation of a central neu-
tron star or black hole. This discovery indicated
how useful coordination of observations in both
X-ray and radio emissions as well as coordina-
tion of space-based and Earth-based telescope
facilities can be.

Another unique way Chandra was used in-
volved developing a new method for determin-
ing the mass of supermassive black holes, such
as those found at the centers of many galaxies.
Looking for X-ray emissions from hot gas in the
central region of the elliptical galaxy NGC 4649,
Chandra was able to determine the peak tem-
perature of that hot gas. The temperature of the
hot gas is determined by the gravitational com-
pression of the gas from the black hole. That, in
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turn, is dependent on the black hole’s mass.
This method was checked against earlier meth-
ods of “weighing” black holes. The results from
Chandra for NGC 4649 agreed nicely.

Findings from Spitzer. The Spitzer Space
Telescope greatly expanded on previous infra-
red research produced by IRAS and ISO, and
collaborated with NASA’s other Great Observa-
tories for coordinated studies of important ob-
jects and also deep-sky field surveys. Among
Spitzer’s major accomplishments are the first
direct detection of light from the hot-Jupiter
extrasolar planets HD 209458b and TrES-1; de-
tection of the youngest star ever found; determi-
nation that the Milky Way galaxy’s core has a
bar structure; capturing the glow from stars
formed only 100 million years or so after the big
bang; and the first determination of an extra-
solar planet’s atmospheric temperature (that of
HD 189733b).

Spitzer was used to study Messier 101, other-
wise known as the Pinwheel galaxy, detailing
the infrared signature of the galaxy’s spiral
arms and central region. Data revealed that
polycyclic aromatic hydrocarbons were present
throughout much of the galaxy but disappeared
in the outer region. This suggested that hydro-
carbons, and hence organic materials, had a
threshold as one looked far away from the cen-
tral region of this galaxy.

In 2008 Spitzer observed a pair of young
stars, DR Tau and AS 205A, located 457 and 391
light-years from Earth, respectively, particu-
larly concentrating on their protoplanetary
disks using the telescope’s spectrographs. Both
stars’ disks displayed emission lines of water
vapor within their innermost portions. This dis-
covery, although the amount of water found was
still considerably less than the amount of water
found in Earth’s oceans, indicated that water
can be available and abundant in the inner re-
gions of forming solar systems.

Findings from Swift. The Swift Gamma-Ray
Burst Mission located a gamma-ray burster
(GRB) with a burst duration of only 0.05 second.
Swift also found the brightest object ever seen,
GRB 080319B, located 7.5 billion light-years
from Earth with a luminosity 2.5 million times
that of the most brilliant supernova seen previ-
ously.

Findings from European and Russian Obser-
vatories. Although this essay has primarily con-
centrated on NASA observatories in space, the
Europeans and Russians have placed a number
of important and productive space-based tele-
scopes in orbit, including the previously dis-
cussed IRAS and ISO. Also important are
XMM-Newton, an X-ray observatory; the Salyut
6 space station’s KRT-10 radio telescope; and
COROT. These are only a few of the interna-
tional astrophysical facilities in space.

One of the many discoveries made by the Eu-
ropean Space Agency’s XMM-Newton X-ray ob-
servatory was the finding of an exploding star in
the Milky Way that had been previously missed.
This object was once so bright it could have been
seen by the naked eye during the period of its
initial explosion and subsequent nova phase.
XMM-Newton accidentally found this nova on
October 9, 2007, as it slewed from one planned
target of opportunity to the next planned obser-
vation. The discovery reminded astronomers
that serendipity in space-based astrophysics is
just as important as it has been during the his-
tory of earthbound astronomical observations.

COROT was launched in December, 2006, to
survey stars and search for extrasolar planets
using a transit method. In this type of investiga-
tion, light from a star is seen to diminish by a
very small but measurable amount when a
planet passes in front of that star. Absorption of
light by the planet’s atmosphere reveals some-
thing about the nature of that atmosphere. By
mid-2008, COROT had surveyed more than fifty
thousand stars. A discovery in 2008 was partic-
ularly intriguing. COROT detected the pres-
ence of an extrasolar planet the size of Jupiter
orbiting a star similar in mass to the Sun. Lo-
cated close to this star, the Jupiter-class
exoplanet completes an orbit in just 9.2 days.
The star rotates at exactly the same rate,
thereby synchronizing the planet and star.

CONTEXT

Earthbound observatories have not been
made obsolete by space-based telescopes. The
former continue to be needed in order to perform
some of the most important investigations in
contemporary astrophysics. Space-based tele-
scopes, however, have opened the eyes of scien-
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tists to a surprising, wondrous, energetic, and
violent universe that could not have been envi-
sioned based solely on earthbound observa-
tions. Our view of the solar system has been dra-
matically changed by widening the portion of
the electromagnetic spectrum to which astrono-
mers gained access once observatories were op-
erational in space. One is reminded of the poetic
verse of T. S. Eliot: “We shall never cease from
exploration, and the end of all our exploring will
be to arrive where we started and know the
place for the first time.”

Among the best examples of space-based tele-
scopes that have altered the general public’s
view of the universe, and the utility of studying
it, is the Hubble Space Telescope. Hubble’s dra-
matic images of towering columns of interstel-
lar matter and other phenomena have replaced
the common notion of a sterile and relatively
empty universe with a new understanding of
the endless variety and dynamism of the cos-
mos. Besides adding to our rapidly advancing
scientific understanding of the universe, Hub-
ble has directly contributed to the health,
safety, and quality of people’s lives through a
variety of technological spin-offs. For example,
a nonsurgical breast biopsy technique using a
device originally developed for Hubble’s Im-
aging Spectrograph is now saving women pain,
scarring, radiation exposure, time, and money.
Called stereotactic automated large-core needle
biopsy, this technique enables a doctor to locate
a suspicious lump precisely and use a needle in-
stead of incisional surgery to remove tissue for
pathology. This precise procedure has been ren-
dered possible because of a key improvement
in digital imaging technology known as the
charge-coupled device, or CCD. In addition to
such practical applications, perhaps Hubble’s
greatest contribution has been in the realm of
education, where it has been extremely success-
ful in generating enthusiasm for astronomy
among both students and the public alike.

Christopher Keating and David G. Fisher
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Terrestrial Planets
Category: Planets and Planetology

The terrestrial planets are the four inner
planets of the solar system. Mercury, Ve-
nus, Earth, and Mars are respectively the
closest to the farthest from the Sun. These
planets are composed of mostly silicate
minerals and a dense inner core composed
mostly of iron.

OVERVIEW

In broad terms, the planets of the solar sys-
tem can be divided into two basic types: terres-
trial and gas giants. The terrestrial planets
(Mercury, Venus, Earth, and Mars) are by and
large rocky with varying degrees of atmospheric
envelopes and different amounts of water, rang-
ing from very little to a great deal. The gas gi-
ants (Jupiter, Saturn, Uranus, and Neptune),
as the name implies, are larger than the terres-
trial planets and have tremendous gas enve-
lopes surrounding their cores, which remain
hidden from direct observation.

Mercury is the smallest of the terrestrial
planets, 4,880 kilometers in diameter. The den-
sity of Mercury is relatively high, 5.4 grams per
milliliter, implying that it has a bigger iron core
than that of the Earth. Mercury also has a weak
magnetic field. The magnetic field has been dif-
ficult to explain, since models for heat flow pre-
dict that the iron core ought to be solid. The sur-
face of Mercury contains many impact craters,
so it looks much like the surface of the Earth’s
moon. These craters probably formed by many
meteorites (planetesimals) bombarding Mer-
cury early in the formation of the solar system.
The sparse data on the composition of the sur-
face of Mercury suggest that the iron content is
fairly low, so it cannot be composed of volcanic
rocks, common on the other terrestrial planets,
called basalts. Instead, the low iron content sug-
gests that the surface is composed mostly of ma-
terial formed from the planetesimals hitting the
surface. There is no evidence that volcanic ac-
tivity occurred on Mercury. Mercury has almost
no atmosphere. The trace of hydrogen or helium
in the atmosphere is most likely derived from
the Sun. Temperatures vary from about 623 kel-
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vins in sunlight down to 103 kelvins in dark-
ness.

Venus has a diameter very similar to that of
the Earth (12,100 kilometers). The density of
Venus is high enough (5.2 grams per cubic centi-
meter) to suggest that it also has a dense iron-
rich core. Predictions of the planet’s heat flow
suggest that this iron-rich core ought to be mol-
ten like that of the Earth, which on the Earth
produces the strong magnetic field. Venus, how-
ever, has no magnetic field, and the reason for
this lack has not been determined. The surface
of Venus is sparsely cratered, with about 1,000
randomly distributed impact craters. The rea-
son for the distribution of these few craters is
that large lava flows of basalt were extruded
over most of the surface about 500 million years
ago, covering craters formed earlier, so only the
most recent impact craters are exposed at the
surface. Many other surface features have been
observed on Venus. For example, highlands and
lowlands form 20 percent of the surface, and
midlands form 80 percent of the surface. Each of
these areas includes features such as folds, frac-
tures, lava flows, volcanoes, and features re-
sulting from weathering. The composition of the
rocks is similar to those of basalts found on the
Earth. The atmosphere of Venus has about
ninety times the pressure at the surface as that
on Earth. The main constituent in the atmo-

sphere is carbon dioxide (96 percent), with
lesser amounts of nitrogen and sulfur dioxide.
The surface temperature of Venus is 733 kel-
vins, a result of extreme greenhouse warming
due to the carbon-dioxide-rich atmosphere,
which absorbs infrared radiation. If the atmo-
sphere were similar to that of Earth, the tem-
perature would likely be about 348 kelvins.

The diameter of Earth is 12,756 kilometers.
Earth has a density of 5.52 grams per cubic cen-
timeter, and it has a dense, iron-rich core. The
planet’s inner core is believed to be solid, and
the outer core is believed to be liquid. The mov-
ing liquid iron is believed to produce Earth’s
strong magnetic field. This magnetic field helps
to protect life by deflecting many of the charged
particles (the solar wind) coming from the Sun.
Few impact craters can be found on Earth be-
cause its crust is continuously re-formed as a re-
sult of plate tectonics and weathering. Earth’s
crust consists of about twenty plates of varying
sizes, averaging around 100 kilometers thick.
These plates move laterally at less than about
10 centimeters per year from areas where mate-
rial is being formed in volcanic mountain ranges
to regions where one plate is being subducted
under another plate. Other volcanism occurs in
the subduction zones. In contrast to the other
terrestrial planets, Earth contains abundant
liquid water, which covers about 70 percent of
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the surface, mostly in the oceans. Certain or-
ganisms in the water have helped to remove
much of the carbon dioxide from the atmosphere
by forming carbonate rocks containing carbon-
ate minerals. Removal of the carbon dioxide
from Earth’s atmosphere has helped to avoid
the absorption of infrared energy from the Sun,
so the planet’s temperature has remained cool
and stable relative to that of Venus. The Earth’s
atmospheric pressure is, by definition, 1 atmo-
sphere at sea level, and it contains 78 percent
nitrogen and 21 percent oxygen. There are
small amounts of other constituents, including
varying amounts of water vapor.

The diameter of Mars is 6,788 kilometers,
which is considerably less than that of Earth or
Venus. The density of Mars (3.92 grams per cu-
bic centimeter) is considerably less than that of
the other terrestrial planets. The core of Mars
still consists mostly of iron, but it appears to
have fewer dense elements such as sulfur. Mars
has no magnetic field, so the core is believed to
be solid. Older surface rocks in the southern
hemisphere of Mars are magnetized, suggesting
that the core was liquid early in the planetary
history. Some of the surface of Mars, especially
in the southern hemisphere, contains impact
craters. Huge volcanoes have formed in places,
mostly from the buildup of lava. There are large
plains that are composed of lava flows, sedimen-
tary rocks, and material ejected from volcanoes
through the air. The surface also displays large
fractures in the rocks in places. There is no evi-
dence, however, that plate tectonics occur on
Mars as on Earth. In some locations, sinuous
valleys suggest that running water may have
existed on the surface in the distant past. If
water did exist on Mars, some form of life might
also have existed. However, no evidence has yet
been found that life currently exists on Mars.
The main obstacles to the current existence of
life on Mars arise from its low atmospheric pres-
sure (only 1 percent that of Earth) and an
atmsophere composed mostly of carbon dioxide.
Also, air temperatures are cold, ranging from
only 190 to 240 kelvins from night to day. The
low atmospheric pressure of Mars means that
no liquid water can currently be stable on the
Martian surface; any water in solid form would
quickly sublimate (change from solid directly to

gas). Thus, the sinuous valleys could have been
produced in the ancient past only when the at-
mospheric pressure was much higher.

KNOWLEDGE GAINED

Much of the information about Mercury, Ve-
nus, and Mars comes from observations from
spacecraft that have flown by or landed on these
planets. Also, some observations from Earth
have been important.

Much of the information about Mercury came
from the Mariner 10 spacecraft, which made
three flybys in 1974 and 1975. Mariner 10 ob-
tained information about the lack of an atmo-
sphere, absence of a magnetic field, images of
the abundant impact craters, and great varia-
tions in temperature.

Venus, with its continuous and thick cloud
cover, has been difficult to study from Earth-
based observatories. Mariner 2 flew by Venus
in 1962, and the surface temperature and the
lack of a magnetic field were detected. The So-
viet Union’s Venera missions determined that
the atmosphere was mostly carbon dioxide.
Venera 7 and 8 landed on the surface of Venus
in 1970 and 1972, respectively. They measured
the high temperature and pressure of the atmo-
sphere and analyzed some of the surface rocks.
Because of these conditions, however, the
Venera spacecraft ceased to function within a
few hours of landing. Later Venera spacecraft
sent back color images of the Venusian surface,
obtained better chemical analyses of the rocks,
and made some high-resolution radar images of
the surface. The Magellan spacecraft from the
United States obtained almost complete high-
resolution radar images of the surface, and they
collected data on the gravity field.

Earth and its atmosphere have been studied
in great detail by geologists, geophysicists, and
atmospheric scientists for many centuries, so
vast amounts of information have been col-
lected compared to the other terrestrial planets.
Geologists have mapped Earth’s surface geol-
ogy in great detail, and they have determined
the mineralogy and chemical composition of the
rocks at and near the surface of the Earth. Geo-
physicists have used seismic waves from earth-
quakes and data on variations in gravity and
magnetism to estimate the composition of the
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interior of the Earth. Atmospheric scientists
have determined the composition and varia-
tions of the present and ancient atmosphere of
the Earth.

Initially Mars was viewed by telescope from
the Earth, and some astronomers believed that
they saw “canals” (or, from the Italian, “chan-
nels”) on the surface. As a result, some nine-
teenth and early twentieth century astrono-
mers speculated that Mars could have life.
When Mariner 4 flew near Mars in 1965, it re-
vealed that the southern hemisphere of Mars
had impact craters and no canals. It also found
that Mars had no magnetic field. Mariners 6
and 7 also flew by Mars in 1969, and they ob-
tained more surface images. Mariner 9 orbited
Mars in 1971. Detailed images of the surface re-
vealed such features as large volcanoes and sin-
uous canyons. Vikings 1 and 2 landed on Mars
in 1976, and they sent back information about
the soil and air and searched for life until 1982,
when they ceased to function. Numerous space-
craft since 1999 have extended the examina-
tion of Mars’s surface and atmosphere. Chief
among these have been the Mars Climate Or-
biter, Mars Polar Lander, Mars Odyssey, Mars
Pathfinder, Mars Exploration Rovers, Mars Ex-
press, Mars Reconnaissance Orbiter, and Mars
Phoenix.

CONTEXT

There are still many questions about the ter-
restrial planets that need to be answered which
should at least partially be answered by future
space missions. For instance, the MESSEN-
GER mission, launched on August 3, 2004,
reached Mercury in 2008. It is designed to ob-
tain further information about Mercury after it
eventually enters orbit about the planet. The
spacecraft needs to slow down considerably to
be able to orbit Mercury, so the National Aero-
nautics and Space Administration (NASA) had
it fly by Venus, Mercury, and Earth several
times to slow it sufficiently to facilitate orbit of
Mercury in March, 2011. As a result, MESSEN-
GER flew by Venus in June, 2007, and took pic-
tures to calibrate its cameras. It flew by Mer-
cury in January 14, 2008, and again on October
6, taking a number of pictures of the surface.
When MESSENGER eventually orbits Mer-

cury, it will take more pictures of the surface to
help determine the planet’s geologic history,
study the weak magnetic field to help determine
its origin and the nature of the core, and conduct
experiments to determine the composition of
some of the rocks and atmosphere, which in
turn will lead to a better understanding of their
formation.

Another mission to Mecury, a joint effort be-
tween the European Space Agency and the Jap-
anese Aerospace Exploration Agency, is the
Bepi Colombo mission, to be launched in 2013
and expected to arrive in 2019. Bepi Colombo is
expected to include not only an orbiter but also a
lander, which would allow more detailed obser-
vations of the surface of Mercury.

Mars is undergoing continual intense inves-
tigation through both orbiting spacecraft and
surface experiments conducted by rovers. In
early 2009, Earth-based observations led to the
discovery of a methane signature in the Martian
atmosphere. The planned Mars Science Labora-
tory mission, expected to launch in 2011, may be
repurposed to focus on this intriguing discovery.

Robert L. Cullers

FURTHER READING

Faure, Gunter, and Teresa M. Mensing. Intro-
duction to Planetary Science: The Geological
Perspective. New York: Springer, 2007. The
authors have summarized the information
about all bodies in the solar system in this
textbook. Includes many photographs, graphs,
and tables, as well as a glossary and an in-
dex. Best for those with some background in
geology.

Hansen, V. L., and D. A. Young. “Venus’s Evolu-
tion: A Synthesis.” In Convergent Margin
Terranes and Associated Regions, edited by
W. Carlson et al. Boulder, Colo.: Geological
Society of America, 2007. This paper summa-
rizes much of what is known about Venus, in-
cluding the formation of the impact craters
and theories about the planet’s formation.
Contains figures to illustrate the discussion.

Marvin, Ursula. “Geology: From an Earth to a
Planetary Science in the Twentieth Cen-
tury.” In The Earth Inside and Out: Some
Major Contributions to Geology in the Twen-
tieth Century, edited by D. R. Oldroyd. Lon-
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don: Geological Society, 2002. This article de-
scribes the geology of the solar system,
starting with that of Earth, and how the un-
derstanding of other planetary bodies has
elucidated our understanding of how Earth
formed. Includes fourteen figures and sev-
eral tables.

Selley, Richard, Robin Cocks, and Ian Plimer,
eds. Encyclopedia of Geology. 5 vols. Oxford,
England: Elsevier Academic Press, 2005.
Contains a vast amount of information about
geology, including articles about the plane-
tary bodies of the solar system.

Solomon, Sean. “Mercury: The Enigmatic In-
nermost Planet.” Earth and Planetary Sci-
ence Letters 216 (2003): 441-455. Summa-
rizes what is known about Mercury and what
needs to be studied further. Outlines planned
space missions. Provides many figures and
other illustrations, including photos of the
surface.

See also: Europa; Jovian Planets; Neptune’s In-
terior; Planetology: Comparative; Planetology:
Venus, Earth, and Mars; Solar System: Origins.

Thermonuclear Reactions
in Stars
Category: The Stellar Context

Thermonuclear reactions are the way stars
generate energy for most of their lives. The
various reactions are related to the changes
stars undergo. They explain how the Sun
has continued to shine for the past 4.5 bil-
lion years, and they predict how the Sun
will change in the future.

OVERVIEW

Our Sun is a main sequence star, about half-
way through its lifetime (an estimated 10 billion
years); as such, it is the closest stellar “labora-
tory” for research into the astrophysics and
astrochemistry believed to take place in similar
stars throughout the universe. The nature of
the Sun’s energy source baffled scientists for

centuries. In 1905, however, while Albert Ein-
stein was developing his special theory of
relativity, an equation unexpectedly emerged:
E = mc2, where E is energy, m is mass, and c is
the speed of light. This equation indicated that
energy and matter are equivalent and can be
transformed into each other. Another implica-
tion is that a small amount of mass is equiva-
lent to a large amount of energy; for example, a
1-kilogram mass, if converted totally into en-
ergy, would yield 9 × 1016 joules. A joule is the
energy needed to lift that 1-kilogram mass
about 10 centimeters. The idea that mass could
be converted into energy became the basis for
thermonuclear weapons and for uranium-fueled
fission reactors. It also is the mechanism that
produces the energy of the Sun and other stars
for most of their lives.

The Sun’s power output, the rate at which it
produces energy, is 3.83 × 1026 joules per second.
One second of the Sun’s energy output is equiva-
lent to 10 million times the annual electricity
consumed within the United States. To radiate
at this rate, the Sun converts 4.25 billion kilo-
grams of matter into energy every second.

The solar system, with its Sun, planets, satel-
lites, and associated objects, developed from a
cloud of gas and dust several light-years in di-
ameter. That slowly spinning cloud started to
contract under its gravitational attraction. As it
shrank, the cloud rotated faster and spun off an
equatorial disk. At the center, a ball of gas
called the proto-Sun continued to contract and
grow hotter. It was not yet a full-fledged star,
since it was not converting mass into energy. Its
rising temperature was caused by gravitational
contraction of the gas and conversion of its grav-
itational potential energy into thermal energy.
As the contraction continued, temperature, den-
sity, and pressure in the interior of the proto-
Sun rose. When these became high enough, nu-
clear fusion ignited, and the proto-Sun became
a star.

Since one cannot physically measure condi-
tions within the interior of a star, astronomers
mathematically model the Sun’s internal struc-
ture. Using known conditions at the surface and
the Sun’s total mass, diameter, and energy out-
put, computers can be used to calculate the
changing conditions from the surface into the
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interior. The model’s values for mass and en-
ergy output must match those of the Sun for the
model to hold validity. Calculations suggest
that the core temperature is 15 million kelvins,
pressure is as high as 200 billion atmospheres,
and the density reaches 150 grams per cubic
centimeter. It is under these conditions of high
temperature, high pressure, and high particle
density that the fusion of four protons (each a
nucleus of ordinary hydrogen) into helium 4 oc-
curs. It is a series of thermonuclear reactions,
known as the proton-proton chain, in the
350,000-kilometer-diameter core that powers
the Sun.

Reactions start with the col-
lision of two high-speed pro-
tons. Normally, as two protons
approach each other, their posi-
tive electrical charge produces
a mutual repulsion, and they
slow down, stop, and then move
away in a nearly elastic colli-
sion. If they are moving suffi-
ciently fast, however, they can
come close enough for the short-
range strong nuclear force to al-
low the protons to attract each
other. At this point, one of the
protons is converted into a neu-
tron, and a deuterium nucleus
(hydrogen 2, an isotope of hy-
drogen with one proton and one
neutron) results. Since electri-
cal charge must be conserved,
the change of a proton into a
neutron results in the emis-
sion of a positron, a positively
charged electron, which is the
antimatter form of the electron.
When a positron and an ordi-
nary electron collide, they mu-
tually annihilate each other,
and their mass is completely
converted into 1.6 × 10−13 joules,
as described by Einstein’s mass-
energy equation. The energy is
released as gamma rays, a high-
frequency, high-energy form of
electromagnetic radiation. A
neutrino, a neutral particle with

negligible mass, is also emitted by the nuclear
fusion reaction to conserve energy and momen-
tum simultaneously.

Next, a fast-moving proton collides with the
deuterium nucleus, yielding a helium-3 nucleus
and a gamma ray. The helium-3 nucleus has
two protons and one neutron. Finally, two he-
lium-3 nuclei collide to produce one helium-4
nucleus (with two protons and two neutrons)
and two free protons. The net result of the inter-
actions is that four protons fuse to yield one
helium-4 nucleus, two positrons (which are an-
nihilated when they encounter two free elec-
trons), two neutrinos, and gamma rays.
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The mass of four protons is 6.6942 × 10−27 ki-
lograms, while the mass of a helium-4 nucleus is
6.6466 × 10−27 kilograms. That mass difference
of 0.0476 × 10−27 kilograms is converted into 4.28
× 10−12 joules of energy according to Einstein’s
mass-energy equation. The amount of matter
converted per second by the Sun into energy is
equivalent to 4 billion kilograms, or the mass of
about 2 million automobiles. Each second, 8.9 ×
1037 nuclear reactions transform 610 billion ki-
lograms of hydrogen into 606 billion kilograms
of helium and 3.8 × 1026 joules of energy.

The gamma-ray photons resulting from the
reactions are absorbed and reradiated many
times during their journey to the Sun’s photo-
sphere. This energy requires from 100,000 to
1 million years to make the 700,000-kilometer
trip from the core of the Sun to its “surface,”
where most of the energy departs as photons of
ultraviolet, visible, and infrared electromag-
netic radiation.

The released radiative energy also prevents
the Sun from collapsing. The gravitational at-
traction of the Sun’s mass produces an inward
pull, but the radiative energy of the Sun heats
the interior gases. This produces an outward
gas pressure to counter the inward pull of grav-
ity. Fortunately for life on Earth, this has re-
sulted in a star that has been stable for the past
4.5 billion years. With the remaining hydrogen
in the core, our Sun should last for about an-
other 5 billion years. At the end of that time, the
core’s hydrogen supply will be depleted, and the
Sun’s helium “ash” core will start to contract.

This core contraction stage will raise the in-
ternal temperature to the point at which the hy-
drogen in a shell around the contracting helium
core becomes hot enough to fuse into helium 4.
The Sun’s outer layers will expand because of
this increased energy production, and the Sun
will enter a red giant stage in which it will en-
gulf the inner planets of the solar system at
least out to Venus and perhaps as far out as
Mars. Later, as the core temperature increases
to more than 100 million kelvins, two of the
core’s helium-4 nuclei will fuse into a beryllium-
8 nucleus. Another helium-4 nucleus will fuse
with the beryllium to produce carbon 12. In each
case, a gamma-ray photon is emitted. Core reac-
tions will cease as the helium 4 is depleted, but

hydrogen and helium fusion in shells around
the carbon core will continue. This ultimately
will lead to expulsion of the Sun’s outer layers to
form a planetary nebula.

The Sun’s carbon core will shrink to become a
white dwarf about the size of the Earth. The
Sun as a white dwarf will radiate only by its re-
sidual heat, since no thermonuclear reactions
will occur within it. It will slowly cool to its final
black dwarf phase, a burnt-out star with less
than the original mass of the Sun.

Stars that form with masses greater than
about 1.4 solar masses also fuse hydrogen into
helium in their cores, but with a series of
thermonuclear reactions known as the carbon-
nitrogen-oxygen (CNO) cycle, rather than the
proton-proton chain, due to core temperature,
pressure, and particle density higher than those
of a 1-solar-mass star. These conditions are
caused by the larger mass of the star producing
a greater gravitational pull inward. Because of
higher temperatures and densities, the reac-
tions will proceed at a faster rate. The star has a
larger mass but consumes itself more rapidly.
This results in a shorter lifetime for such a star.
As the core depletes its hydrogen, it contracts
and heats, and helium fusion commences. Hy-
drogen-to-helium fusion is initiated in the hy-
drogen shell around the core.

When the core’s helium is expended, the core
contracts again, with a resulting increase in
temperature and density, and a new fusion re-
action is ignited. This cycle of fusion, depletion,
contraction, and new fusion continues until the
nuclei in the core are ultimately converted into
iron nuclei and the core is surrounded by sev-
eral concentric shells of different fusing nuclei.
The outer shell consists of hydrogen fusing to
helium. Iron is the core’s end product, since fur-
ther fusion requires input of additional energy
rather than its exothermic release. With no
source of thermal energy to prevent the further
gravitational collapse of the star, it implodes.
Material bounces off the core, and the star vio-
lently explodes into a core-collapse supernova.

Energy is so abundant during the supernova
explosion that nuclei are fused into elements
with atomic numbers higher than iron, ele-
ments even as heavy as uranium and thorium.
The remnant of the star collapses to as little as
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10 kilometers in diameter and becomes a neu-
tron star, because at such high pressures the
electrons and protons of the star combine into
neutrons. If a supernova leaves a stellar rem-
nant with more than 3 solar masses, an even
more dramatic end state occurs. The collapse
continues beyond the neutron-star stage into a
black hole. Nothing can stop the gravitational
attraction that collapses the star to a size from
which not even light can escape.

APPLICATIONS

The study of thermonuclear reactions is ap-
plicable to humanity’s most urgent need: en-
ergy. The standard of living is governed by the
availability of easily obtained energy, and hu-
manity’s present control of energy permits peo-
ple to perform feats that previously were
thought impossible. Human and animal muscle
power, wind and water, coal, natural gas, petro-
leum, nuclear fission: Each has proved to be in-
adequate in one way or another, either because
it is insufficient in amount or intensity, or be-
cause it produces harmful waste. Humanity
needs a reliable source of energy, and thermo-
nuclear reactions, either directly or indirectly,
may well be that source.

Solar energy is the product of a natural ther-
monuclear reactor 150 million kilometers from
Earth, and humans use solar energy in many
forms without knowing it. In fact, except for
tidal and geothermal energy, all energy sources
are implicitly solar related. Coal, oil, and natu-
ral gas, for example, are forms of “fossilized” en-
ergy based originally on solar illumination of
the planet. The direct application of solar en-
ergy is difficult, since solar energy is a diffuse
energy resource. Large arrays of solar panels
are needed to supply the required energy, and
they operate only when the Sun shines.

One method of avoiding the earthbound prob-
lems of solar power is to construct in geostation-
ary orbit around the Earth large solar power
satellites. One such station, 5 kilometers by 15
kilometers in area, could supply the needs of
New York City with plenty of energy to spare.
Its solar cells would convert light into electric-
ity, which would produce microwave radiation.
That would be beamed to Earth, where a receiv-
ing antenna would convert the microwaves back

into electrical power. One of these satellites
would provide six to ten times the energy that
an array of the same size on Earth would pro-
vide. Several hundred of these satellites would
supply a large portion of humanity’s energy
needs.

Another possibility is to design machines
that would permit the control of fusion reactions
on Earth. For decades, engineers and scientists
have struggled with the problem of obtaining
sufficiently high particle densities, tempera-
tures, and pressures. The main problem is the
design of a vessel that will constrain deuterium
long enough for the fusion to occur. Magnetic
fields and lasers have been employed to initiate
the fusion process, but the goal of a net energy
output on an economic scale remains elusive.
When practical fusion reactors are developed,
hydrogen from the water of the Earth’s oceans
will provide an abundant source of fuel.

Scientists who construct models of the ther-
monuclear reactions and other processes that
occur in the cores of stars use the Sun as their
test case. Certain predictions about the Sun can
be made from the model. One of these involves
the number of neutrinos emitted by the reac-
tions in the Sun’s core. Neutrinos are particles
with little mass and no electrical charge, travel-
ing at speeds close to that of light. They do not
interact readily with matter; a neutrino can eas-
ily pass through a light-year-thick layer of lead
shielding. The model predicts the number of so-
lar neutrinos that should be counted by experi-
ments designed to detect them. The first mea-
surements in the 1970’s detected only one-third
of the expected number of neutrinos. Scientists
questioned if the models of the Sun’s interior
processes were incorrect, or if there was some-
thing unknown happening in the Sun’s interior
that the models had not taken into account. Af-
ter decades of uncertainty over the Sun’s miss-
ing neutrino flux, it has been determined that
solar neutrinos change into other forms or fla-
vors during their trip between the Sun and
Earth, and the original apparent discrepancy
seems to have been resolved.

Since neutrinos make the trip from the core
to the detectors at nearly the speed of light, they
provide information about what is occurring
now in the Sun’s core. The electromagnetic radi-
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ation from the Sun’s photosphere discloses what
occurred in the core 100,000 or more years ago.
Further theoretical and experimental work
should produce an answer on determining if the
Sun’s energy output varies substantially over
time. Indeed, many scientists think of the Sun
as a variable star, but fortunately that level of
variability is quite low compared to other “tradi-
tional” classes of variable stars.

CONTEXT

In the eighteenth century, Immanuel Kant
estimated that if the Sun were composed of coal,
it would burn only for several thousand years.
In the nineteenth century, Hermann von Helm-
holtz and Lord Kelvin independently reasoned
that gravitational contraction of the Sun could
provide its energy by converting gravitational
potential energy into thermal energy. This the-
ory allowed the Sun’s age to be increased to 20 to
50 million years, but it did not satisfy geologists
and the biologists, who argued that hundreds of
millions to billions of years were necessary for
the evolution of life and the geophysical devel-
opment of the Earth.

In the nineteenth century, physicists con-
ducted experiments to determine how the speed
of light changed as the speed of the medium
through which it traveled was varied. The con-
clusion was that there is no medium through
which light moves. It was also observed that the
speed of light is constant, no matter how fast its
source moves. Classical physics was unable to
accept this seemingly nonsensical result for the
speed of light. Einstein, however, stated that
the speed of light is a constant in any inertial
frame of reference, and went on to investigate
the consequences of this postulate. While mak-
ing those derivations, his famous mass-energy
equivalence emerged. In 1939, Hans Albrecht
Bethe and Carl von Weizsäcker hypothesized
that nuclear reactions could generate the Sun’s
energy. They suggested that four protons could
fuse into helium 4, and that the mass difference
was converted into energy.

In the early 1950’s, the thermonuclear or hy-
drogen bomb was developed, in which ignition of
a fission bomb trigger produces high tempera-
tures that lead to fusion of deuterium and the
release of even more energy. This produces the

hydrogen bomb’s greater destructive power and
in a sense replicates in an uncontrolled fashion
the tremendous power of the Sun’s fusion pro-
cess.

Stephen J. Shulik
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ity photographs. For the general reader.
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Pathways to Astronomy. 2d ed. New York:
McGraw-Hill, 2008. Very thorough college
textbook for introductory astronomy courses.
Divided into lots of short sections on specific
topics, it presents a thorough discussion of
stellar evolution and thermonuclear energy
generation.

Thornton, Stephen T., and Andrew Rex. Mod-
ern Physics for Students and Engineers. 3d
ed. New York: Brooks/Cole, 2005. A compre-
hensive presentation of the development of
relativity, quantum mechanics, and nuclear
and particle theory and experimentation. For
undergraduates and serious scientific re-
searchers.

Young, Hugh D., and Roger A. Freedman. Uni-
versity Physics with Modern Physics. 11th ed.
New York: Addison-Wesley, 2003. An under-
graduate text that spans classical mechan-
ics, thermodynamics, Maxwell’s electrody-
namics, optics, and modern physics. Offers a
good introduction to aspects of elementary
particle physics as well.

See also: Brown Dwarfs; Gamma-Ray Burst-
ers; Main Sequence Stars; Novae, Bursters, and
X-ray Sources; Nuclear Synthesis in Stars;
Protostars; Pulsars; Red Dwarf Stars; Red Gi-
ant Stars; Stellar Evolution; Supernovae;
White and Black Dwarfs.

Titan
Categories: Natural Planetary Satellites; The

Saturnian System

Saturn’s largest satellite, Titan, is the only
satellite in the solar system with a thick
atmosphere. Astronomical observations
made from Earth established some time
ago that Titan has a density slightly
greater than compressed ice, indicating a
composition primarily of ice but with a
relatively small rocky core. Observations
made by the Cassini-Huygens spacecraft
show a surface with multiple hydrocarbon
lakes that could be breeding grounds for
primitive living organisms.

OVERVIEW

Titan is Saturn’s largest satellite, with a di-
ameter of about 5,150 kilometers. Its atmo-
sphere (whose density is several times that of
Earth’s atmosphere) was discovered in 1944
from spectral analyses of sunlight reflected
from the cloud cover. The spectral data indi-
cated the presence of methane gas (CH4). Addi-
tional Earth-based observations in 1973 showed
a reddish, hazy atmosphere, which was as-
sumed to be photochemical smog created by ul-
traviolet light from the Sun acting on the meth-
ane and other hydrocarbon compounds.

Because Titan is such an unusual satellite,
the Pioneer 11 spacecraft flew by Titan in 1979,
followed by Voyager 1 and 2 in 1980 and 1981,
respectively. Unfortunately, their instruments
were not sensitive enough to penetrate Titan’s
thick atmosphere, although it was learned that
its major constituent is nitrogen, with methane
and smog making up less than 10 percent of the
atmosphere. Hazy smog is formed as the meth-
ane is catalyzed by ultraviolet light from the
Sun to form more complex organic molecules,
similar to the manner in which photochemical
smog is produced from unburned fuel in the ex-
haust emitted by vehicles in Earth’s large cities.
Because Titan is quite far from the Sun and rel-
atively little of the available light would pene-
trate the thick clouds, the surface temperature
was predicted to be about 94 kelvins.

Calculations indicated that at these temper-
atures methane should condense from the
clouds and fall as rain. The denser organic mole-
cules created in the atmosphere, such as ethane
(C2H6), would also eventually settle on the sur-
face as a layer of malodorous slime. It was thus
assumed that the icy surface was covered by ei-
ther an ocean of liquid methane or a hydro-
carbon swamp, with frequent rainstorms of
methane.

In 1994, scientists used the Hubble Space
Telescope at near-infrared wavelengths (where
the haze is more transparent) to map some of Ti-
tan’s surface features according to their reflec-
tivity. Although details were not resolvable,
light and dark surface features were recorded
over Titan’s sixteen-day rotation period, and
one bright area the size of Australia was docu-
mented. Definitive conclusions about the na-
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ture of the dark and bright areas
could not be ascertained, but im-
ages proved that the surface was
not a global ocean of methane and
ethane, as had been assumed; at
least part of the surface is solid. Al-
though definite conclusions could
not be made, it was thought that
the bright areas were major im-
pact craters in the frozen surface.
Information gleaned from this re-
search provided important back-
ground information for the Cassini
mission, the program of National
Aeronautics and Space Adminis-
tration (NASA) that sent a robotic
spacecraft to study Saturn and its
satellites. In addition to data to
be gathered from flybys, Cassini
would release the European Space
Agency’s Huygens probe, which
would parachute to the surface.
Images of Titan from the Hubble
telescope were used to locate an
optimum landing site and to pre-
dict how Titan’s winds would af-
fect the parachute as it descended
through the atmosphere.

The Cassini spacecraft was launched in Octo-
ber, 1997, for its seven-year voyage to rendez-
vous with Saturn. Beginning to orbit Titan in
2004, it flew 1,192 kilometers above the surface,
using infrared cameras and radar to produce de-
tailed maps. It detected irregular highlands and
smoother dark areas, including one large re-
gion, about the size of Lake Ontario (232 by 72
kilometers), so reminiscent of a lake that its
perimeter even exhibited sinuous drainage
channels leading to an apparent shorelike
boundary. Because the surface temperature
was so cold (94 kelvins), the lakes were pre-
sumed to be liquid methane and ethane fed by
streams of dark organic gunk washed by precip-
itation from the highlands. Methane evaporat-
ing from the lakes would replenish the methane
in the atmosphere, from which it would eventu-
ally precipitate and return to the surface as
rain, mimicking the hydrologic cycle on Earth.
The fact that this feature appears in Titan’s
cloudiest region, where presumably storms are

intense enough that methane rain reaches the
surface, gave credence to the lake hypothesis.
Furthermore, Titan’s cold temperature would
require a long time for liquid methane on the
surface to evaporate; thus, a methane-filled
lake would remain stable for a long time.

The Huygens probe was released on January
14, 2005. As it descended, it recorded the tem-
perature, pressure, wind speed, and atmo-
spheric composition at regular time intervals. It
also radioed back more detailed images of the
surface, showing dark drainage networks lead-
ing into the smooth areas but relatively few
craters, as expected. The bright spots appeared
to be “islands” around which dark material had
flowed in the past. Other images showed areas
evocative of water ice extruded onto the surface
and short, stubby, dark channels which could be
springs of liquid methane. Although these data
suggested running liquids, no clear evidence of
liquid methane was detected on the surface. Af-
ter landing, Huygens probed the surface, which
had the consistency of wet sand covered with a

The Solar System Titan

853

A composite image of Titan from the Cassini spacecraft. (NASA/JPL/
University of Arizona)



thin crust, possibly consisting of ice mixed with
small amounts of solid methane. First pictures
of the surface showed a plethora of small ero-
sion-rounded pebbles, assumed initially to be
rocks or granite-hard ice blocks, on an orange-
colored surface. They later were determined to
be mixtures of water and hydrocarbon ice. One

image pictured tendrils of surface fog, pre-
sumed to be ethane or methane.

The concentration of methane in Titan’s at-
mosphere is puzzling, because ultraviolet light
from the Sun would dissociate the methane into
carbon and hydrogen, which would either react
with the nitrogen to form ammonia (NH3) or be
dissipated into space. More complex organic
molecules, such as ethane, would also be cre-
ated; being heavier, they would settle to the sur-
face. It has been calculated that atmospheric
methane should remain in the atmosphere for
fewer than one million years. Consequently,
methane must be injected from some surface
source. Perhaps it is outgassed from the meth-
ane in the icy crust. Another possibility is a
methane volcano. Detailed observations have
identified one area where ice and methane may
be rising to the crust from a subterranean heat
source, to form a methane volcanic caldera
emitting methane gas. Since Titan is too small
to have a molten interior, the heat source driv-
ing the release of methane gas is suspected to be
tidal heating, the frictional force generated as
this massive satellite revolves in its elliptical
orbit about Saturn. Several dark surface mark-
ings having straight boundaries with preferred
orientations suggest the presence of internal
tectonic processes.

Analyses of close flybys of Titan made by the
Cassini orbiter in 2008 as well as conclusions
based on data gathered by flybys made between
2004 and 2006 provided suggestive evidence for
the possibility that Titan’s surface may have ac-
tive cryovolcanoes, perhaps spewing water, am-
monia, and methane. Cassini recorded varia-
tions in brightness and reflectance (the ratio of
reflected light to the incident light upon a sur-
face) in two separate regions of Saturn’s largest
satellite using its Visible and Infrared Mapping
Spectrometer. In one region, the reflectance in-
creased significantly and remained at the ele-
vated level; in the other, it rapidly increased
and then tailed off again. Both would indicate
vapor or liquid being ejected out of an active
vent. Such a mechanism would explain why Ti-
tan continues to maintain a thick methane at-
mosphere when, without replenishment, it
should have been greatly diminished over the
passage of geologic time.

Titan The Solar System

854

The Huygens lander took this image on January 14,
2005, from Titan’s surface. The rocks at the front are
about 4 to 6 inches in diameter and may be the re-
mains of a lakebed. (ESA/NASA/JPL/University of
Arizona)



KNOWLEDGE GAINED

Using radar, Cassini was still mapping Ti-
tan’s surface in 2009 and was expected to con-
tinue doing so for some time to come. The hun-
dreds of observed dark areas are believed to be
lakes of liquid methane or ethane more than
12.2 meters deep, while shadowy dunes running
along the equator are assumed to consist of com-
plex solid organics. Titan’s surface seems to con-
tain many gigantic organic chemical factories
producing complex hydrocarbons in an abun-
dance surpassing all of Earth’s oil reserves. The
amount of liquid on Titan’s surface is important
to ascertain, because methane is a strong green-
house gas; without atmospheric methane, Ti-
tan’s surface would be even colder. Liquid meth-
ane on the surface could remain, at most, a
million years before dissociating and reacting to
form heavier hydrocarbon compounds. It is be-
lieved that the atmospheric methane is con-
stantly being supplied by volcanic eruptions
from the mantle.

In late December, 2008, after much analysis,
a group of researchers were ready to publish a

scientific article in the research journal Icarus
reporting the first image taken of a liquid on a
planetary surface other than the Earth’s. The
Mars Phoenix lander had provided clear evi-
dence about six weeks earlier of subsurface
water ice at its far north landing site, but when
that ice was exposed, it fairly quickly subli-
mated into the gas phase and became part of the
Martian atmosphere. However, an image taken
by the Huygens probe after reaching the surface
of Saturn’s satellite Titan appeared to have
clearly recorded a droplet of methane near the
edge of the robotic spacecraft itself. The small
droplet might have been created by heat ema-
nating from the probe when it condensed humid
air to temporarily form liquid methane. In sev-
eral other images, splotches that appeared and
then were not seen in subsequent images of the
same area were believed by the authors of the
Icarus paper also to be droplets of methane.

Titan has an extensive atmosphere, includ-
ing a methane layer extending 696 kilometers
above the surface. There the methane molecules
are dissociated by ultraviolet light to form eth-
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Cassini captured this image of Titan’s surface on February 22, 2007, with a resolution of about 700 meters. The
view looks directly down on an island (possibly a peninsula), about the size of the Big Island of Hawaii, in the mid-
dle of one of the moon’s hydrocarbon lakes. (NASA/JPL)



ane (C2H6) and acetylene (C2H2). Cassini images
showed two thin haze layers. The outer haze
layer, floating about 400 kilometers above the
surface, is where additional molecules (such as
hydrogen cyanide) are formed from carbon, hy-
drogen, and nitrogen. About 200 kilometers
above the surface, there is a thick global smog of
complex organic molecules, produced by chemi-
cal reactions among the hydrocarbons dissoci-
ated by ultraviolet light. This haze layer ab-
sorbs about 90 percent of the incident sunlight,
leaving only an orangish haze to reach the sur-
face. It is not currently understood why two sep-
arate haze layers are present. Although Titan
has a dense atmosphere, it is relatively ineffi-
cient at reradiating infrared radiation, thus
producing negligible greenhouse warming.

CONTEXT

The Cassini-Huygens mission was a joint
venture of NASA, the European Space Agency,
and the Italian Space Agency. Enough data
were gleaned to keep researchers occupied for
years to come.

Titan’s surface temperature (94 kelvins) ap-
pears to make the satellite a place inhospitable
for life to evolve. This environment, although
colder, is remarkably similar to that found on
Earth billions of years ago, before life began
adding oxygen to the atmosphere. Four billion
years ago, Earth was covered with warm, shal-
low seas containing hydrogen, ammonia, and
methane gases. From this primordial soup,
driven by ultraviolet light and lightning dis-
charges, complex hydrocarbons, including amino
acids, formed. Over time, the amino acids linked
together to form proteins, eventually creating
one that was able to replicate itself. At that
point, life was created and molecular evolution
became biological evolution.

If life could evolve in Earth’s primordial soup,
it seems reasonable to suppose that the pools of
organic gunk on Titan’s surface could form
amino acids, if not self-replicating proteins.
Studying Titan’s prebiotic chemistry can there-
fore facilitate the understanding of how life may
have originated in the universe.

George R. Plitnik
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An artist created this image of a lake and smoggy atmosphere of Titan based on data that led scientists to conclude
the moon has lakes of liquid hydrocarbons. (NASA/JPL)
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Chaisson, Eric, and Steve McMillan. Astronomy
Today. 6th ed. New York: Addison-Wesley,
2008. This easily accessible work, written for
laymen with inquisitive minds, has an excel-
lent summary of the latest knowledge about
Titan as well as pictures from the Huygens
landing and an instructive graph of the vari-
ation of pressure and temperature as a func-
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Coustenis, Athena, and Fredric W. Taylor. Ti-
tan: Exploring an Earthlike World. Hacken-
sack, N.J.: World Scientific, 2007. A revised
and expanded edition of the 1999 title Titan:
The Earthlike Moon, this volume summa-
rizes all that is known about Titan through
the Cassini-Huygens mission, by two of the
project’s investigators. Aimed at a general
audience, but scientifically rigourous none-
theless.

Hartmann, William K. Moons and Planets. 5th
ed. Belmont, Calif.: Thomson Brooks/Cole,
2005. This authoritative and regularly up-
dated text considers all the major planetary
objects in our solar system. The material is
presented by grouping objects under unifying
principles, thus elucidating their similarities
and their differences as well as the physical
processes behind their evolution. Although
most of the material is descriptive, some al-
gebra and elementary calculus are included.

Lorenz, Ralph, and Jacqueline Mitton. Titan
Unveiled: Saturn’s Mysterious Moon Ex-
plored. Princeton, N.J.: Princeton University
Press, 2008. This illustrated tome was the de-
finitive work covering everything known
about the surface and atmosphere of Titan at
the time of publication. Because Cassini-
Huygens was still years away from its
encounter with Titan, the authors had to pre-
dict—but with some accuracy it turned out—
features and conditions on the surface based
on limited data.

Sagan, Carl. Cosmos. New York: Random
House, 1980. Based on the television series of
the same name, this lavishly illustrated book
includes not only information about Titan’s
atmosphere but also speculation about the
possibility of a methane-based life-form
evolving in this environment.

Seeds, Michael A. Foundations of Astronomy.
9th ed. Belmont, Calif.: Thomson Brooks/
Cole, 2007. This well-illustrated text com-
mingles experimental evidence and theory to
provide deep, but well-explained, elucida-
tions of many fascinating facets of the uni-
verse. Although only two pages are devoted
to Titan, there are four pictures, one of which
was taken from the surface by the Huygens
probe.

See also: Enceladus; Iapetus; Planetary Ring
Systems; Planetary Satellites; Saturn’s Mag-
netic Field; Saturn’s Ring System; Saturn’s Sat-
ellites; Solar System: Element Distribution.

Triton
Categories: Natural Planetary Satellites; The

Neptunian System

Triton, Neptune’s largest satellite, is the so-
lar system’s only major satellite that is in a
retrograde orbit. It has smoke plumes that
astronomers and planetologists cannot ex-
plain. It appears to be younger than most
of the satellites and planets in the solar
system.

OVERVIEW

The Neptunian satellite Triton is 2,706 kilo-
meters in diameter. The satellite’s density is
2.07 grams/centimeter3. With this density, mod-
els of the satellite can be constructed. It is
thought that there is a metallic core, a silicate
mantle, a layer of ice, a possible ocean, and a top
layer of ice. The core is expected to have a radius
of about 600 kilometers and the mantle a thick-
ness of about 350 kilometers, with a 150-kilome-
ter layer of ice below the ocean and a 250-kilo-
meter layer above the ocean.

William Lassell, a brewer by trade, found
Triton on October 10, 1846, using a telescope he
built himself. An amateur astronomer, Lassell
had been asked by Sir John Herschel to look for
satellites of the newly discovered planet, Nep-
tune. Triton is 355,000 kilometers from Nep-
tune. The eccentricity of Triton’s orbit is zero,
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meaning that the orbit is circular. Triton is a
most unusual satellite. Its orbit is retrograde,
that is, it rotates around Neptune in the oppo-
site direction to the rotation of Neptune. It is
synchronous with Neptune, meaning it pre-
sents the same face to Neptune at all times. Be-
ing synchronous also means that the rotation
time of Triton is the same as the time for one or-
bit around Neptune, 5 days and 21 hours. The
angle of inclination is 23°. The angle between
the orbit of Triton and the equator of Neptune
is 23°.

This large angle of inclination, coupled with
the retrograde direction of Triton’s orbit, sug-
gests that Triton was captured by Neptune’s
gravitational field. The method by which this
capture occurred is unknown. Triton may have
collided with another satellite, causing Triton
to slow down enough to be captured and de-
stroying the other satellite at the same time.
Another idea is that the other satellite was
knocked out of orbit, and Triton was then cap-
tured. Athird idea is that Triton was part of a bi-

nary system. Triton was captured; however,
the partner escaped. When Triton was cap-
tured, the orbit was probably highly elliptical.
The gravitational force of Neptune gradually
changed Triton’s orbit into the current circular
orbit. During the period of this change, the
strong pull when Triton was close and the
weaker pull as Triton was far away would have
caused tidal flexing, or movement within Tri-
ton’s structure. Such motion would have caused
internal friction, generating heat. The heat
would have caused differentiation, that is, sepa-
ration of the components of Triton. Heavier ma-
terials, such as metals, would have sunk to the
core; medium-mass materials, such as silicates,
would have formed a mantle; and lighter mate-
rials would have been forced to the surface.

Many believe that Triton is a volcanic satel-
lite because of plumes of dark material that ap-
pear to be blown from its surface into the air.
This material is concentrated enough to be easily
seen. The plumes are about 2 kilometers across,
rise as high as 8 kilometers, and consist of parti-

cles that probably are less than two
millimeters in diameter. The size
of the particles can be inferred be-
cause they do not settle to the sur-
face. These plumes may be putting
out 10 kilograms of material per
second and may last for years.

Triton has a thin atmosphere,
which is composed predominantly
of nitrogen at a pressure of 14 mil-
libars (Earth’s atmospheric pres-
sure is about 1 bar). There are
clouds composed of condensed ni-
trogen. A diffuse haze can also be
seen. The haze probably consists
of hydrocarbons and nitriles, pro-
duced by the action of sunlight on
methane. Wind-driven streaks are
oriented in an east-west direction.
The wind causes some of the
streaks by material blown from the
plumes. When all of the streaks,
clouds, and plumes are considered,
the winds blow northeast close to
the surface, eastward at intermedi-
ate levels, and westward at the top
of the troposphere.
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Triton (foreground) and Neptune appear together in this montage of
images from Voyager 2. (NASA/JPL)



Infrared technology gave scientists
the first look at Triton’s surface. The
spectra could be modeled only by a
combination of solid methane (CH4),
called methane ice; liquid nitrogen;
and water ice. Later spectra showed
nitrogen (N2) in a solid or liquid form.
One idea is that there is a sea of nitro-
gen with small amounts of dissolved
methane. More likely, there is a layer
of solid nitrogen with contaminants of
methane, carbon dioxide (CO2), and
carbon monoxide (CO). Even at the
measured temperature of 38 kelvins,
the nitrogen ice will sublime, forming
the thin atmosphere first found by
Voyager 2. The nitrogen refreezes at
the winter pole of Triton, causing a po-
lar ice cap. Solid nitrogen is very
transparent; therefore, the sunlight
that does reach Triton can heat the in-
terior of the solid nitrogen in a green-
house effect. Nitrogen, in either gas-
eous or liquid phase as a result of
heating nitrogen originally in solid
form, will flow to the surface, where it
then freezes. Some of the nitrogen will escape
into the atmosphere. The layer of nitrogen thus
moves, or at least thins, with the seasons. There
is plenty of time for the seasonal shift, because
Triton has a 688-year climate cycle due to its
unique rotational and orbital motion. Thus,
there is a higher albedo (0.7) on the winter end
of the satellite, where the layer of nitrogen ice is
thick, and a lower albedo (0.55) on the summer
end of Triton. The summer end will show meth-
ane ice, which has a reddish color. Radiation
will eventually turn the methane dark. The fact
that the methane is not dark means that the
methane ice is refreshed on a short timescale.

Triton displays at least three different types
of surfaces: a bright polar area; areas of dark
patches surrounded by lighter material; and
high, walled plains. The bright polar area seems
to be nitrogen ice on top of a cantaloupe-like,
dimpled surface. The dimples, called cavi, are
caused not by volcanoes but by diapirism.
Diapirism is generated by a gravitational insta-
bility in which less dense material flows up
through denser material. The density gradient

may be caused by temperature or by a difference
in composition. The implication on Triton is
that the crust has distinct layers, and that the
top layer is no more than 20 kilometers thick.
The area also has linear ridges across the canta-
loupe terrain.

Dark patches within the lighter material are
called maculae and probably are composed of
carbonaceous material, such as methane ice.
Bright material is probably nitrogen ice. Macu-
lae may mark spots of heat that have lost the ni-
trogen ice layer, allowing the methane ice, with
its lower albedo, to show through.

The high plains are caused by a flow of volca-
nic ice. Some of the plains are smooth plains
with a flat-to-undulating structure. Other
plains are surrounded by a terraced wall or
steppes, called scarps. These plains are very
flat, implying that they were filled with liquid at
one time. Scarps may be the remainder, as the
material on the plains sublimed.

One unique feature of Triton is its small
numbere of craters. There is one crater that is
27 kilometers across, named Mazomba, but the
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Voyager 2 was 530,000 kilometers from Triton when it took this
image in 1989 through green, violet, and ultraviolet filters.
(NASA)



small number of craters suggests either that the
surface of Triton is very young or that the sur-
face must have been refreshed fairly recently—
or both. Part of Triton’s surface is considered
cryovolcanic instead of silicate-magma volca-
nic. Cryovolcanic activity is the eruption from
the subsurface of icy-cold liquids, which then
refreeze on the surface in a more or less smooth
structure.

KNOWLEDGE GAINED

Much of what has been discovered about Tri-
ton has come from Earth-based instruments and
the Hubble Space Telescope (HST). Hale Obser-
vatory used narrow-band spectrophotometry to
determine that Triton had a constant spectral
reflectance. Astronomers have compared data
from HST, the Infrared Telescope Facility at the
University of Hawaii, and Voyager 2 over a pe-
riod of years to see if there is a seasonal change
in Triton’s surface. It appears that there is a
change, but since the climate cycle is so long, the
data remain inconclusive. Both types of surface
composition, methane ice and solid nitrogen,
were detected by infrared spectra from an
Earth-based instrument.

Voyager 2 provided more in-
formation in a short time than
the land-based instruments had
been able to gather in the years
since Triton’s discovery. The
spacecraft’s small changes in
flight path caused by Triton’s
mass allowed that mass to be
calculated. Pictures allowed the
size to be determined. Density
could then be calculated. Models
of the structure of the satellite
could then be developed. The
density, 2.07 grams/centimeter3,
indicates that there is a large
component of silicate materials,
even though they do not show in
infrared spectra because they
are under ice. Voyager also de-
tected the nitrogen atmosphere.

Pictures showed the effects of
wind on Triton, a phenomenon
that was unexpected. Varied
terrain and plumes were also

noticed in the pictures. The temperature mea-
sured was the coldest of any surface measured.
Even with the cold temperature, the different
terrains indicated that the surface had been re-
freshed more recently than any other moon or
planet except those planets or moons that are
geologically active.

CONTEXT

The density of Triton is close to that of the
Pluto-Charon system. Is that a coincidental
fact, or are Triton and Pluto related? Could
Pluto at one time have been a satellite of Nep-
tune that was knocked off by Triton? The orbital
inclination, rotational speed, and retrograde
motion all point to some cataclysmic occasion
that produced Triton as a satellite.

Triton’s surface features raise interesting
questions about its energy source. Triton’s is the
coldest surface in the solar system, yet it also
appears to be active, given the plumes and
smoothness observed. How can these conditions
coexist? The idea that enough sunlight pene-
trates a deep sheet of solid nitrogen to produce a
greenhouse effect under the ice is startling but
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Voyager 2’s flyby of Triton produced this close-up image (from 40,000 ki-
lometers), showing the moon’s unique northern hemispheric terrain of
more or less regularly spaced circular depressions ringed by ridges.
These are not impact craters but more likely areas of collapsed ice.
(NASA/JPL)



may be true; it does appear that the ice sublimes
and then refreezes in another place. Yet where
does Triton get the energy to produce plumes
rising 8 kilometers into the satellite’s tenuous
atmosphere? Even given the satellite’s rather
low gravitational acceleration, this phenome-
non completes the satellite’s overall mystery. Is
Triton’s interior heated radiogenically? Is there
another heat source?

It is possible that scientists do not under-
stand as much about the effect of very low atmo-
spheric pressure, low temperature, and heavy
mass as was previously thought, because the
planet’s heat is generated somewhere. The the-
ory that Triton is heated radiogenically will
have to wait until the subsurface can be moni-
tored for radioactive isotopes, or for their
daughter isotopes, before it can be confirmed or
disproved. Certainly the answer to the question
of Triton’s energy source will add both to our un-
derstanding of the origins of the solar system
and to our knowledge of energy physics.

C. Alton Hassell
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Lopes, Rosaly M. C., and Michael W. Carroll.
Alien Volcanoes. Baltimore: Johns Hopkins
University Press, 2008. The focus is on volca-
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the possibilities on Triton. Illustrations, bib-
liography, index.
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man, and T. V. Johnson, eds. Encyclopedia of
the Solar System. San Diego: Academic
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tem. Illustrations, appendix, index.

See also: Neptune’s Atmosphere; Neptune’s
Great Dark Spots; Neptune’s Interior; Nep-
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U
Ultraviolet Astronomy
Category: Scientific Methods

Ultraviolet astronomy explores the uni-
verse by focusing on wavelengths of the
electromagnetic spectrum that are shorter
than those of visible light. This portion of
the spectrum is particularly important to
astronomy, as practically all stars and
many of the most abundant elements in the
universe emit energy in the ultraviolet
range.

OVERVIEW

Any material with a temperature above abso-
lute zero emits electromagnetic radiation, and
that radiation carries with it information about
the nature of the event that produced it. An ob-
ject will emit radiation over a range of wave-
lengths, with a concentration at a single
wavelength. Very hot objects produce shorter
wavelengths, while cooler objects emit longer
wavelengths. For example, as metal is heated, it
first glows red (the longer wavelengths of visible
light), then, as its temperature increases, it be-
gins to glow in the shorter-wavelength yellow
light. In space, objects that are very cold, per-
haps only a few degrees above absolute zero,
will emit radiation in the very long infrared and
radio wavelengths. At the other extreme, very
hot stars give off ultraviolet radiation, X rays,
and gamma rays.

Ultraviolet astronomy focuses on the area of
the spectrum that is beyond violet light—the
shortest wavelengths the eye can see. The ultra-
violet portion of the spectrum begins at a wave-
length of 390 nanometers, ranges to the ex-
treme ultraviolet at 90 nanometers, and merges
into the X-ray portion of the spectrum at 10
nanometers.

While the visible portion of the spectrum can
be observed from the surface of the Earth, ob-
servations at ultraviolet wavelengths must be
done outside the Earth’s atmosphere. Ultravio-

let radiation is readily absorbed by gases, both
in space and in the Earth’s atmosphere. Only
the longest wavelengths of ultraviolet light pen-
etrate the atmosphere. It is this radiation that
is responsible for the destructive tanning effects
of the Sun on the skin. Screening effects of the
atmosphere protect life on Earth from the more
harmful, shorter-wavelength ultraviolet radia-
tion. At the same time, the atmosphere prevents
astronomers from easily collecting information
about the universe from this important range of
the spectrum.

Practically every object in the universe emits
some radiation at ultraviolet wavelengths. Any
material that has a temperature between
10,000 and 1 million kelvins thermally emits
most of its energy in the ultraviolet. This range
of the spectrum is important to the knowledge of
celestial objects, since the atmospheres of most
stars, the surfaces of very massive stars, white
dwarf stars, and regions of hot interstellar gas
all fall within this temperature range. Every el-
ement emits and absorbs energy according to a
characteristic pattern. By analyzing the pat-
tern, or spectrogram, astronomers can deter-
mine the chemical composition of very distant
objects. A spectrum is governed by the tempera-
ture, density, and chemical composition of the
object emitting the energy, as well as how the
energy has been altered by intervening pro-
cesses en route to the instruments. In addition,
the elements that are most abundant in the uni-
verse, such as hydrogen, helium, carbon, nitro-
gen, oxygen, and silicon, all have spectral fea-
tures that are prominent in the ultraviolet. For
this reason, ultraviolet astronomy can provide
astronomers with important information about
the universe.

Although instruments used in ultraviolet as-
tronomy are designed to operate remotely, they
can be very similar to optical instruments. Ordi-
nary telescope mirrors will focus ultraviolet
light. Electronic detectors record the image, or,
in some cases, the image can be recorded on reg-
ular photographic film. A spectrograph can re-
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cord such information by passing the radiation
through a narrow slit and then through a prism,
which separates the radiation into its compo-
nent wavelengths. The result, a spectrogram, is
then recorded on film.

The first ultraviolet telescopes were flown on
high-altitude weather balloons. Later, they
were launched on rockets, which raised them
above the atmosphere for a few minutes at a
time. The best way to gain access to ultraviolet
information is to place an ultraviolet observa-
tory in orbit. The first satellites to carry ultravi-
olet instruments were the Orbiting Astronomi-
cal Observatories (OAOs), a series of four
identical satellites that carried different instru-
ment packages to measure ultraviolet radiation
from stars and interstellar gas. Only two of the
four spacecraft proved functional. The first sat-
ellite failed after two days in orbit, and another
failed to reach orbit. The second OAO achieved a
general ultraviolet survey of the sky, discover-
ing ultraviolet sources within the galaxy and
measuring ultraviolet light from bright nearby
galaxies. The final OAO, Coper-
nicus, was the first to target
specific ultraviolet sources. Car-
rying a 0.8-meter telescope, it
was launched on August 21,
1972, and was functional for
nine years. Copernicus took the
first detailed look at objects in a
wide range of the ultraviolet
spectrum.

Detailed ultraviolet pictures
of the Sun were produced with
the OAO mission and later using
the Solar Maximum Mission
(SMM) satellite. Spectacular ul-
traviolet solar studies resulted
from the American crewed space
station Skylab, which was
launched in 1973. Three crews
of three astronauts inhabited
the space station for a total
of five and one-half months.
Throughout this time, they kept
a continuous surveillance of the
Sun with the Apollo Telescope
Mount (ATM). The ATM carried
eight telescopes, which observed

the Sun in wavelengths ranging from visible
light through the ultraviolet and into the X-ray
range.

In 1978, two years before the OAO Coperni-
cus ceased operation, the International Ultravi-
olet Explorer (IUE) was launched. The IUE was
a joint venture by the National Aeronautics and
Space Administration (NASA), the European
Space Agency (ESA), and the British Science
Research Council (SRC). Although the IUE was
equipped with a telescope smaller than that of
Copernicus (only 45 centimeters), it carried
more modern ultraviolet detectors and was able
to observe much fainter stars over a broader
range of wavelengths. The IUE was run much
like a traditional observatory and, as such, was
designed to be used by visiting scientists rather
than by a select group of researchers. The IUE
remained stationed in an orbit that is geosyn-
chronous (remaining constantly over one area of
Earth), about 36,000 kilometers above the At-
lantic Ocean, where it remained in continuous
contact with at least one of two ground stations
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This 1999 image of the Sun was taken in 304-angstrom wavelengths by
the Extreme Ultraviolet Imaging Telescope. (ESA/NASA/SOHO)



in the United States and Europe. This was an
improvement over earlier satellites, which
could not remain in continuous contact with
ground stations. Their observations were also
limited by low orbits, with a large percentage of
the field of view blocked by the Earth. The IUE
was decommissioned on September 30, 1996.
Sadly it was merely shut off due to budget con-
cerns, even though this workhorse observatory
was functioning nearly at full capability.

Astro 1 was a Spacelab mission launched
aboard the space shuttle in early 1990; it carried
three ultraviolet telescopes. For the duration of
the mission, project scientists conducted obser-
vations in the ultraviolet and X-ray regions.
Other important ultraviolet satellites have
been the European TD-1 and the Soviet Astron
satellite. The TD-1, launched in 1972, measured
the magnitudes of more than thirty thousand
stars in four different spectral regions and gath-
ered ultraviolet spectra from more than one
thousand stars. The Soviet Astron satellite,
launched in 1983, was similar in size and scope
to the OAO Copernicus.

Ultraviolet astronomy advanced greatly with
observatories such as the Hubble Space Tele-
scope (HST), launched from the space shuttle
Discovery on mission STS-31 on April 25, 1990;
the Extreme Ultraviolet Explorer (EUVE),
launched on June 7, 1992; and the Far Ultravio-
let Spectroscopic Explorer (FUSE), launched on
June 24, 1999. The HST has proved to be a pow-
erful ultraviolet instrument, making exciting
discoveries in the far ultraviolet, despite pre-
liminary optical difficulties, which were re-
paired in 1993 during space shuttle mission
STS-61. Thereafter the HST returned amazing
images of distant galaxies, interstellar dust,
and other objects from deeper in space than had
ever before been observed. The EUVE was de-
signed to survey the cosmos for objects emitting
very energetic short-wavelength radiation in
order to discover many new objects, including
perhaps ten times as many white dwarf stars as
previously known. FUSE was designed to carry
a 2-meter ultraviolet telescope that would in-
vestigate objects in the far ultraviolet and ex-
treme ultraviolet. NASA’s Wind mission was
conceived to use multiple instruments, includ-
ing ultraviolet instruments, to study the solar

wind and sample plasma waves, energetic par-
ticles, and electric and magnetic fields. The Eu-
ropean Space Agency’s Lyman Observatory was
designed to examine the dynamics of the Milky
Way’s halo as well as comets.

FUSE was designed for only a three-year pri-
mary mission but was still in reasonable opera-
tional condition in 2002, despite having difficul-
ties with its reaction wheels (used for pointing
the observatory at selected celestial targets).
Budget issues almost resulted in cessation of
FUSE observations, but the use of the orbital
telescope was extended until July 12, 2007,
when controllers lost the final reaction wheel.
Despite efforts to restore the observatory,
on September 7, 2007, FUSE investigations
ceased. This relatively inexpensive Explorer-
class satellite (also known as Explorer 77) led to
more than four hundred published scientific pa-
pers and advanced the careers of many young
astronomers specializing in ultraviolet astro-
physics.

APPLICATIONS

Each energy region in the electromagnetic
spectrum allows astronomers to “see” objects in
a unique way. The more information that can be
discovered about the nature of a celestial object
in each of these energy areas, the more com-
pletely the object can be understood.

All objects known to exist in the universe—
from comets and planets to stars, galaxies, and
quasars—can be effectively studied in the ultra-
violet range. Ultraviolet telescopes see the hot-
test stars of all; as a result, they tend to pick out
the youngest star groups in the sky. Ultraviolet
astronomy can thus focus on the youthful clus-
ters of stars that lie close to regions of star birth.
With this particular window, ultraviolet astron-
omy has been very useful for mapping regions of
star formation, both in the Milky Way and in
distant galaxies. Other galactic studies have
shown that the Milky Way, as well as other gal-
axies, surrounded by a hot halo of gas.

There are excellent images of the Sun in the
ultraviolet. Views of the ultraviolet Sun reveal
different layers of its chromosphere, transition
region, and lower corona. Bright, scintillating
points of ultraviolet light in the Sun’s atmo-
sphere provide a measure of magnetic activity
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within the Sun, with perhaps even more accu-
racy than the sunspots that are seen on the visi-
ble photosphere. By observing other stars in the
ultraviolet, astronomers have gained valuable
knowledge about the nature of stars, which cor-
relates with what is known about the Sun. It
has been shown that many stars have hot outer
atmospheres similar to the Sun. A new class of
stars was discovered that had distinguishing
characteristics visible only in ultraviolet light.

Ultraviolet astronomy has been very useful
in studying binary star systems. A binary sys-
tem is a pair of stars orbiting around their com-
mon center of mass. In a binary system, one star
can be much brighter in optical wavelengths,
and only a single spectrum can be observed. If
the companion star is much hotter, however, it
will dominate the spectrum of the system at ul-
traviolet wavelengths. A binary system gives
astronomers a tool with which they can study
the nature of these dimmer hot stars. Previ-
ously unobserved hot companions have been
discovered in stars not suspected earlier of be-
ing binaries.

The supernova is another area in which ul-
traviolet astronomy can contribute signifi-
cantly. A supernova is a stellar explosion in
which all or most of the star’s mass is expelled.
Astronomers have studied the remains of super-
nova explosions as well as observing them in the
beginning stages of development. Ultraviolet
observations can determine the chemical com-
position of the layers of the star expelled by the
explosion. Astronomers discovered that a nova
explosion in Cygnus in 1978 produced much ni-
trogen, while the supernova that created the
well-known Crab nebula threw out relatively
small amounts of carbon. These facts are impor-
tant clues to learning how new elements are
formed, as well as in understanding the mecha-
nisms behind supernovae.

The IUE observed Comet Kohoutek in 1976,
finding a very bright image in ultraviolet wave-
lengths. Comet IRAS-Iraki-Alcock was ob-
served in 1983 and Comet Halley was observed
in 1986. In combination with observations at
other wavelengths, it was found that the comets
are similar in composition, suggesting that they
have a similar origin.

Among IUE’s legacy of ultraviolet investiga-

tions were 104,000 individual observations, the
discovery of aurorae at Jupiter, the first deter-
mination of the water-loss rate in a comet, the
production of the first orbital radial velocity
curve for Wolf-Rayet stars, determination of the
progenitor of Supernova 1987A, the first imag-
ing of galactic halos, and the production of
44,000 stellar spectra per year, to name but a
few. In a very real sense, IUE, more than any-
thing before it, expanded ultraviolet astronomy
from an interesting concept to a highly active
and fruitful area of astrophysical observations.

Ultraviolet astronomy has confirmed some
long-standing theories that previously lacked
sufficient evidence. The theory of a “gravita-
tional lens” had been predicted by the relativity
theories of Albert Einstein but had never been
supported by solid evidence. The gravitational
lens is a process in which the gravitational field
of a very massive object acts as a lens, bending
the radiation from a more distant object behind
it, distorting its image and often creating a dou-
ble or multiple image. Observations by the IUE
helped to indicate that such gravitational
lenses exist. The first such lens system was dis-
covered in 1979. Hubble routinely discovered
new gravitational lensing objects.

A full list of science achievements of EUVE
would be too long to include in this article.
Among some of those discoveries were the pro-
duction of an all-sky catalog containing a total
of 801 ultraviolet-emitting objects (in wave-
lengths from 7 to 76 nanometers), participation
in coordinated observations of numerous objects
at different wavelengths across the electro-
magnetic spectrum, some of the first ultraviolet
detections of extragalactic objects, measure-
ments of quasi-periodic oscillations in dwarf
novae, analyses of extreme ultraviolet spectral
white dwarf star companions to main sequence
stars, the detection of helium in a hot white
dwarf, and the first extreme ultraviolet obser-
vations of the Coma Cluster.

Ultraviolet observations with the Hubble
Space Telescope involved uses of the observa-
tory’s Goddard High Resolution Spectrograph
(GHRS), Faint Object Camera (FOC), and Faint
Object Spectrograph (FOS). GHRS and FOS
were replaced during the second Hubble servic-
ing mission (STS-82 in February, 1997). In their
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place were inserted the Space Telescope Im-
aging Spectrograph (STIS) and Near Infrared
Camera and Multi-Object Spectrometer
(NICMOS). During shuttle servicing mission
3B (STS-109 in March, 2002) the FOC was re-
placed by the Advanced Camera for Surveys
(ACS). STIS suffered a malfunction in August,
2004, and portions of the electronics for ACS
failed in 2006 and 2007. STIS and ACS were
scheduled to be repaired during one final shut-
tle servicing mission, during which repairs
would restore Hubble’s capability to conduct ul-
traviolet astronomy. That shuttle mission was
also intended to insert a new Wide Field Cam-
era 3 and the Cosmic Origins Spectrograph to
expand the observatory’s capability to make ul-
traviolet measurements of objects at great dis-
tances (and hence tremendously early times in
the cosmic past).

The July, 2008, edition of Physics Today pre-
sented research using ultraviolet data from
both FUSE and HST that indicated that as
much as 40 percent of the anticipated baryonic
matter is missing from the portion of the uni-
verse along the line of sight to energetic objects
such as quasars. The study involved collecting
ultraviolet spectral signatures of quasars. What
was anticipated was a typical quasar spectrum,
which also incorporated into it absorption lines
for the absorbing gas between the quasar source
and the telescope in Earth orbit detecting that
radiation. By analyzing the depth of absorption
lines cutting into the quasar’s spectral emis-
sions, astronomers were able to calculate the
density of the baryonic matter (originally
formed within just a few minutes of the big
bang) along the line of sight. It turned out to be
too low. Obviously, more investigations of the
intergalactic medium were necessary, or an ad-
justment of cosmological models would be in
order.

FUSE provided insight into the abundance of
deuterium in stars and studied a wide range of
astrophysical objects, such as the intergalactic
medium, cool stars, and galactic structures. By
recording absorption and emission lines in the
far-ultraviolet portion of the electromagnetic
spectrum, FUSE increased our understanding
of galactic, intergalactic, and extragalactic
chemical processes.

CONTEXT

For thousands of years, the human eye was
the only astronomical instrument. The eye
evolved to be most sensitive to the range of visi-
ble light, the most abundant source of radiation
at the surface of the Earth. Any celestial objects
that were dim or emitted radiation at mostly
nonoptical wavelengths remained invisible to
the eye, which limited the range of information
about the universe scientists could study.

The invention of the telescope radically al-
tered astronomy, not only because of the fainter
objects it allowed astronomers to see but also
because it opened up the possibility that there
was more to the universe than what the human
eye was able to image. Astronomy improved
dramatically over the next few centuries but re-
mained optical. The first sign that there was an-
other way to look at the universe with anything
other than optical wavelengths came in 1800,
when infrared radiation was discovered by Sir
William Herschel, who placed a thermometer
just outside the red range of the visible light
separated by a prism.

The opening up of the wavelengths of electro-
magnetic energy got under way with the rapid
growth of radio astronomy in the 1950’s and
1960’s and with the birth of the space program
during the same period. The space program al-
lowed ultraviolet astronomy to become an im-
portant new area of study. The potential value
of ultraviolet observation from space was pro-
posed to the U.S. Air Force in 1946 by the Amer-
ican astrophysicist Lyman Spitzer, Jr. With the
establishment of NASA in 1958, the concept of
placing orbiting observatories in Earth’s orbit
became a reality, and a series of orbiting obser-
vatories were launched over the next twenty
years.

The result of more than forty years of observ-
ing in all ranges of the spectrum is that astrono-
mers now have a more complete understanding
of the processes occurring in the universe. To-
day’s astronomers have taken images of the
stars and galaxies that were unimaginable to
the ancients, or even to the astronomers of a few
decades past. Ultraviolet astronomy is now at a
point where future missions will lose the “fron-
tier” feel of the early missions, with increasingly
complex and specialized missions. Even so, ex-
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citing new discoveries will continue to be made.
In addition to new observations, research using
information from the years of observations
made by the satellites since the 1960’s will allow
astronomers to gain new insights into virtually
every area of the universe.

Divonna Ogier
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Universe: Evolution
Category: The Cosmological Context

About 13 to 14 billion years ago, the big
bang occurred, creating the space, time,
matter, and energy of our universe. Since
then, space has expanded, galaxies of stars
have formed in that space, and the stars in
the galaxies have evolved. The evidence in-
dicates that the universe will continue to
expand forever. Indeed, the expansion ap-
pears to be accelerating, due to some un-
known cause referred to as “dark energy.”

OVERVIEW

Evidence we have from observing radiation
in all ranges of the electromagnetic spectrum—
particularly the infrared—has led astrophysi-
cists and cosmologists to conclude that, approxi-
mately 13 to 14 billion years ago, an explosive
event dubbed the big bang created space and
time, matter and energy from an unimaginably
hot, dense state whose origin is unknown. Ever
since the big bang, the universe has been ex-
panding and evolving. Events following the big
bang have been reconstructed in great detail by
using known physical laws to predict the behav-
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ior of matter and energy as the universe ex-
pands.

As the universe expanded, its temperature
and the density of both matter and electromag-
netic radiation all decreased. In the early, very
hot, very dense universe, cosmologists think
that all four fundamental forces of nature—
gravity, the strong nuclear force, the weak nu-
clear force, and the electromagnetic force—
were unified as one force, indistinguishable
because as yet unseparated from each other.
Models that would successfully combine these
four forces are called theories of everything (or
TOEs), but currently there is no workable TOE.

All TOEs, however, assume that the four
forces were unified only at the extremely high

energies, corresponding to extremely high tem-
peratures, that characterized the first few sec-
onds of the universe. Sometime between 10 and
43 seconds after the big bang (called the Planck
time), the temperature dropped to about 1032

kelvins, and gravity separated (“froze out”) from
the other forces. After about 10−35 second, the
temperature dropped to about 1028 kelvins, and
the strong nuclear force separated from the re-
maining two forces. The “freeze-out” of the
strong nuclear force may have been what initi-
ated a period of rapid inflation, in which the uni-
verse expanded exponentially, increasing in
size by a factor of about 1050 in the next 10−32 sec-
ond. This rapid inflation explains why distant
regions of the present universe appear so simi-
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lar, and why space on the large scale is so nearly
flat. Then the universe resumed the slower ex-
pansion it had been undergoing before inflation
occurred. After about 10−10 second, the tempera-
ture had dropped to 1015 kelvins, and finally the
weak nuclear and electromagnetic forces as-
sumed their separate characteristics.

The early universe was very hot and was
filled with high-energy gamma-ray photons.
When two gamma rays with sufficient energy
collided, their energy could be converted to
mass, as described by Einstein’s famous equa-
tion, E = mc2, which says that energy, E, and
mass, m, are equivalent and related by the
speed of light, c, squared. The mass appeared as
a particle-antiparticle pair in a process called
pair production. When a particle and its anti-
particle encountered each other, they would
mutually destroy each other in a process called
annihilation, in which their mass would be con-
verted back into energy as a pair of gamma-ray
photons. The rates of pair production and anni-
hilation were equal, and matter and radiation
were in a state of thermal equilibrium. How-
ever, as the universe continued to expand, the
temperature dropped to the point that the pho-
tons no longer had enough energy to produce
specific particle-antiparticle pairs. Once the
temperature had dropped below the threshold
temperature for a particular type of pair pro-
duction, no more of those particle-antiparticle
pairs were formed, and those that had formed
previously quickly annihilated each other.

The threshold temperature for proton-
antiproton pair production is about 1013 kelvins;
this temperature was reached when the uni-
verse was about 10−4 second old, after which no
more proton-antiproton pairs were produced,
and those protons and antiprotons that had
been produced previously annihilated each
other. The threshold temperature for electron-
positron (another name for an antielectron) pair
production is about 6 × 109 kelvins; that temper-
ature was reached after a few seconds, after
which no more electron-positron pairs were pro-
duced, and those electrons and positrons that
had been produced previously annihilated each
other. If exactly equal numbers of particles and
antiparticles had been created, they all would
have annihilated each other, and there would be

no matter or antimatter in the universe today.
However, we live today in a universe composed
predominantly of matter. Consequently, a slight
excess of particles over antiparticles must have
been created, by about one part in a billion; they
survived and constitute the matter in the pres-
ent universe.

Electrons could combine with protons to form
neutrons, and protons and neutrons could com-
bine to form nuclei of deuterium (also called
heavy hydrogen), each deuterium nucleus con-
sisting of one proton and one neutron held to-
gether by the strong nuclear force. High-energy
gamma rays could break deuterium nuclei back
into protons and neutrons as fast as they had
formed, but by about three minutes after the big
bang, the temperature had dropped to about one
billion kelvins, and photons no longer had
enough energy to break up deuterium nuclei.
This began the time of nucleogenesis, when deu-
terium nuclei could fuse into helium nuclei and
even form some lithium and beryllium nuclei.
However, after about 15 minutes, the tempera-
ture had dropped to a few hundred million kel-
vins, and the nuclei no longer were moving fast
enough to overcome their electrical repulsion.
The nucleosynthesis of heavier elements by fu-
sion would have to wait till much later, when it
would occur in stars. This established the over-
all composition of the universe today—about
one atom of helium for every ten atoms of hydro-
gen, with only very small amounts of all the
other chemical elements.

In the early universe, the density of electro-
magnetic radiation was greater than the den-
sity of matter, but as the universe expanded the
radiation density decreased more quickly than
the matter density. Several thousand years af-
ter the big bang, at a time called the crossover
time, the density of radiation and matter were
equal. From that time on, the universe has been
dominated by matter. At the high temperatures
of the early universe, the matter was ionized,
meaning it consisted of free electrons and bare
atomic nuclei. Free electrons are very effective
at scattering photons of electromagnetic radia-
tion, so the early universe was opaque; photons
could not travel far before encountering free
electrons and being scattered in new directions.
About 300,000 to 400,000 years after the big
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bang, the temperature dropped to about 3,000
kelvins, and the electrons could combine with
nuclei to form neutral atoms. Neutral atoms are
able to absorb only certain specific photon ener-
gies, so the universe became transparent to most
photons, and matter and radiation decoupled.
The photons could travel freely through the uni-
verse, and today we observe them as the greatly
redshifted cosmic microwave background radia-
tion.

After matter and radiation de-
coupled, small fluctuations in the
distribution of matter started to
grow; slightly denser regions grav-
itationally attracted matter from
surrounding areas and became
denser still. Within the first billion
years, they developed into small
protogalaxies or pregalactic frag-
ments in which the first stars
formed by gravitational contrac-
tion of clouds of gas. Through
mergers, the protogalaxies formed
larger systems of stars, the galax-
ies that make up the universe to-
day. Within the galaxies, stars
continue to form by the gravita-
tional contraction of gas clouds,
and at least some stars develop
families of planets as a by-product
of their own formation. It is stars
that synthesize the heavier chemi-
cal elements. Some of the elements
are formed by nuclear fusion pro-
cesses during the active, energy-
producing lives of the stars. Oth-
ers are formed when stars explode
as supernovae. Whether stars end
their energy-producing lives vio-
lently as supernovae or more qui-
etly, they expel some or most of
their mass, and this disperses the
heavier elements into the inter-
stellar material, enriching the
clouds of gas and dust from which
new stars form.

The Milky Way galaxy formed
more than 12 billion years ago.
The Sun and its solar system
formed from a cloud of gas and

dust about 4.5 billion years ago. Without the
nucleosynthesis of heavier elements by earlier
generations of stars, there would be no carbon,
oxygen, silicon, iron, or any of the many other el-
ements needed to form a rocky planet like Earth
and the life it supports.

Observations of distant galaxies indicate
that the expansion of the universe is accelerat-
ing. The cause is unknown, but it is has been
given the name “dark energy.” If the expansion
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continues to accelerate, the distances between
galaxies will grow ever greater. Eventually, all
the matter in the galaxies will be processed into
stars, the stars will all run out of energy and die,
and the universe will grow dark and cold.

METHODS OF STUDY

An expanding universe is predicted by Albert
Einstein’s general theory of relativity. This
conclusion was arrived at independently by
Alexander Friedmann in 1922 and Georges
Lemaître in 1927 from solutions they found to
the field equations of general relativity applied
to the structure of the universe. In 1929, Edwin
Powell Hubble showed that the universe actu-
ally is (or at least appears to be) expanding
when he discovered that the distances of thirty-
one galaxies were correlated with the redshifts
of their spectra. The cosmological explanation
for this relationship is that, from the perspec-
tive of observers on Earth, the expansion of
space stretches the wavelengths of electromag-
netic radiation as it travels through space from
the source to the observer. The greater the dis-
tance between source and observer, the longer it
takes electromagnetic radiation to travel the
distance, the longer the universe has been ex-
panding, and the more the wavelengths are
stretched. The long-wavelength end of the visi-
ble light spectrum is the red end, so the expan-
sion of space shifts visible light to longer, redder
wavelengths. The term “redshift” refers to a
shift toward longer wavelengths of a photon of
light in any portion of the electromagnetic spec-
trum, whether visible light or not, hence a shift
toward the lower energy of that photon.

The cosmic scale factor R(t) is defined to be a
measure of how the universe changes in size as
a function of time. Changes in the cosmic scale
factor can be determined directly from the spec-
tral redshifts. The amount the wavelengths are
lengthened tells cosmologists how much the
universe has expanded since the light was emit-
ted; for example, if the features of some spec-
trum all have double their expected wave-
lengths, then the size of the universe and the
cosmic scale factor have both doubled since the
light was emitted; to put it another way, the uni-
verse and cosmic scale factor then both were
half as big as they are now.

Lemaître, in 1927, was the first to propose
that the expansion of the universe began from a
compact, dense initial state—the “primeval
atom” as he called it—which “fissioned” into all
atoms in the universe today. Although wrong in
the details, Lemaître’s basic idea of expansion
and evolution from a compact initial state has
been developed into the big bang model of mod-
ern cosmology. Events following the big bang
have been reconstructed in great detail by using
known physical laws to predict the behavior of
matter and energy as the universe expands.

Space is filled with electromagnetic radiation
that has been traveling freely since the universe
became transparent a few hundred thousand
years after the big bang. Its serendipitous dis-
covery by Arno Penzias and Robert Wilson in
1965 was a significant confirmation of a hot,
dense big bang origin for the universe. This is
thermal blackbody radiation, so the wavelength
at which it is “brightest” is inversely propor-
tional to the temperature. As the universe has
expanded, the wavelength at which it is bright-
est has increased linearly with the cosmic scale
factor R. Thus the temperature T decreases as
the inverse of the cosmic scale factor R. Since
the temperature of the cosmic background radi-
ation now is about 3 kelvins and the tempera-
ture at which the universe became transparent
was about 3,000 kelvins, the universe has ex-
panded by a factor of about 1,000 since then.

The expansion of the universe causes the
density of both matter and radiation to decrease
with time. Since volume increases as R3, the
density of matter decreases as the inverse of R3.
However, the density of the energy of electro-
magnetic radiation decreases as the inverse of
R4. This is because the number of photons of
electromagnetic radiation per volume of space
decreases as the inverse of R3, and the energy of
each photon decreases as the inverse of R; the
wavelength associated with each photon in-
creases linearly with R, and wavelength and
photon energy are inversely related. Thus the
density of electromagnetic energy decreases as
the inverse of R3 times the inverse of R, which
equals the inverse of R4. This means that the
density of radiation energy decreases more
rapidly than matter density as the universe ex-
pands. Currently the density of matter is sev-
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eral thousand times the density of electromag-
netic energy, but at an earlier time, when the
universe and the cosmic scale factor were sev-
eral thousand times smaller than they are now,
the density of matter and electromagnetic en-
ergy were equal. The time when the densities of
matter and electromagnetic radiation were
equal is called the crossover time; before that,
the density of electromagnetic radiation was
greater than the density of matter. Current esti-
mates of the crossover time place it several
thousand years after the big bang.

The discovery that the expansion of the uni-
verse is accelerating was completely unex-
pected; in fact, it was discovered during an at-
tempt to measure how much the expansion was
decelerating. The models of the universe de-
rived from the simplest form of general relativ-
ity all predict the expansion should be slowing.
If it were slowing only a little, then the universe
would be open and the expansion would con-
tinue forever. If it were slowing enough, then
eventually the expansion would stop and the
universe would begin to contract back on itself.
It was expected that measuring the redshifts of
very distant galaxies would show how much
faster the expansion was in the long-ago past,
when the light we now receive left those galax-
ies. However, the observational evidence indi-
cates the expansion was slower in the past,
meaning the expansion has been accelerating.

CONTEXT

Throughout history, humankind has won-
dered about the origin and fate of the Earth, its
life, and the universe. This desire to understand
our origins has led nearly every culture to form
some kind of “creation myth.” In Western cul-
ture, many religious and philosophical beliefs
about the origin of the universe can be traced
back thousands of years to the creation myths of
the Middle East. Although science cannot ex-
plain the origin of what Lemaître called the
“primeval atom,” evidence from observations of
phenomena billions of light-years old has now
provided more definitive answers to many ques-
tions that humans have pondered for thousands
of years.

Perhaps the most crucial of these questions is
how the universe formed. Physics, coupled with

astronomical observations, has helped us work
out the events and processes that likely oc-
curred in the aftermath of the big bang. Our
models of the evolution of the universe have pro-
found implications for understanding life on
Earth. The universe seems “fine-tuned” for the
existence of life as we know it. If the physical
laws and constants were changed slightly, the
universe would be a very different place, and life
as we know it could not exist. Some scientists
explain this by invoking what is called the
anthropic principle: The universe has to be the
way it is because we are here; if conditions did
not permit the development of life, we would not
be here to speculate about it. Others argue that
the odds are too great against it just being
chance that the universe is the way it is, and
suggest that it may have been deliberately de-
signed that way. Still others speculate that our
universe is just one of many universes, each
with its own physical laws and constants; we
live in the one in which life as we know it is pos-
sible.

Another aspect of the evolution of the uni-
verse with profound implications is its future
and ultimate fate. If the expansion continues to
accelerate, eventually, some billions of years
from now, all matter will be processed into
stars, all stars will run out of energy, and the
universe will grow cold and dark.
Michael L. McKinney and Richard R. Erickson
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Universe: Expansion
Category: The Cosmological Context

The universe is expanding, with the most
distant galaxies receding at the greatest
speeds. The rate of expansion and any
change in the rate of expansion are critical
data that provide constraints on the origin
and ultimate future of the universe.

OVERVIEW

Galaxies are vast collections of millions to
trillions of stars, all gravitationally bound to-
gether; our Sun and solar system are part of the
Milky Way galaxy, which contains several hun-
dred billion stars. There are billions of galaxies,
and they are gravitationally bound together in
galaxy clusters that contain between a few tens
to a few thousand galaxies; our Milky Way gal-
axy is part of the cluster named the Local Group
which contains over 40 known members, almost
all of which are much smaller than our Milky
Way galaxy.

Beginning in 1912, Vesto Melvin Slipher
used the 24-inch refracting telescope at Lowell
Observatory in Arizona to obtain spectra of ob-
jects called spiral nebulae. (At that time, it was
not known that they actually were galaxies, al-
though some astronomers thought they might
be.) He found that, although a few of them had
spectra that were shifted toward shorter, bluer
wavelengths, most of their spectra were shifted
toward longer, redder wavelengths, and some of
the redshifts were surprisingly large. If the

spectral shifts were Doppler in origin (produced
by motion of the spiral nebulae along the line of
sight), then most of the spiral nebulae were
moving away from us at high speed.

In the 1920’s, using the Mount Wilson Obser-
vatory’s 100-inch reflecting telescope (then the
largest in the world), Edwin Powell Hubble suc-
ceeded in resolving individual stars in some of
the spiral nebulae, including M31—the spiral
nebula in Andromeda—and NGC 6822. He
found that some of the stars were Cepheid vari-
ables. Earlier, Henrietta Swan Leavitt at Har-
vard had discovered that the average luminos-
ity of a Cepheid variable is related to its period
of light variation. The bigger the Cepheid vari-
able, the longer it takes to pulsate and thus the
longer its period of light variation. Also, the big-
ger the star, the brighter its average luminosity.
Using the periods of the Cepheid variables,
Hubble could determine their luminosities, or
real brightnesses. By comparing their real
brightnesses with their apparent brightnesses,
Hubble was able to determine their distances,
which placed them, and the spiral nebulae that
contained them, far outside the Milky Way gal-
axy. This showed that spiral nebulae really
were spiral galaxies, similar to the Milky Way
galaxy, as had been suggested by the philoso-
pher Immanuel Kant and others as early as
1755.

In 1929, Hubble, assisted by Milton Huma-
son, announced a correlation between the dis-
tances and spectral shifts of about thirty galax-
ies. Only a few of the nearer galaxies had
blueshifted spectra; most had redshifted spec-
tra with the size of the redshift proportional to
distance (a relation now known as Hubble’s
law). If the redshift is due to motion away from
us, then the farther away a galaxy is from us,
the faster it is moving away. Hubble and
Humason discovered that the universe appears
to be expanding, with the distances between
galaxies continuing to grow larger.

Actually, an expanding universe had been
predicted earlier. In 1922, the Russian mathe-
matical physicist Alexander Alexandrovich
Friedmann and, indepedently in 1927, the Bel-
gian priest and cosmologist Georges Lemaître
had found two classes of solutions to the field
equations of Albert Einstein’s general theory of
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relativity. In one type of solu-
tion, called open, the universe
continues to expand forever. In
the other type of solution, called
closed, the universe will expand
to some maximum size and then
contract. In 1932, Einstein and
the Dutch astronomer Willem
de Sitter found a third solution,
called flat or critical, in which
the universe expands forever,
but just barely; it is the bound-
ary case between the other two.

Lemaître was the first to pro-
pose that the expanding uni-
verse had its origin in a small,
super-dense state—the “prime-
val atom.” Later, this idea was
expanded into a sort of primor-
dial “explosion” that created
space and time, matter and en-
ergy. In the 1950’s, it came to be
called the big bang. In all such
big bang models, the universe
evolves; as the distance be-
tween galaxies increases, the
density of matter and the den-
sity of radiation decrease.

An alternative, the steady
state theory, was presented by
the British cosmologists Her-
mann Bondi, Tom Gold, and
Fred Hoyle in 1948. In this model, as the uni-
verse expands, new matter is spontaneously
created in the space between the galaxies at just
the right rate to keep the average density of
matter constant. Such a universe has neither
beginning nor end. Both the steady state and
big bang models had supporters throughout the
1950’s, but by the mid- to late 1960’s, observa-
tional evidence mounted that the universe was
expanding from an early high-density state,
and the steady state theory gradually fell out of
favor.

A simple estimate of the time since the big
bang can be found from Hubble’s law. Since the
speed of recession is proportional to distance,
then at some time in the past all space was in-
finitesimally small. The relation of the slope of
the speed v versus distance r is called the Hub-

ble constant H, and v = Hr. The reciprocal of the
Hubble constant, 1/H, is called the Hubble time
or Hubble age, tH: tH = 1/H . If nothing has sped
up or slowed down the expansion, the Hubble
age is the time since the expansion began. Most
recent determinations of H put it in the range of
about 70 to 75 kilometers per second per million
parsecs, which gives a Hubble age of 13 to 14 bil-
lion years.

However, it was expected that the expansion
should slow down or decelerate with time, due
to the gravity of all the mass in the universe.
The only question was whether the expansion
would slow down just a little and the universe
would keep expanding forever, or whether the
expansion would slow down enough to stop, af-
ter which the universe would begin to contract.
In any case, the actual age of the universe would
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Fred Hoyle and the Steady State Theory
Troubled by the problems presented by George Gamow’s early

theory of the big bang, Fred Hoyle and the University of Cam-
bridge developed an alternative and well-respected proposal: the
“steady state” theory.

Ironically, the term “big bang” had been coined by its main ad-
versary—Hoyle himself—during one of his series of BBC radio
talks. Hoyle used the term to belittle Gamow’s theory. Hoyle fa-
vored a different view: that the universe, although currently ex-
panding, was infinitely old and in the long term existed in a
steady state. Galaxies were not receding from each other as the
aftermath of a primordial explosion (which defenders of the big
bang held). Rather, space was being created between galaxies at
a constant rate, and hydrogen was being created to fill that space,
coalescing into nebular clouds that then formed young stars and
galaxies among the old.

The problem with this theory was that it contradicted the law
of the conservation of matter: namely, that matter could neither
be created nor be destroyed without being converted into energy.
In the 1950’s, the discovery of radio galaxies by Sir Martin Ryle
revealed that galaxies had evolved billions of years ago, support-
ing the big bang theory.

Once Arno Penzias and Robert Wilson discovered the cosmic
microwave background radiation, Hoyle’s steady state theory was
largely abandoned in favor of the theory he himself had named:
the big bang. Although Hoyle revised his theory to account for the
background radiation, his once dominant view of the universe
was out of favor. Hoyle, however, remained philosophical to the
end: “The Universe eventually has its way over the prejudices of
men, and I optimistically think it will do so again.”



be less than the Hubble age; if the universe were
slowing down so much that eventually it would
stop and then begin to contract, the actual age
would be less than two-thirds the Hubble age.
The difference in the cases depends, in part, on
the density of matter in the universe. If the den-
sity were great enough, gravity would be strong
enough to halt the expansion and cause the uni-
verse to contract; otherwise, the universe would
continue to expand forever.

There are several observational tests for the
ultimate fate of the universe. Attempts at mea-
suring the density of matter that could be ob-
served found much too low a density (by about a
factor of 30) to stop the expansion, implying the
universe would easily expand forever. On the
other hand, the size of small fluctuations in the
cosmic background radiation indicated the uni-
verse has a geometry that is very nearly flat,
which is the geometry of the borderline case in
which the universe just barely expands forever.
Beginning in the 1990’s, two independent re-
search groups tried to detect a change in the
rate of expansion, the presumed decelera-
tion, by measuring the redshifts of very distant
galaxies, and using Type Ia supernovae in
them as “standard candles” to determine their
distances. Contrary to all expectations, both
groups found that the expansion has not been
slowing down, but instead has been speeding
up. This acceleration of the expansion has been
attributed to some unknown mechanism called
“dark energy,” which seems to account for about
70 to 75 percent of all the matter and energy in
the universe. If the acceleration continues, then
the distance between clusters of galaxies will
continue to grow at an increasing rate, and the
universe will appear more and more empty.

METHODS OF STUDY

The expansion of the universe was initially
predicted in the early 1900’s by solutions to the
field equations of Einstein’s general theory of
relativity. The observational demonstration of
it comes from the redshift of galaxy spectra,
which is interpreted to mean that galaxies are
receding from each other. However, the expan-
sion of the universe is not occurring because the
galaxies are moving through space; the galaxies
are moving with space as space itself expands.

Thus the redshift is not due to the Doppler ef-
fect, which is produced by the motion of objects
through space; instead, the redshift is termed
cosmological, meaning it is due to the expansion
of space itself. This might seem to be just a se-
mantic difference, but there is a fundamental
physical and mathematical difference. As space
expands, carrying the galaxies with it, the
wavelengths of electromagnetic radiation are
stretched by the expansion of space. (Think of
the wavelengths being drawn on the surface of a
balloon that is being inflated. As the balloon ex-
pands, the wavelengths get longer.) The equa-
tion converting redshift into recessional speed
is not the same for Doppler and cosmological
redshifts. At small redshifts and speeds slow
compared to the speed of light, both equations
reduce to the same approximate form. However,
for large redshifts and large speeds, the equa-
tions are significantly different. Conceptually,
the two types of cause for the redshift are com-
pletely different, even though both involve ob-
jects receding from each other.

Since all forms of electromagnetic radiation
(including visible light) have the same speed in
vacuum, about 300,000 kilometers per second,
astronomers can look back in time simply by ob-
serving objects at greater distances. The farther
away something is, the longer it has taken elec-
tromagnetic radiation to reach us. Therefore,
light from distant galaxies is light from the dis-
tant past. This is why cosmology generally re-
quires the use of the largest telescopes, includ-
ing both ground-based and space telescopes, so
as to be able to observe objects that appear very
faint because they are very far away. Observing
galaxies at greater distances provides views of
what the universe was like in the past and what
it was doing then. This is how astronomers have
discovered that the expansion was not occur-
ring as rapidly in the past as it is now, meaning
that the expansion is accelerating.

The greatest uncertainty about observing ob-
jects at large distances is determining just how
large the distances are. Very large distances
generally are measured by techniques called
standard candle methods. A “standard candle”
is an object whose luminosity or real brightness
is known more or less accurately by some
means. The known (or estimated) real bright-
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ness is compared to the measured apparent
brightness to yield the distance.

Hubble and countless others since then have
employed Cepheid variables as standard can-
dles to determine galaxy distances. Cepheid
variables are supergiant stars, thousands of
times more luminous than our Sun. The period-
luminosity relation for Cepheids discovered by
Henrietta Leavitt more than a century ago is
used to determine the average real brightness
by measuring the period of light variation. How-
ever, even though Cepheids are intrinsically
bright, they can be detected out to distances on
the order of only 100 million light-years.

To detect changes in the expansion rate of the
universe requires comparing the expansion
long ago with the expansion now. Measuring
the expansion long ago means observing galax-
ies at very great distances, out to billions of
light-years. Type Ia supernovae are the stan-
dard candles used for such large distances. A
Type Ia supernova is a white dwarf star that ex-
plodes violently when it acquires enough matter
from a nearby companion star to push its mass
over the Chandrasekhar limit of 1.4 solar
masses. When this happens, it becomes about
3 billion times brighter than the Sun and can
be seen at distances of billions of light-years.

Galaxies at such large distances, as deter-
mined by Type Ia supernovae in them, have had
the redshifts of their spectra measured. It was
expected that these data would show the expan-
sion of the universe in the past, when the light
we now receive left those galaxies was greater
than it is now; just how much greater would
show how much the expansion has slowed
down. Contrary to expectations, however, the
data show that the expansion in the past was
slower than it is now, indicating that the expan-
sion of the universe is accelerating.

CONTEXT

The discovery of the expansion of the universe
forced a revolutionary change in ideas about the
universe. Before then, the origin of the universe
was a subject for metaphysics or theology. The
expansion discovered by Hubble and Humason
and the moment of creation first proposed by
Lemaître and later called the big bang moved
such questions into the realm of science.

The redshifted spectra of galaxies showed
that the universe was expanding. The relation
between redshift and distance, Hubble’s law, al-
lowed astronomers to estimate the age of the
universe. The finite speed of light means that
looking out to greater distances is equivalent to
looking farther back in time. A major factor
spurring the building of larger telescopes has
been the desire to observe fainter objects at
larger distances and hence at earlier times
closer to the origin of the universe. Further-
more, the development of new technology and
observing techniques has permitted astrono-
mers to study the universe and its origin not
only with visible light but also over the radio, in-
frared, ultraviolet, X-ray, and gamma-ray parts
of the electromagnetic spectrum. All this has re-
vealed more information not only about the ori-
gin of the universe but also about its future.

During most of the twentieth century, a ma-
jor question about the expansion of the universe
was whether the universe would continue to ex-
pand forever or would someday stop and even-
tually collapse. Astronomers needed observa-
tions of more distant galaxies to determine how
much the expansion of the universe is slowing.
However, such measurements made in the
1990’s showed the expansion is not decelerating
but accelerating. This has led to new theories
and models about what has come to be called
dark energy, the name given to whatever might
be making the expansion accelerate.

Questions about the origin and expansion of
the universe bring together general relativity
and quantum mechanics, but as they stand
now, these two theories are not fully compati-
ble. Also, it is hypothesized that at the very high
temperatures and energies in the first moments
after the big bang, all four fundamental forces—
gravity, strong nuclear, weak nuclear, and elec-
tromagnetic—were unified as one; as the uni-
verse expanded and cooled, the forces sepa-
rated. Attempts to unify the strong nuclear,
weak nuclear, and electromagnetic forces are
called grand unified theories (GUTs). Theories
that try to unify gravity with the other three
forces are called theories of everything (TOEs).
The details of such unified theories have yet to
be worked out. Furthermore, new observations
made with new observing techniques may re-
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sult in quite unexpected discoveries, leading
again to new ideas about the universe.

Pamela R. Justice and Richard R. Erickson
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Universe: Structure
Category: The Cosmological Context

Galaxies are gravitationally bound assem-
blages of millions to tens of trillions of
stars. Galaxies are not scattered randomly
across the universe but instead are grouped
together in galaxy clusters, consisting of
several tens to many thousands of individ-
ual galaxies. There is growing evidence of
connective patterns between galaxy clus-
ters stretching across regions at least as
large as many hundreds of millions of
light-years. Explaining the observed fea-
tures of this large-scale structure is a chal-
lenge to cosmologists that puts limits on ac-
ceptable models of the origin and evolution
of the universe.

OVERVIEW

The contents of the universe are arranged in
a hierarchy of structures. Stars, of which our
Sun is a familiar example, are hot balls of gas
that generate energy through nuclear fusion re-
actions. There is growing evidence that many
stars are orbited by families of planets, analo-
gous to our solar system. Stars (and their fami-
lies of planets, if they have them) are gravita-
tionally bound together into galaxies, vast
collections of millions to tens of trillions of stars,
spanning thousands to hundreds of thousands
of light-years. Our Sun and solar system are
part of the Milky Way galaxy, a moderately
large spiral galaxy consisting of several hun-
dred billion stars along with gas and dust.

Galaxies in turn are gravitationally bound
together into galaxy clusters, containing from
several tens to many thousands of galaxies. The
Milky Way galaxy is part of the Local Group, a
small galaxy cluster containing about forty
members. Galaxy clusters group together to
form superclusters. The Local Group is part of
the Virgo supercluster, containing several tens
of thousands of individual galaxies and span-
ning more than 100 million light-years. On a
still larger scale, galaxies, clusters, and super-
clusters appear to be arranged in a network of
filaments and walls surrounding large, nearly
empty voids or bubbles hundreds of millions of
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light-years across. This overall large-scale
structure has been described as “frothy,” or
analogous to Swiss cheese with all its holes.

Understanding the structure and evolution
of the universe requires evidence about the dis-
tribution of matter on the largest scales. Most
models of the universe satisfy the cosmological
principle. This is the assumption that, at any
moment, the large-scale structure of the uni-
verse looks the same from all places (homogene-
ity) and in all directions (isotropy).

When Albert Einstein published his general
theory of relativity in 1916, in which gravity is
treated as a warping of space-time, almost im-
mediately it was recognized that it would have a
profound impact on cosmological models. Ein-
stein himself tried applying it to a static uni-
verse and found that he needed to add an arbi-
trary term, which was called the cosmological
term or cosmological constant, to obtain a static
solution.

In 1922, the Russian mathematical physicist
Alexander Alexandrovich Friedmann and in
1927 the Belgian priest and cosmologist Geor-
ges Lemaître independently derived two classes

of homogeneous and isotropic solutions (with-
out the cosmological constant) in which the uni-
verse expands. In one of these classes, space has
a uniform positive curvature and finite extent
though no boundary; the universe is said to be
closed because it expands to some maximum
size and then contracts. The two-dimensional
surface (not including the interior volume) of a
three-dimensional sphere is such a space; mo-
tion on the surface is never blocked by a barrier
(perimeter line), but the area of the surface is fi-
nite. In the other class, space is negatively
curved and of infinite extent; the universe is
said to be open because it expands forever. In
two dimensions, such a surface is termed
“hyperboloid”; a saddle is an example of a finite
part of such a surface which mathematically ex-
tends to infinity if it lacks a boundary curve. In
1932, Einstein and the Dutch astronomer
Williem de Sitter proposed a third type of ex-
panding model without the cosmological con-
stant. In it, space is flat and infinite, geometry is
Euclidean, and the universe just barely ex-
pands forever; it is the boundary case between
the two Friedmann-Lemaître solutions. In two
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In 2003, the Wilkinson Microwave Anisotropy Probe produced this high-resolution map of the universe’s micro-
wave radiation only 380,000 years after the big bang. These data helped to prove that the age of the universe is 13.7
billion years; that 73 percent of the universe is composed of dark energy, 23 percent of cold dark matter, and 4 per-
cent of atoms; and that the universe will continue to expand. (NASA/WMAP Science Team)



dimensions, the surface of a plane is flat and in-
finite. These are the only three possible spatial
geometries and types of models that can be solu-
tions of Einstein’s gravitational field equations
under the assumptions of homogeneity and iso-
tropy.

The common feature of these models is that
their scale factors (the distance between repre-
sentative points, such as clusters of galaxies)
change with time; the universe must be either
expanding or contracting. In 1929, Edwin
Powell Hubble published the first observational
evidence that the universe is indeed expanding.
Using the 100-inch reflecting telescope on
Mount Wilson (then the largest telescope in the
world), he found that the more distant a galaxy
is, the greater its spectrum is redshifted. This
means all features in the spectrum are shifted
to longer than normal wavelengths, and this
can be due to motion away from us.

If the universe is expanding, the scale factor
was smaller in the past, and the local densities
of both matter and radiation were greater. How-
ever, the mass density of matter varies in-
versely as the scale factor cubed, while the en-
ergy density of radiation varies inversely as the
scale factor to the fourth power. At sufficiently
early times when the scale factor was smaller,
the density of radiation was greater than the
density of matter, and the universe was domi-
nated by radiation. With time, as the scale fac-
tor increased and the universe expanded, the
density of radiation decreased faster than the
density of matter did, and eventually the uni-
verse became dominated by matter, as it is
today.

The universe today is “lumpy” on a variety of
scales: stars, galaxies, galaxy clusters, super-
clusters, and “walls” and “voids.” In recent
years, there has been growing interest in trying
to understand how an initially homogeneous big
bang could produce the lumpy inhomogeneities
observed today. This is called the homogeneity
problem.

APPLICATIONS

Galaxy surveys carried out to great distances
show that the density of galaxies in voids is typi-
cally a factor of ten less than average, and the
density in the narrow but long walls and fila-

ments is typically a factor of ten thousand
greater than average. Explaining the origin of
such variations in density from an early uni-
verse that was amazingly homogeneous is a ma-
jor challenge in modern cosmology.

The cosmic microwave background radiation
(called the CMB or CBR for short), coming from
a time a few hundred thousand years after the
big bang when the matter in the expanding uni-
verse became transparent, is remarkably uni-
form and isotropic. However, detailed observa-
tions of it made by the Cosmic Background
Explorer (COBE) satellite, the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) satellite,
and the Balloon Observations of Millimetric
Extragalactic Radiation and Geomagnetics
(BOOMERANG) project in Antarctica do reveal
small variations. The data perfectly fit a
blackbody Planck curve for a temperature of
2.735 kelvins. Removing a slight asymmetry in
temperature (about 0.007 kelvins) in opposite
directions, presumably due to the motion of our
solar system through the background radiation,
leaves very small temperature fluctuations on
the order of 10 micro-kelvins, about one degree
in angular size. The hotter regions had slightly
higher densities, and they are about the right
size to develop into clusters and superclusters of
galaxies.

The initial formation of the hotter, denser re-
gions and their evolution into galaxy clusters
and superclusters may involve dark matter.
This is the name now used to refer to what
formerly was called “missing mass.” In many
situations in astronomy, the amount of matter
that can be detected through the electromag-
netic radiation that it emits (whether radio
waves, visible light, or other wavelengths) is
much less—typically by a factor of about 5 to
50—than what is needed gravitationally to hold
galaxies, clusters of galaxies, and superclusters
together and to account for gravitational lens-
ing of distant objects. Most astrophysicists con-
sider the gravitational estimates reasonably
well established, and thus believe the mass is
not “missing” but simply is not emitting elec-
tromagnetic radiation. The challenge is to ex-
plain the nature of the dark matter, which is
much more abundant than ordinary luminous
matter.
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Various observational tests suggest that non-
luminous ordinary matter (perhaps in the form
of boulders, planet-sized objects, black dwarfs,
black holes, and other known nonemitting enti-
ties) can account for no more than about 10 to 12
percent of dark matter. Thus most dark matter
must be in some more exotic form. One sugges-
tion involves weakly interacting massive parti-
cles (WIMPs), subatomic particles that, like
neutrinos, interact very rarely with ordinary
matter (other than gravitationally) but are
much more massive than neutrinos.

Whatever dark matter is, it seems to be nec-
essary to give us the universe we observe today.
Temperature (and hence density) fluctuations
revealed in the background radiation are about
the right size to develop into galaxy clusters and
superclusters, but they do not contain enough
ordinary matter to contract gravitationally into
protogalaxies as quickly as galaxies seem to
have formed after the big bang. Adding a lot of
dark matter to these density fluctuations stim-
ulates the rapid growth of galaxies because of
the increased gravitational attraction.

Temperature and density fluctuations re-
corded in the background radiation probably
are due to very small quantum fluctuations that
occurred spontaneously during the first 10−35

second after the big bang, and then were magni-
fied by many orders of magnitude during the era
of cosmic inflation, when the universe expanded
exponentially in the next 10−30 second. Since or-
dinary matter was opaque to electromagnetic
radiation until a few hundred thousand years
after the big bang, it would have been buffeted
and kept smoothed out by the strong radiation
field until finally the ordinary matter became
transparent and decoupled from the radiation.
However, since dark matter does not seem to in-
teract with electromagnetic radiation, it would
have been able to collect in the magnified quan-
tum fluctuations as soon as inflation ended and
thus built up density concentrations to attract
ordinary matter later.

Another idea that may be relevant to the for-
mation of large-scale structure in the universe
is cosmic string theory. According to string the-
ory, space-time has ten or eleven dimensions,
but most are “rolled up” or compacted so that
only the familiar four space-time dimensions

(length, height, width, and time) are noticeable.
Cosmic strings are hypothetical long, thin, line-
like concentrations of unbroken symmetry left
over from the spontaneous symmetry breaking
that occurred when the electromagnetic, weak
nuclear, and strong nuclear forces separated to
bring the grand unification era to a close. Spe-
cific multidimensional modes of vibration of cos-
mic strings are thought to be manifested as all
the particles and forces in the universe. In the
early universe, cosmic strings may have served
as “seeds” for the formation of long concentra-
tions of matter, like droplets condensing on a
wire, which later evolved into filamentary
chains of galaxies.

CONTEXT

The history of the quest to understand the
structure of the universe has been a progression
toward recognition of ever more subtle organi-
zation at ever-larger scales. Just about all cul-
tures and societies have divided naked-eye
stars of the night sky into patterns we call con-
stellations. In early Greco-Roman cosmology
(and in many others), stars were attached to
the inside of a hollow sphere—the celestial
sphere—that enclosed the Earth fixed at the
sphere’s center. In the early 1600’s, Galileo, in
the first recorded use of telescopes to systemati-
cally study the sky, discovered there were many
stars too faint to be seen with the unaided eye.
Gradually during the 1600’s, the idea developed
that stars were similar to our Sun, and there-
fore their different apparent brightnesses
meant that they were at different distances
from us. Consequently the stars in a given pat-
tern or constellation might not be a real group-
ing in space but could be at very different dis-
tances from us.

However, this idea could not be confirmed
until the distances of stars could be measured
directly. The first successful measurements of
stellar distances were made in 1838 and 1839,
independently by Friedrich Wilhelm Bessel in
Germany, Thomas Henderson in South Africa,
and Friedrich Georg Wilhelm von Struve in
Russia. They all used the method of trigonomet-
ric parallax. That involved measuring small
changes in the apparent positions of nearby
stars relative to more distant stars as seen from
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Leavitt, Shapley, and the Period-Luminosity Scale
In 1902, Henrietta Swan Leavitt became a per-

manent staff member at Harvard College Obser-
vatory. She studied variable stars, stars that
change their luminosity (brightness) in a fairly
predictable pattern over time. During her tenure
at Harvard, Leavitt observed and photographed
nearly 2,500 variable stars, measuring their
luminosities over time. She was equipped with
photographs of the Large and Small Magellanic
Clouds collected from Harvard’s Peruvian obser-
vatory. The Magellanic Clouds are very small gal-
axies visible in the Southern Hemisphere and
close to the Milky Way. The Small Magellanic
Cloud contained seventeen Cepheid variables
having very predictable periods ranging from 1.25
days to 127 days. Leavitt carefully measured the
brightening and dimming of the seventeen Cephe-
ids during their respective periods. She collected
photographs of other Cepheids in the Magellanic
Clouds and made additional period-luminosity
studies. In a circular dated March 3, 1912, she
stated:

The measurement and discussion of these ob-
jects present problems of unusual difficulty, on
account of the large area covered by the two re-
gions, the extremely crowded distribution of
the stars contained in them, the faintness of the
variables, and the shortness of their periods. As
many of them never become brighter than the
fifteenth magnitude, while very few exceed the
thirteenth magnitude at maximum, long expo-
sures are necessary, and the number of avail-
able photographs is small. The determination
of absolute magnitudes for widely separated se-
quences of comparison stars of this degree of
faintness may not be satisfactorily completed
for some time to come. With the adoption of an
absolute scale of magnitudes for stars in the
North Polar Sequence, however, the way is
open for such a determination.

Ejnar Hertzsprung of the Leiden University in
the Netherlands and Henry Norris Russell of the
Mount Wilson Observatory in Pasadena, Califor-
nia, had independently discovered a relationship
between a star’s luminosity and its spectral class
(that is, color and temperature). Together, their

experimental results produced the Hertzsprung-
Russell diagram of stellar luminosities, the astro-
nomical equivalent of chemistry’s periodic table.
According to their classification scheme, most
stars lie along the “main sequence,” which ranges
from extremely bright blue stars ten thousand
times brighter than the Sun to very dim red stars
one hundred times dimmer than the Sun. Cepheid
variables fell toward the cooler, red end of the
main sequence.

Leavitt carefully measured the luminosities
and cyclic periods of changing luminosity for each
of many Cepheid variables from the Magellanic
Clouds. From her careful measurements, she
graphically plotted Cepheid luminosity against
Cepheid period. She noticed “a remarkable rela-
tion between the brightness of these variables and
the length of their periods. . . . the brighter vari-
ables have the longer periods.” She had discovered
that a Cepheid’s apparent luminosity is directly
proportional to the length of its period, or the time
it takes to complete one cycle of brightening and
dimming.

Harlow Shapley, an astronomer at the Mount
Wilson Observatory, measured the distances of
moving star clusters containing Cepheids, then
related the Cepheid distances to Cepheid period-
luminosity data. From these experiments, Shap-
ley constructed a Cepheid period-absolute lumi-
nosity curve, which made it possible to plot a
Cepheid variable having a specific measured pe-
riod and obtain its absolute luminosity. Knowing
the Cepheid’s apparent and absolute luminosities,
one can instantly calculate its distance and, there-
fore, the distances of all the stars in the star clus-
ter containing that particular Cepheid variable.

The distances to Cepheid variables in the Milky
Way and other galaxies were soon determined.
Shapley used Cepheid distances to demonstrate
that the center of the Milky Way is directed to-
ward the constellation Sagittarius and that the
Sun is located approximately thirty thousand
light-years from the galactic center. Edwin Powell
Hubble applied the technique to obtain estimates
of the distances between our galaxy and others,
which led to his monumental astronomical discov-
ery that the universe is expanding.



Earth at various points in its orbit around the
Sun. Trigonometric parallax is still the most
assumption-free method of measuring distances,
but it is limited by the ability to measure small
angular shifts accurately. Hipparcos, the High-
Precision Parallax Collecting Satellite operated
by the European Space Agency, has been able to
measure parallaxes with reasonable accuracy
out to distances of about 1,600 light-years. Be-
yond that distance, other methods must be
used, but their calibration ultimately is tied in
to the distances obtained by trigonometric par-
allaxes. Thus constellations came to be seen as
merely convenient direction indicators from our
vantage point on Earth, not physical associa-
tions of stars.

In the early 1600’s, Galileo discovered tele-
scopically that the hazy white band of light
known as the Milky Way actually consisted of
lots of faint stars. Because the Milky Way forms
a great circle band of light around the sky, by
the 1700’s its overall shape was described using
terms like sheet, disk, millwheel, and grind-
stone. In 1784, William Herschel tried to deter-
mine its size and shape by counting the stars
seen in various directions. These early models
all placed the Sun near the Milky Way’s center.
It was not until 1918 that Harlow Shapley
found that the Milky Way galaxy was much
larger than previous estimates and the Sun was
located far from the center.

At this time, there still was uncertainty
about whether the Milky Way galaxy comprised
the entire universe or not. As far back as the
1700’s, there had been speculation, by Imman-
uel Kant and others, that the spiral nebulae
might be other large collections of stars like the
Milky Way. During the 1920’s, Edwin Hubble,
using the Mount Wilson 100-inch reflecting
telescope, was able to resolve individual stars in
some of the spiral nebulae; moreover, some of
the stars were Cepheid variable stars, which
could be used to determine distances. The spiral
nebulae were shown to be located far beyond the
Milky Way galaxy and hence were galaxies com-
parable to the Milky Way. A few years later,
Hubble found that most galaxy spectra were
redshifted, thus confirming the cosmological
models of an expanding universe derived from
Einstein’s general relativity.

Ever since, central goals of observational and
theoretical cosmology have been to produce ac-
curate maps of the distribution of these galaxies
and explanations of the origin of the features in
this distribution. Pioneering work by George
Abell and others, beginning in the 1950’s,
showed that galaxies were grouped into clus-
ters, some rich with thousands of member gal-
axies and others poor with fewer than one hun-
dred members. Some clusters are regular, with
a spherical shape and many galaxies concen-
trated near the center; others are irregular,
with galaxies scattered across an extended re-
gion of space. In the 1980’s, Margaret Geller and
John Huchra at Harvard-Smithsonian Center
for Astrophysics began mapping the large-scale
distribution of galaxies out to great distances.
They, and teams at other institutions, have
shown that out to distances of several billion
light-years, superclusters of galaxy clusters are
arranged in filaments and walls surrounding
large, nearly empty voids.

Understanding the origin of structure in the
universe on such large scales challenges the cre-
ativity of cosmologists. Although the exact de-
tails are not yet clear, it seems that all the pat-
terns of organization seen in the universe today
were determined by events and processes in its
earliest moments after the big bang.

John J. Dykla and Richard R. Erickson
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Uranus’s Atmosphere
Categories: Planets and Planetology; The

Uranian System

Uranus is the seventh planet from the Sun.
It shares much in common with Jupiter
and Saturn, but it is also significantly dif-
ferent from the larger Jovian, or “gas gi-
ant,” planets. Its atmosphere is composed
mainly of hydrogen and helium, but its
color is governed by selective absorption of
light by methane, which is abundant in
greater measure in Uranus’s atmosphere
than in either Jupiter’s or Saturn’s.

OVERVIEW

The planet Uranus was the first to be discov-
ered with a telescope. Its existence was declared
by Sir William Herschel on March 13, 1781. Af-

ter several proposed names, the most curious of
which was a proposed reference to the King of
England, George III, the planet was named
Uranus. From mythology Uranus is the father
of Saturn and grandfather of Jupiter.

Uranus is the third largest planet in the solar
system. With an orbit that varies from 18.4 to 20
astronomical units (AU, or the mean distance
from the Earth to the Sun, namely 150 million
kilometers), it takes Uranus eighty-four years
to complete one revolution about the Sun. Natu-
rally, at this greater distance from the Sun,
Uranus receives far less solar radiation than
Jupiter and Saturn. Nevertheless, its location
suggested to early researchers that the compo-
sition and nature of Uranus were similar to
those of Jupiter and Saturn.

Superficially, that is true. Uranus is com-
posed largely of hydrogen and helium. However,
the atmosphere of Uranus has been determined
to be colder than that of Jupiter and Saturn and
has a less dynamic structure than the turbulent
atmosphere of Jupiter or the pastel banding of
Saturn. Uranus’s atmospheric temperature can
drop to 49 kelvins. In addition to the preponder-
ance of hydrogen and helium, the atmosphere
has a larger amount of ices and hydrocarbon
than do the atmospheres of Jupiter and Saturn.
Ices include water, ammonia, ammonium hydro-
sulfide, and methane. Selective absorption of
radiation, in good measure by methane, results
in the planet’s pale bluish-green appearance.

By compositional abundance, Uranus is 83
percent hydrogen, 15 percent helium, 2.3 per-
cent methane. The total also includes other,
low-concentration gases and hydrocarbons and
does not add up precisely to 100 percent given
significant uncertainties about the abundance
of hydrogen and helium. Hydrocarbons that ap-
pear only in trace amounts include ethane, acet-
ylene, methyl acetylene, and diacetylene. These
and other hydrocarbons are thought to be pro-
duced in the upper atmosphere by photolysis of
methane under incident solar ultraviolet light.
Carbon monoxide and carbon dioxide have also
been detected. Like the planet’s water vapor,
carbon dioxide and carbon monoxide must have
been acquired by impacting comets and
infalling dust. All totaled, Uranus has a carbon
content, primarily found in the atmosphere,
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somewhere between twenty and thirty times
that of solar abundance.

One thing that makes Uranus particularly
curious is the fact that its rotational axis is
tilted 97.8° from the perpendicular to the eclip-
tic plane. This tilt is why many refer to Uranus
as the planet that rotates on its side. There is no
universally accepted explanation for this high
degree of tilt, but many believe the planet was
knocked on its side by a collision with a large
body early in the Uranian system’s develop-
ment. This curious tilt means that for roughly
half of each orbit the north pole receives solar
radiation, and for roughly half of the rest of the
orbit the south pole is in sunlight. This makes
for unusual seasons and atmospheric dynamics.
Although the planet’s interior rotates once ev-
ery 17 hours 14 minutes, the atmosphere ro-
tates differentially. Features in the upper atmo-

sphere have been clocked at as much as 0.25
kilometer per second and thus may experience a
full rotation in less than 14 hours.

KNOWLEDGE GAINED

Earth-based telescopic studies of Uranus re-
vealed it to have a bizarre orientation of its rota-
tional axis, several relatively small satellites,
and an orbital period of 84.3 years. In 1977, ob-
servations made from an aircraft-based tele-
scope as Uranus occulted a star revealed the
presence of dark rings around the mysterious
seventh planet from the Sun. That same year
the Voyager 2 spacecraft launched on an ap-
proved mission to fly by both Jupiter and
Saturn. The National Aeronautics and Space
Administration (NASA) originally proposed
sending an armada of sophisticated spacecraft
on what had been termed the “Grand Tour.”
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In 1995, the Hubble Space Telescope revealed much about Uranus’s atmosphere: Infrared images showed that it
is composed of hydrogen and traces of methane; the inner atmosphere is clear, an intermediate yellow layer is
hazy, and a very thin outer layer is red. In addition, Uranus’s rings are bright in the infrared. (NASA/Erich
Karkoschka, University of Arizona)



This “tour” referred to the fact that every 176
years, planetary alignments are such that grav-
itational slingshot maneuvers in the outer solar
system can be used to send spacecraft to investi-
gate all the outer planets from Jupiter to Pluto.
Unfortunately, that ambitious plan was not
funded, but NASA was given authorization to
build two modest Voyager spacecraft for ex-
haustive investigations of Jupiter and Saturn.
When Voyager 1 was successful at both gas gi-
ants, the Voyager 2 spacecraft was targeted
through the Saturn system in such a way as to
make possible a flyby of Uranus and Neptune.

Atmospheric structure is often discussed in
terms of either pressure levels or temperature
or both. If one defines Uranus’s “surface” as the
site where the pressure is 1 bar (1 Earth atmo-
sphere, or 105 pascals), then that atmosphere
can be described as follows. Uranus has a tropo-
sphere found from −300 to 50 kilometers above
the surface, where the pressure varies from 100
to 0.1 bar, respectively. A stratosphere exists
between 50 and 400 kilometers, where the pres-
sure varies from 0.1 to 10−10 bar. Then, from 400
kilometers out to as much as two planet radii, or
roughly 50,000 kilometers, is the thermosphere
and corona, where the pressure dwindles down
to near vacuum from the upper stratospheric
level of 10−10 bar.

One might think that because its poles re-
ceive more solar illumination than the equato-
rial region, Uranus would be warmer at the pole
presently facing toward the Sun, but that is not
the case. Near the equator is the planet’s only
portion to experience fairly rapid day-night
variation due to the excessive tilt of Uranus.
Near the equator the warmest temperatures
are recorded. Upper atmospheric temperatures
near the equator can rise to 57 kelvins. Why the
equatorial region is warmer than the illumi-
nated polar region is currently unknown.

The Hubble Space Telescope routinely was
used by planetary scientists to examine Uranus
for features and changes in those features
within the planet’s atmosphere. In 1998 an im-
age credited to NASA and Erich Karkoschka of
the University of Arizona revealed on the order
of twenty clouds in Uranus’s atmosphere. That
was rather remarkable; prior to that time, in
the entire history of Uranus observations, there

had been fewer than that number of clouds seen
in the planet’s usually unremarkable-looking
atmosphere. This Hubble image was taken in
infrared and clearly showed the planet’s rings
and many of its known satellites. In addition to
the clouds, it revealed a bright band circling the
planet. Wind speeds of clouds near the band
were determined to be in excess of 500 kilome-
ters per hour. One of the clouds seen in this in-
frared image was the brightest Uranian cloud
ever observed.

In 2006, Hubble images, in concert with near-
infrared observations made using the ground-
based Keck telescope, revealed a new, more dy-
namic picture of Uranus. The planet was seen to
have a great dark spot and some degree of band-
ing. These observations were summarized by
astronomer Heidi Hammel at a Hubble science
overview briefing held in 2002, about a month
in advance of what was then proposed to be the
final shuttle servicing mission to the Hubble.
Hammel used her appearance at that briefing
as an opportunity to stress how much Hubble
had already done to change the picture of an in-
active Uranian atmosphere as presented by
Voyager 2 in 1986. Hammel and other astrono-
mers had detected an increase in the number
and scope of clouds in the ice giant’s atmo-
sphere, in addition to finding that great dark
spot. She expressed enthusiasm about extended
Hubble operations advancing understanding of
Uranus, perhaps the planet about which the
least is known. This increased activity appears
related to seasonal changes as Uranus orbits
the Sun.

CONTEXT

Uranus was the first planet for which clear
records for discovery exist. Although Herschel
was not the first to note Uranus in astronomical
records, he was the first to identify it correctly
as a planet and not a comet or unidentified star,
as others had done previously. From the time of
its discovery to the dawn of the space age, little
could be learned about Uranus from ground-
based telescopes. However, observations of Ura-
nus’s orbit about the Sun led to the recognition
that there was good reason to believe that it was
not the last planet to be discovered in the solar
system. Based on gravitational perturbations in
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the orbit of Uranus, Neptune was discovered by
and large by mathematical analysis. Observa-
tions verified the correctness of those calcula-
tions. Uranus and Neptune were believed to be
very similar. Both displayed a bluish-green tint
in telescopic views. Spectroscopic analysis indi-
cated that both planets had atmospheres differ-
ent from those of Jupiter and Saturn. Like their
larger gas giant cousins, Uranus and Neptune
were known to have atmospheres rich in hydro-
gen and helium, but their bluish-green color
was identified as due to extensive absorption of
red light by methane.

Voyager 2 provided the greatest portion of
current understanding about the Uranian sys-
tem. Planetary scientists interested in Uranus
await a return mission, most likely an orbiter,
perhaps with a lander probe for one of the icy
satellites and an atmospheric probe to ram
through the upper atmosphere of Uranus and
conduct measurements until it is crushed.
Ground-based observations and imaging by the
Hubble Space Telescope continue in the mean-
time. The biggest question about detection and
observation of clouds in Uranus’s atmosphere
centers on the source of energy driving those
storms, since Uranus’s internal heat flow ap-
pears to be insufficient to cause such airflow.

David G. Fisher
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Uranus’s Interior
Categories: Planets and Planetology; The

Uranian System

Uranus, the seventh planet from the Sun,
has much in common with the other Jovian
gas giants, but its interior is different from
the interiors of the larger planets Jupiter
and Saturn and more like that of Neptune.

OVERVIEW

Uranus is largely composed of hydrogen and
helium and is considered to be a Jovian planet,
or gas giant. The interior of Uranus differs sig-
nificantly from that of Jupiter and Saturn, how-
ever. It shares much more in common with Nep-
tune. Like the interior of Jupiter and Saturn,
Uranus’s interior cannot be directly sampled.
Models of the interiors of the Jovian planets are
inferred by external observation. For example,
a magnetic field tells much about the nature
and physical characteristics of a given planet’s
interior.

Accurate determinations of orbital motions
of Uranus’s satellites led to a precise value of the
planet’s mass. With its size slightly in excess of
Neptune, Uranus is the third largest planet in
the solar system, but the second least dense.
Uranus has a mass 14.5 times that of Earth.
With a mean radius four times the Earth’s, its
overall density is 1.27 grams per cubic centime-
ter. Of course, the different structures of Ura-
nus, from the core to the upper atmosphere,
have specific characteristics of their own. Nev-
ertheless, in gross terms, only Saturn is less
dense than Uranus as a planet. Uranus is com-
posed, like Jupiter and Saturn, primarily of hy-
drogen and helium, although the percentages of

both are different in Uranus from the percent-
ages of Jupiter and of Saturn. Uranus contains
methane, water vapor, ammonia, carbon mon-
oxide, and carbon dioxide. Hydrocarbons such
as ethane, acetylene, methyl acetylene, and
diacetylene are also present, presumably cre-
ated by photolysis of methane in the atmo-
sphere under illumination of solar ultraviolet
light.

Like Jupiter and Saturn, hydrogen in Ura-
nus is found in gaseous form in the atmosphere,
but deep inside the planet at greater pressure
hydrogen may exist in more exotic forms.
Whether helium is found in forms other than
as a simple gas is a matter of debate. Because
of their size, temperature, pressure, composi-
tional, and interior structural differences from
Jupiter and Saturn, Uranus and Neptune both
are often referred to as ice giants.

Several models exist for Uranus’s interior.
They agree on major features and differ in only
minor ways. A great deal of the interior is com-
posed of water, ammonia, and methane, with
the percentage of water included in each model
varying. That water percentage ranges between
9.3 to 13.5 Earth masses, depending on which
model a scientist supports. With only 0.5 to 1.5
Earth masses of hydrogen and helium in the at-
mosphere and interior, that leaves between 0.5
to 3.7 Earth masses for what is considered rocky
material.

Under the atmosphere of hydrogen, helium,
and methane are two inner layers. First, an icy
mantle actually incorporates the majority of the
planet’s mass. Under that is the rocky core. The
core represents less than 20 percent of the
planet’s radius, and the relatively thin upper at-
mosphere of gases represents another 20 per-
cent of the planet’s radius. This leaves the man-
tle as 60 percent of the planet, with as much as
13.5 Earth masses. Obviously the densities of
the atmosphere, mantle, and core are different,
just as pressures and temperatures in these
three distinctly different regions vary.

The mantle is icy in the sense that it is a hot,
dense, electrically conducting mixture of water,
ammonia, and less abundant volatile sub-
stances. In the mantle, under the great pres-
sures present, molecules dissolved in the water
become ionized and therefore create the high
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electrical conductivity displayed by the mantle.
Because of its combined fluid and highly con-
ductive nature, this layer is often referred to as
a water-ammonia ocean. The latter quality of
the mantle is responsible for generating the
planet’s complex magnetic field.

The core is far denser, at approximately 9
grams per cubic centimeter. The planet’s cen-
tral pressure and temperature are believed to
reach 8 million bars and 5,000 kelvins, respec-
tively. High internal heat flows out to the atmo-
sphere. Materials that have high electrical con-
ductivities usually also have high thermal
conductivities. In the case of Uranus, however,
it is obvious, based on atmospheric quiescence,
that heat flow from the planet’s core to the at-
mosphere is less than that of Neptune. Whereas
Neptune radiates more energy than it inter-
cepts by solar irradiance, Uranus is barely 6
percent greater in the infrared than the solar
energy absorbed by Uranus’s atmosphere. All
models agree that Uranus’s heat flow from the
interior is only 0.042 watt per square meter.
The heat flow from the much less massive and
smaller Earth, by comparison, is 0.075 watt per
square meter. Uranus’s low heat flow and hence
cold atmosphere (portions of the troposphere
have been recorded at a mere 49 kelvins) could
be tied to the planet’s bizarre rotational configu-
ration. Most planetary scientists believe that
Uranus suffered a catastrophic event early in
its history, presumably a collision with a large
planet-sized body, in order to be left rotating on
its side. During such an impact Uranus lost a
great deal of its primordial interior heat. Such
heat is left over from the gravitational collapse
that created the planet. Not all scientists sub-
scribe to that explanation. Some propose that
instead the planet’s mantle could be layered by
composition in such a way that heat flow toward
the atmosphere could be diminished by convec-
tive action.

METHODS OF STUDY

The Voyager 2 spacecraft has been the only
spacecraft to encounter the Uranus system. Ori-
ginally intended only to fly by Jupiter and Sat-
urn, the Voyager 2 spacecraft was specially tar-
geted to pass through the Uranian system in
early 1986. While Voyager 2 cruised to Uranus,

a number of astronomers such as Heidi Hammel
trained some of the best earthbound telescopes
suitable for planetary studies at Uranus to get a
feel for what Voyager would encounter. Those
studies provided additional information about
Uranus’s atmosphere but also hinted that Ura-
nus had some internal heat sufficient to drive
cloud dynamics. Earthbound telescopic studies
did little, however, to enhance understanding of
Uranus’s interior. A particularly important dis-
covery during the Uranus encounter that aided
in describing Uranus’s interior was detection of
a planetary magnetic field. The nature of Ura-
nus’s magnetic field helped planetary scientists
devise models for the planet’s interior, models
quite different from those for the interiors of
both Jupiter and Saturn. Then, in 1989, Voy-
ager 2 fulfilled a similar task at Neptune. Plane-
tary scientists realized that the relative similar-
ities of Uranus and Neptune extended to their
interiors.

It took the Voyager 2 spacecraft nearly five
years to cross the gulf from the Saturn system to
the Uranus system. The encounter phase began
on November 4, 1985. A great many fundamen-
tal questions were about to be answered. At first
only ever-increasingly revealing images were
produced by Voyager 2. Scientists eagerly
awaited detection of a magnetosphere which
would indicate Uranus possessed a magnetic
field. That would also tell much about the na-
ture of the planet’s interior.

When Voyager 2 indeed picked up radio sig-
nals indicating the spacecraft crossed the mag-
netosphere, it clearly revealed Uranus has a
magnetic field. After a jam-packed investiga-
tion, Voyager 2 ended the Uranus encounter on
January 25, 1986, snapping a farewell image of
the crescent planet.

CONTEXT

The planets Mercury through Saturn were
known to the ancients. No individual can be
credited with their discovery. Uranus, however,
is the first planet for which definite records ex-
ist indicating when the planet was observed and
charted. Herschel was not the first to pay spe-
cial attention to Uranus. Others had misidenti-
fied it as an unnamed star or an unknown
comet. Herschel recognized Uranus as a newly
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discovered planet orbiting the Sun. From that
time forward to the dawn of the space age, even
as Earth-based telescopes grew in size and reso-
lution, little could be learned substantively
about Uranus other than its mass, size, mean
distance from the Sun, rotation rate, and that it
has a very unusual axial tilt relative to the eclip-
tic plane. It was realized that its atmosphere
was quite different from that of both Jupiter
and Saturn, suggesting the Uranus’s interior
differs from those of its two larger gas giant
cousins due to its smaller mass. The interior
was suspected to be more akin to that of Nep-
tune, which was the next planet in the outer so-
lar system to be discovered after Uranus.

Indeed, models of the two ice giants, gener-
ated based on Voyager 2 results and observa-
tions, are quite similar. Both planets are be-
lieved to have an outer envelope of molecular
hydrogen, helium, and methane. Underneath
that both planets have mantles that contain
water, methane, and ammonia under condi-
tions of high pressures and temperatures. Be-
neath that is an icy and rocky core. However,
the difference between Uranus’s and Nep-
tune’s interiors is that Uranus’s is less active:
The planet does not have as great a heat flow
from the interior to drive atmospheric dy-
namics.

David G. Fisher
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Uranus’s Magnetic Field
Categories: Planets and Planetology; The

Uranian System

Uranus is the seventh planet outward from
the Sun. Although a Jovian or gas giant
planet, it has more in common with Nep-
tune than Jupiter or Saturn. Uranus’s
magnetic field is believed to be produced in
a manner similar to that which generates
Neptune’s magnetic field.

OVERVIEW

Uranus was the first planet to be discovered
through telescopic observations. In March,
1781, while searching for binary stars using a 2-
meter telescope, William Herschel noted an ob-
ject he initially thought was either a comet or a
nebula. Recognizing its observed orbital motion
to be that of a planet, Herschel first proposed
the object be named in honor of King George III
of England. However, the planet was finally
named after the Roman god of the heavens.

Observations of Uranus continued over the
next two centuries, but by and large Uranus re-
mained an enticing mystery. Five satellites
were discovered between 1787 and 1948. The ro-
tational axis of the planet proved extremely sur-
prising. Uranus is a world rotating virtually on
its side. The axis is inclined 97.8° relative to the
ecliptic plane of the solar system. Since Ura-
nus’s atmosphere—as seen from Earth-based
telescopes between the time of Herschel and the
dawn of the space age—did not reveal signifi-
cant features to observe over time, it was not un-
til the second half of the twentieth century that
this planet’s rotational period was accurately
determined.

Knowledge of the orientation of Uranus’s ro-
tational axis, its interior structure, and its rota-
tional rate is key to determining the nature of
Uranus’s magnetic field. Indeed, until the Voy-
ager 2 spacecraft encountered the planet close
up in January, 1986, there was no definitive
proof that Uranus even possessed a magnetic
field, although one was strongly suspected
based on a contemporary model of the planet
that shared similarities with gas giants Jupiter
and Saturn.

Voyager 2 carried a magnetometer and a ra-
dio astronomy experiment used in concert to
sample the magnetic environment of each
planet (Jupiter, Saturn, Uranus, Neptune) that
it encountered on its historic “Grand Tour.” Ba-
sically, a sophisticated magnetometer operates
on the very fundamental principal of an induced
voltage being produced in a coil of wire when it
intercepts a time-varying magnetic flux. That
flux is directly proportional to the instanta-
neous strength of the magnetic field. Spacecraft
such as Voyager 2 detect and investigate mag-
netic environments in space by picking up radi-
ation in radio wavelengths produced by oscillat-
ing charged particles, such as those in the solar
wind or ions trapped in planetary magnetic
fields.

Uranus and Neptune were considered to be
gas giants like Jupiter and Saturn until it was
realized, based largely upon computer models
and Voyager 2 data, that being smaller in mass
and having significant atmospheric differences
from Jupiter and Saturn, Uranus and Neptune
were better classified as ice giants. Finding out
about Uranus’s interior would be key to deter-
mining the means whereby a magnetic field
could be produced by the planet. However, the
converse is true as well. Directly measuring the
magnetic field of the planet would help to de-
velop a model of Uranus’s interior. What was
known about Uranus’s composition in the atmo-
sphere prior to the Voyager 2 encounter was
that the planet is composed primarily of hydro-
gen (83 percent) and helium (15 percent). How-
ever, Uranus has a pale blue-green color due to
the presence of methane (2 percent), which se-
lectively absorbs red wavelengths of light. Ura-
nus also contains ices such as water, ammonia,
and an assortment of hydrocarbons.
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Voyager 2 determined that the magnetic field
generated by Uranus has quite unusual charac-
teristics. The planet’s dipole moment is approxi-
mately fifty times that of Earth. The value of
Uranus’s dipole moment is 3.8 × 1017 telsa me-
ters cubed. By comparison to giant Jupiter, this
is a mere 0.26 percent of the dipole moment of
the largest planet in the solar system. Uranus’s
average magnetic field strength, the maximum
value or amplitude of the field, at the plant’s
“surface” was measured to be 23 micro-teslas.
However, magnetic field strength varied with
latitude. At the “surface” in the southern hemi-
sphere, the field strength was seen to dip as low
as 10 micro-teslas. Then again, at the “surface”
in the northern hemisphere the field was found
to be as strong at 110 micro-tesla. This situation
contrasts greatly with Earth, where the mag-
netic field is nearly as intense at both poles.
Earth’s field is centered close to the planet’s
physical center. However, that is not the case
with Uranus. The center of Uranus’s magnetic
field actually is displaced from the physical cen-
ter of the planet by about a third of its radius;
the magnetic center is closer to the south rota-
tional pole. Further complicating the field is the
fact that the magnetic axis, the line from the
south to the north pole through the planet, is
tilted 59° relative to the line running between
the north and south rotational poles.

Uranus’s magnetosphere thus displays a
highly unusual tilt. That tilt and the rotational
tilt of the planet give the dynamic behavior of
Uranus’s magnetosphere a twisting structure.
To make the magnetosphere’s character even
stranger, it appears that the ring system
around Uranus actually streams ions in the
magnetosphere down into Uranus’s atmo-
sphere. Auroras are produced, but they differ
somewhat from the familiar auroral displays
seen in Earth’s polar regions.

By detecting variations in radio waves pro-
duced by the planet’s magnetic field, astrono-
mers have detected the rotational rate of the
planet more accurately than by following the
differential rotation of those atmospheric fea-
tures that could be found. That rotation value is
17.233 hours.

Despite the unusual orientation and subse-

quent twisting behavior of the field lines as the
planet rotates, Uranus’s magnetosphere does
share some things with other planetary mag-
netic fields in our solar system. Its magneto-
sphere is affected by the solar wind, forming a
bow shock ahead of the planet, a magnetopause,
and a magnetotail. The bow shock was crossed
at a distance equivalent to 23 Uranus radii,
whereas the magnetopause was determined by
Voyager 2 to be located at 18 Uranus radii. The
magnetotail appears as a corkscrew structure
due to the twisting of the planet’s magnetic field
lines. This magnetic field structure also has
given Uranus radiation belts of trapped charged
particles. Those particles consist primarily of
protons and electrons but have a minor compo-
nent of molecular hydrogen ions. Uranian satel-
lites create gaps in the radiation belts by
“sweeping up” charged particles as they revolve
about that planet. Ring particles and the sur-
faces of the planet’s satellites struck by this ion-
izing radiation are darkened by that exposure.

What generates such an unusual planetary
magnetic field? Whereas Earth’s field is created
deep in the planet by a dynamo effect involving
electrical currents generated by its molten core,
Uranus’s magnetic field is speculated to be pro-
duced by the ice giant’s mantle. Between the at-
mosphere and the planet’s core, Uranus has a
mantle layer believed to be composed of a highly
pressurized water, ammonia, and other ices
that become ionized under that tremendous
pressure and in the presence of temperatures in
excess of 1,000 kelvins. Therefore, currents flow
through the mantle. Some scientists do not ac-
cept this explanation, but at present there is no
way, short of direct investigation of the planet’s
interior, to validate the mantle “ocean” hypoth-
esis or show it to be incorrect.

Why does Uranus’s magnetic field have such
an unusual orientation relative to the planet’s
rotational axis? Here there are two reasonable
hypotheses. One suggests that the planet is in
the process of reversing its magnetic field.
(Rocks on Earth present a record that Earth’s
magnetic field has reversed itself many times
over geologic time.) The second hypothesis is
that the disruption of the magnetic field align-
ment resulted from a collision between Uranus
and one or more large bodies. Further study will
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be needed to decide between these two theories
or replace them with a better explanation.

The Hubble Space Telescope in concert with
the Keck telescope has imaged new storms in
Uranus’s atmosphere. If Hubble received an-
other servicing mission to extend its life suffi-
ciently, Hubble and Keck would, in addition to
searching for atmospheric dynamics, produce
data that could assist in developing a better un-
derstanding of Uranus’s interior. Such data
could help explain Uranus’s complex magnetic
field without getting direct measurements of
the field characteristics, as would be possible
only by sending another spacecraft to sample
the field close to the planet.

CONTEXT

Every 176 years, planetary alignments are
such that it is possible through ingenuous use of
gravity-assist (or “slingshot”) maneuvers to
send a pair of spacecraft to visit all the outer
planets from Jupiter to Pluto. Prior to the au-
thorization for Mariner Jupiter-Saturn, which
later was named Voyager, the National Aero-
nautics and Space Administration (NASA) had
originally proposed sending a pair of sophisti-
cated spacecraft on a journey that had been
called the Grand Tour, to take advantage of this
rare opportunity to reach four planets. How-
ever, that ambitious plan was not funded. The
end result was that Voyager 2 would be the only
spacecraft to visit Uranus and Neptune in the
twentieth century, and most likely for many
decades to come after that initial spacecraft
encounter. As such, Voyager 2 has provided
the greatest share of data about the Uranian
system.

The interpretation of those data led to our
current understanding about this unique and in
many ways bizarre planet. Despite the tremen-
dous insights provided by the Voyager 2 data,
many questions remain unanswered. Among
those are important questions concerning the
internal structure of the planet, the production
of the planet’s magnetic field, and the nature of
the relatively minor amount of internal heating
in the planet.

Just as the Galileo probe orbited Jupiter for a
prolonged period of time and the Cassini space-
craft did the same at Saturn, the next logical

step for Uranus studies would be to dispatch a
dedicated orbiter, a spacecraft outfitted with a
wide-ranging suite of scientific instruments to
allow focused investigations of the planet’s at-
mosphere, internal structure, magnetic field,
ring system, and collection of satellites. How-
ever, nearly three decades after the Voyager 2
encounter no such program was on the horizon
and no proposal was considered likely to be
funded unless a nuclear propulsion capability
was developed to lessen the travel time to a
planet as far away from Earth as Uranus. In the
meantime, Uranus will continue to be studied
using the Hubble Space Telescope and ground-
based facilities (such as the Keck telescope) in
attempts to gain further insight into the many
unanswered questions remaining from the Voy-
ager encounter.

David G. Fisher
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Uranus’s Rings
Categories: Planets and Planetology; The

Uranian System

Uranus has thirteen known rings, eleven
inner and two outer ones. These rings are
mostly very narrow and faint. Uranus’s
ring system is less complex than Saturn’s
but more so than that of Jupiter.

OVERVIEW

When Uranus was first observed (perhaps as
early as 1690), many astronomers considered it
to be a star rather than a planet. William
Herschel studied Uranus in 1781, when he
thought he had discovered a new comet. After
two years of further study, astronomers agreed
that Uranus was in fact a planet.

Herschel appears to have observed the rings
of Uranus in February of 1789. He sketched an
image of Uranus in his journal, making a note
that the planet had rings of a faint reddish hue.
Rings around Uranus remained an open issue
for a long time. The existence of Uranus’s ring
system was finally confirmed, albeit acciden-
tally, in 1977. Astronomers James Elliot, Ed-
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ward Dunham, and Douglas Mink set out to
study Uranus’s atmosphere by observing the
occultation of the star SAO 158687. They no-
ticed that this star briefly disappeared from
view before and after being eclipsed by the
planet. Each of the five occultations that they
observed yielded the same results. When the
group published their work, they referenced
these occultations and resulting rings using the
Greek letters Alpha, Beta, Gamma, Delta, and
Epsilon. In 1978 another group of scientists
found four additional rings. The Eta ring was
found between the Beta and Gamma rings. The
other three were discovered inside the orbit of
the Alpha ring and were named Six, Five, and
Four (in that order).

The National Aeronautics and Space Admin-
istration’s (NASA’s) robotic Voyager 2 probe
flew by Uranus in 1986. The spacecraft took the

first photographs of the Uranian ring system.
Voyager 2 also discovered two more faint rings,
Lambda and 1986U2R/Zeta, bringing the total
number of known rings around the planet to
eleven. In 2003, the Hubble Space Telescope
discovered, and in 2005 confirmed, the exis-
tence of an additional pair of rings. They form
an outer ring system that is separate from the
other eleven rings. These two outer rings have
an orbital radius of more than 100,000 kilome-
ters from Uranus’s center—double that of the
inner rings. In addition to the twelfth and thir-
teenth rings, Hubble found two satellites. Mab,
which is only 24 kilometers in diameter, shares
an orbit with the outermost ring. Every time a
meteoroid impacts the small satellite, dust par-
ticles and other debris ejected become part of
the Mu ring. The Nu ring lies between Uranus’s
small satellites Rosalind and Portia.
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This 1997 image from the Near Infrared Camera and Multi-Object Spectrometer (NICMOS) on the Hubble Space
Telescope shows clouds on Uranus (left) and clearly displays the planet’s rings, satellites, and rotation (right).
(NASA)



The Mu and Nu rings are very different from
the inner rings. With widths of 17,000 kilome-
ters and 30,000 kilometers, respectively, the
Mu and Nu rings are much broader. These two
rings are also much fainter then the others, but
they can be seen on the Voyager 2 photographs.

Many similarities exist between Uranus’s
outer rings and Saturn’s E and G rings. The
E ring includes Enceladus, which contributes
dust to it the same way Mab is believed to con-
tribute to the Mu ring. The Nu ring, like Sat-
urn’s G ring, contains no embedded “shepherd-
ing” satellites and is composed of dust and
larger particles. Scientists working with the
Keck telescopes in Hawaii studied the rings at
near-infrared wavelengths. The Nu ring was
visible, meaning it has a reddish hue. This pos-
sibly gives some credit to Herschel’s original
claim about observing Uranus’s rings, despite
critics’ claims that the rings are too faint for him
to have seen. The Mu ring was not visible,
meaning that its small dust particles appear
blue in color. Red is a typical color for planetary
rings. Blue however, is not. Saturn’s E ring is
the only other ring known to have the unusual
blue hue.

The inner ring system contains two types of
rings: narrow and dusty. The closest ring to
Uranus is 1986U2R. It was discovered in 1986
by Voyager 2. This ring is only about 12,000 ki-

lometers above the cloud tops of Uranus. The
1986U2R (or Zeta) ring was observed in 2003
and 2004 using the Keck telescopes. Scientists
found the ring to be broad, very faint, and com-
posed of dust grains.

The next set of rings is Six, Five, and Four,
which were named for the occultations that led
to their discoveries. They are the faintest of
Uranus’s narrow main rings. These three lie
outside Uranus’s equatorial plane by 0.06°,
0.05°, and 0.03°, respectively. Six, Five, and
Four do not contain dust and are the thinnest of
Uranus’s narrow rings.

After the Epsilon ring, the Alpha and Beta
rings are the brightest of Uranus’s rings. Alpha
and Beta are narrowest and faintest at their
closest points to Uranus. At their farthest, the
two rings are their broadest and brightest. Like
all of Uranus’s rings, Alpha and Beta are com-
posed of extremely dark material. They are
much darker than Uranus’s inner satellites,
meaning that the rings cannot be composed of
pure water ice. The composition of the rings is
thus unknown, but astronomers think it is prob-
ably a mixture of dark materials and ices.

The seventh ring outward from Uranus’s core
is Eta, at 47,176 kilometers. Eta has both a nar-
row part and a broader, dustier section. When
Voyager 2 photographed the ring in forward
scattered light, it appeared very bright, indicat-
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Rings of Uranus

Radius (km)
Radius/

Eq. Radius
Optical
Depth

Albedo
(×10–3) Width (km) Eccentricity

Uranus equator 25,559 1.000 — — — —
6 41,837 1.637 ~0.3 ~15 1.5 0.0010
5 42,234 1.652 ~0.5 ~15 ~2 0.0019
4 42,571 1.666 ~0.3 ~15 ~2 0.0011
Alpha 44,718 1.750 ~0.4 ~15 4-10 0.0008
Beta 45,661 1.786 ~0.3 ~15 5-11 0.0004
Eta 47,176 1.834 ~0.4- ~15 1.6 —
Gamma 47,627 1.863 ~1.3+ ~15 1-4 0.0011
Delta 48,300 1.900 ~0.5 ~15 3-7 0.00004
Lambda 50,024 1.957 ~0.1 ~15 ~2 0.
Epsilon 51,149 2.006 0.5-2.3 ~18 20-96 0.0079

Source: Data are from the National Aeronautics and Space Administration/Goddard Space Flight Center,
National Space Science Data Center.



ing a large amount of dust. Eta has an inclina-
tion and eccentricity of zero, meaning that the
ring lies in the planet’s equatorial plane, and
the ring particles execute circular orbits. In
2007 Uranus’s rings were viewed edge-on for
the first time. The Eta ring appeared to be the
second brightest, which was a significant in-
crease. This finding has led planetary scientists
to believe that, while the ring is optically nar-
row, it is geometrically thick. The next chance
for astronomers to view the rings in that unique
geometry will occur in 2049.

The Gamma ring is narrow, with an inclina-
tion close to zero. Gamma’s width varies from
3.6 to 4.7 kilometers. The ring was not visible
during the 2007 ring plane crossing. This means
that Gamma is both optically and geometrically
narrow. The ring also does not contain any dust.
Scientists are uncertain about what holds this
small ring together.

Like the Eta ring, Delta
has both a narrow and a
broad component. The thin-
ner part varies from 4.1 to 6.1
kilometers wide, while the
thicker part ranges from 10
to 12 kilometers. The wide
section is composed of dust,
unlike the narrow part. In
2007, only the broad area of
Delta was visible. At the
outer edge of the Delta ring,
a small satellite named Cor-
delia orbits Uranus.

The Lambda ring lies be-
tween Cordelia (a shepherd
satellite) and the Epsilon
ring. Lambda is faint and
narrow even when backlit.
The dusty ring was first de-
tected by Voyager 2 during
stellar occultation observa-
tions, but only at ultraviolet
wavelengths. The Lambda
ring is composed of micro-
meter-sized dust, which was
confirmed in 2007, when it
appeared very bright.

The brightest and densest
of Uranus’s rings is Epsilon.

It is the outermost ring of the inner system. Ep-
silon reflects two-thirds of all the light visible
from Uranus’s rings. It is only one of two rings
that Voyager 2 was able to photograph clearly.
Epsilon is the most eccentric of the rings but has
a near-zero orbital inclination. The dense ring
has particles ranging in size from 0.2 to 20 me-
ters in diameter. In 2007, the ring was not ob-
servable, because of its lack of dust. Epsilon con-
tains many dense, narrow ringlets, and possibly
partial arcs. The ring may stay so compact be-
cause of its shepherd satellites: Cordelia on the
inner side and Ophelia on the outer.

KNOWLEDGE GAINED

The first rings of Uranus were officially dis-
covered by accident in 1977. Elliot, Dunham,
and Mink were using the Kuiper Airborne Ob-
servatory (KAO) to study Uranus’s atmosphere
during five stellar occultations. The KAO is an
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Voyager 2 took these images of Uranus’s rings in January, 1986, from a dis-
tance of 1.12 million kilometers. From the top, the Delta, Gamma, Eta,
Beta, and Alpha rings are visible. (NASA/JPL)



airplane with a 36-inch (91.5-centimeter) tele-
scope mounted on the side. With the KAO, sci-
entists can conduct research while flying 14 ki-
lometers above the Earth’s surface, thereby
making infrared observations readily. At that
elevation there is significantly less atmospheric
water vapor, which blocks infrared wavelengths
from reaching the surface of the Earth. The
KAO therefore combines many benefits of a
space telescope with the accessibility of a
ground-based telescope.

Launched in 1977, Voyager 2 is the only
spacecraft to have visited Uranus. It came
within 81,500 kilometers of the planet on Janu-
ary 24, 1986. The spacecraft had several instru-
ments on board, including cameras, magnetom-
eters, and spectroscopes. At the time, Uranus’s
south pole was pointed toward the Sun. Voyager
discovered ten satellites as well as the Lambda
and Zeta (1986U2R) rings. The Mu and Nu
rings have since been located on Voyager 2 pho-
tographs.

The Hubble Space Telescope was studying
Uranus in 2003 when it discovered the Mu and
Nu rings. Scientists were able to confirm the
finding in 2005. When the Keck telescope stud-
ied the two rings at near-infrared wavelengths,
only the Nu ring was visible. This means that the
Nu ring has a reddish color. The Mu ring there-
fore has a bluish tint, because it was not visible.

In 2007, astronomers were able to view Ura-
nus’s rings edge-on. Teams of scientists used the
Keck II telescope in Hawaii, the Hubble Space
Telescope, and the European Southern Obser-
vatory’s Very Large Telescope in Chile to study
the event. Images taken with the Keck telescope
show that the rings have changed since Voyager
2 visited the planet more than two decades ago.
The broad, dusty inner Zeta ring appears very
different. If it is the same ring discovered by
Voyager, Zeta has moved several thousand kilo-
meters away from Uranus. Similar shifts have
been detected in the ring systems of Saturn and
Neptune.

CONTEXT

All of the Jovian planets in our solar system
have ring systems. Each set of rings is unique.
Neptune’s rings are simpler than Uranus’s, con-
taining only five rings and partial arcs. Saturn’s

ring system on the other hand is more complex.
Jupiter has but two faint rings.

The thirteen rings of Uranus are mostly faint
and narrow. They are in two groupings—an in-
ner system of eleven rings and an outer set of
two. In 2007, the Nu ring was determined to be
red in color, and the Mu ring was found to be
blue. Red seems to be a typical color for plane-
tary rings, like Saturn’s G ring. The blue color of
the Mu ring, however, is not common. The only
other example in the solar system is Saturn’s
E ring. What caused this odd blue color is still a
mystery to scientists. The rings around Uranus
are believed to be made of debris from collisions
between Uranus’s satellites.

Scientists can learn more about the forma-
tion and evolution of the solar system by investi-
gating planetary ring systems. As ground-based
and space telescopes improve, astronomers
could unlock the secrets of Uranus’s rings and
the solar system itself.

Jennifer L. Campbell
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Uranus’s Satellites
Categories: Natural Planetary Satellites;

Planets and Planetology; The Uranian
System

Uranus’s natural satellites form a minia-
ture solar system with distinctive proper-
ties that teach us the complexity and diver-
sity of planetary and satellite formation.
The peculiar surface features of some of the
satellites and their unusual orbital charac-
teristics suggest an earlier epic in the solar
system with violent collisions among its
members.

OVERVIEW

Uranus holds its place in the solar system as
a member of the subgroup of planets that are
called Jovian, after the largest planet in the
group, Jupiter. These planets are also referred
to as “gas giants” in that their atmospheres
comprise the greatest portion of the planet’s
structure. It is the physical nature and orbital
properties of the satellites that set apart one
Jovian planet from another, and Uranus is no
exception. Surveying the most interesting prop-
erties of this planetary system and highlighting
their respective features can provide insights
about the origin and evolution of the solar sys-
tem itself.

Uranus has twenty-seven satellites that
have been identified. Their names follow a
theme that is distinctive in the solar system in
that the satellites are not named for mythologi-
cal figures, like those of the other planets, but
instead take their names from characters in
plays by William Shakespeare and poems by Al-
exander Pope. Oberon, Titania, and Puck, for
example, were named for characters from
Shakespeare’s A Midsummer Night’s Dream;
Ariel, Umbriel, and Belinda are named for char-
acters in Pope’s The Rape of the Lock. Oberon
and Titania were first discovered by William
Herschel in 1781. Ariel and Umbriel were dis-
covered in 1851 by William Lassell. In 1948,
Gerard Kuiper discovered the last moon of any
significant size, Miranda.

The only spacecraft to visit Uranus to date
has been Voyager 2, which flew by the planet in
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1986. Despite the briefness of its visit, Voyager
2 discovered ten small satellites: Juliet, Puck,
Cordelia, Ophelia, Bianca, Desdemona, Portia,
Rosalind, Cressida, and Belinda. (Perdita was
also imaged by Voyager 2, but its discovery was
not confirmed until 1999.) The number of satel-
lites has swelled to the current known number
of twenty-seven through observation with both
orbiting telescopes (Hubble Space Telescope)
and ground-based observatories.

Away to organize the Uranian systems of sat-
ellites is to think of them as distributed in three
divisions. The first division consists of the inner
thiteen, relatively small, circular satellites
starting just outside the ring system. The sec-
ond division comprises the five midsized satel-
lites that were discovered prior to the Voyager 2
mission. Finally, the last division comprises
nine irregular satellites discovered more re-
cently.

None of the natural satellites of Uranus can
be considered on the scale of the largest satel-
lites of the other planets of the solar system,
such as Titan (Saturn), Triton (Neptune), the
four Galilean satellites of Jupiter (Io, Europa,
Callisto, and Ganymede), or even Earth’s own
Moon. Nor does any of these satellites contain
an atmosphere, as does as Titan, or show active
volcanoes, as seen on Io. However, the five larg-
est Uranian satellites in Division 2—Miranda,
Ariel, Umbriel, Titania, and Oberon (in order
outward from the planet)—all have enough mass
to be spherical. Hence, if they were not orbiting
Uranus and were free from any debris, they
would qualify as dwarf planets, like Pluto. The
composition of these satellites is mostly ice, with
mixtures of ammonia and methane. They all ex-
hibit synchronous rotation, rotating exactly at
the same rate they revolve around Uranus, al-
ways showing the same side facing the planet.

The large satellites of Uranus
all show extensive cratering. The
consensus of scientific opinion is
that the larger craters were formed
from collisions with planet-sized
objects during the formation of the
solar system, and the smaller crat-
ers were produced afterward from
impacts from comets and meteor-
oids. Ariel, Umbriel, and Miranda
have unusual surface features.
Ariel, the lightest-colored, has
craters, valleys, and canyons. It
has a diameter of about 1,300 kilo-
meters with grooves and crevices
that extend over its entire surface,
suggesting recent lava flow that
has cooled and solidified. Umbriel
is the darkest-colored satellite; its
surface is old and cratered. Al-
though Umbriel (with a diameter
of 1,110 kilometers) shows the
most uniform cratering, with little
evidence of geological activity, it
has a large, bright ring at the top
edge of its southern hemisphere;
this ring’s origin is unknown, but
it has unofficially been named the
“fluorescent Cheerio.” Miranda
(about 500 kilometers diameter),
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A near-infrared image of the moons of Uranus from the European
Southern Observatory, 2002. (European Southern Observatory)



the smallest of these five
large satellites, has the most
distinctive surface features.
There are sharp grooves and
ridges along its surface. One
feature resembles a large
chevron, and another looks
like a carved racetrack. Tita-
nia and Oberon are both
larger than the other satel-
lites (with diameters of ap-
proximately 1,500-1,600 ki-
lometers), and they are also
several times farther away
from Uranus. Both Titania
and Oberon show large crat-
ers, but the presence of circu-
lar regions on Oberon sug-
gests that it has experienced more geological
activity than Titania. Oberon’s surface is frozen
and has a mountain 6 kilometers high. Titania,
the biggest satellite among those of Uranus, has
impact basins, craters, and rifts.

Inside Miranda’s orbit there are the thirteen
Division 1 satellites, all with enough mass to be
spherical and with diameters ranging from
about 25 to 170 kilometers. They are (in order
out from the planet) Cordelia, Ophelia, Bianca,
Cressida, Desdemona, Juliet, Portia, Rosalind,
Cupid, Belinda, Puck, and Mab. Their composi-
tion appears to be about half water and half
rocklike materials. Their orbital distribution
presents a more crowded arrangement than
that of the large satellites, and it appears that
these thirteen bodies interact gravitationally
with each other, crossing paths and periodically
colliding with one another. Some of these inner
satellites may serve as shepherds for Uranus’s
narrow rings, which orbit closest to the planet.

Outside the orbit of Oberon are the small ir-
regular satellites in Division 3: Francisco,
Caliban, Stephano, Trinculo, Sycroax, Marga-
ret, Prospero, Setebos, and Ferdinand. They are
considered irregular, though, because they or-
bit in odd directions far from Uranus. Their re-
spective sizes and compositions have not been
measured accurately. Scientists have estimated
that their diameters range from 18 to 150 kilo-
meters. They have very eccentric (elliptical) or-
bits, and all orbit retrograde, that is, in the di-

rection opposite to the general revolution of
other bodies in the solar system, which is coun-
terclockwise around the north polar axis of the
Sun.

KNOWLEDGE GAINED

The study of Uranus’s system of natural sat-
ellites, including their orbital and physical
properties, makes it possible to understand
more fully the processes not only of planet for-
mation but of the evolution of the solar system
itself. Satellites can be formed at the time of the
formation of the planet they orbit, but they can
also be captured by the planet’s gravitational
pull at a later stage. It appears that both pro-
cesses are at work in the Uranian system. The
group of satellites that are in Division 2
(Miranda, Ariel, Umbriel, Titania and Oberon),
as well as the thirteen satellites in Division 1,
most likely formed at the same time Uranus
condensed. However, events have transpired to
alter these satellites’ orbits and surface fea-
tures. For example, Miranda has a scarred sur-
face that is presumed to be the result of a colli-
sion with another object and was fractured into
pieces. These pieces then came back together
unevenly and show the rough terrain and
scarps that characterize the satellite. An alter-
native hypothesis is that Miranda, being too
small an object to complete its internal mixing,
froze midway through the process of separating
its structure into layers.
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Major Uranian Satellites

URANUS
Miranda Ariel Umbriel Titania Oberon

Satellite

Miranda
Ariel
Umbriel
Titania
Oberon

Diameter (km)

0500 ± 220
1,300 ± 130
1,110 ± 100
1,600 ± 120
1,630 ± 140

Distance from Planet (km)

130,000
192,000
267,000
438,000
596,000

Source: Data are from Jet Propulsion Laboratory, California Institute of
Technology. Voyager at Uranus: 1986. JPL 400-268. Pasadena, Calif.:
Author, 1985, p. 5.



Several of the Division 1 moons are in such
close orbits with each other that they conceiv-
ably collide and switch orbital positions around
Uranus. In addition, Cordelia and Ophelia
serve as shepherding moons for the Epsilon ring
system.

The irregular satellites in Division 3 appear
to be satellites that were previously solar sys-
tem bodies, such as comets and asteroids, that
were captured by Uranus’s gravitational pull
and orbit around the planet in elliptical and ret-
rograde orbits.

This accumulated knowledge points to a so-
lar system that evolved sequentially over vast
periods of time with many diverse objects that
are still changing their orbital shapes and con-
stitutions.

CONTEXT

There were only five known satellites of Ura-
nus until Voyager 2 visited this planetary sys-
tem and made its closet approach on January

24, 1986. Voyager 2 was launched in 1977 and
visited Jupiter in 1979, Saturn in 1981, and, af-
ter its flyby of Uranus, Neptune in 1989.

As Voyager 2 approached the Uranus system,
its onboard computers were reprogrammed by
scientists and engineers back on Earth at the
Jet Propulsion Lab to enable the cameras to pro-
duce high-quality photographs in the reduced
light and at the high speeds at which the space-
craft would be traveling on its flyby. Most of the
photographs were taken in a six-hour period in
and around the time of closest approach (9:59
a.m. PST) on January 24. On the way to the ren-
dezvous with Uranus, Voyager 2 obtained clear,
high-resolution images of each of the five large
Uranian satellites (Miranda, Ariel, Umbriel, Ti-
tania, and Oberon). It was its discovery of
eleven new satellites that added to our knowl-
edge base of this planet. During processing of
images of the outer ring (Epsilon ring) of Ura-
nus, it was discovered that two small satellites,
Cordelia and Ophelia, were shepherding or

keeping this thin ring in orbit
around the planet. Also sighted
were Bianca, Cressida, Desdemona,
Juliet, Portia, Rosalind, Cupid,
Belinda, and Perdita which belong
to what has been called the Portia
Group of satellites, These satel-
lites have similar orbits and light-
reflecting properties. The close-
ness of their respective orbits
leads to the hypothesis that this
group interacts with each other
and may at times collide.

Until 1997, the Uranian system
was distinct from the other Jovian
planets in that there were no iden-
tified irregular satellites. How-
ever, the discovery on September
6, 1997, of two irregular satellites,
Caliban and Sycroax, by Brett J.
Gladman, Philip D. Nicholson, Jo-
seph A. Burns, J. J. Kavelaars,
Brian G. Marsden, Gareth V. Wil-
liams, and Warren B. Offutt, using
the 200-inch Hale telescope (at
Palomar Observatory in South-
ern California) removed that dis-
tinction. Subsequently, Stephano,
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Light-colored Ariel, seen in this 1986 image from Voyager 2, has
grooves and crevices that extend over its entire surface, suggesting re-
cent lava flow that has cooled and solidified. (NASA/JPL)



Prospero, and Setebos were discovered by Mat-
thew J. Holman, Kavelaars, Gladman, Jean-
Marc Petit, and Hans Scholl on July 18, 1999.
Trinculo, Margaret, and Ferdinand were dis-
covered by Holman, Kavelaars, and Dan
Milisavljevic on August 13, 2001.

Joseph Di Rienzi
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Uranus’s Tilt
Categories: Planets and Planetology; The

Uranian System

All planets in our solar system rotate on an
axis tilted in relation to the ecliptic plane
(the plane carved out by their orbit around
the Sun). However, Uranus’s axis is tilted
at such an extreme angle that the planet ro-
tates while virtually lying on its side. De-
spite several theories, scientists do not fully
understand what causes Uranus’s tilt.

OVERVIEW

Uranus was observed as early as 1690, but
astronomers thought it was a star. Using a tele-
scope he built himself, Sir William Herschel ob-
served Uranus over a series of nights in 1781.
Herschel initially reported to the Royal Society
that he had discovered a new comet. After track-
ing the “comet” for two years, astronomers fi-
nally agreed that Uranus was actually the sev-
enth planet in the solar system.

In 1829, astronomers determined that the ro-
tation of Uranus was unique. All of the planets
rotate on an axis that is tilted with respect to
the orbital plane of the solar system. The or-
bital plane is the imaginary surface on which
the planets orbit and almost lies on the Sun’s
equator (the plane is tilted at a 7° angle with
respect to the Sun’s equator). Axial tilt is cal-
culated by drawing a line perpendicular to the
orbital plane. The rotational axis of the planet
is compared to the perpendicular line. For ex-
ample, the rotational axis of the Earth has a
tilt of 23.5°. Mars is tilted at 25.19°, and Sat-
urn’s axis is tilted at 26.73°. Uranus, on the
other hand, has an axial tilt of 97.8°. Because
of this, Uranus is often referred to as the
“sideways planet.” Either the north or the
south pole of Uranus is usually pointed toward
the Sun. Uranus’s equator experiences day
and night the same way as the Earth’s polar ice
caps do. The poles of Uranus each experience
forty-two years of sunlight, followed by forty-
two years of complete darkness. Only around
equinoxes is the Sun facing Uranus’s equator,
causing “normal” Earth day-night conditions.
Its last equinox occurred on December 7, 2007,

and the the next will not happen until the year
2049.

Due to its unusual orientation, scientists have
conflicting methods for determining which pole
is “north” and which is “south.” The Interna-
tional Astronomical Union (IAU) refers to which-
ever pole lies above the orbital plane as the
north pole. Most scientists use this designation.
Others use the right-hand rule from physics and
the direction the planet is spinning to designate
the poles north or south. This method contra-
dicts the IAU’s determination, instead naming
the pole below the orbital plane as “north.”

The only spacecraft to date that has visited
Uranus is Voyager 2. Launched in 1977, the
probe reached Uranus in 1986. Voyager 2 came
within 81,500 kilometers of the planet. It dis-
covered and photographed ten new satellites
and nine rings orbiting Uranus. The spacecraft
also helped scientists determine more precisely
the axial tilt of Uranus.

There are two main competing theories to ex-
plain why Uranus is tilted on its side. No one
knows who proposed the popular “collision” the-
ory, which posits that Uranus formed and then
a large Earth-sized object crashed into it with
such force that it left the planet on its side. The
current accepted theory of planetary formation
is the idea of nebular condensation, developed
in the seventeenth century by French philoso-
pher René Descartes. As a massive cloud of in-
terstellar dust and debris condensed, it would
collapse and start to spin. Planets slowly would
begin to form from clumps of matter joining to-
gether. The bigger the planets grew, the faster
they would be able to attract more material
through a process known as accretion. The de-
bris cloud that the planets formed from is called
the accretion disk, which became the orbital
plane. The collision knocking Uranus on its side
would have had to happen early in its forma-
tion. Possibly an object struck the planet’s core
before Uranus’s satellites had condensed from
the debris cloud surrounding it. Another theory
is that the impact left behind debris that later
became Uranus’s satellites. However, there are
several questions that remain unanswered with
this scenario.

Why does Uranus have a nearly circular obit,
like the other planets? Would not a large impact

Uranus’s Tilt The Solar System

906



have affected Uranus’s orbit? If Uranus’s satel-
lites had formed before the collision, why were
their orbits not changed? The satellites orbit
Uranus’s equator, just like its ring system. Two
very small captured satellites, however, have
been found orbiting Uranus’s poles. The nebular
theory also fails to explain other oddities of the
solar system, such as why Venus has a retro-
grade rotation (rotates backward), why Mer-
cury and Pluto have elliptical orbits, and why
Uranus and Neptune have tilted magnetic
fields.

In 1997, Argentinean scientists Adrian
Brunini and Mirta Parisi published a paper giv-
ing plausible ways that Uranus became tilted.
They believed that if a collision had taken place,
it had to be when Uranus was a more solid core
surrounded by a planetary envelope. The im-
pacting object would have hit the proto-Uranus
from the opposite direction as it traveled around
the Sun. The two scientists thought that study-
ing Uranus’s satellites was the key to figuring
out its odd axial tilt. They concluded that either
the satellites of Uranus were created by the col-
lision itself, or no collision happened. Brunini
and Parisi’s study found that Uranus’s satellite
Prospero (S/1999 U3) set a number of con-
straints on any possible conclusion. Therefore,
they believe, it is possible that a new theory of
solar-system formation is needed to explain the
tilt of Uranus. A number of scientists seem to be
shifting toward the second explanation: that
Uranus formed tilted on its side, and that the
nebular theory for the formation of the solar
system fails to explain how this could have hap-
pened. Researchers have been working on find-
ing a simulation that solves this and other oddi-
ties of the solar system.

In 2006, Brunini published a new theory of
the formation of the solar system in Nature
magazine. His mathematical model is based on
the idea that Jupiter and Saturn once had a 1:2
orbital resonance. This means that in the time it
took Saturn to orbit the Sun once, Jupiter went
around twice. The gravitational effect of Jupiter
and Saturn gradually changed the orbits of Ura-
nus and Neptune. Brunini’s simulation shows
that his model would take about a million years
for the outer planets to reach the orbital posi-
tions we now observe. He argues that during the

close encounter of Saturn and Uranus, the an-
gular momentum of the planets shifted, which
over time caused their axial tilts to change. This
scenario, Brunini argues, can explain the orbits
of Uranus’s rings and satellites, which would
have slowly changed their orientation along
with Uranus. Unlike a collision, Brunini’s sce-
nario would have taken hundreds of thousands
of years to play out.

No definitive answer has been found for what
caused Uranus’s unique tilt. Only Voyager 2 has
visited Uranus; new spacecraft would be able to
provide more data but cannot be sent until ei-
ther the planets are again aligned for a “sling-
shot” (gravity-assist) approach (more than a
century away) or the necessary nuclear propul-
sion systems are developed. Until then, re-
searchers are left making mathematical and
computer models in their efforts to solve the
mysteries of Uranus’s axial tilt.

METHODS OF STUDY

Uranus can be observed from Earth with
telescopes, and on dark, clear nights can be
viewed with the unaided eye. Scientists have
also taken photographs of the Uranus system
using the Hubble Space Telescope. In late 2002,
astronomers in Chile were able to image Ura-
nus, its rings, and some of its satellites. The pic-
tures were taken with the Very Large Telescope
(VLT) at the European Southern Observatory
(ESO) Paranal Observatory. The rings that are
normally unable to be viewed from Earth, along
with seven satellites, appeared in the image be-
cause it was taken at near-infrared wave-
lengths.

The Voyager program is the only spacecraft
that has visited Uranus. Launched in 1977,
Voyager 2 came within 81,500 kilometers of
Uranus on January 24, 1986. Voyager 2 was
equipped with more than a dozen scientific in-
struments, including cameras, television cam-
eras, magnetometer, and spectroscopes. Voy-
ager 2 viewed Uranus’s “south” pole (located
south of the orbital plane), which was pointed
toward the Sun. At Uranus, Voyager 2 discov-
ered ten satellites and two rings. The spacecraft
also studied the planet’s five largest moons
(Oberon, Umbriel, Titania, Ariel, and Miranda),
taking the first close-up photographs of them.
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Voyager 2 provided the first close-up photo-
graphs of Uranus and detailed information
about its magnetic field, ring system, weather,
and unusual axial tilt. By the early nineteenth
century, scientists knew that the planet was
tilted, but it was not until Voyager 2 arrived at
Uranus that astronomers knew precisely how
tilted it was.

Computer modeling can be used to explore
the dynamics of complex systems over time,
where geologic time is essentially replaced by
computation time. Modern computers allow a
tremendous amount of computational power,
and the magnitude of that computational power
is continuously increasing. Basically, a com-
puter modeling effort such as that used by
Brunini and similar researchers seeks to begin
with certain basic assumptions about initial
conditions of a complex system such as Uranus
in its interaction with larger bodies such as Ju-
piter and Saturn, and then introduce the gravi-
tational interactions between all of these bodies
and allow the computational cycle to mimic the
passage of time as each of these bodies orbits the
Sun and continues to interact with the others.
This sort of thing cannot be easily done by hand.
Sir Isaac Newton, in presenting his develop-
ment of mechanics in Philosophiae Naturalis
Principia Mathematica (1687; commonly known
as The Principia), provided a means of quantify-
ing the gravitational interaction between two
bodies. That relatively simple problem can be
solved in closed form in both spatial and tempo-
ral coordinates. However, the three-body prob-
lem requires numerical analysis, which is
largely done at present by computer program-
ming or software packages, since it cannot be
solved in closed form. The more bodies are in-
volved in a calculation, the more computing
power is required.

CONTEXT

Scientists may never know the real reason
for Uranus’s axial tilt. Further study of the
planet Uranus by spacecraft, and even possibly
by humans, could lead to the answer. Computer
simulations and mathematical models can help
scientists speculate what might have happened.
Maybe the accepted nebular theory for how the
solar system formed is incorrect. Maybe the

gravitational effects of Jupiter and Saturn
slowly caused Uranus to lean to its side. Maybe
Adrian Brunini and his colleagues are correct,
and the only way to make this determination is
to study Uranus’s satellites. The quest to ex-
plain Uranus’s extreme axial tilt could lead to a
new view of how Earth and the solar system
formed.

Jennifer L. Campbell
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V
Van Allen Radiation Belts
Category: Earth

The Van Allen radiation belts are concen-
trated rings of ionized particles in Earth’s
magnetosphere. Detailed study of the ra-
diation belts led to an understanding of
certain phenomena occurring in the iono-
sphere and the determination of the physi-
cal properties of the exosphere.

OVERVIEW

The Van Allen radiation belts are concen-
trated, torus-shaped regions of charged parti-
cles within Earth’s magnetosphere. These par-
ticles, made up of protons, electrons, and other
ions, spiral about in great numbers between
Earth’s magnetic poles. The magnetic and
charged particles within the Van Allen belts can
be divided into four regions: the Van Allen
geomagnetically trapped radiation region, the
auroral region, the magnetosheath, and inter-
planetary space. The inner and outer belts are
part of the Van Allen geomagnetically trapped
radiation region. In discussions of the Van Allen
belts, the magnetic storm is often referred to as
a third radiation belt.

The inner zone stretches from about 1,000
to more than 5,000 kilometers above Earth. It
is mainly independent of time. Its composition
is nearly consistent with that expected for the
decay products of cosmic-ray-produced neu-
trons in the atmosphere (a neutron is an ele-
mentary, neutral particle of mass); this zone is
of cosmic-ray origin. The radiation in the middle
of the inner zone is composed of electrons with
energies exceeding 40 kilo-electron volts (keV)
and protons with energies greater than 40 mil-
lion electron volts (MeV). (Electrons are elemen-
tary particles with a negative charge; protons
are positively charged elementary particles.)
In the inner belt, many of the high-energy pro-
tons are capable of penetrating several inches
of lead. At the edge of the inner zone, in the

region of geomagnetic latitudes 35° to 40°, low-
energy electrons are found. The decay of light-
scattering neutrons gives rise to high-energy
protons. Beyond Earth’s magnetic field, the
mean ionizing capacity is 2.5 times higher than
the minimum ionizing capacity. Particles in the
inner zone are stable and exist for a long period
of time.

The outer zone stretches about 15,000 to
25,000 kilometers above Earth. This zone un-
dergoes very large temporal fluctuations ap-
pearing to be caused by solar activity and auro-
ras, atmospheric heating, and magnetic storms.
The outer belt contains soft particles; it is of so-
lar origin. The outer zone contains electrons
with more than 40 keV in energy and protons
with more than 60 MeV in energy. The outer
zone has greater geophysical significance than
the inner zone. According to the comparison of
E. V. Gorchakov, the boundaries of the outer
zone coincide with isochasms (lines of equal
probability of auroras). Trapped particles intro-
duce magnetic effects in the outer radiation
belt. This effect was measured by Luna 1. The
increase in ionization of the outer zone is unsta-
ble. Particles exist for a short period of time
compared with those of the inner belt.

A third radiation belt is produced by mag-
netic storms. Protons are transported from the
Sun in a corpuscular stream and injected by
magnetic field perturbations into Earth’s field.
The charge exchange with neutral hydrogen in
Earth’s exosphere is the fastest mechanism of
removal. This is about a hundred times faster
than scattering from ions in the exosphere.
With the exception of trapped radiation, the en-
tire region in the magnetic cavity is known as
the auroral region. Auroral particles, the is-
lands or pulses in the long tail and spikes at
high latitudes of 1,000 kilometers, are phenom-
ena that occur in the auroral region. Electrons
of uniform angular distribution have a roughly
constant intensity between 100 and 180 kilome-
ters in altitude.

The magnetosheath lies between the shock
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front formed by the solar wind and the magnetic
cavity. Islands of electrons have been observed
in the magnetosheath. At its widest, the
magnetosheath is about four times the radius
of Earth. It contains a compressed, seemingly
chaotic interplanetary magnetic field. The in-
terplanetary field connected to the Sun is pre-
dominantly in the ecliptic plane. The field ter-
minates when the solar wind undergoes a shock
transition to subsonic flow.

The lifetime of trapped particles decreases
with distance from Earth. The lifetime of elec-
trons with energies greater than 1 MeV at a dis-
tance of 1.2 to 1.5 times Earth’s radius is about a
year. The lifetime of the same electrons is re-
duced to days and months at a distance of 1.5 to
2.5 times Earth’s radius. At even greater dis-
tances, the lifetime of the particles is measured
in minutes. Because Earth is strongly influ-

enced by the Sun’s magnetic field, Earth’s geo-
magnetic field does not decrease indefinitely
with increasing distance. The solar wind pushes
Earth’s magnetic field and is deflected by it. At
about 10 Earth radii, the radiation belt ends
abruptly.

Particles of trapped radiation may be lost in
two ways. During a magnetic storm, the mag-
netosphere may lose or gain particles. This oc-
curs at distances of 1.0 to 1.5 times Earth’s ra-
dius. The other mechanism occurs at distances
greater than 8 times Earth’s radius. Small,
rapid variation in the magnetic field at such dis-
tances scatters trapped particles, dumping
them into the atmosphere. In a similar fashion,
it is seen that charged particles in Uranus’s
magnetosphere are swept down into the plan-
et’s upper atmosphere by collisions with parti-
cles in its ring system.
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Beautiful auroral displays occur when the
charged particles are dumped into Earth’s up-
per atmosphere. Solar flares eject into space
streams of high-energy protons and electrons.
When these beams of high-energy particles are
directed toward Earth, Earth’s magnetic field is
partially disrupted. Particles trapped within
the field lines can escape downward toward
Earth at the lower ends of the radiation belts.
High-energy particles, reinforced with particles
from the Sun, energize the upper atmosphere,
causing luminous and often colorful auroras.

KNOWLEDGE GAINED

The years 1957 and 1958 were designated the
International Geophysical Year (IGY), an inter-
national scientific tour de force to advance un-
derstanding of Earth sciences. As contributions
to IGY, the Soviet Union and the United States
both pledged to place a satellite in orbit about
the Earth. Russia’s Sputnik 1 beat the Ameri-
can effort to orbit. However, the American effort
was the first to gather useful scientific informa-
tion. With the data returned by Explorer 1,
America’s first artificial satellite, a high-energy
radiation belt was detected by James A. Van Al-
len and his assistants, George H. Ludwig, Carl
E. McIlwain, and Ernest C. Ray. The same ob-
servations were made by Explorer 3, launched
by the U.S. Army on March 26, 1958, and Sput-
nik 3, launched by the Soviet Union on May 15,
1958.

Later, a satellite was launched as part of
Project Argus, which studied the location,
height, and yield of electron blasts. This project
was carried out by the Advanced Research
Projects Agency. The belt of electrons produced
by the Argus nuclear explosions developed at
a distance of twice Earth’s radius. Explorer 4,
launched on July 26, 1958, carried four Geiger
counters to handle high levels of radiation. One
of these Geiger counters was shielded with a
thin layer of lead to keep out most of the radia-
tion. The satellite reached a height of 2,200 kilo-
meters and registered an intensity of high-
energy radiation. From the data returned,
scientists concluded that Earth is surrounded
by belts of high-energy radiation consisting of
particles originating from the Sun and trapped
in the lines of force of Earth’s magnetic field.

These were named the “Van Allen radiation
belts.”

Explorer 4 obtained a kidney-shaped inten-
sity contour of Earth’s inner belt. Data from
early Pioneer spacecraft suggested a solar ori-
gin of soft particles populating the outer zone.
Three Pioneer probes and Luna 1 discovered the
crescent-shaped intensity contours of the outer
belt. Sputnik 3 data helped identify the bulk of
the outer belt particles as low-energy electrons
(10 to 50 keV).

Several more human-made belts were pro-
duced in 1962. The Starfish project, an Ameri-
can venture, created a belt much wider than the
Argus belt. Decay of some of the particles took
several years in low altitudes. In the same year,
the Soviets created at least three similar belts.
More sophisticated versions of the instrumenta-
tion used in these early probes of Earth were in-
corporated into spacecraft sent to other planets
in the solar system. Probes to Mercury, Jupiter,
Saturn, Uranus, and Neptune have discovered
radiation belts similar to Earth’s Van Allen
belts. A planet needs a magnetic field to trap
charged particles into a radiation belt or system
of radiation belts. For that very reason, there
are no significant belts of trapped charged par-
ticles at Venus or Mars.

CONTEXT

In the earliest days of space exploration,
gauging the intensity of Earth’s radiation belts
with uncrewed spacecraft was crucial as a first
step toward sending humans into space. Both
the United States and the Soviet Union had a
vested interest in the results of early investiga-
tions of the magnetosphere.

The Van Allen belts, while lifesaving in that
they keep dangerous radiation from reaching the
surface of the planet, are potentially hazardous
to Earth-orbiting spacecraft. They threaten elec-
tronics systems and instrumentation and can
interfere with radio transmissions. In the late
1950’s, it was not known just how hazardous the
radiation surrounding Earth would prove to hu-
mans. While it would not be wise to base a space
station within the radiation belts, the belts
themselves pose little threat to humans, who
quickly punch through on voyages of explora-
tion beyond the Earth; that was the case back in
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the Apollo program and will be true of the Na-
tional Aeronautics and Space Administration’s
(NASA’s) planned Constellation program flights
to the Moon and later to Mars. However, leaving
the safety of orbit beneath the Van Allen belts
does expose astronauts to the potential hazards
of ionizing radiation streaming outward into
the solar system from the Sun. Therefore, spe-
cial protection must be provided to humans on
expeditions beyond low-Earth orbit.

The relationship between auroras and the
Van Allen belts has been studied for decades,
but although the overall phenomenon has been
well characterized, all is not completely under-
stood. Scientists do know that most bright auro-
ras are produced by electrons dumped into
Earth’s atmosphere by solar flares. The auroral
particles are the electrons escaping from the
outer Van Allen radiation belt. The average ki-
netic energy of the electrons is 32 keV. The leak-
age of corpuscular radiation into the auroral
zones is the most important loss of corpuscular
radiation from the outer Van Allen belt.

Satya Pal
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Venus’s Atmosphere
Categories: Planets and Planetology; Venus

The atmosphere of Venus has a surface
temperature of about 743 kelvins and a
surface pressure of about 90 Earth atmo-
spheres. Its clouds consist largely of carbon
dioxide, and droplets of sulfuric acid rain
down to the surface.

OVERVIEW

The second planet from the Sun and Earth’s
immediate inner neighbor, Venus is often called
Earth’s twin, because the masses and radii of
the two planets are very similar. Venus’s mass
is 82 percent that of Earth. Its radius is only 5
percent less than Earth’s. Under ordinary cir-
cumstances, no objects in the sky other than the
Sun and the Moon surpass Venus in brightness.
Viewing Venus with one or more of the other
planets also visible in the sky shortly before
sunrise or briefly after sunset can be an awe-
inspiring sight. In ancient times, since Venus
could at times be seen in the morning skies and
at other times in the evening skies, the planet
was actually thought to be two different objects;
they were given the names Phosphoros and
Hesperus for the morning and evening star, re-
spectively.

Venus revolves once around the Sun every
Earth 224.7 days. It rotates on its axis once ev-
ery 243.01 days. The inclination of its orbit is
about 3.5° with respect to the ecliptic plane. Its
orbit, like those of all the other planets, is an el-
lipse, but it is very close to being a perfect circle.
The tilt of Venus’s axis of rotation is about 17.8°,
as compared with the Earth’s 23.5°. As a result,
any seasonal changes of weather on Venus
would be less extreme than on Earth. Remark-
ably, its rotation is retrograde, backward, as
compared with the direction of revolution, or
clockwise, as seen from above the ecliptic plane.
It is not known with certainty why Venus has a
retrograde rotation. Virtually all other objects
in the solar system rotate and revolve prograde,
or counterclockwise as seen from above the
ecliptic.

At each inferior conjunction (each time Ve-
nus and the Sun are aligned in the sky with Ve-
nus closer to Earth than to the Sun), the same
face of Venus points toward the Earth. This phe-
nomenon may mean that Venus’s rotation is in-
fluenced by the Earth’s gravitational pull; how-
ever, some information indicates that the
alignment at inferior conjunction is not exactly
perfect and therefore may be coincidental.

As seen from Earth, Venus’s maximum disk
size, or angular diameter on the sky, is about
0.02°, and its minimum angular diameter is
about 0.003°. The maximum or minimum size
on the sky corresponds to the closest and far-
thest distances from Earth. In contrast, the Sun
and the Moon have an apparent angular diame-
ter of about 0.5°. Given these observational cir-
cumstances, little can be learned about the
planet’s atmosphere from telescopic observa-
tions. The planet’s average density is 5.25
grams per cubic centimeter, and the surface ac-
celeration caused by gravity is 0.903 times that
of Earth. Escape velocity from Venus’s surface
is 10.3 kilometers per second. That means Ve-
nus can retain its atmosphere virtually indefi-
nitely, since most of the molecules at the top of
the atmosphere will travel at speeds well under
10.3 kilometers per second.

Through a telescope, an image of Venus is
somewhat disappointing; only the planet’s
phases are obvious. Exceptional atmospheric
and viewing conditions at good astronomical
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sites have allowed scientists to
see and photograph subtle vari-
ations in shading on bright cloud
tops of the planet’s lit side.
However, no part of the surface
of Venus is visible through tele-
scopes, because of its thick
cloud cover.

Sulfur is probably released
into the atmosphere of Venus by
outgassing volcanic processes.
Sulfur rises and bonds with
water and oxygen to produce
sulfuric acid. It appears as a
fairly thick haze and is more
strongly concentrated than the
acid found in the battery of an
automobile. These clouds are
less murky than fog, with visi-
bilities within them of perhaps
several hundred meters. Top
layers of these clouds are about
80 kilometers above the planet’s
surface. The tops of the sulfuric
acid-laden clouds have winds
that move faster than 300 kilo-
meters per hour, a speed com-
parable to that of the Earth’s jet
streams. These high winds swirl
around the planet in about four days. Circu-
lating motions cause gas to rise near the equa-
tor and descend near the poles, probably a direct
consequence of excess solar heating in the equa-
torial region.

The atmosphere of Venus is mostly carbon
dioxide. Venus has undergone a spectacular
greenhouse effect, caused by particles in the
clouds trapping or absorbing infrared radiation.
Most sunlight is reflected by clouds back into
space. The albedo of Venus is about 0.8; that is,
80 percent of incident radiation striking the
cloud tops is reflected back into space. The 20
percent that penetrates the clouds warms the
surface sufficiently to heat the surface rocks
and terrain. These surface structures radiate,
essentially at infrared wavelengths, and that
radiation cannot penetrate the clouds and gets
trapped. Heat builds, and the high temperature
releases gases (mainly carbon dioxide) from
rocky minerals into the atmosphere, which in

turn drives the greenhouse effect further. A cy-
cle develops: The carbon dioxide traps the radia-
tion, which heats the surface and atmosphere,
which then triggers the release of more carbon
dioxide. This continues until the entire atmo-
sphere reaches a sufficiently high temperature
(740 kelvins) to radiate as much energy back
into space as it receives.

High above the clouds, the atmospheric lay-
ers called the exosphere consist mostly of hydro-
gen and helium. These strata are affected by in-
tense incoming ultraviolet solar radiation. The
radiation ionizes atoms, making them electri-
cally charged. The uppermost layers form the
ionosphere. Venus’s ionosphere is not as in-
tensely ionized as Earth’s.

Venus’s surface is quite flat compared with
that of the Earth; however, there are at least
three major elevated regions, and they exhibit
features that influence the atmosphere. The
largest, Ishtar Terra, is similar in size to Aus-
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resolution Magellan images whose gaps are filled by images from the
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tralia. The others are about the size of the larg-
est islands in Indonesia. Many less elevated re-
gions are also present. On Ishtar Terra, a
mountain called Maxwell Montes is apparently
higher than Mount Everest with respect to the
surrounding flat terrain. Large volcanoes are
present on each of the three plateaus. Volcanoes
imply gas release from the planetary interior;
therefore, Venus’s atmosphere is attributable in
part to volcanic outgassing. Although the atmo-
sphere is composed mostly of carbon dioxide,
there is some nitrogen and sulfur dioxide, very
little water vapor, and trace amounts of various
other gases. Sulfur dioxide is outgassed by vol-
canoes on the Earth but is quickly diluted by
rain and moisture. In contrast, sulfur dioxide
outgassed in the dry atmosphere of Venus is
very stable, accounting for the efficient produc-
tion of sulfuric acid in the clouds and elsewhere.

Continent-building processes caused by
plate tectonics on the Earth may have occurred

on Venus, though to a far lesser extent. This
idea is based mostly on the fact that only a few
elevated regions exist. Therefore, the outgas-
sing brought on by a variety of volcanic actions
related to plate tectonics is probably slower and
less effective on Venus, compared with the heat-
induced gases, such as carbon dioxide, from
rocks.

One other feature of Earth’s atmosphere that
probably does not exist to any extent on Venus is
production of high-level auroras (or, as they are
known on Earth, the northern and southern
lights), because Venus has little or no magnetic
field. Since its rotation rate is very slow, one
would expect a weak but nevertheless measur-
able magnetic field. Several theories have been
put forth to explain this lack. One theory is that,
like the Earth, Venus undergoes polarity
changes of its overall dipolar magnetic field.
The Earth’s magnetic field is explained by the
dynamo hypothesis. The rotating core produces

loop currents in the heated molten
regions, which in turn produce a
magnetic field. Geological and
paleontological evidence suggests
that the Earth’s magnetic field
undergoes reversals of polarity at
irregular intervals. During the re-
versal periods, little or no field is
present. It is possible that Venus
could be undergoing such a mag-
netic reversal phase. In fact, ei-
ther it is in such a phase or the dy-
namo hypothesis is incorrect.

METHODS OF STUDY

The first attempt to send an in-
terplanetary probe to Venus did
not fare well. Mariner 1 launched
on July 22, 1962. A software error
caused its booster to veer danger-
ously off course while low in the
atmosphere, and it was destroyed
on purpose by the range safety
personnel at Cape Canaveral.

Mariner 2, a sister spacecraft
to the failed first American Venus
probe, launched successfully on
August 27, 1962. Fortunately,
this probe was able to fly within
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Venus’s Atmosphere Compared with Earth’s

Venus Earth

Surface pressure (bars) 92 1.014
Surface density (kg/m3) ~65 1.217
Avg. temperature (kelvin) 737 288
Scale height (kilometers) 15.9 8.5
Wind speeds (meters/second) 0.3-1.0 up to 100
Composition

Argon 70 ppm 9,430 ppm
Carbon dioxide 96.5% 350 ppm
Carbon monoxide 17 ppm —
Helium 12 ppm 5.24 ppm
Hydrogen — 0.55 ppm
Hydrogen chloride tr —
Hydrogen fluoride tr —
Krypton — 1.14 ppm
Neon 7 ppm 18.18 ppm
Nitrogen 3.5% 78.084%
Oxygen — 20.946
Sulfur dioxide 150 ppm —
Water 20 ppm 1%
Xenon — 0.08 ppm

Note: Composition: % = percent; ppm = parts per million;
tr = trace amounts.

Source: Data are from the National Space Science Data Center,
NASA/Goddard Space Flight Center.



34,833 kilometers of the Venusian surface on
December 14, 1962. Although it carried no pho-
tographic equipment, Mariner 2 provided a
treasure trove of new information about the
shrouded planet. The spacecraft was outfitted
with Geiger tubes, an ion chamber, a cosmic
dust detector, a microwave radiometer, and a
magnetometer experiment. Mariner 2 deter-
mined that the Venusian surface temperature
was more than 670 kelvins. It detected neither a
planetary magnetic field nor any Van Allen-like
radiation belts about the planet. It continued to
collect data about particles and fields in inter-
planetary space until contact was lost on Janu-
ary 3, 1963, at a distance of 87 million kilome-
ters from Earth.

Mariner 5 was launched on June 14, 1967,
and was sent to fly by Venus. This spacecraft
also did not include photographic or television
cameras. It was equipped with radio science and
ultraviolet experiments as well as particle and
magnetic field detectors. Mariner 5 encoun-
tered Venus on October 19, 1967, coming within
4,000 kilometers. The spacecraft investigated
Venus’s cloud tops and the solar wind interact-
ing with interplanetary magnetic fields.

Early images taken by the space probes Mar-
iner 10 and Pioneer Venus in reflected solar ul-
traviolet light revealed considerable variation
in shading on Venus. Variation is caused by ra-
diation coming from different levels of the
clouds. The study of the motion of these clouds
has indicated that the top layers can rotate at
very high speeds, approaching perhaps 100 ki-
lometers per hour. These high-strata, rapid
wind velocities are in part caused by the hot,
sunlit clouds transferring heat to the colder
dark side. The cloud structure shows three dis-
tinct strata: a high, thick layer; a medium-high
haze layer; and a lower, medium-thick layer.
From this lower layer downward it is essentially
clear all the way to the surface.

The Pioneer Venus atmospheric probes, sent
to the surface via a combination of small retro-
rockets and parachutes, and Soviet Venera
landers measured a decrease in the wind veloc-
ity at lower altitudes. On the surface, winds are
essentially gentle breezes. Heat transfer and
exchange in the atmosphere are very dependent
on the density and pressure of various layers.

Lower levels of the atmosphere are under
superhigh pressures. Soviet Venera landers
and the Pioneer space probes measured pres-
sures of about 90 atmospheres at the surface.
Heat transfer is so efficient that there is no
large-scale difference between daytime and
nighttime temperatures at the surface. Mariner
10 and Pioneer Venus ultraviolet images indi-
cated an overall circulation pattern: Atmo-
spheric gas rises at the equator and descends at
the poles. With slow rotation of the planet, this
circulation pattern is highly stable.

Four Venera landers managed to set down on
the surface, perform experiments, and obtain
electronic images of the surroundings using a
fish-eye lens or wormlike view of the terrain to
the horizon. At both landing sites, rocks and the
horizon in the clear atmosphere are visible.
Rocks are clearly of volcanic origin. In some
cases their sharp edges indicate little or no ero-
sion, suggesting recent volcanic origin. One
would expect that erosion, under the high pres-
sure and intense heat, would quickly deform
and erode the rocks’ edges. Pioneer Venus de-
tected the existence of sulfuric acid droplets,
which at the high temperatures and pressures
present is very corrosive.

Pioneer Venus was equipped with a radar
ranger. Scientists could send radar beams to the
surface of Venus from the spacecraft and mea-
sure the time interval from the emission of the
radar to the subsequent receiving of the re-
flected echo. This procedure allowed accurate
measurement of distances between the space-
craft and the surface. After a compilation of
such observations, the Pioneer Venus mission
team was able to provide a detailed map of the
surface terrain for the first time. Better maps
would have to await a more sophisticated radar
system placed in orbit about Venus.

Vega 1 and 2 were ambitious missions involv-
ing identical carrier spacecraft that each deliv-
ered both a lander based on the Venera design
and an instrumented balloon to Venus before
both carrier spacecraft were then redirected to
join an international group of spacecraft inter-
cepting and studying Halley’s comet near its
1985/1986 perihelion passage. The carrier craft
were outfitted with an imaging system, an in-
frared spectrometer, and a spectrometer capa-
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ble of ultraviolet through infrared observations,
detectors of dust and micrometeoroids, a plasma
energy analyzer, a magnetometer, wave and
plasma analyzers, a neutral gas mass spectrom-
eter, and an energetic particle analyzer. The
Vega 1 and 2 carrier craft encountered Venus on
June 11 and 15, 1985, respectively, having sev-
eral days earlier ejected their lander and bal-
loon payloads. Neither carrier craft provided
deep new insights into the nature of the Venu-
sian atmosphere, but they did set the stage for
the unique balloon payload and their results.

Venus’s atmosphere apparently provided a
particularly strong wind gust when the Vega 1
lander was still 20 kilometers above the planet’s
surface. This even activated the surface experi-
ments early, and no results were produced after
touchdown. Vega 2 operated properly and on
June 15, 1985, safely touched down in the east-
ern Aphrodite Terra region. This lander deter-
mined the local atmospheric pressure to be 91
atmospheres, with a surface temperature of 736
kelvins. It endured the extreme environment
for just under an hour, but, before it failed, the
lander determined a rock sample to be a variety
of anorthesite.

The Vega 1 and 2 balloons floated in the
planet’s atmosphere, providing data for about
forty-six hours at an altitude of approximately
54 kilometers. The balloons were small in mass
and size (25 kilograms, about 55 pounds, and
3.4 meters, or 11 feet, in diameter) but were able
to dangle a gondola assembly filled with instru-
ments to sample and measure the Venusian at-
mosphere. The balloons began their mission af-
ter being deposited on Venus’s dark side. They
sank to a depth of 50 kilometers before rising
again to an altitude of 54 kilometers where they
determined the pressure and temperature to be
similar to those conditions on Earth. However,
wind speed was nearly that of hurricane status,
and at this altitude the carbon dioxide-rich at-
mosphere had a strong concentration of sulfuric
acid with far less hydrofluoric and hydrochloric
acid. Before losing electrical power, the balloons
registered a variable vertical component to the
atmospheric winds upon which they floated.
Also they survived long enough to move from
the dark side to the planet’s illuminated side.

The National Aeronautics and Space Admin-

istration’s (NASA’s) next probe to Venus was
named after the great Portuguese explorer Fer-
dinand Magellan. Its goal was no less daunting
than to use an imaging radar to map at least 98
percent of Venus’s surface to a resolution of 100
meters or less. Magellan was deployed from the
space shuttle Atlantis on the STS-30 mission on
May 5, 1989, and sent on its way toward the in-
ner solar system. The spacecraft arrived in Ve-
nus orbit on August 10, 1990. Its synthetic aper-
ture radar system was able to peer through the
thick atmosphere. After four years of mapping,
radar altimetry, and gravitational field mea-
surements, NASAintentionally drove Magellan
through the planet’s atmosphere on October 12,
1994. In one final experiment, information was
inferred about the atmosphere as the spacecraft
heated up, and contact was eventually lost
when Magellan was destroyed.

The European Space Agency (ESA) launched
the Venus Express spacecraft on November 9,
2005. Largely a twin of ESA’s successful Mars
Express spacecraft, but modified to study Ve-
nus, Venus Express entered a nine-day-period
polar orbit about Venus on April 11, 2006. Then
for science operations to commence, that orbit
was altered to have a twenty-four-hour period.
Equipped with a penetrating radar, Venus Ex-
press began generating a surface map of the
planet at resolutions even better than Magellan
had achieved. However, science objectives of Ve-
nus Express also included detailed atmospheric
studies. Aboard the spacecraft were infrared,
visible-spectrum, and ultraviolet instruments
to observe Venusian atmospheric characteris-
tics and determine temperature profiles as a
function of altitude.

Venus Express discovered a rather unex-
pected double vortex feature located around the
south pole of the shrouded planet. This remark-
able find occurred on the spacecraft’s very first
highly elongated orbit about Venus. Thus Ve-
nus Express was able to examine the planet’s
atmospheric patterns in ultraviolet and infra-
red from a global perspective (when far from Ve-
nus) and at close range (as it approached its low
point in orbit). A vortex feature had been seen
previously over the planet’s north pole by ear-
lier spacecraft, but a double vortex with a stable
structure was quite unusual. Invoking the high
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wind speed of the upper atmosphere and the
convection of rising hot air was insufficient to
explain this double vortex. Using infrared sen-
sors, Venus Express was able to map out win-
dows in the atmosphere through which thermal
radiation could escape to space. That modeling
assisted scientists in determining cloud struc-
tures as a function of altitude above the tremen-
dously hot planetary surface.

Some earlier probes had provided circum-
stantial evidence that lightning was present in
Venus’s atmosphere, but others produced data
strongly suggesting there was a total lack of
lightning. In 2006, the magnetometer aboard
Venus Express provided definitive data that
lightning does occur in Venus’s atmosphere.

Venus Express made another important dis-
covery in 2008, detecting hydroxyl molecules.
This was the first time on a planet other than
Earth that hydroxyl molecules had been de-
tected; hydroxyl is a molecular ion consisting of
one oxygen and one hydrogen atom bonded to-
gether covalently. Hydroxyl was detected at an
altitude of 100 kilometers above the Venusian
surface, which Venus Express accomplished by
means of the Visible and Infrared Thermal Im-
aging Spectrometer, picking up the faint infra-
red light emitted by these molecules in a very
narrow band of Venus’s atmosphere. That band
appears to be only 10 kilometers thick.

Hydroxyl has been found around comets.
However, planetary atmospheres produce the
molecule in a very different manner from that
involved in comets. Hydroxyl on Earth is associ-
ated with the abundance of ozone in the upper
atmosphere. Thus, detection of hydroxyl in Ve-
nus’s atmosphere suggests that Venus still re-
tains some Earth-like aspects. Absorption of
ultraviolet light by hydroxyl molecules is impor-
tant to the heating balance of any planetary at-
mosphere. The hydroxyl data from Venus Ex-
press would greatly assist planetary scientists
in fine-tuning their models of the Venusian at-
mosphere.

Finally, in late 2008 Venus Express for the
first time detected water being lost from Ve-
nus’s daylight side. The previous year, this
spacecraft’s Analyzer of Space Plasma and En-
ergetic Atoms detected the signature of hydro-
gen being stripped away from the planet’s

nightside. The orbiter’s magnetometer was
used to find hydrogen dissociated from water
coming off the daylight side to be lost into space.
Solar wind particles penetrate Venus’s atmo-
sphere, since the planet lacks a protective mag-
netic field. Scientists believe that solar wind
particles break water molecules into two parts
hydrogen and one part oxygen. Oxygen and hy-
drogen have been found escaping the nightside
in the right proportion, but oxygen escaping
from the daylight side was not seen in the 1:2 ra-
tio required if the hydrogen seen comes from
water. In any event, the solar wind mechanism
was believed by many to be the means whereby,
over time, Venus lost much of its original water.

CONTEXT

Earth’s atmosphere has the potential to be-
come more like that of Venus. There are two
ways that such a situation could develop. If
Earth moved closer to the Sun, increased solar
heat would release more carbon dioxide into the
atmosphere. Limestone rock (calcium carbon-
ate) and dissolved carbon dioxide in the oceans
provide a tremendous store of trapped carbon
dioxide. Under higher temperatures, the rocks
and seashells would chemically release carbon
dioxide, and the greenhouse mechanism would
raise the atmosphere’s temperature. As a re-
sult, new carbon dioxide would be released and
would speed the greenhouse mechanism. The
second way that Earth’s atmosphere could be-
come more like that of Venus involves pollution
of the atmosphere to the extent that enough car-
bon dioxide accelerates the existing greenhouse
effect.

More generally, study of Venus’s atmosphere
helps scientists to better understand terrestrial
weather and climate. Earth has an atmosphere
composed mostly of nitrogen. The weather,
however, is influenced primarily by water mole-
cules and carbon dioxide molecules. These sub-
stances are found in Earth’s atmosphere only in
trace amounts; nevertheless, they are responsi-
ble for most of the heat transfer around the
globe. On Venus, the weather is controlled by
the atmosphere’s main constituent, carbon di-
oxide. The contrasts between weather processes
on Venus and those on the Earth have led to a
more complete understanding of the latter. In
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an even larger context, comparative planetol-
ogy studies of Venus, Earth, and Mars contrib-
ute to a better understanding of Earth’s com-
plex weather system and atmospheric physics.
Moreover, such study helps us learn why three
planets, all within the Sun’s habitable zone,
could evolve so differently. To understand
Earth’s evolution fully, it is necessary to know
why the Venusian atmosphere became thick in
carbon dioxide at great pressure (so that a plan-
etary greenhouse effect led to runaway temper-
atures), and also to understand why the Mar-
tian atmosphere became thin in carbon dioxide
at low pressure and low temperature. Earth, on
the other hand, developed a nitrogen-oxygen at-
mosphere with traces of carbon dioxide; this led
to reasonable temperatures and pressures and
the development of a complex biosphere and in-
teractive oceanic-atmospheric processes to
maintain a dynamic equilibrium.

James C. LoPresto and David G. Fisher
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tery. For both general readers and special-
ists.

Morrison, David, and Tobias Owen. The Plane-
tary System. 3d ed. San Francisco: Pearson/
Addison-Wesley, 2003. A textbook at the be-
ginning college level, introducing the scien-
tific knowledge of the solar system as of 1988.
The chapter on Venus goes into detail about
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the greenhouse effect and the contrasting at-
mospheres of Venus and the Earth.

Spanenburg, Ray, and Kit Moser. A Look at Ve-
nus. New York: Franklin Watts, 2002. A look
beneath the thick clouds of Venus written for
a younger audience.

See also: Earth’s Atmosphere; Earth’s Compo-
sition; Earth’s Magnetic Field: Origins; Earth-
Sun Relations; Extraterrestrial Life in the Solar
System; Greenhouse Effect; Mars’s Atmo-
sphere; Planetary Atmospheres; Planetary In-
teriors; Planetary Magnetospheres; Planetary
Rotation; Planetary Tectonics; Planetology:
Comparative; Planetology: Venus, Earth, and
Mars; Terrestrial Planets; Venus’s Craters; Ve-
nus’s Surface Experiments; Venus’s Surface
Features; Venus’s Volcanoes.

Venus’s Craters
Categories: Planets and Planetology; Venus

Impact craters are the most numerous and
most easily recognized surface features in
the solar system. Because of their pristine
nature, Venusian impact craters provide a
unique opportunity for astrogeologists to
study the effects of atmospheric variabili-
ties and gravity in the formation of plane-
tary surfaces.

OVERVIEW

One of the earliest and most crucial phases in
the early development of the solar system was
the Great Bombardment. During this phase,
planetary surfaces were under intense bom-
bardment by cosmic debris. For the Earth and
Moon, the Great Bombardment began about 4.6
billion years ago and declined about 3. 8 billion
years ago. Because the Moon has no active
tectonism or atmospheric processes, impact
craters there are mostly scars left from this time
of intense bombardment. Because Earth, by
contrast, is tectonically active and continuously
subjected to weathering processes, craters of
such ancient ages are not visible on Earth’s sur-
face and have been identified only on the

cratons of continents, which undergo relatively
little resurfacing from weathering, tectonism,
volcanism, or other processes. The majority of
impact craters identified on Earth, therefore,
are geologically young and do not represent im-
pacts from the Great Bombardment. Venus,
Earth’s closest planetary neighbor, presumably
was also subjected to this intense cosmic bom-
bardment, but it appears that Venus totally
lacks the ancient, heavily cratered surface that
occurs on Mercury, Mars, the Moon, and the
rocky moons of other planets.

The detailed morphology of the surface of Ve-
nus is known through research done on remote-
sensing data obtained from successful missions
mounted by the National Aeronautics and Space
Administration (NASA)—the Mariner (1962-
1975), Pioneer (1978), Galileo (1990), Magellan
(1990-1994), Cassini-Huygens (1998-1999), and
MESSENGER (2004) uncrewed spacecraft mis-
sions—as well as the Soviet Union’s Vega (1985)
and Venera missions (1967-1984) and the Euro-
pean Space Agency (ESA) Venus Express (2005)
mission. Other data have been accumulated
through study of high-resolution images from
Earth-based radar. The Magellan spacecraft,
inserted into Venus orbit in 1990, yielded radar
images with a resolution of a few hundred me-
ters covering nearly 98 percent of the planet. In
addition, the Soviet Venera missions mapped
nearly 25 percent of Venus with additional ra-
dar imaging. These data have resulted in the
mapping of nearly 100 percent of Venus and
suggest that Venus lacks the ancient, heavily
cratered surface occurring on other terrestrial
planets and rocky satellites. The Venus Express
mission has provided valuable data on the at-
mosphere of Venus and evidence suggesting
that past oceans may have existed on the Venu-
sian surface. A new Venus mission, Planet-C is
planned for 2010 by the Japan Aerospace Explo-
ration Agency (JAXA).

Astrogeologists use the density of impact
craters to determine the age of planetary sur-
faces. The older the surface, the more impact
craters it will have accumulated over time. On
Venus this dating technique is problematic, be-
cause there are relatively few impact craters.
Based on the density of Venus’s impact craters
larger than 30 kilometers in diameter, esti-

The Solar System Venus’s Craters

921



mates of cratering rates scaled for other terres-
trial planets and rocky satellites, and the
known population of asteroids crossing Venus’s
orbit, the planet’s average surface age is esti-
mated at between 450 million and 250 million
years old, the younger age being more likely.
This suggests the surface terrain of Venus may
be less than 5 percent of the age of the solar sys-
tem. However, these ages are average esti-
mates, and based on superposition some Venu-
sian impact craters, volcanic structures, and
tectonic terrains are thought to be as young as
50 million years old. Average age estimates
aside, for the last 700 million years Venus has
been subjected to significant surface volcanism,
which probably is the reason that so few impact
craters are visible on the planet’s surface: Older
impact craters have been covered over with lava
flows or destroyed during episodes of cata-
strophic volcanic eruptions.

Venus has the densest atmosphere of any ter-
restrial planet. The Venusian surface pressure

is equivalent to 94 bars—more than
ninety times the pressure humans
feel from Earth’s atmosphere (90
bars is approximately the weight of
water at 1 kilometer below the sur-
face of Earth’s oceans). In addition,
Venus’s atmosphere is composed of
96 percent carbon dioxide and trace
amounts of nitrogen, water vapor, ar-
gon, carbon monoxide, and other
gases. These clouds seal in the Sun’s
heat, creating a perpetual green-
house effect that boosts surface tem-
peratures on Venus to around 753
kelvins. Clouds within the Venusian
atmosphere are composed mainly of
sulfuric acid and small amounts of
hydrochloric and hydrofluoric acid.
The presence of such a dense atmo-
sphere effectively filters the numbers
of potential impactors by severely de-
creasing their kinetic energy during
transit and preventing all but the
largest incoming objects from impact-
ing the Venusian surface. Craters
smaller than 1.5 kilometers appear
not to exist on Venus. Many craters of
this size are distinctly noncircular

and form groups or clusters of craters. This phe-
nomenon is attributed to the impactor’s becom-
ing fragmented as it passes through the dense
Venusian atmosphere and hitting the surface
like a shotgun blast rather than like an artillery
shell.

The variety of morphologies seen in Venus’s
impact craters tends to depend on their size. As
the diameter of Venusian craters increases,
changes in crater morphology take place and
appear to correlate directly with Venus’s sur-
face gravity and dense atmosphere. Much of the
morphology of Venusian impact craters is
unique. Craters larger than 11 kilometers in di-
ameter exhibit morphological characteristics
similar to comparable complex craters on other
planets: a circular shape, surrounding ejecta
blankets, well-defined rims, terraced walls, cen-
tral ring structures or central peak complexes,
and, in the largest craters, multiple-ring basins.
However, smaller Venusian craters tend to dis-
play a wide variation in shape and structural
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complexity—the opposite of the cratering pat-
terns seen on other terrestrial planets and
rocky satellites.

The morphological divergence is most di-
rectly attributed to the greater atmospheric
density of Venus. Large multiring basins on Ve-
nus display at least two, and sometimes three or
more, rings and near-pristine morphology; are
surrounded by blocky ejecta distributed in lobes
or raylike patterns; and in some cases produce
lavalike flows of ejecta traveling several radii
from the crater. The ejecta patterns are attrib-
uted to the dense Venusian atmosphere’s slow-
ing the travel path and speed of debris exiting
the crater during impact. Many of the largest
Venusian impact craters appear to have little to
no topographic relief. Shallowness of these crat-
ers may be linked to Venus’s lower gravity, pro-
ducing slower impact speeds, and the planet’s
high surface and crustal temperatures, produc-
ing a large volume of impact-generated melt
that remains in a near-molten state, allowing it
to flow over long periods of time and
eventually fill in the crater.

It is also suggested large Venusian
impacts could trigger the subsequent
volcanic or tectonic activity that dis-
guises, or eventually erases, them
within the landscape. One of the
more difficult aspects of studying Ve-
nusian craters is distinguishing im-
pact craters from circular volcanic
calderas. High-resolution radar im-
ages help in defining the morphology
of impact craters versus volcanic fea-
tures by distinguishing ejecta depos-
its from lava flows. Unfortunately,
lavas generated from impact-trig-
gered volcanism can complicate dis-
cerning these structures because the
lava flows may infill the impact crat-
ers, making them look like calderas.

One of the most unusual phenom-
ena associated with Venusian impact
craters is parabolic halos. These ha-
los surround about 10 percent of the
youngest craters and usually expand
westward. The halos are attributed
to the formation of a pre-impact bow-
shock wave created by the impactor’s

producing strong turbulence as it travels
through the dense Venusian atmosphere. The
turbulence lifts surface dust high into the air,
and then prevailing easterly winds resettle the
dust after the impact. Because the halos appear
unaffected by volcanic, tectonic, or atmospheric
processes, the haloed craters may be no more
than 50 million years old, making them useful
dating horizons.

KNOWLEDGE GAINED

Identifiable impact craters on Venus are
rare—slightly less than one thousand, or ap-
proximately 1 crater per million square kilome-
ters—and large craters and basins are uncom-
mon. Impact craters on Venus are randomly
distributed and range in size from 1.5 to 270 ki-
lometers in diameter. Venusian impact craters
are unusual in that, almost without exception,
they appear to be fresh, characterized by sharp
rims and well-preserved ejecta deposits. This
morphology suggests that the craters have not
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been subjected to significant erosional, volcanic,
or tectonic activity. Only about 40 percent of Ve-
nusian craters appear slightly modified, 5 per-
cent appear embayed by volcanic deposits, and
35 percent appear modified by tectonic activity.
Venus’s dense atmosphere filters out small me-
teors, so there is a lack of small impact craters to
chip away at larger craters. This situation fa-
vors the preservation of existing large craters.
Furthermore, while there is currently no hydro-
geologic cycle on Venus, there is evidence to sug-
gest that there may once have been liquid
oceans of some kind on the surface.

The pristine appearance of craters on Venus
makes it appear the surface is both geologically
young and of a relatively uniform age. This ob-
servation has significant implications for the
geologic history of Venus. While resurfacing
processes have most likely removed Venusian
craters older that 450 million years, the mor-
phology of existing craters is not what is ex-
pected for a steady balance between crater for-
mation and crater loss caused by tectonic,
volcanic, or erosional process. The unique obser-
vation is that Venusian craters of all ages look
“fresh,” suggesting that most of the present sur-
face characteristics of Venus date from the end
of a global resurfacing event that ceased about
450 million years ago.

Because of their lack of weathering, Venu-
sian craters provide a unique opportunity for
scientists to study the effects atmospheric
variabilities and gravity have in forming plane-
tary surfaces. While the total number of impact
craters on Venus are not comparable to those on
Mars, Mercury, and the rocky satellites, they do
fall into morphological and age classifications
similar to those of impact craters on Earth.
Crater density and morphology suggest that
cratering records of Venus and Earth are simi-
lar. Because the cratering data from these two
planets are complementary, they provide inter-
pretive guidelines for researching the roles that
volcanism, tectonics, and erosional processes
play in planetary resurfacing.

CONTEXT

The high temperatue and dense atmosphere
of Venus slow incoming projectiles, destroying
the smaller, high-velocity objects. This shield-

ing effect influences the size of Venusian crat-
ers. Smaller craters appear to be absent on
Venus because only large impactors can pene-
trate the Venusian atmosphere to reach the sur-
face. It is estimated that as many as 98 percent
of the craters between 1.5 and 35 kilometers in
diameter that could have formed on Venus did
not as a result of its dense atmosphere. Venus’s
high temperature and dense atmosphere also
impeded the emplacement of ejecta during
cratering by limiting flight distance and decel-
erating fragments, resulting in lobate ejecta
blankets that are sharply defined and make up
coarse blocks. Because of Venus’s high surface
temperature, rocks tend to be softer, less solid,
and somewhat viscous. During an impact, these
viscous rocks produce large amounts of impact
melt, which works to fill the craters and make
them topographically low. It is also suggested
that large Venusian impacts could trigger re-
gional tectonic or volcanic events by transfer-
ring their tremendous heat and shock energies
into the planet’s thin crust.

Randall L. Milstein

FURTHER READING

Esposito, L. W., E. R. Stofan, and T. E. Cravens,
eds. Exploring Venus as a Terrestrial Planet:
Geophysical Monograph 176. Washington,
D.C.: American Geophysical Union, 2007.
Addresses the open questions regarding Ve-
nus’s geology, atmosphere, surface evolution,
and future exploration. Includes results from
the Venus Express mission.

Lopes, R. M., and T. K. P. Gregg. Volcanic
Worlds: Exploring the Solar System’s Vol-
canoes. New York: Springer, 2004. A general
review of volcanic activity throughout the so-
lar system. Comparisons are made between
volcanic activity on Earth and other planets,
showing how data from one planet can aid in
the understanding of physical processes on
another.

Spudis, P. D. The Geology of Multi-ring Impact
Basins: The Moon and Other Planets. New
York: Cambridge University Press, 1993. Al-
though this is a technical book, the chapter
on Venus is well illustrated and easy to read,
with good comparisons to similar Earth
structures.
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Trefil, James S. Other Worlds: Images of the
Cosmos from Earth and Space. Washington,
D.C.: National Geographic Society, 1999. A
richly illustrated book with exploration mis-
sion images of Venus and computer-gener-
ated three-dimensional perspectives of Ve-
nus’s surface.

Uchupi, E., and K. Emery. Morphology of the
Rocky Members of the Solar System. New
York: Springer, 1993. Focuses on the mor-
phology of planets and their satellites and
the reasons for the differences and similari-
ties between them. The book’s theme is that
the solar system should be approached as a
single entity, not as a group of individual
planets.

See also: Earth’s Atmosphere; Earth’s Compo-
sition; Earth’s Magnetic Field: Origins; Earth-
Sun Relations; Extraterrestrial Life in the Solar
System; Greenhouse Effect; Mars’s Atmo-
sphere; Planetary Atmospheres; Planetary In-
teriors; Planetary Magnetospheres; Planetary
Rotation; Planetary Tectonics; Planetology:
Comparative; Planetology: Venus, Earth, and
Mars; Terrestrial Planets; Venus’s Atmosphere;
Venus’s Surface Experiments; Venus’s Surface
Features; Venus’s Volcanoes.

Venus’s Surface
Experiments
Categories: Planets and Planetology; Venus

An understanding of the geology of the
other planets in the solar system is impor-
tant for understanding the geologic past
and future of Earth. Venus holds many
clues to this understanding, including its
surface geology, which appears to be mostly
igneous and basaltic in nature.

OVERVIEW

The planet Venus is considered one of the ter-
restrial or Earth-like planets because of its posi-
tion in the solar system, its planetary diameter,
its geology, and other characteristics. Despite

being called Earth’s twin because of those simi-
larities, Venus is actually very different. The
study of the planet Venus has been at best diffi-
cult because of its heavy cloud cover.

The best information on the Venusian sur-
face and its soils came early from the Soviets,
who focused on exploring the planet, success-
fully landing six spacecraft on the surface. Even
though these craft operated for only limited
amounts of time because of the planet’s extreme
temperatures and the pressure of its atmo-
sphere, the data provided from them have given
astronomers and geologists important clues to
the soils on Venus. Much of the information ob-
tained by the Soviets can be compared with that
known about Earth, and to the data obtained
from firsthand examination of the lunar rocks
and soils. For example, photographs can be use-
ful in examining the appearances of the soil,
rocks, and their distribution. Images taken by
Venusian landers can be compared with photo-
graphs of similar materials found on Earth and
the Moon.

The first of the Soviet landers to provide clues
to the Venusian soils was Venera 8, which made
the first soft landing on Venus, on July 22, 1972,
in a region generally thought to be like the roll-
ing plains of Earth. The probe analyzed the sur-
face and soils directly underneath it with a
gamma-ray spectrometer designed to deter-
mine the chemical composition of surface mate-
rial. Results showed that the soils under the
Venera 8 were igneous, or volcanic, in origin.
The layer was found to be approximately 4 per-
cent potassium, approximately 200 parts per
million uranium, and approximately 650 parts
per million thorium. The layer was also deter-
mined to have a density of approximately 1.5
grams per cubic centimeter (in comparison,
water has a density of 1 gram per cubic centime-
ter at a temperature of 277 kelvins). From these
data, astronomers and geologists were able to
ascertain not only that the soils under Venera 8
were igneous but also that they were probably
similar to the granites or basalts found on
Earth.

In 1975, Veneras 9 and 10 provided an even
better look at the Venusian soils. Each lander
transmitted an image that showed the soil and
rocks surrounding it. These photographs re-
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vealed rocks that were on the average 20 centi-
meters wide, about 50 to 60 centimeters long,
and slablike in appearance. A few of the rocks
showed evidence of volcanic origin. Many of the
rocks had jagged edges, which demonstrates lit-
tle erosion, although some did show signs of
weathering. This relative lack of erosion sur-
prised many astronomers and geologists. They
had believed that, because of the planet’s ex-
tremes in temperature, atmospheric pressure,
wind velocity, and chemical composition, the
photographs would show well-eroded land-
scapes. Astronomer Carl Sagan, among others,
hypothesized that low wind velocities at the
surface levels of Venus produce little effect on
the rock. Apparently, the Venusian surface
temperature stays fairly constant and thus does
not create much wind. Chemical analysis of the
rocks again showed the elements potassium,
uranium, and thorium. Nevertheless, the sites
differed in the type of rock material. At one
Venera lander site, the rocks were basaltic in
appearance, similar to those lining Earth’s
oceans. At the other site, the rocks were more
like granite, similar to that found in Earth’s
mountains. The rocks appear to be relatively
young in age. This would indicate that the
planet has been geologically active in the geo-
logically recent past. The Venusian soil in the

areas observed photographi-
cally appeared to be loose,
coarse-grained dirt. It was also
evident from the photographs
that Venus (or at least parts of
it) is a dry and dusty planet.
Radar images from other Ve-
nera missions, as well as Pio-
neer Venus and the Magellan
spacecraft, verified this for the
rest of the planet.

The Soviets continued their
studies of the Venusian surface
with two additional spacecraft,
Veneras 13 and 14. These two
spacecraft performed similar
examinations, but in a much
more complex manner. Rather
than single images, near-pan-
oramic views of the landing
sites were produced. Photo-

graphs showed rocks somewhat similar to those
found at the Venera 9 and 10 landing sites.
Rocks also showed evidence, however, of what
appears to be thin layering, ripple marks, and
fracturing, especially around Venera 14. Some
rocks showed evidence of erosion. On Earth,
rocks that show layering—such as sandstone
and limestone—are usually sedimentary. Based
on the photographs and measurements made by
the spacecraft, several Soviet scientists sug-
gested that the Venusian rocks might be sedi-
mentary, but that has not been confirmed.

The possible cause or causes of the erosion re-
main unknown. In the absence of water, several
possibilities have been suggested. These in-
clude chemical weathering or erosion caused by
nearby volcanism and its resulting ash, dust,
and lava. Chemical weathering seems the most
likely explanation. Venus’s thick atmosphere
has cloud layers laced with sulfuric acid, which
rains down as a caustic, corrosive agent on the
surface.

Both spacecraft collected a cubic centimeter
of Venusian soil for analysis. The probes uti-
lized an X-ray source to stimulate emissions
from the collected soil samples. This chemical
analysis revealed that the samples were similar
to basalt in composition, although the basalts
differed at the two sites. Near the Venera 13
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Venus Compared with Earth

Parameter Venus Earth

Mass (1024 kg) 4.8685 5.9742
Volume (1010 km3) 92.843 108.321
Equatorial radius (km) 6,051.8 6,378.1
Ellipticity (oblateness) 0.000 0.00335
Mean density (kg/m3) 5,243 5,515
Surface gravity (m/s2) 8.87 9.80
Surface temperature (Celsius) +450 to +480 –88 to +48
Satellites 0 1
Mean distance from Sun

millions of km (miles) 108 (67) 150 (93)
Rotational period (hrs)* –5,832.5 23.93
Orbital period 224.7 days 365.25 days

*The minus sign signifies a retrograde rotational period.
Source: National Space Science Data Center, NASA/Goddard Space

Flight Center.



landing site, the type of basalt found is referred
to as leucitic high-potassium basalt, while near
the Venera 14 landing site, a tholeiitic basalt,
similar to that found on the ocean floors on
Earth, was found. The soil itself appeared fine-
grained, and the photographs revealed many
small rocks. It has been speculated that this
also indicates that weathering processes of
some type are at work, breaking down larger
rocks into smaller ones, eventually reducing
them to soil.

Another pair of Soviet probes, the Vega 1 and
2 spacecraft, landed on Venus in June, 1985.
Vega 2 results revealed a Venusian soil and sur-
face that are again similar to basalt. Neverthe-
less, the new data also revealed a surface rich in
the element sulfur, which is usually associated
with volcanism. This presence has provided an-
other clue to the surface and geology of Venus.

Venera 8 landed about 5,000 kilometers east
of an area referred to as the Phoebe region.
Veneras 9, 10, 13, and 14 all landed between 900
and 3,000 kilometers east of the raised areas
known as Beta Regio and Phoebe Regio. Even
though the craft landed on and took samples
from an area that could be of the same or similar
geologic makeup, they have given astronomers
and geologists a good idea of the planet’s surface
composition.

The probes produced mostly photographic
data, although some chemical analysis was con-
ducted on site. Thus, any discussion of soil sam-
ples is based on the evidence reported by these
spacecraft, since no samples have ever been re-
turned to Earth for detailed study. Spacecraft
data have enabled astronomers and geologists
to begin to understand not only the surface of
the planet Venus and its chemical makeup but
also the planet’s evolutionary path.

KNOWLEDGE GAINED

It appears that Venus may still be an active
planet geologically, which scientists inferred
from the discovery of high concentrations of sul-
fur in Venus’s atmosphere. Thus, its soils, for
the most part, must be considered with that fact
in mind.

Analysis of Venusian rocks around the land-
ers provided scientists with interesting but
sometimes confusing data. For example, the

fact that most of the rocks appear to lack signs of
erosion at first seemed puzzling. An under-
standing of the weather patterns on Venus and
the planet’s atmospheric chemistry, however,
has led to the development of theories relating
the small-scale erosion to a low wind velocity at
the surface because of its virtually uniform tem-
perature. The rocks themselves appeared to be
mostly igneous in nature. Most igneous samples
appeared to be similar to basalt, much like those
rocks and materials that line Earth’s ocean
floors. Some of the rocks resembled granite, like
those that form Earth’s mountains. However,
despite apparent volcanic origins for Venus’s
crust, some specimens appeared to be sedimen-
tary. This led to further questions which remain
unanswered. Although the sedimentation pro-
cess on Earth is usually accomplished by water,
present-day Venus has no water, nor is there
any evidence of water in its near past. The ori-
gins of this phenomenon remain unknown.

Analyzed samples varied slightly from site to
site, as was expected by geologists, since sam-
ples on Earth also differ. In fact, variation of
Earth samples is greater than that of the lim-
ited Venusian ones. Nevertheless, potassium—
a key element in igneous and especially basaltic
materials—was detected, as were uranium and
thorium. Geologically, the rocks are relatively
young, presenting additional evidence that Ve-
nus is a planet that may be experiencing contin-
uous changes. Fine-grained soils were found at
some sites, while coarser soils appeared at oth-
ers. At one site, at least, smaller rocks led scien-
tists to theorize that erosion does occur on the
planet, thus producing soil.

CONTEXT

When the planets of the solar system are cat-
egorized, one usually finds two major group-
ings: the terrestrial or Earth-like planets; and
the Jovian or Jupiter-like planets (sometimes
also called the “gas giants”). Venus, because of
its relative size, atmosphere, position within
the solar system, and surface, is naturally
among the set of terrestrial planets: Mercury,
Venus, Earth, and Mars.

An understanding of the nature of the terres-
trial planets, their atmospheres, planetary ge-
ologies, and soils can give astronomers and geol-
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ogists clues to the pasts not only of these worlds
but also of our own—revealing how these plan-
ets were formed, what geological changes they
have undergone, and how they might be related.
Venus holds many clues to the formation of the
solar system. Unfortunately, observations of
the Venusian surface are nearly impossible be-
cause of the dense atmosphere that surrounds
the planet. Orbiting spacecraft provide infor-
mation regarding the general geologic contours
on the surface—the planet’s mountains, val-
leys, craters, and other surface features—but
hard evidence of the nature of the surface, par-
ticularly its soil, can come only from the surface
of the planet. Prior to the landing of Soviet
probes, no information about the Venusian sur-
face existed.

Materials sampled and photographed in the
vicinities of the Soviet landers proved to be
mostly igneous in nature. Additional on-site
chemical analysis showed these materials—
both rocks and soils—to be similar to granite or
basalt. Basalt-type materials are not unique to
the second planet from the Sun. These materi-
als have been found on Mars in the vicinities of
the American Viking landers, in samples
brought back from the Moon by the American
Apollo crews, and by uncrewed Soviet space-
craft. As Soviet spacecraft became more sophis-
ticated and knowledge of the harsh Venusian
environment grew, landers were able to provide
data on the surface of Venus, among other
things. Additional information may provide sci-
entists with clues to the past of the terrestrial
planets, part of which is hidden in the Venusian
surface and soil. Perhaps more important, Ve-
nusian soil information may provide clues to
Earth’s future, particularly regarding our
planet’s fragile environment.

Comparative planetology is essential for
achieving a more complete understanding of
our own planet. As Venus, Earth, and Mars
started out relatively similar in the early solar
system, and all three are in the habitable zone,
why is it then that Venus is devoid of water and
hot with a thick atmosphere of carbon dioxide,
Earth is capable of supporting life, and Mars
has no liquid surface water and is cold, with a
thin atmosphere of carbon dioxide? Only when
that question is answered will scientists have a

clear idea of Earth’s complex planetary environ-
ment.

Work performed along the way to that under-
standing has included spacecraft dispatched to
the veiled planet Venus by both the Soviet
Union and the United States. American space-
craft have only flown by or Venus or studied it
from orbit. The National Aeronautics and Space
Administration (NASA) has had more interest
in exploring Mars than Venus. However, be-
cause the Soviets have had only bad luck when
it comes to Martian exploration, they have em-
phasized the study of Venus with flyby craft,
landers, orbiters, and even balloons tempo-
rarily floating within its hellish atmosphere. At
the dawn of the twenty-first century, however,
neither NASA nor the Russians had any plans
to return to Venus for at least two decades. In
the meantime, the European Space Agency’s
Venus Express began orbiting Venus on April
11, 2006, conducting mapping operations and
other scientific investigations of Venus’s sur-
face and atmosphere.

Mike D. Reynolds
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Venus’s Surface Features
Categories: Planets and Planetology; Venus

Enormous strides have been made in un-
derstanding the nature of the surfaces of
the solid bodies in the inner solar system
and the processes that have shaped them.
Venus, however, has been a particularly
difficult planet to study. The picture that is
emerging suggests that Venus may be the
only member of the four terrestrial planets,
besides Earth, that remains geologically
active.

OVERVIEW

Of all the terrestrial planets, Venus is the
most similar to Earth in size and geologic com-
position. At 12,258 kilometers in diameter, it is
only slightly smaller (by 511 kilometers) than
Earth, and its density is within 2 percent of be-
ing identical. It lacks the polar flattening, equa-
torial bulge, and planetary magnetic field that
Earth exhibits.

Geologic study of Venus is exceedingly diffi-
cult because of the fact that the planet is perpet-
ually shrouded from view by thick clouds. Its
surface has never been photographed from
Earth-based telescopes or from spacecraft in
orbit above the planet. However, in 1990 the
Magellan spacecraft began generating high-
resolution radar images of Venus’s surface and
thereby began producing detailed maps with a
resolution of approximately 100 meters. A few
panoramic photographs taken by several Soviet
spacecraft have revealed the barren, rocky
character of Venus’s surface in the proximity of
their landing sites. However, a very high sur-
face temperature averaging 750 kelvins has
limited the operating life spans of spacecraft
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that have landed on Venus to a maximum of
about two hours. Still, Venus has been the sub-
ject of very persistent research by space scien-
tists and has yielded enough data about its to-
pography and composition to permit informed
speculation about the processes responsible for
creating its surface. Scientists’ knowledge of the
planet’s geologic features rests primarily on
techniques involving radar imaging, while pre-
liminary impressions of the chemical and struc-
tural nature of the surface have been provided
through experiments conducted by Soviet
spacecraft at several different landing sites.

The Venusian surface is generally smoother
than that of any other terrestrial planet. Sixty
percent of it lies within 500 meters of Venus’s
mean radius of 6,051 kilometers. Because Ve-
nus has no equivalent to sea level, the mean ra-
dius is used as the baseline elevation for topo-
graphic measurements. Despite this prevailing
uniformity, Venus does have some high moun-
tains and deep valleys. The total range between
highest and lowest points on the planet is nearly
14 kilometers, a value that is similar to Earth’s.

Planetologists divide Venusian topography
into several distinct types of terrain. Rolling
plains dominate the globe and form an irregu-
lar, planet-girdling area covering more than 70
percent of the surface. About 16 percent of the
surface lies below the level of the rolling plains.
The remainder is divided among upland plains
(0.5-2.0 kilometers above mean radius) and sev-
eral types of true highlands. Among the latter
are the regios, also called domed uplands. These
are large, roughly circular areas that rise gently
toward their centers, where they achieve

heights of between 3 and 5 kilometers above the
mean radius. They are thought to be situated
over interior “hot spots,” which have caused the
surface to bubble outward on a gigantic scale.
Huge shield volcanoes sit atop many of the
domed uplands, a fact that adds credibility to
the theory that these landforms are similar to
volcanic domes on Earth. Alpha Regio and Beta
Regio, the first two surface features identified
by Earth-based radar studies, are examples.
Surfaces of the domed uplands are generally
smooth, like those of the rolling plains, and ap-
pear to be the same age. Unlike plains, however,
they seem to be crisscrossed by fault lines indi-
cating crustal stresses. Two continent-sized
highland areas lie within the mapped region of
the surface, but together they account for only
8 percent of the planet’s surface. Ishtar Terra
and Aphrodite Terra, about the size of Australia
and Africa respectively, exhibit a rich variety of
landscapes, including two types of mountainous
terrain as well as areas of flat and complex
plains.

The most common highland topography is
one of ridges and valleys that intersect in chev-
ron-shaped or chaotic patterns. This terrain is
called tessera terrain, from the Greek word for
“mosaic tile,” and resembles the deformation
patterns that occur on the top of a moving gla-
cier; there are no glaciers on Venus, however. In
contrast to the tesserae are more dramatic but
less common mountain systems that thrust
their peaks 4 to 12 kilometers above the mean
radius. The Maxwell Montes region of Ishtar
Terra, which includes the highest known point,
11,800 meters above mean radius, is an example
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of the latter. It consists of a series
of parallel ridges and valleys 15 to
20 kilometers apart. The Maxwell
system appears much like the
ridge and valley province of the
Appalachian Mountains, although
it is substantially higher. Its fea-
tures, and those of at least three
other mountain chains on Ishtar
Terra, closely resemble those pro-
duced when plates of the Earth’s
crust are thrust together by tec-
tonic forces.

Contrasting with the mountain
ranges are great rifts that cleave
the surface to depths of up to 2 ki-
lometers. One huge rift system
stretches from east to west for
more than 20,000 kilometers and
can be traced as a series of chasms
along the entire southern edge of
Aphrodite Terra. From there, it
continues across the rolling plains
to link with Beta Regio. Another rift splits Beta
Regio and continues to Phoebe Regio. This com-
plex system consists of many related but dis-
tinct chasms, the largest of which is 3,500 kilo-
meters long and 100 kilometers wide, with its
deepest point lying 2.1 kilometers below mean
radius.

Among the most interesting surface features
thus far discovered are Venus’s large volcanoes.
Two excellent examples are Thea and Rhea
Mons, which, along with several other volcanoes,
rise from the Beta Regio dome. They appear to
be situated on a fault that forms one edge of the
great rift. The mass of material that has issued
from them is greater than the total output of the
volcanic mountains that have formed the Ha-
waiian Island chain. Both are shield volcanoes
like Olympus Mons on Mars, formed by chronic,
nonexplosive eruptions of lava that flow long
distances before solidifying. Radar images show
what may be geologically recent lava flows from
both Thea and Rhea, and there is intriguing but
very controversial evidence that these volca-
noes may have been in eruption in the 1950’s
and again in the 1970’s. Since that time no di-
rect evidence of volcanism has been found by
even the long-lived Magellan orbiter.

Impact craters, so characteristic of the sur-
faces of the Moon and Mercury and even fairly
common on Mars, are apparently not nearly so
plentiful on Venus. More than one hundred
have been observed in radar images, ranging in
diameter up to a maximum of 144 kilometers.
However, the number of craters discovered is
considered low, and the largest crater is only
modest in size. These facts are considered to be
important evidence that the present Venusian
surface is not an ancient one. An old surface
should bear numerous scars of past encounters
with meteors, comets, and asteroids, as is the
case with the Moon and Mercury.

Another class of circular geologic feature
bearing superficial similarity to impact craters
is apparently an unrelated phenomenon. This
group comprises the so-called coronae, of which
at least eighty have been found. They average
500-800 kilometers in diameter, but their depth
is only 200-700 meters, a fact that is inconsis-
tent with an impact origin. Many researchers
interpret the coronae to be collapsed bubbles in
the crust, caused by localized heating from hot
spots in the mantle beneath.

Many Soviet spacecraft failed, but four suc-
cessfully took panoramic photographs of their
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landing sites. These pictures are remarkably
similar in showing barren landscapes domi-
nated by flat-topped rocks with relatively little
loose, fine-grained material that might be de-
scribed as soil. Closer inspection of images of
the rocks shows that they seem to be partially
exposed outcroppings of a horizontally layered
rock mass that exhibits a marked tendency to
break into platelike slabs. Additional measure-
ments indicate that the rocks are of low density
(1.5 grams per cubic centimeter) and high po-
rosity. They have a bearing strength of only a
few kilograms per square centimeter, meaning
that they can be broken rather easily. These
findings are regarded as surprising, for they are
characteristic of sedimentary rocks on Earth.
Under close inspection, the panoramic photo-
graphs seem to support this conclusion, show-
ing what appear to be striations, indicating
ripple marks and crossbedding, two common

features of sedimentary deposits.
Even the electrically nonconduc-
tive properties of the rocks, as re-
vealed by their radar reflectivity,
agrees well with the behavior of
sedimentary rock. If the surface
rocks are indeed of sedimentary
origin, they presumably formed
from deposits of windblown sand.

The velocity of surface winds is
low by terrestrial standards, not
exceeding 1.3 meters per second.
However, under Venus’s dense at-
mosphere, which is ninety times
heavier than Earth’s, this velocity
is more than sufficient to move
fine-grained materials and raise
dust. At a number of sites on the
rolling plains, researchers have
detected depressions that seem to
be filled with volcanic ash, which
may become lithified over time by
yet unknown processes.

The mass of the planet, the den-
sity of its surface materials, and
the relative abundance of certain
elements present in its rocks all
point to the likelihood that Venus,
like Earth, experienced a planet-
wide “meltdown” early in its his-

tory. The result was differentiation, a process in
which the lighter elements migrated to the sur-
face and the heavier elements settled toward
the center. Escape of the residual heat from that
meltdown is presumed to have been the major
architect of the surface features observed on Ve-
nus, just as it has been on Earth. Whether the
interior remains molten has not been deter-
mined. Venus unquestionably lacks a plane-
tary magnetic field; because such a field is
thought to be generated by planetary rotation
around a molten iron core, this lack suggests
that the interior of Venus has cooled and solidi-
fied. However, the evidence that volcanism has
occurred on the surface in recent geologic time
contradicts this view. It may be that Venus,
which rotates 243 times more slowly than does
Earth, simply does not spin fast enough to cre-
ate the dynamo effect that gives rise to a mag-
netic field.
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faults—are visible in Venus’s Themis Regio. These particular graben
form a nova, or a series of graben radiating from a central area;
about fifty such novae have been found on the Venusian surface.
(NASA)



METHODS OF STUDY

Study of Venus by optical telescope has not
been productive for elucidating the nature of
the planet’s surface. The first successful at-
tempts to penetrate Venusian clouds were made
in 1961. Teams of American, British, and Soviet
scientists were able to use large radio telescope
antennas to beam radar waves at the planet and
receive faint return echoes. Earth-based radar
studies of Venus have continued but are seri-
ously limited by the fact that good results can be
achieved only when the planet passes near the
Earth, at which time Venus always presents the
same “face.”

To gain a global picture of the Venusian ter-
rain, the National Aeronautics and Space Ad-
ministration’s (NASA’s) Pioneer Venus orbiter
and the Soviet Venera 15 and 16 spacecraft
carried radar-imaging instruments into orbit
around Venus. In principle, the American and
Soviet spacecraft operated similarly, combining
synthetic aperture radar (SAR) imaging with
radar altimeter measurements. The SAR im-
ages from Pioneer Venus cover 70 percent of the
surface but are only about as detailed as those
shown by a desktop physical relief globe.
Veneras 15 and 16 reached Venus in late 1983.
Equipped with larger radar antennas, they
were capable of resolving surface details as
small as one to two kilometers in size and could

measure elevations to within 50 meters. Venera
radar images look remarkably like high-alti-
tude black-and-white photographs. Unfortu-
nately, this imaging was obtained only for the
northern quarter of the planet (from 90° to 30°
north latitude).

Beginning in late 1970, a series of soft land-
ings on Venus were made by Soviet Venera craft
equipped to conduct experiments to detect the
presence of certain rock-forming minerals. One
approach used a gamma-ray spectrometer to de-
tect gamma radiation emitted by radioactive
uranium, thorium, and potassium. Venera
landers of the 1980’s employed an automated
drill that bored into the surface to obtain sam-
ples not contaminated by chemicals from the at-
mosphere or from the lander itself. The sample
material was transferred to an automated labo-
ratory inside the craft, where it was subjected to
X-ray fluorescence. Results showed that the
rocks at most of the landing sites appear to re-
semble basalt, an igneous rock enriched with
iron and magnesium. The exact composition,
however, varied from site to site and, while not
identical to that of Earth basalts, was chemi-
cally closer to Earth rocks than to Moon rocks.

At two locations, the experiments detected
minerals more characteristic of granite, an-
other common igneous rock. These findings are
not seen to be in conflict with evidence that Ve-
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nusian surface rocks may be sedimentary in na-
ture, for the experiments detected the presence
and ratio of identifying minerals but not the
type of matrix that contained them.

There is no water on the surface of Venus at
present, but two discoveries suggest that such
has not always been the case. If water was ever
plentiful, it must have boiled away, so that the
water molecules were dissociated into oxygen
and hydrogen. Investigators have sought evi-
dence for the “missing” oxygen and hydrogen,
and some believe that they may have found
both. Deuterium, a hydrogen isotope, has been
detected to be one hundred times more abun-
dant in the Venusian atmosphere than it is in
Earth’s. Meanwhile, an experiment has shown
that oxidized terrestrial basalts, when heated to
the Venusian surface temperature, appear
identical in visible and micrometer wavelength
imagery to the surface rocks of Venus. The like-
liest source for the deuterium and the oxygen to
oxidize the basalt is dissociated water mole-
cules.

An intriguing possibility exists that Venus
may harbor active volcanoes—perhaps the larg-
est in the solar system (the large Martian volca-
noes are definitely extinct). Spacecraft and
Earth-based observations have detected large
amounts of sulfur dioxide, a common volcanic
effluent, in the Venusian atmosphere. More-
over, sulfur dioxide content increased dramati-
cally in the 1950’s and again in the 1970’s.

The first color pictures taken on the surface
by the Venera 13 lander seemed to show that
the landscape had an orange or amber tint,
which proved to be an effect of sunlight filtered
through the heavy overcast. Computer process-
ing of the photographs has since shown that, in
normal white light, the rocks are a uniform, col-
orless gray.

Previous spacecraft had performed prelimi-
nary radar investigations of Venus’s surface,
identifying the major types of features on that
surface and identifying prominent examples of
each. However, high-resolution maps of the en-
tire surface were lacking. The goal of NASA’s
Magellan spacecraft was to use a synthetic ap-
erture radar in prolonged orbit about Venus to
produce a global map at a resolution even in ex-
cess of the best contemporary maps of Earth’s

surface. Detailed geological interpretations and
altimetry data were obtained in the process.

Magellan launched aboard the space shuttle
Atlantis on May 4, 1989, and was the primary
payload of the STS-30 mission. The spacecraft
was deployed from the shuttle’s cargo bay, and
was dispatched on an trajectory that concluded
with orbital insertion about Venus on August
10, 1990. Magellan entered a highly elliptical
orbit, often ranging from as little as 300 to as
much as 8,500 kilometers above the surface.
With Magellan in a polar orbit, the planet Ve-
nus rotated underneath it, thereby allowing the
spacecraft to image a different ground track on
each low pass. The spacecraft turned toward
Earth as it climbed toward its highest orbital
point and then transmitted the radar imagery it
had collected during its low pass over Venus.

Science activities were slightly varied with
each of Magellan’s six cycles, with the space-
craft’s orbit occasionally being altered for dif-
ferent research requirements. During the first
cycle, Magellan concentrated on global radar
mapping and imaged 84 percent of Venus. Later
cycles filled in gaps and concentrated on specific
features of interest. In a lower orbital altitude
late in its operational mission, Magellan was
able to collect precise gravitational data as Ve-
nus slightly altered the spacecraft’s orbital pa-
rameters. Magellan was used to test aerobrak-
ing techniques by having the spacecraft fly
through the upper portions of Venus’s atmo-
sphere; its large solar panels experienced a re-
tarding torque due to atmospheric drag. How
the spacecraft responded to the atmosphere in-
directly informed scientists about Venus’s at-
mospheric particle density as a function of alti-
tude. With its primary and extended missions
completed, flight controllers decided to send
Magellan plunging into the upper atmosphere
to remove it from orbit. Maneuvers were con-
ducted to force the spacecraft’s orbit to decay
due to orbital drag. On October 11, 1994, the fi-
nal spacecraft maneuver was conducted. Con-
trollers lost contact with Magellan the following
day. Then, on October 14, Magellan was de-
stroyed in the atmosphere. Although it could
not be verified, many believed pieces of descend-
ing debris survived long enough to impact the
surface.
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Perhaps the most important results of Ma-
gellan’s intense investigation of Venus was de-
termining a total lack of plate tectonics based on
the two primary processes observed on Earth.
Instead of continental drift and basin floor
spreading, Venus’s global rift zones and coronae
move as a result of upwelling and subsidence of
magma in the planet’s mantle. That suggested
that Venus’s surface is indeed quite young geo-
logically speaking, perhaps less than 800 mil-
lion years old. The enormous data set from
Magellan was made available to interested re-
searchers and individuals on compact disc.

Despite the extensive research with Magel-
lan, many questions remained to be investi-
gated. The European Space Agency (ESA) dis-
patched its Venus Express spacecraft to Venus
in order to examine the planet’s atmosphere at
infrared wavelengths. Venus Express launched
on November 9, 2005, and was inserted success-
fully into Venus orbit on April 11, 2006. Its Visi-
ble and Infrared Thermal Imaging Spectrome-
ter (VIRTIS) was used to identify the amount

of sulfur dioxide in the atmosphere between
35 and 40 kilometers and to monitor that con-
stituent for changes in concentration over time
that would indicate active volcanism. Venus
Express’s Spectroscope for Investigation of
Characteristics of the Atmosphere of Venus
(SPICAV) used stellar occultation methods to
determine the identity of atoms and molecules
in the upper atmosphere at an altitude between
70 and 90 kilometers. SPICAV saw rapid drops
in the amount of sulfur dioxide in the upper at-
mosphere, strongly indicating that Venus has
active volcanoes. VIRTIS was then used to iden-
tify hot spots on the surface.

CONTEXT

In order to understand a system as complex
as a terrestrial planet, it is necessary to have
more than one example of how such planets
function and evolve. Hence, the study of geo-
logic processes on another world, far from being
simply an esoteric and impractical inquiry,
holds promise for improving human under-
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standing of the forces that have acted on Earth
and still continue to shape its surface. For this
reason, the goal of Venusian geological studies
is to discover the relationships and sequences of
events that have resulted in the landforms that
can be imaged. “Looking at Venus is like run-
ning the experiment that produced the Earth a
second time,” according to Robert Kunzig, se-
nior editor of Discover magazine. Indeed, scien-
tists appreciate the opportunity to “run the
experiment” again under slightly different con-
ditions in order to see whether their set of ex-
planatory theories can accommodate any ob-
served deviations in the results. Venus presents
a marvelous opportunity to test the plate tec-
tonics theory on a planet that has many funda-
mental similarities to Earth but also exhibits
numerous significant differences.

It is generally believed that Earth’s loss of in-
ternal heat is primarily a result of convection
and occurs mainly along the 75,000-kilometer-
long mid-ocean ridge. Seafloor spreading that
results is responsible for producing a large ex-
panse of young and renewable crust. Even the
older continental masses are invigorated by the
tectonic activity that is driven by this convective
heat loss. Venus seems to have experienced sim-
ilar horizontal crustal movements in the past
and may still be experiencing them. The driving
force, however, might be quite different. Most
authorities interpret the present surface as
having been formed through the release of heat
at localized hot spots.

Another fundamental question is whether
rocks making up Venus’s vast, rolling plains dif-
fer significantly in composition from those of the
higher terrain. This issue is of interest because
it bears on where and how crustal materials
originated. It is not inconceivable that Venus
could reveal hitherto unknown relationships
that may have acted on Earth when the original
continental rocks were first solidifying some 3.8
billion years ago.

The mystery of whether Venus once had
oceans is of particular interest for two reasons.
First, most scientists now accept as true evi-
dence that Earth’s own atmosphere is begin-
ning to warm as a result of increases in carbon
dioxide content. There is growing concern that
atmospheric pollution may trigger a runaway

“greenhouse effect,” similar to the process that
appears to have happened on Venus. If Venus
retains any “memory” of conditions before it be-
came so hot, it will only be in the record of the
rocks themselves. Second, scientists are still
uncertain about how Earth got its abundant
water in the first place. If Venus had oceans at a
former time, that fact would have significant
implications for theories of the origin of plane-
tary water.

A large amount of the Venusian surface was
mapped by Pioneer Venus’s radar, but its im-
ages were good enough only to show gross fea-
tures of the surface and could not address cause-
and-effect relationships. Better imaging has
been obtained by the Arecibo radio telescope
and the Soviet Venera 15 and 16 spacecraft, but
the total area covered was too small to permit
generalizations to be drawn. Together, all these
data allowed planetary scientists the luxury of
asking better questions, which might then be
answered by the higher-resolution Magellan
spacecraft’s synthetic aperture radar imaging
system. Magellan produced a spectacular in-
crease in knowledge of Venusian topography.
Magellan imagery provided planetary scien-
tists with the information needed to correlate
the roles of volcanic activity, tectonic motion,
and impact events in the formation and evolu-
tion of Venus’s surface features. Magellan es-
tablished that some surface features resulted
from tectonics and Venusian volcanoes have
been active in recent geologic time, but some
key questions are likely to remain unanswered
until more complicated surface experiments can
be conducted.

Richard S. Knapp
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Venus’s Volcanoes
Categories: Planets and Planetology; Venus

The planet Venus has at least sixteen hun-
dred major volcanoes and many more mi-
nor ones, which is more volcanoes than any
other planet in the solar system. Most are
shield volcanoes, but Venus also has pan-
cake domes and other volcanic features.
About 80 percent of Venus’s surface has
been shaped by some type of volcanic activ-
ity. Venus does not have volcanic chains
like those formed on Earth from plate tec-
tonics. Comparing volcanic features on Ve-
nus and Earth helps us better understand
volcanic processes on both planets.

OVERVIEW

Venus is sometimes referred to as Earth’s
twin sister because its size, mass, and density
are similar to those of Earth. Venus’s surface

conditions, however, definitely make Venus
Earth’s “evil” twin sister. Owing to a runaway
greenhouse effect from the carbon dioxide atmo-
sphere, Venus has a surface temperature hot
enough to melt lead. The surface atmospheric
pressure is nearly one hundred times what it is
on Earth. Thick layers of sulfuric acid clouds
veil the surface of Venus. Landers on Mars can
last for years, but on Venus they are destroyed
by the harsh surface conditions within about an
hour. These atmospheric conditions make it im-
possible to study the surface of Venus using di-
rect optical means or long-term robotic landers.
Astronomers must use radar maps rather than
optical photographs to study the planet’s sur-
face features. Radar maps from both Earth and
spacecraft have, however, unveiled the surface
of our mysterious twin sister.

Radar maps show that volcanic activity has
played a major role in shaping the surface of Ve-
nus. Volcanic activity includes not only erupt-
ing volcanoes but also lava flows and other ac-
tivity whereby solid, liquid, or gaseous material
escapes from the planet’s interior. Volcanic ac-
tivity is often caused by tectonic activity but can
occur independently of tectonic activity. There
are more than sixteen hundred large volcanic
features on the surface of Venus and possibly as
many as hundreds of thousands of smaller vol-
canic features. In addition, about 80 percent of
the planet’s surface is covered with flat plains
that are probably solidified lava flows. These
lava plains formed when lava flooded areas cov-
ering thousands of square kilometers and then
solidified.

Most of the volcanoes on Venus are shield vol-
canoes. Shield volcanoes derive their name from
their resemblance to ancient warriors’ shields
lying on the ground pointing upward. Shield
volcanoes are often very large, but they have
fairly gentle, rather than very steep, slopes.
Shield volcanoes form when lava flows out from
a single central vent. Rather than forming on
the boundaries of tectonic plates, shield volca-
noes usually form over a volcanic hotspot. These
hotspots are places in the planet’s crust where
lava wells up from the planet’s mantle. When
the lava breaks through the surface, it erupts to
form a shield volcano. Successive eruptions can
form very large shield volcanoes.
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Two of the larger known
shield volcanoes on Venus
are Sif Mons and Gula
Mons. They have peak alti-
tudes of about 4 kilometers
above the surrounding sur-
face, which compares to
Mauna Loa, Earth’s largest
shield volcano, which rises
about 8 to 9 kilometers
above the Pacific ocean
floor. (The largest shield
volcano in the solar system
is Mars’s Olympus Mons,
which towers about 25 kilo-
meters above the Martian
surface.) Often the top of a
shield volcano will collapse
to form a crater, known as
a caldera. This collapse oc-
curs when the lava flow re-
treats back to the planet’s
mantle, leaving nothing to
support the top of the vol-
cano. The calderas formed
on Sif Mons and Gula Mons are about 100 kilo-
meters across. Calderas are fairly common on
the surfaces of both Venus and Earth. Calderas,
however, are not the only types of craters found
on Venus. Venus has many large impact craters
that formed from meteorite impacts rather than
volcanic activity.

The largest volcanic features found on Venus
are coronae. These features are not found on the
other terrestrial planets. Coronae, which are
approximately circular in shape (hence their
name, from the Latin for “crown”), form from an
uplifting process. Hot mantle material swells
and pushes the crust upward. Coronae usually
have associated volcanoes and lava flows. Aine
is a large corona on Venus that is about 300 kilo-
meters in diameter. On a larger scale, Lakshmi
Planum, which is part of Ishtar Terra—one of
Venus’s two large continental sized features—is
about 1,500 kilometers at its widest point.
Lakshmi Planum likely formed from the same
process that formed the coronae, but on a larger
scale.

Another common type of volcano found on Ve-
nus is the lava dome or pancake dome. Venus’s

lava domes are much smaller than its shield
volcanoes, being typically tens of kilometers
in diameter or less. They are usually circular
and relatively flat—hence the name “pancake
dome.” They form when lava slowly flows out
onto the surface and then flows back. However,
a thin crust solidifies on the surface of the lava.
When the lava subsides, the crust stays and
cracks because it lacks support. Pancake domes
are often found near coronae.

On Earth, volcanoes often form at the bound-
aries of the tectonic plates. Examples are the
volcanoes on the western coasts of North and
South America and the Mid-Atlantic Ridge,
which runs along the Atlantic Ocean’s floor be-
tween the North American and Eurasian
plates. Such volcanoes are not found on Venus.
Venus apparently does not have tectonic plates
on its crust. Venus does not have plate tectonics
similar to Earth’s, but it does have tectonic ac-
tivity. On Earth, plate tectonics is caused by
convection currents in Earth’s mantle slowly
moving the crustal plates horizontally. On Ve-
nus, the crust is not divided into plates. Convec-
tion currents in the mantle cause vertical rather
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than horizontal crustal movement on Venus.
Coronae are a good example of volcanic features
formed on Venus from the crust’s vertical tec-
tonic motion.

Are the volcanoes on Venus still active, as on
Earth, or are they extinct, as on Mars? Plane-
tary scientists do not yet know the answer to
this question. Despite being volcanically active,
at any given time few of Earth’s many volcanoes
are actively erupting. The same would be true on
Venus. Hence scientists would not expect to see
volcanoes continually erupting on Venus, even
if it is still volcanically active. Partly because of
the planet’s thick cloud layer, no one has ob-
served a volcanic eruption on Venus, but there is
some indirect circumstantial evidence to suggest
that volcanoes on Venus are still active. Volcanic
eruptions emit sulfur dioxide gas. Scientists ob-
serve frequent variations in the amount of sul-
fur dioxide in Venus’s upper atmosphere. These
variations could be caused by occasional volcanic
eruptions spitting sulfur dioxide into the atmo-
sphere. Space probes to Venus have also de-
tected radio outbursts from Venus that are sim-
ilar to those produced by lightning discharges
from erupting volcanoes on Earth. These obser-
vations are evidence, but not proof, that Venus’s
volcanoes are still active. If planetary scientists

were to observe a volcano on Venus in the act of
erupting, then Venus would join Earth and Ju-
piter’s satellite Io as the worlds in the solar sys-
tem with still-active volcanoes.

KNOWLEDGE GAINED

Because thick clouds veil the surface of Ve-
nus, astronomers for a long time could only
speculate about the planet’s surface. Prior to
the space age, speculations varied: The surface
was envisioned as hot and steamy by some, as a
hot and dry desert by others. With the coming
of the space age, astronomers were finally able
to gather data on the surface of Venus. They
did not, however, suspect just how hot Venus
really was.

The first radar maps of Venus from Earth
were made using the Arecibo radio telescope in
Puerto Rico, beginning in the late 1970’s. Be-
cause of the distance to the planet, these images
had a relatively low resolution, on the order of a
few kilometers. These Earth-based radar maps
did, however, allow planetary scientists to ob-
serve the large-scale surface features of Venus.

Earth-based radar maps of Venus can reveal
only part of the Venusian surface, because dur-
ing Venus’s closest approach to Earth only one
side faces Earth. Orbiting spacecraft have

therefore been sent to map the
surface of Venus. Pioneer Venus 1
went into orbit around Venus in
late 1978. This mission was the
first orbital mission to use radar to
map much of the surface of Venus,
with a resolution of about 7 kilo-
meters. In 1990, the Magellan
mission went into orbit around Ve-
nus. The Magellan orbiter made
much more extensive and detailed
radar maps of Venus. Because it
used a polar rather than an equa-
torial orbit, Magellan was able to
map essentially the entire surface,
including the polar regions, which
were hidden to previous missions.
The best resolution of the Magellan
radar maps is about 100 meters.

The fact that Venus has volca-
nic activity, including both volca-
nic mountains and lava plains, in-

Venus’s Volcanoes The Solar System

940

A close-up computer simulation of Gula Mons was generated from
data returned by the Magellan spacecraft. It rises 3 kilometers above
the area known as Eistla Regio. (NASA/JPL)



dicates that, geologically speaking, the surface
of Venus is very young. The surface, not the
planet itself, is probably less than a half a bil-
lion years old.

CONTEXT

The volcanoes on Venus contribute to its very
harsh surface environment. Volcanoes on Earth
outgas significant amounts of carbon dioxide
gas. Those on Venus and Mars probably do the
same. On Earth, biological activity, such as
plant respiration, uses the carbon dioxide.
Earth therefore has a very small percentage of
carbon dioxide in its atmosphere. On Venus,
however, the carbon dioxide is still in the atmo-
sphere; 97 percent of Venus’s atmosphere is car-
bon dioxide. All this carbon dioxide produces a
runaway greenhouse effect and surface temper-
atures greater than 700 kelvins.

Jupiter’s moon Io is also volcanically active.
However the volcanoes on Io differ from the vol-
canoes on Venus and other terrestrial planets.
In addition to rock, Io’s composition includes
significant amounts of ice.

Venus, Mars, and Earth all have large volca-
noes. However, the volcanic and tectonic activity
is different on each of these three planets. The
differences arise from differences in size and in-
ternal heating of the planets. Mars has had the
least amount of volcanic activity. Earth’s crust is
divided into several tectonic plates. Movement of
these plates is an important force in shaping the
volcanic activity on Earth. Venus does not have
a crust broken into several plates. Hence, Venus
has much volcanic activity, but it does not have
the types of features formed by crustal plate
movement. Understanding how volcanic and
tectonic activity differs among the various plan-
ets is one of the frontiers of planetary science.

Paul A. Heckert
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W
White and Black Dwarfs
Category: The Stellar Context

White dwarfs are stars of about one solar
mass in the last stage of their lives. They
have no more ways to generate energy, so
they shine only because they are very hot.
As they radiate their energy away, they cool
and fade, becoming cold, dark black
dwarfs.

OVERVIEW

White dwarfs are a unique class of stars.
They have high surface temperatures, at least
initially, and low luminosities. This combina-
tion means that they are very small, about the
size of Earth and thus much smaller than stars
in the energy-generating stages of their lives.
With a mass approximately the same as the Sun
but contained in a sphere about the size of the
Earth, they have average densities in the neigh-
borhood of a billion kilograms per cubic meter.

The first white dwarf was discovered in 1862
by the American astronomer and telescope
maker Alvan Graham Clark, while testing the
18.5-inch refracting telescope he made for Dear-
born Observatory. He found that Sirius (Alpha
Canis Majoris), the brightest appearing star in
the night sky, had a very faint companion, given
the name Sirius B. In 1896, a similar but even
fainter companion was discovered orbiting the
star Procyon (Alpha Canis Minoris) and was
given the name Procyon B. Then Harvard as-
tronomers discovered that the star 40 Eridani
had a faint companion similar to Sirius B, which
was named 40 Eridani B. Shortly thereafter,
Adriaan van Maanen found a similar but still
fainter single star (not a part of the binary sys-
tem), which was subsequently named after him,
Van Maanen’s star. During the middle of the
twentieth century, Willem Luyten of the Uni-
versity of Minnesota found several hundred of
these white dwarf stars, as they had come to be
called, by looking for faint blue stars with large

proper motions. (The large proper motions
showed that the stars were not very far away, so
their faint appearance meant they really were
intrinsically faint. The blue color showed they
had hot surfaces, which, together with their
faint luminosities, meant they were very small.)
Today even more white dwarfs have been found
with improved detectors and observing tech-
niques.

By the early 1900’s, it was known that these
stars were intrinsically very faint, very small,
and incredibly dense. Most, but not all, had a
bluish-white color, indicating a hot surface.
Modern observations have refined these early
findings. Sirius B, the first white dwarf to be
discovered, has a surface temperature of about
24,000 kelvins, a luminosity about 0.020 times
the Sun’s, a radius about 0.008 times the Sun’s
(about 5,600 kilometers, or about 0.9 times the
Earth’s radius), a mass about 1.1 times the
Sun’s, and an average density of about 3 billion
kilograms per cubic meter (about 3 million
times the density of water). The white dwarf 40
Eridani B has a surface temperature of about
12,000 kelvins, a luminosity about 0.004 times
the Sun’s, a radius about 0.014 times the Sun’s
(about 9,800 kilometers, or about 1.5 times the
Earth’s radius), a mass about 0.43 times the
Sun’s, and an average density of about 200 mil-
lion kilograms per cubic meter (about 200,000
times the density of water).

The unusual properties of white dwarfs, es-
pecially their great densities, initially made
many astronomers question whether such stars
could really exist or whether there was some-
thing wrong with the observations or the analy-
sis of them. The English astrophysicist Sir
Arthur Stanley Eddington summed up the
scientific community’s reactions this way:

The message of the companion of Sirius, when
decoded, ran: “I am composed of material three
thousand times denser than anything you’ve
ever come across. Aton of my material would be
a little nugget you could put in a matchbox.”
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What reply could one make to something like
that? Well, the reply most of us made in 1914
was, “Shut up; don’t talk nonsense.”

The theoretical work to try to figure out this
“nonsense” began with Eddington himself, who
in 1924 suggested that the ultrahigh density of
white dwarfs might be caused by their ex-
tremely high temperatures, which would totally
ionize of the matter in them. The resulting bare
nuclei and free electrons could be forced into a
much smaller volume of space than un-ionized
atoms surrounded by orbiting electrons could be
packed.

In 1927, Ralph Howard Fowler used the newly
developed Fermi-Dirac statistics (named for

Enrico Fermi and Paul Adrien Maurice Dirac),
and the Pauli exclusion principle (named for
Wolfgang Pauli) from quantum mechanics to
show that at the extreme densities within white
dwarf stars, electrons are completely degener-
ate. This means that the electrons fill all the
“cells” in combined momentum-position phase
space up to some maximum momentum, with
two and only two electrons in each “cell.” Unlike
an ideal gas, which releases gravitational energy
when it contracts, a sphere of degenerate elec-
trons cannot shrink without an input of energy to
increase the momentum of the electrons; shrink-
ing reduces the position part of phase space, and
this requires an increase in the momentum part
of phase space. Consequently, without an input
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An artist’s rendition of a comet (right) as it is broken apart by the gravitational field of white dwarf G29 38 (upper
left). (NASA/JPL-Caltech/T. Pyle, SSC)



of energy, degenerate electrons behave collec-
tively like an incompressible fluid.

With high enough densities, the upper mo-
mentum states of degenerate electrons are rela-
tivistic; that is, the fastest electrons move at a
speed that is a significant fraction of the speed
of light. In the early 1930’s, Subrahmanyan
Chandrasekhar applied relativity theory to de-
rive an equation of state for relativistically de-
generate electrons. The pressure of the degener-
ate electrons far exceeds the pressure of the
nuclei, which still behave like an ideal gas. Thus
it is degenerate electron pressure that balances
gravity to maintain hydrostactic equilibrium in
white dwarfs. Employing the degenerate elec-
tron equation of state and the condition of hy-
drostatic equilibrium, Chandrasekhar was able
to compute models for the interior structure of
white dwarfs of various masses. He found that
the greater is the mass of a white dwarf, the
smaller its size is and the greater its density is.
This is shown in the data for Sirius B and 40
Eridani B: Sirius B is more massive, but smaller
and denser, than than 40 Eridani B. Chndra-
sekhar’s model implied that there is an upper
mass limit for white dwarf stars, now called the
Chandrasekhar limit, of about 1.4 solar masses.
Although only a few white dwarfs in binary sys-
tems have had their masses measured directly,
they are below and thus consistent with the
Chandrasekhar upper mass limit. For his wide-
ranging contributions to astrophysics through-
out his career, of which his work on the physics
of white dwarfs was just the beginning, Chan-
drasekhar was awarded the Nobel Prize in
Physics in 1983.

The spectra of white dwarf stars are difficult
to interpret. Their high surface gravity leads to
pressure broadening of the absorption lines in
their spectra, and in some cases (such as the
white dwarf Wolf 489) the lines become so broad
and shallow that they almost disappear into the
continuous background spectrum. Some white-
dwarf spectra display prominent hydrogen lines,
others show strong helium lines, and still others
have lines representing a mixture of hydrogen,
magnesium, potassium, calcium, iron, or a com-
bination of these elements. White dwarf spectra
also show a very large Stark effect (named for
Johannes Stark), caused by the presence of

strong electrostatic fields that result from high
densities and the accompanying degeneracy.
The spectra of some white dwarfs indicate the
presence of magnetic fields up to about 10 mil-
lion times stronger than that of Earth.

APPLICATIONS

Eddington realized that the large density
and high surface gravity of white dwarfs pro-
vided a testing ground for a prediction of Albert
Einstein’s general theory of relativity. Accord-
ing to general relativity, light emitted in the
presence of a strong gravitational field (such as
exists at the surface of a white dwarf) is
redshifted; basically, photons of light lose en-
ergy climbing out of the strong gravitational
field, thus lengthening their associated wave-
lengths. At Eddington’s request, Walter Adams
at Mount Wilson Observatory attempted to
measure this gravitational redshift in white
dwarf spectra. His measurements were not ac-
curate enough for a definitive confirmation,
though they were consistent with the prediction
of general relativity.

In 1954, using better instrumentation, D. M.
Popper measured the wavelengths of the lines
in the spectrum of 40 Eridani B with greater ac-
curacy. He found that, after allowing for the
Doppler shift of the spectral lines due to the
star’s radial velocity, there was a residual wave-
length increase of 0.0070 percent. Based on the
mass and radius of this star, general relativity
predicts its spectral lines should have their
wavelengths increased by 0.0057 percent.
(These percentage shifts mean that for a spec-
tral line with a “normal” wavelength of 500
nanometers, general relativity predicts its
wavelength should be increased by 0.029 nano-
meter, while Popper’s measurements corre-
sponded to an increase of 0.035 nanometer—
very good agreement considering the difficulty
in accurately measuring the wavelengths of
white dwarf spectral lines.) The confirmation of
a prediction of general relativity through obser-
vation of a gravitational redshift in a white
dwarf spectrum was a major achievement.

CONTEXT

All stars spend most of their energy-produc-
ing lives as main sequence stars, fusing hydro-
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gen into helium in their cores. White dwarfs and
black dwarfs now are understood as stars in the
last stages in their lives, with less than about
8 solar masses when first formed. When stars
with initial masses below about 8 solar masses
exhaust the hydrogen in their cores, they ex-
pand to become red giants, eventually fusing
helium into carbon and maybe oxygen in their
cores. However, they are not massive enough to
generate energy by any other nuclear fusion re-
actions. Strong stellar winds and thermal pul-
sations in their bloated atmospheres puff off
their outer layers as expanding shells of gas
called planetary nebulae (a term that has noth-
ing to do with planets but, rather, originated in
the 1800’s when, with the telescopes available
then, these objects looked round, like planets,
and fuzzy, like nebulae). The stars remaining at
the centers of planetary nebulae are the former
cores of red giants, exposed to view as the plane-
tary nebulae expand and dissipate. These cen-
tral stars of planetary nebulae are progenitors
of white dwarfs.

To become white dwarfs, stars must lose
enough of their original mass during the last
stages of their lives—whether by strong stellar
winds, planetary nebulae, or some other mecha-
nism—that their final mass is less than the
Chandrasekhar limit of 1.4 solar masses. Stars
with initial masses below about 0.25 to 0.5 of a
solar mass are not massive enough to ignite he-
lium fusion in their cores and probably will
never become red giants or planetary nebulae;
instead they may progress slowly from the main
sequence directly to the white dwarf stage, tak-
ing perhaps hundreds of billions to trillions of
years to do so.

White dwarf stars can no longer generate en-
ergy through any nuclear fusion process. They
cannot release gravitational energy by contract-
ing because their electrons are degenerate.
They shine only because they are very hot, with
central temperatures perhaps as high as 100
million kelvins initially. As they shine, they ra-
diate their energy away, slowly cooling and fad-
ing, like an ember plucked from a fire. At the ini-
tial high temperatures, the atomic nuclei in
white dwarfs behave like an ideal gas, but as
the stars cool, the nuclei “freeze” into a regular
lattice-like pattern, similar to a giant crystal,

through which the degenerate electrons move
freely. The white dwarfs, now essentially solid,
continue to cool and grow fainter, eventually be-
coming cold, dark black dwarfs. This is the fate
that awaits our Sun several billion years in the
future.

However, this may not be the end for all
white dwarfs. If a white dwarf is a member of a
close binary system with a red giant companion,
gas (mostly hydrogen) can be transferred from
the red giant onto the white dwarf. The hydro-
gen that accumulates on the white dwarf’s sur-
face may be heated sufficiently to fuse explo-
sively into helium. A shell of hot gas is blasted
into space, becoming as much as 100,000 times
brighter than the white dwarf itself. This explo-
sive outburst is called a nova. Since the process
can repeat over and over again, novae can recur
for decades or even centuries.

If the white dwarf in a close binary system is
already almost at the Chandrasekhar limit (the
maximum mass a white dwarf can have), any
additional matter transferred from the compan-
ion can push the white dwarf over the mass
limit. If this happens, the white dwarf collapses
on itself and heats up to about a billion kelvins.
The high temperature initiates a series of nu-
clear fusion reactions that blow the star apart
as a Type Ia supernova. (A Type II supernova,
on the other hand, is produced by a massive
supergiant that explodes once it develops an
iron core that collapses.) Because Type Ia
supernovae all are produced in the same way
by essentially identical objects (white dwarfs
gaining enough mass to exceed the Chandrase-
khar limit), they reach approximately the same
peak luminosity, nearly 10 billion solar lumi-
nosities, making them reliable “standard can-
dles.” Since their peak luminosity is so high,
they can be used as standard candles to deter-
mine the distances of galaxies billions of light-
years away.

V. L. Madhyastha
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of stellar evolution, including white dwarfs,
black dwarfs, recurrent novae, and Type Ia
supernovae.

Van Horn, Hugh M. “Physics of White Dwarfs.”
Physics Today 32, no. 1 (1979): 23. An ele-
mentary introduction to the mathematically
involved subject of what occurs inside a white
dwarf. Van Horn provides a list of useful ref-
erences.

Weidemann, V. “Masses and Evolutionary Sta-
tus of White Dwarfs and Their Progenitors.”
Annual Review of Astronomy and Astrophys-
ics 28 (September, 1990): 103-137. A lengthy
article with numerous references describing
developments in observing and modeling the
evolution of white dwarfs. The same issue
contains an article on the cooling of white
dwarfs by Francesca D’Antona and I. Mazzi-
telli. The articles, although technical, are
readable by nonspecialists.

See also: Brown Dwarfs; Gamma-Ray Burst-
ers; Gravity Measurement; Hertzsprung-Rus-
sell Diagram; Main Sequence Stars; Novae,
Bursters, and X-ray Sources; Nuclear Synthesis
in Stars; Protostars; Pulsars; Red Dwarf Stars;
Red Giant Stars; Solar Evolution; Stellar Evolu-
tion; Supernovae; Thermonuclear Reactions in
Stars.
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X
X-Ray and Gamma-Ray
Astronomy
Category: Scientific Methods

X-ray and gamma-ray astronomy involves
the observation of events in the universe
that occur at energies far greater than what
is normally shown by visible light or other
forms of astronomy. This branch of astron-
omy promises great advances in our under-
standing the formation and fate of matter
in the universe.

OVERVIEW

Like visible light, both X rays and gamma
rays are electromagnetic radiation, but at much
shorter wavelengths (and correspondingly
higher frequencies). Because of this extreme
difference, it is much more difficult to collect
large quantities of X rays and gamma rays and
to detect a source. In general, the field is called
high-energy astrophysics, a name that also re-
fers to cosmic rays (atomic and subatomic parti-
cles spewed by various nuclear reactions).

Because of the extremely short wavelengths
involved, X rays and gamma rays are both mea-
sured in terms of their energy, from thousands
to billions of electron volts (eV). Although there
is no firm demarcation, X rays span the range of
1,000 to 100,000 eV and gamma rays from
100,000 eV upward (visible light is around 1-2
eV). X rays are emitted by the innermost elec-
trons of an atom releasing energy or through
Bremsstrahlung (braking) radiation. Gamma
rays, by definition, are emitted by reactions in
the nuclei of atoms or by subatomic reactions.
There is some overlap between the two spectral
bands, and it may be impossible to tell if an
emission was from an energetic electron or a nu-
clear reaction.

Since X rays and gamma rays both pass
through solid matter, it is difficult to focus them
onto a detector and difficult to make them inter-
act with the matter in the detector itself. A com-

mon method of “focusing” high-energy radiation
is to use collimators to exclude all radiation ex-
cept that coming from a particular direction.
The basic technique can be imitated by looking
through a cluster of straws held at arm’s length:
The view is narrow and restricted. Essentially,
all light that is nearly “on axis” (that is, parallel
with the centerline of the straws) passes
through, while light that is “off axis” strikes the
sides of the straw. The longer the straws, the
narrower the field of view. A variety of complex
collimation techniques have been developed
to allow only radiation from a desired source to
fall directly on a detector. While simple, this
method generally yields images of the sky that
lack the finer resolution of optical telescopes
and thus leaves much uncertainty about the lo-
cation of energy sources.

The most direct solution to this problem is
the use of grazing-incidence mirrors to focus
“soft” (low energy) X rays. Grazing incidence oc-
curs when radiation strikes a surface at an ex-
tremely shallow angle and is reflected rather
than being absorbed or scattered. The effect is
readily seen when visible light strikes a wind-
shield or pond at less than the critical angle and
is reflected to cause glare. Because of the energy
of X rays, the angle of incidence must be ex-
tremely shallow, typically less than 1°, and the
surface must be exceptionally smooth to allow
an image to form. X-ray telescopes generally use
two reflectors—a parabolic primary and a hy-
perbolic secondary—to focus the radiation into
an image without aberration. To provide the
shallow angle of incidence, the mirrors resem-
ble tubes (the segment of the paraboloid or
hyperboloid surface is more distant from the fo-
cus than with conventional telescopes). This
also requires that the secondary mirror be
mounted directly behind and precisely aligned
with the primary. Such an arrangement is
known as a Wolter Type 1 telescope. A number
of variations are available. Because only a small
region of the radiation is intercepted by the mir-
rors, modern X-ray telescopes typically will use
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a nesting scheme in which up to six complete
telescopes are built within each other.

Another type of X-ray telescope is the
Kirkpatrick-Baez, which uses curved plates of
glass in banks one behind the other. This ar-
rangement will focus the light in one axis, then
the other. While lacking the fine resolution of
Wolter telescopes, the Kirkpatrick-Baez ar-
rangement is well suited to all-sky surveys.

Grazing-incidence telescopes were developed
in the 1960’s and 1970’s. The 1980’s saw the de-
velopment of a radically new approach: normal-
incidence X-ray mirrors. In Bragg crystals, the
internal structure of a crystal can refract X rays

almost as effectively as glass refracts light. Nor-
mal-incidence mirrors are built up in layers of
microscopic crystals that intercept the X rays
and reverse their direction. When laid upon par-
abolic or hyperbolic surfaces, one can build an
X-ray telescope that resembles a conventional
reflector telescope and provide comparable res-
olution for low- to medium-energy X rays.

At higher energies, though, the efficiency of
reflectors decreases until virtually no image is
being focused. At very high energies, a variation
on the pinhole camera technique may be used.
In this approach, the front end of the telescope is
a plate punctured by holes in a quasi-random

pattern. Each pinhole allows
an X-ray image to be pro-
jected onto the detectors be-
hind the plate. However, be-
cause so many images are
projected at once, the scene
must be mathematically de-
convolved (decoded) to pro-
duce a true picture of the
scene.

There is no way to focus
gamma rays. Their ener-
gies are simply so high that
they would pass unhindered
through the mirrors. Instead,
gamma-ray “telescopes” con-
stitute instruments that are
designed to detect interac-
tions of gamma rays with
matter.

X rays and gamma rays,
because of the energies in-
volved, are detected less di-
rectly than light; specifically,
the energy yielded by inter-
action with some intermedi-
ate object is detected. The
first and simplest X-ray de-
tector is photographic film.
Exposure to X rays will cause
the film to darken (that is,
produce a negative image).
Film is used only in X-ray
telescopes that can be recov-
ered, such as crewed satel-
lites and sounding rockets;
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various electronic detectors are used in
uncrewed satellites. The two are complemen-
tary in use. Film provides the highest spatial
resolution and reveals fine details of the source
and its position relative to other objects, but
over a broad energy range. Electronic detectors
can measure energy levels with a fair degree of
accuracy but at the expense of spatial resolu-
tion. In both cases, the energy resolution can be
enhanced by placing filters in front of the detec-
tor, but this generally establishes a low-energy
cutoff and higher-energy radiation will still
pass through.

Most development work has gone into elec-
tronic detectors that measure the energies
yielded when an X-ray or gamma-ray photon
strikes matter and releases enough electrons to
generate a current, or stimulates electrons to
release lower-energy photons as visible light,
which can then be detected by conventional de-
vices.

Proportional counters are similar to Geiger-
tube counters. A high-energy photon enters a
gas-filled chamber, intercepts a gas atom or
molecule, and generates an ion and an electron.
These are attracted to the electrodes (anode and
cathode) in the tube and cause an increase in
the electrical current that is measured by the
instrument’s electronics. In its simplest form,
the counter simply registers the arrival of a pho-
ton regardless of direction. Most proportional
counters, though, are actually gangs of many
small counters mounted behind collimators to
narrow the field of view. They also use shielding
to reduce the chance of photons entering from
behind the detector and giving a false signal. In
some cases, the collimators move so as to make
sources wink on and off and thus improve the
precision of its location and even to deduce the
structure of extended sources.

To increase the chances of detecting an X ray,
detectors sometimes are electrically charged so
that a single X ray will produce a shower of elec-
trons that is readily detected (comparable to
electric eyes that generate an electric current
when struck by light). The electrically charged
device is a microchannel plate, which is like a
microscopic collimator with its channels as a
slant. This ensures that an X ray will strike the
wall of the channel, which has an electric charge

not quite high enough to cause an electric arc.
The incoming X ray provides the needed extra
jolt and releases a cascade of electrons that exit
the back of the plate to be measured by the wires
of a grid behind the detector.

In the late 1980’s, progress was made on de-
veloping X-ray charge-coupled devices (CCDs)
that could provide a more efficient means of cre-
ating X-ray images. CCDs are electronic ana-
logs of the retina and comprise thousands of
small photosensors that are read individually
by computer. Unlike conventional CCDs, an X-
ray CCD will be illuminated from behind, again
so that the incident X rays will generate light or
an electrical charge that is detected by the CCD.

Spectral measurements in X rays use propor-
tional counters, too, but require a grating or
crystal to spread the X rays. The familiar visible-
light analog is a wedge prism that breaks white
light into the color spectrum. With X rays, a
similar effect is desired since the intensity of the
X rays at different energies is a measure of the
activity at the source. Gratings are surfaces
that are microscopically ribbed. The degree to
which radiation scatters depends on the energy
of the photon. Aproportional counter can then be
moved along an arc and radiation can be mea-
sured. Spectral and imaging instruments can be
combined by placing a transmission grating or
crystal in the telescope’s line of sight. The fo-
cused radiation then is spread across the imager
and its intensity measured. Normally, this tech-
nique works only for strong X-ray sources.

In scintillation detectors, the incoming radia-
tion is trapped in a crystal and causes a flash of
light, which is measured by a photomultiplier
tube. The most sensitive of these instruments
require that the crystal be supercooled by lique-
fied or solid gas so that the body temperature of
the crystal does not cause a false reading. Such
crystals can be used in spectrometers. A varia-
tion of the effect is Compton scattering, in which
a high-energy X ray strikes matter and is scat-
tered at lower energy and with release of an
electron whose energy corresponds to the origi-
nal energy. At higher energies, however, the ef-
ficiency of this effect declines. Gamma rays can
also produce electron-positron (antielectron)
pairs that can be detected in spark chambers,
which cause sparks between electrified plates
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or wires. These are then registered by photo-
multiplier tubes.

Because gamma rays cannot be focused, dif-
ferent techniques are used to determine the
shape of a source. The instrument can be tilted
back and forth and the flux change measured to
determine its origin. Or, the instrument can be
built as a pair, one behind the other, and the two
sets of signals collated to determine the origin of
each gamma ray.

X-ray and gamma-ray detectors, in general,
have anticoincidence detectors that are de-
signed to detect cosmic rays and thus allow the
signals they generate to be subtracted from the
instrument signal, somewhat like filtering the
noise in a radio.

METHODS OF STUDY

X-ray and gamma-ray astronomy is con-
ducted above the atmosphere of the Earth, since

the atmosphere absorbs all X rays (even the thin
layer above 36,000 meters absorbs soft X rays).
While both fields are best conducted from satel-
lites, both started on (and still use) suborbital
platforms: X-ray astronomy from suborbital
rockets and gamma-ray astronomy from bal-
loons because the lower fluxes required larger,
heavier detectors. Suborbital rockets (also
called sounding rockets) can expose a payload to
the space environment for several minutes, de-
pending on the weight of the instrument and the
power of the rocket. Suborbital rockets were a
major tool during much of early X-ray astron-
omy and continue to serve the same purpose as
new telescopes are developed and tested. They
also have filled the gap between flights of ma-
jor X-ray satellites. Gamma-ray instruments,
though, have to be larger and spend more time
at altitude to intercept a sufficient flux from
gamma-ray sources, so uncrewed balloons have
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been their preferred suborbital platform. In ei-
ther case, satellites are the best means of opera-
tion, since they provide essentially indefinite
observing time for medium to heavy instru-
ments.

Several X-ray astronomy satellites have been
launched, the most notable being the High-
Energy Astrophysical Observatories (HEAO),
the European Space Agency’s X-ray satellite
EXOSAT, and the Roetgen X-Ray Satellite
(ROSAT). Three of these satellites—HEAO 2,
EXOSAT, and ROSAT—carried Wolter Type 1
X-ray telescopes to produce images and spectra
of the heavens.

Between 1967 and 1969 Orbiting Solar Ob-
servatory (OSO) 3 instrumentation registered
621 gamma-ray photons, confirming a diffuse
gamma-ray background, but it must be noted
that bursts as discovered by the military Vela
satellites remained classified until 1973 rather
than immediately becoming a subject of scien-
tific investigation.

In 1972, Small Astronomy Satellite (SAS) 2
discovered an unexpected point source of
gamma rays later identified as the neutron star
Geminga. As a result of the Cosmic Origins
Spectrograph (COS) B observations, the num-
ber of gamma-ray point sources was raised to
twenty-five between 1975 and 1981. The first
extragalactic gamma-ray source was identified
as the quasar 3C 273. The study of gamma-ray
astronomy greatly expanded during the two
years (1979-1981) of HEAO 3 observations. One
of its most important detections was 511-kilo-
electron-volt radiation coming from the annihi-
lation of electrons and positrons in the center of
the Milky Way. The long-lived (1980-1989) So-
lar Maximum Mission observatory discovered
soft gamma rays originating from solar flares.

Gamma-ray astronomy in the 1990’s was
conducted primarily by the National Aero-
nautics and Space Administration’s (NASA’s)
Compton Gamma Ray Observatory and the Eu-
ropean Space Agency’s (ESA’s) BeppoSax. How-
ever, ground-based Atmospheric Cherenkov
Telescopes (ACTs) detected hard gamma radia-
tion coming from blazars; emissions varied on
timescales ranging from a few minutes to sev-
eral hours.

NASA’s High Energy Transient Experiment

(HETE) 2 and the Reuven Ramaty High Energy
Solar Spectroscopic Imager (RHESSI) satellites
and ESA’s International Gamma-Ray Astro-
physics Laboratory (INTEGRAL) continued to
expand the nature of high-energy astrophysics
research until NASA launched the Swift satel-
lite in 2004, which began finding as many as one
hundred gamma-ray bursters annually, and do-
ing so in such a way that the source of the in-
tense gamma-ray emission could be identified
quickly enough for other observatories, such as
Chandra, to begin rapidly recording the after-
glow of the bursters. Swift data provided evi-
dence for mergers of neutron stars or the col-
lapse of a neutron star into a black hole. When
NASA launched the Gamma-Ray Large Area
Space Telescope on June 11, 2008, gamma-ray
astronomers anticipated another tremendous
advance in their discipline.

The principal X-ray observatory for the
twenty-first century is the Advanced X-Ray
Astrophysics Facility (AXAF), conceived as an
X-ray complement to the optical Hubble Space
Telescope. Once in orbit after delivery by the
space shuttle Columbia mission STS-93 in July,
1999, AXAF was renamed the Chandra X-Ray
Observatory, or CXO. Chandra has a set of
six nested Wolter Type 1 mirror pairs (each
pair equivalent to a single telescope) to produce
X-ray images with resolutions of 0.1 arc second
or better. It carries advanced instrumentation
derived from the HEAO 2 suite of instruments
to produce images and spectra of X-ray objects.
Also included is a unique X-ray CCD camera
that takes advantage of the latest in solid-state
detectors.

The Compton Gamma Ray Observatory
(GRO) was launched on the space shuttle
Atlantis in 1991. It carried four different but
complementary gamma-ray instruments. Be-
cause gamma rays cannot be focused, they are
not arranged in a common focal plane, like de-
tectors in the Hubble Space Telescope, but
stand alone on the satellite bus. GRO’s instru-
ments spanned a broad energy range, from
10,000 to 10 billion eV. The Burst and Transient
Source Experiment (BATSE) recorded gamma-
ray “flashes” that have puzzled scientists since
1967. These flashes may be caused by matter
falling into neutron stars or black holes, but

The Solar System X-Ray and Gamma-Ray Astronomy

951



their unpredictability has hampered efforts to
locate them. The burst experiment involved
eight detectors that surveyed the entire sky to
record and locate bursts so that optical tele-
scopes and other types of telescopes could iden-
tify candidates for the burster. The Oriented
Scintillation Spectrometer Experiment (OSSE)
measured the spectra of objects when gamma
rays caused scintillations in crystals. The four
scintillation units were tilted to observe
“empty” sky next to a source and subtract its
background noise in order to obtain the signal of
the object being observed. The Imaging
Compton Telescope (COMPTEL) was actually
two detector arrays using the Compton effect.
Light was scattered and recorded as the
gamma-ray encounters a scintillation liquid in
the first detector, and the gamma ray was
reemitted at lower energy to be detected in the
same manner at the next level. The energy of
the two emitted photons revealed the energy of
the original gamma ray, and the locations of the
two “hits” pointed back toward the source.

GRO’s Energetic Gamma Ray Experiment
Telescope (EGRET) was a large instrument de-
signed to detect even low fluxes of the highest-
energy gamma rays. Gamma rays entering the
telescope struck a tantalum sheet and created
an electron-positron pair that then traveled
through two spark chambers and finally into a
crystal scintillator. A complex anticoincidence
system discounted sparks caused by cosmic
rays. The energy of the gamma ray was recorded
and its direction was revealed by the paths of
the two particles it creates.

GRO succeeded in detecting gamma-ray
bursters. It has also found antimatter clouds
above the Milky Way and uncovered a bizarre
new type of star, a “bursting pulsar,” that
flashes gamma rays. GRO’s mission concluded
on June 4, 2000, when the massive observatory
was directed to plunge through the upper atmo-
sphere in such a way that debris was not likely
to fall on populated areas. There were safety
concerns about large pieces of debris that might
well survive reentry if GRO fell out of orbit in an
uncontrolled fashion; however, there were no
confirmed reports of debris making it to the de-
serted South Pacific Ocean area chosen for im-
pact.

CONTEXT

X-ray and gamma-ray astrophysics has be-
come one of the most revealing disciplines in as-
trophysics since its development following
World War II. Extraterrestrial cosmic rays and
X rays were detected in the 1800’s by balloon
crews who carried electrostatic instruments
and cloud chambers aloft. Even when their true
meaning became known, it was not appreciated
that the sources might be caused by stars. As
laboratory physics developed an understanding
of nuclear fusion and how matter decays, it be-
came obvious that X rays and gamma rays were
generated by stars. Nevertheless, it was
doubted that the flux (or total energy flow)
would be great enough to be measured, at least
for any star other than Earth’s Sun.

With the availability after World War II of
captured V-2 rockets to carry instruments aloft
in tests, however, some rudimentary instru-
ments were flown, followed by larger instru-
ments aboard uncrewed balloons starting in the
1950’s. It was discovered that as sensitivity in-
creased, what could be seen became richer and
more detailed. In the early 1960’s, it appeared
that the sky was suffused with a strong back-
ground glow of X rays. The Uhuru (Swahili for
“freedom”) satellite carried an all-sky survey
detector that had sufficient resolution to detect
more than three hundred discrete sources
among the background glow. This led to the de-
velopment and launch of a series of three High-
Energy Astrophysical Observatories. HEAO 1
and 3 carried detectors that mapped the entire
sky in X rays through gamma rays (HEAO 3
also carried cosmic-ray detectors). HEAO 2 car-
ried the first stellar X-ray telescope and discov-
ered that the X-ray background was composed
largely of point sources that could not be distin-
guished at lower resolutions. This led to the dis-
covery of the X-ray components of known visible
objects and of previously unknown objects. In
many cases, what was seen in X rays matched
very nicely with the visible and radio compo-
nents. In other cases, it seemed as though two
different objects were being viewed.

Comparable work has been done in solar
physics. The Orbiting Solar Observatories
(OSOs) carried a number of X-ray and gamma-
ray instruments in the 1960’s and 1970’s.
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The Skylab space station in 1973-1974 included
X-ray spectrometers and imaging telescopes in
its array of eight solar telescopes. The Solar
Maximum Mission (SMM) satellite (1980-1989)
carried X-ray burst detectors and gamma-
ray spectrometers to measure the output of
the Sun.

In general, astronomers have found that the
universe is far more energetic than previously
believed. The Crab nebula—the remnant of a
star that exploded in 1054—was found to pulse
in X rays at the same rate as its visible pulsar,
thus suggesting a very compact object. X rays
have been found coming from the cores of qua-
sars and most “normal” galaxies. The heart of
the Milky Way seems to be the site of matter-
antimatter annihilation. Instruments have mea-
sured X rays being emitted at an energy of
511,000 eV (or 5.11 keV), which corresponds to
the conversion of electrons and positrons (anti-
electrons) into energy.

Gamma-ray astronomy provides a different
view of the universe. Specifically, it reveals the
creation and destruction of matter (properly, its
conversion from energy to matter and back) in
supernovae, neutron stars, pulsars, black holes,
quasars, active galaxies, and other objects.
Gamma-ray astronomy has confirmed that the
heavier elements are created in the blast fur-
nace of a supernova when a star self-destructs.
The famous Supernova 1987A produced gamma-
ray lines indicating that cobalt 56 was decaying
into iron. Cobalt 56 is unstable and had to have
been created shortly before the observation—
that is, when the star exploded.

The most important result from high-energy
astronomy—as well as from radio and infra-
red—is the increasing awareness that objects
must be studied in terms of their total output
rather than as emitters in different spectral
bands. What puzzles scientists in one band may
be solved in another, or at least a new line of in-
vestigation can be illuminated.

Dave Dooling
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Glossary

Absolute magnitude: The brightness of a star
or other celestial body measured at a stan-
dard distance of 10 parsecs. See also Appar-
ent magnitude, Luminosity, Parsec.

Absolute space, absolute time: An absolute
idea that there is an overlying stationary
structure in space and time which never
changes, and against which all events and
objects can be measured. The idea now gener-
ally is considered outdated in terms of rela-
tivity theory.

Absolute temperature scale: A temperature
scale which sets the lowest possible tempera-
ture (absolute zero, or the temperature at
which molecular and atomic translational
motion stops) at zero. See also Kelvin.

Absolute zero: The temperature at which all
translational motion of atoms and molecules
ceases.

Absorption spectrum: An electromagnetic
spectrum that shows dark lines which result
from the passage of the electromagnetic radi-
ation through an absorbing medium, such as
the gases found in a star’s atmosphere. The
resulting absorption lines are characteristic
of certain chemical elements and reveal
much about the composition of the star’s at-
mosphere. See also Electromagnetic spec-
trum, Emission spectrum, Spectrum.

Acceleration: The change in the velocity of an
object divided by the time required for the
change to occur; commonly expressed in
units of meters per second squared.

Acceleration of gravity: The average acceler-
ation of an object which is in free-fall near the
Earth’s surface, ignoring air resistance; this
approximately constant acceleration has a
value of 9.8 meters (32.15 feet) per second
squared.

Accretion: The accumulation of matter that
can result eventually in the formation of a
planet or smaller-sized body. See also Con-
densation.

Accretion disk: A disk of material that spirals
in toward a black hole or other compact ob-
ject.

Achondrite: A stony meteorite that contains
mostly silicate minerals and a small amount
of metal formed from the cooling of molten
rock.

Acquisition: The detection and tracking of an
object, signal, satellite, or probe to obtain
data or control the path of a spacecraft. See
also Star tracker.

Active galaxy: A galaxy that contains a com-
pact, highly energetic nucleus.

Aerodynamics: The study of the behavior of
solid bodies, such as an airplane, moving
through gases, such as Earth’s atmosphere.

Aerography: The branch of meteorology that
collects atmospheric data for the production
of weather charts.

Aeronautics: The study of aircraft and aerody-
namic spacecraft and the flight of these
human-made objects in the Earth’s atmo-
sphere.

Aeronomy: The study of the physics and chem-
istry of the atmospheres of Earth and other
planets.

Aerospace: The space extending from Earth’s
surface outward and beyond the atmosphere;
also refers to the engineering discipline that
designs and builds craft capable of operat-
ing in both the atmosphere and vacuum of
space.

Airglow: A faint glow emitted by Earth which
results from interaction between solar radia-
tion and gases in the ionosphere, perceived
from space as a halo around the planet. Air-
glow is known for interfering with Earth-
based astronomical observations, making
space-based telescopes desirable.

Albedo: The fraction of incident light that is re-
flected from planets, moons, and asteroids.

Alpha particle: A helium nucleus emitted dur-
ing the radioactive decay of uranium, tho-
rium, or other unstable nuclei.

Altitude: The distance of an object directly
above a surface. Also, the arc or angular dis-
tance of a celestial object above or below the
horizon.

Andesite: A type of volcanic igneous rock inter-
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mediate in composition and density between
granite and basalt.

Anemometer: An instrument for measuring
wind speed.

Angstrom (Å): One ten-thousand-millionth of
a meter; a unit used to measure electromag-
netic wavelengths.

Angular momentum: A property of a rotating
body or a system of rotating bodies. For a dis-
crete body, it is calculated as the product of
the mass and the square of distance of the
body from the axis about which rotation
takes place. For a body with continuous dis-
tribution of mass, this calculation involves an
integration over the body of distance squared
times differential mass. In an analogy to
translational motion where force results in a
change in linear momentum, in rotational
motion a torque results in a change in angu-
lar momentum. However, if a system has no
net torque, then conservation of angular mo-
mentum applies, as it does for bodies orbiting
the Sun or the planets. Angular momentum
can also be expressed as the product of mo-
ment of inertia, a body’s inertial resistance to
rotational acceleration under the application
of a torque, and angular velocity. When a
planet is closest to the Sun, a point in its orbit
when its distance is smallest, then its angu-
lar velocity is greatest. When a planet is far-
thest from the Sun, a point in its orbit when
its distance is greatest, then its angular ve-
locity is smallest. The latter two sentences
describe Kepler’s second law of planetary mo-
tion: The radius vector to a planet sweeps out
equal areas in equal times.

Annular solar eclipse: An eclipse occurring
when the apparent size of the Moon is
slightly less than that of the Sun, so that even
at points where the Moon is seen to move di-
rectly across the center of the Sun, the eclipse
is not total, since a ring or annulus of the Sun
can always be seen.

Anorthosite: A low-density igneous rock, con-
sisting mostly of plagioclase feldspar, that
comprises most of the outer crust of the
Moon.

Anthropic principle: The philosophical view-
point that the universe is structured so that
galactic and stellar evolution inevitably will

lead to the evolution of life, including intelli-
gent life.

Antimatter: Matter composed of antiparticles:
positrons (like electrons but with a positive
charge), antiprotons (like protons but with a
negative charge), antineutrons, and so forth.
Small amounts of anti-hydrogen have been
created for very brief times. The result of an
encounter between a matter particle and its
antimatter equivalent is mutual annihila-
tion, with their mass converted into a burst of
energy.

Antiparticles: The counterpart of elementary
particles, having the same mass and spin as
their corresponding particle, but with oppo-
site electric charge and magnetic moment.
See also Elementary particles.

Aphelion: The point in its orbit around the Sun
at which an object, traveling an elliptical
path, is farthest from the Sun.

Apoapsis: The point in one object’s orbit
around another at which the orbiting object
is farthest away from the object being or-
bited.

Apocynthion: The point in an object’s orbit
around the Moon at which it is farthest away
from the Moon.

Apogee: The point in an object’s orbit around
Earth at which it is farthest away from
Earth.

Apolune: Apocynthion.
Apparent magnitude: The brightness of a

star or other celestial body as seen from a
point, such as Earth. The brightness is ap-
parent because stars vary in their distance
from Earth. See also Absolute magnitude,
Luminosity.

Apparent motion: The path of movement of a
body relative to a fixed point of observation.

Apparent size: The perceived or angular size
of an object as viewed from a specific perspec-
tive, regardless of its true linear size.

Archean eon: The older of a two-part division
of the Precambrian, the earliest era of geo-
logic history. Also known as the Archeozoic.

Artificial satellite: Ahuman-made satellite or
object sent into orbit around a celestial body.

Asteroid: A small, solid body (also known as a
minor planet) orbiting the Sun and ranging
in size from about 1,000 kilometers in diame-
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ter down to a minimum of between 10 and
100 meters. The solar system contains many
thousands of these objects, most of them hav-
ing orbits in between the orbits of Mars and
Jupiter, a region known as the asteroid belt.
The Trojan asteroids are located 60° ahead of
and behind Jupiter in its orbit. Some aster-
oids cross inside the orbit of the Earth.

Asteroid belt: The region between the orbits of
Mars and Jupiter containing the majority of
asteroids.

Asthenosphere: A region of Earth’s upper
mantle that has less rigid and probably plas-
tic rock material that is near to but below its
melting temperature.

Astrobleme: The remnant of a large impact
crater on Earth; erosion will have altered the
superficial appearance, but confirmation can
be made from deeper structural damage and
the presence of characteristically shattered
and shocked rock.

Astronautics: The science and technology of
spaceflight, including all aspects of aerody-
namics, ballistics, celestial mechanics, phys-
ics, and other disciplines as they affect or re-
late to spaceflight. See also Aerodynamics,
Aeronautics, Celestial mechanics.

Astronomical unit (AU): The mean distance
between the centers of Earth and the Sun:
149,597,870 kilometers (92,955,630 miles).
Used for measuring distance within the solar
system.

Astronomy: The study of all celestial bodies
and phenomena within the universe.

Astrophysics: The branch of astronomy deal-
ing with the chemical and physical properties
and behaviors of celestial matter and their
interactions.

Ataxites: Iron meteorites that contain a very
high nickel content.

Atmosphere: Any gaseous envelope surround-
ing a planet or star. Earth’s atmosphere con-
sists of five layers: the troposphere, strato-
sphere, mesosphere, thermosphere (which
roughly coincides with the ionosphere), and
exosphere.

Atmospheric pressure: The pressure exerted
by a planet’s atmosphere, decreasing with
height and increasing with depth. Earth’s at-
mospheric pressure at sea level is approxi-

mately 14.7 pounds per square inch, or
101,325 newtons per square meter, or 1.01325
bars. This pressure often is referred to as “one
atmosphere” and can be used to describe the
atmospheric pressure of other planets; for ex-
ample, the atmospheric pressure at the sur-
face of Venus is about 90 atmospheres, mean-
ing 90 times Earth’s atmospheric pressure at
sea level.

Atom: The smallest particle of an element that
can exist alone. Atoms consist of electrons
(negatively charged particles) orbiting a nu-
cleus made of protons (positively charged
particles) and neutrons (particles with no net
charge). The combinations of these particles
determine the identity of the atom as a par-
ticular chemical element or isotope of that el-
ement. The number of protons (same as the
number of electrons in a neutral atom) is the
atomic number and therefore determines the
chemical element as found in the periodic ta-
ble; the total number of protons and neutrons
in the nucleus is the atomic mass number
and therefore identifies the particular iso-
tope of that element.

Atomic number: The number of protons, or
positively charged nuclear particles, in the
nucleus of an atom.

Attitude: The orientation of a spacecraft or
other body in space relative to a point of refer-
ence.

AU. See Astronomical unit.
Aurora: The colored lights appearing in the sky

near the poles when charged particles issu-
ing from the Sun become trapped in Earth’s
magnetic field. The arching, spiraling glows
result from these particles interacting with
atmospheric gases as they follow Earth’s
magnetic force lines.

Aurora australis: The aurora occurring near
Earth’s South Pole.

Aurora borealis: The aurora occurring near
Earth’s North Pole.

Avionics: The electronic devices used on board
a spacecraft, or the development, production,
or study of those devices.

Axis: The imaginary line around which a celes-
tial body or human-made satellite rotates.

Axis tilt: A tilt in the pole-to-pole line about
which a planet rotates, relative to the plane
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of the ecliptic. For example, Earth’s axis tilt
is 23.5°.

Azimuth: The arc, or angular distance, mea-
sured horizontally and moving clockwise, be-
tween a fixed point (usually true north) and a
celestial object. See also Altitude.

Ballistics: The study of the motion of projec-
tiles in flight, including their trajectories—
especially important in the launching and
course-correction maneuvers of spacecraft.

Band. See Frequency, Hertz.
Bar: A unit of pressure; one bar is defined as

100,000 Newtons per square meter, which is
nearly the pressure of the Earth’s atmo-
sphere at sea level. See also Atmospheric
pressure.

Barycenter: The center of mass of a system of
two or more bodies.

Baryons: A class of particles that includes pro-
tons, neutrons, and the unstable hyperons;
all baryons are composed of a combination of
three quarks.

Basalt: A fine-grained, dark igneous rock com-
posed chiefly of pyroxenes and feldspars, typ-
ically found at or near the surface of differen-
tiated planets and moons.

Basin: A large, typically flat-bottomed crater
formed by the impact of a very large body.

Beta decay: A radioactive decay process in
which an electron and a neutrino are emitted
from an atomic nucleus, transforming a neu-
tron into a proton.

Big bang theory: The cosmological theory that
the universe originated from a primordial
ultra-hot, ultra-dense state, about thirteen to
fifteen billion years ago. The big bang created
space and time, matter and energy. Space
rapidly expanded, and as it did so, energy and
matter rapidly cooled, leading to the expand-
ing universe we observe today. (The name
“big bang” was first employed by an early op-
ponent of this theory, Sir Fred Hoyle, who
used it in a derogatory sense—but the name
stuck.) See also Steady state theory.

Big crunch: The eventual recompression of all
matter in the universe that may occur if the
universe is closed.

Binary star: A star system composed of two
stars orbiting their combined center of mass.

Binary stars are termed “visual” if both com-
ponents can be seen with a telescope, “spec-
troscopic” if their spectral lines are Doppler
shifted alternately toward shorter and longer
wavelengths by the orbital motion of the
stars toward and away from us, and “eclips-
ing” if one star passes directly between us
and the second star blocking at least some of
its light.

Biosatellite: An artificial satellite carrying
life-forms for the purpose of discovering their
reaction to conditions imposed in the space
environment.

Biotelemetry: The remote measurement and
monitoring of the life functions (such as heart
rate) of living beings in space, and the trans-
mission of such data to the monitoring loca-
tion, such as Earth.

Black dwarf star: A star that has cooled to the
point that it no longer emits visible radiation;
the end state of a white dwarf star. See also
White dwarf star.

Black hole: A celestial body, predicted by Al-
bert Einstein’s general theory of relativity, in
which gravity is so strong that nothing, not
even light, can escape from it. Two types of
black holes have been detected observation-
ally. Stellar-mass black holes (or simply stel-
lar black holes) have masses at least several
times the Sun’s mass and form from massive
stars that collapse at the end of their energy-
producing lives. Supermassive black holes
have masses millions to billions of times the
Sun’s mass and occur at the centers of many
galaxies, including our Milky Way. Apossible
third type of black hole, mini black holes,
having about the mass of a mountain or less,
may have formed in the very early universe
in the aftermath of the big bang; mini black
holes have not yet been detected.

Blueshift: An apparent shortening of electro-
magnetic wavelengths emitted from a star or
other celestial object, indicating movement
toward the observer. See also Doppler effect.

Bolometric magnitude: The brightness of a
star as detected from above Earth’s atmo-
sphere and recorded in all wavelengths.

Bow shock: A shock wave (analogous to the
shock wave preceding a supersonic aircraft)
that is formed at the point where the solar
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wind (the stream of ionized gases flowing out-
ward from the Sun) encounters a planet’s
magnetosphere.

Breccia: Rock composed of a random mixture of
angular, broken fragments of other rocks and
minerals.

Brown dwarf star: An intermediate-mass ob-
ject, between a planet and a star, about ten to
eighty times the mass of Jupiter, which
formed like a star, but without enough mass
to sustain nuclear fusion as a source of en-
ergy.

Caldera: A very large crater formed by the col-
lapse of the central part of a volcano.

Caloris Basin: The largest known structure on
Mercury; it is similar to the Moon’s Imbrium
Basin and was formed by a large impact.

Canopus: The brightest star in the sky after
Sirius, visible south of 37° latitude. Canopus
is often the target of a spacecraft’s star
tracker, which uses it as a reference point in
steering a course toward the spacecraft’s des-
tination.

Carbon dioxide: A molecule consisting of one
carbon atom and two oxygen atoms; it is
a common constituent of planetary atmo-
spheres.

Carbonaceous asteroid: An asteroid made up
principally of carbon-based materials.

Carbonaceous chondrites: A class of stony
meteorites found to contain large amounts of
carbon in conjunction with other elements;
used to date the solar system and to provide
clues to the chemical composition of the early
solar nebula.

Cassegrain telescope: A type of reflecting
telescope, named for its inventor, Guillaume
Cassegrain (1672). The telescope contains two
mirrors: a concave mirror near its base, which
reflects light from the sky onto a convex mir-
ror above it; the convex mirror, in turn, re-
flects the light back down through a hole in
the middle of the convave mirror to the focal
point. The Hubble Space Telescope is a vari-
ant of the Cassegrain design called a Ritchy-
Cretian system that uses aspheric mirrors.

Cassini division: The largest gap in Saturn’s
rings, directly viewable from Earth-based
telescopes.

Catastrophism: The theory that the large-
scale features of Earth were created suddenly
by catastrophes in the past; the opposite of
uniformitarianism. See also Uniformitar-
ianism.

Celestial equator: A great circle on the celes-
tial sphere 90° from the celestial poles, sepa-
rating the northern and southern hemi-
spheres of the sky.

Celestial mechanics: The branch of physics
concerned with those laws which govern the
motion (especially the orbits) of celestial bod-
ies, both artificial and natural.

Celestial poles: Imaginary points around
which the celestial sphere appears to rotate.

Celestial sphere: An imaginary sphere sur-
rounding an observer at a fixed point in space
(the sphere’s center), with a radius extending
to infinity, a celestial equator (a “belt” cutting
the sphere into two even halves), and celes-
tial poles (north and south). By reference to
these points on the celestial sphere, the ob-
server can describe the position of an object
in space.

Celsius scale: A temperature scale, named for
its inventor, Anders Celsius (1701-1744),
which sets the freezing point of water at 0°
and the boiling point at 100°. Also referred to
as the centigrade scale, its increments corre-
spond directly to kelvins. To convert kelvins
to degrees Celsius, subtract 273.15. See also
Kelvin.

Centrifugal force: The pseudo-force tending
to impel a body outward from a center of rota-
tion, equal and opposite to the centripetal
force caused by the inertia of the body.

Centrifuge: Adevice for whirling objects or hu-
man beings at high speeds around a vertical
axis, exerting centrifugal force to test space-
craft hardware or train astronauts to with-
stand the forces of launch.

Cepheid variable: A massive star that has
passed its main sequence phase (the greater
part of its lifetime) and has entered a transi-
tional phase in its evolution, during which
the star expands and contracts, pulsating
in brightness. By measuring the star’s period
of pulsation and estimating from that its
absolute magnitude, then comparing the ab-
solute magnitude to the apparent magni-
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tude, astronomers find the distance of the
star.

Chandrasekhar limit: The maximum possi-
ble mass for a white dwarf star, calculated by
Subramanyan Chandrasekhar in 1931 as ap-
proximately 1.4 solar masses (later modified
upward for rapidly rotating white dwarf
stars). When the star’s mass exceeds the
Chandrasekhar limit, gravity compresses it
into a neutron star.

Charge: Aproperty of matter defined by the ex-
cess or deficiency of electrons in comparison
to protons. Negative charge results from ex-
cess electrons; positive charge, from a defi-
ciency of electrons.

Chemical evolution: The synthesis of amino
acids and other complex organic molecules—
the precursors of living systems—by the ac-
tion of atmospheric lightning, solar ultravio-
let radiation on atmospheric gases, and other
sources of energy.

Cherenkov light: Light emitted by a particle
that is exceeding the speed of light in the me-
dium through which it is traveling.

Chert: A hard rock of minutely crystalline, and
often partly hydrous, silica.

Chondrite: A stony meteorite containing
glassy spherical inclusions called chon-
drules, which are usually composed of iron,
aluminum, or magnesium silicates.

Chromosphere: The layer of the solar atmo-
sphere between the photosphere and the co-
rona, several thousands of kilometers thick,
which is visible only when the photosphere is
obscured, as during a solar eclipse or by using
special filters. The term also applies to corre-
sponding regions of other stars.

Circle of illumination: The circle on Earth’s
surface that bisects Earth and separates the
sunlit half from the shadowed half.

Circular orbit: An orbit described by an orbit-
ing body that maintains a constant distance
about the body around which it orbits. The or-
bit’s eccentricity is zero as the orbit’s pair of
foci are identical.

Climate: The sum total of the prevailing long-
term weather conditions of an area, deter-
mined by such factors as latitude, altitude,
and location.

Closed universe: A universe in which all mat-

ter will eventually recompress into a tiny vol-
ume of space.

Coesite: A high-density type of quartz formed
under the pressures and temperatures in-
volved in impact cratering.

Coma: The gaseous envelope surrounding the
head of the comet and consisting of evapo-
rated gases from the comet’s nucleus.

Comet: A luminous celestial object orbiting the
Sun, consisting of a nucleus of water ice and
other ices mixed with solid matter, and, as
the comet approaches the Sun, a growing
coma and tail. The coma is a collection of
gases and dust particles that evaporate from
the nucleus and form a glowing ball around
it; the tail forms as these materials are swept
away from the nucleus. Comets appear peri-
odically, depending on the parameters of
their solar orbits.

Comet period: The time required for a comet
orbiting the Sun to complete a single orbit.

Condensation: A condition in the early solar
nebula when hot gases cooled to form solids; a
preliminary stage to accretion. See also Ac-
cretion.

Condensation temperature: The tempera-
ture at which gases of the primitive solar neb-
ula condensed into solid particles.

Conjunction: The alignment of two planets or
other celestial bodies so that their longitudes
on the celestial sphere are the same. Inferior
conjunction occurs when Mercury or Venus
passes between the Earth and the Sun; supe-
rior conjunction occurs when Mercury or Ve-
nus passes behind the Sun as seen from
Earth.

Conservation law: A rule of physics that
states that the total value of some quantity
does not change.

Conservation of angular momentum: The
principle that the total angular momentum
of a body or group of objects in a system re-
mains constant in the absence of any exter-
nal torque.

Constellation: A collection of stars which form
a pattern as seen from Earth. The stars in
these groupings are often quite distant from
one another, their main common characteris-
tic being the illusory picture they form (such
as the Big Dipper, or Ursa Major) against the
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backdrop of the night sky. Constellations
provide points of reference for astronomers
and other stargazers.

Convection: A flow of material resulting from
temperature differences that cause warm,
light material to rise and cool, dense material
to sink.

Convective equilibrium: A state of stellar
stability characterized by a fluid, convective
transfer of energy from hotter inner regions
to cooler outer layers.

Coorbital satellites: Bodies that share the
same orbit; these bodies are in a 1:1 orbital
resonance.

Core: The central portion of any celestial body,
such as planets and stars. Earth’s core is lo-
cated 2,900 kilometers below the planet’s
surface.

Core-diffracted phases: Those elastic waves
incident at the Earth’s outer core at a grazing
angle that are diffracted and arrive within
the shadow zones for direct waves.

Core-reflected phases: Elastic waves that are
reflected from the Earth’s core-mantle
boundary.

Core sample: A sample of rock and soil taken
from Earth, the Moon, or another terrestrial
planet by pressing a hollow cylinder down
into the planet’s surface.

Core-transmitted phases: Elastic waves that
travel through the Earth’s core.

Coriolis force: A pseudo-force that deflects
moving objects to the right (Northern Hemi-
sphere) or to the left (Southern Hemisphere)
because of the Earth’s rotation. The term de-
scribes an inertial movement in a noninertial
reference frame.

Corona: The outermost portion of the Sun’s at-
mosphere, extending like a halo outward
from the Sun’s photosphere. The corona con-
sists of extremely hot ionized gases that
eventually escape as solar wind. The term is
also used to refer to the corresponding region
of any star’s atmosphere.

Coronagraph: A device for viewing the solar
(or another star’s) corona, consisting of a so-
lar telescope outfitted with an occulting
mechanism to obscure the photosphere, as
during a solar eclipse, so that the corona is
more easily perceived.

Cosmic background radiation: Relic radia-
tion produced a few hundred thousand years
after the big bang, when the early expanding
universe had cooled sufficiently (down to a
few thousand kelvins) for electrons to join
with protons to form neutral hydrogen at-
oms. Before that time, the free electrons
made the early universe opaque to electro-
magnetic radiation. Once the free electrons
were incorporated into neutral hydrogen at-
oms, the universe became transparent to
electromagnetic radiation, and photons were
free to fly throughout the expanding uni-
verse. When the universe first became trans-
parent, the photons had a distribution of en-
ergies and wavelengths characteristic of a
thermal, blackbody source at a temperature
of several thousand kelvins. As the universe
expanded, the photon energies decreased and
the wavelengths increased. Today the radia-
tion is observed greatly redshifted (by about
a factor of 1,000) into the microwave portion
of the spectrum, with wavelengths of approx-
imately 1 million nanometers or 1 millime-
ter, appearing like thermal, blackbody radia-
tion from a source with a temperature of
approximately 3 kelvins.

Cosmic dust: Tiny solid particles found
throughout the universe, thought to have
originated from the primordial universe, the
disintegration of comets, the condensation of
stellar gases, and other sources. Also known
as interstellar dust.

Cosmic microwave background radiation:
Microwave radiation from the glowing of the
hot early universe, now cooled by the expan-
sion of the universe to a temperature of about
2.7 kelvins.

Cosmic radiation: Atomic particles, also
known as cosmic rays, that are the most ener-
getic known, consisting mainly of protons,
along with electrons, positrons, neutrinos,
gamma-ray photons, and various atomic nu-
clei. These particles emanate from a number
of sources, both within and beyond the Milky
Way, and they bombard atoms in Earth’s at-
mosphere to produce showers of secondary
particles such as pions, muons, electrons,
and nucleons. If a primary cosmic-ray parti-
cle is sufficiently energetic when it hits an at-
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mospheric atom, the secondary particles can
reach Earth’s surface.

Cosmic string: Ahypothetical early concentra-
tion of energy that initiated formation of gal-
axy filaments.

Cosmogony: The study of the origin and na-
ture of the solar system.

Cosmology: The study of the large-scale struc-
ture of the universe and its movements, ori-
gin, evolution, and ultimate fate.

Coulomb repulsion: A repulsive electrical
force experienced between charged particles
of similar sign, such as nuclei of elements as a
result of their similar positive charges, and
that must be overcome for fusion to take
place. The magnitude of this force is directly
proportional to the product of the charges of
the two interacting objects and inversely pro-
portional to the distance between the centers
of these two charged bodies or particles.

Covariant: Interdependent according to a par-
ticular mathematical rule, such as that
which connects the space coordinates and
time of an event in relativity.

Crab nebula: An important supernova rem-
nant that contains a pulsar at its center; also
known as M1.

Crater: A depression in the surface of a planet
or moon caused by the force of a meteorite’s
fall. Also, the depression that forms at the
mouth of a volcano.

Crater morphology: The structure or form of
craters and the related processes that pro-
duced them.

Crust: The outermost layer of a planet, gener-
ally composed of materials removed from
the interior by chemical and physical pro-
cesses.

Crustal differentiation: The process result-
ing in the origin of continental and oceanic
crust through remelting of original, heavier
crust.

Crystal: A solid made up of a regular periodic
arrangement of atoms or molecules; its form
and physical properties express the repeat
units of the structure.

Crystallization: The process by which miner-
als are formed at various temperatures and
pressures, resulting in an orderly arrange-
ment of their atoms.

Cumulate: An igneous rock composed chiefly of
crystals which accumulated by sinking or
floating from a magma.

Cumulus crystals: Dense minerals within liq-
uid magma that accumulate by gravity upon
the floor of a magma chamber.

Curie temperature: The temperature above
which a permanently magnetized material
loses its magnetization.

Curved space: Aspace which does not obey the
rules of Euclidean geometry; may be posi-
tively curved or negatively curved.

Cyclotron radiation: The radiation produced
by charged particles as they spiral around
magnetic field lines at extremely high
speeds.

Dark cloud: An interstellar cloud of dust with
sufficient density to block the passage of star-
light.

Dark energy: The name given to the hypothet-
ical energy that is causing the expansion of
the universe to accelerate. According to mod-
ern cosmological models, it should amount to
approximately 70 percent of all the energy
and matter in the universe.

Dark matter: Mass in the universe that does
not give off any form of electromagnetic radi-
ation and is thus invisible but is known by its
gravitational influence.

Day: The interval of time between two succes-
sive passages of the Sun over the meridian of
a planet.

Declination: The angular distance north or
south from the celestial equator measured
along a circle passing through the celestial
poles.

Deep space: Regions of space beyond the
Earth-Moon system.

Deep space probe: A device launched beyond
the Earth-Moon system that is designed to
investigate other parts of the solar system or
beyond. Sometimes called an interplanetary
space probe in reference to spacecraft investi-
gating the planets and the space between
them.

Degenerate electron gas: An assembly of
electrons occupying all the quantum me-
chanically allowed space, occurring within
white dwarf stars; the pressure in an electron
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degenerate gas does not depend on tempera-
ture but only on the density.

Degradation: Erosion from all processes, in-
cluding wind, rain, and other mechanisms.

Density: The amount of matter that is con-
tained within a given volume of space; mass
per unit volume (grams per cubic centimeter
or kilograms per cubic meter).

Differentiation: A process that separates ma-
terials by some criteria, such as the heating
and melting of a terrestrial protoplanet in
which denser material sinks toward the cen-
ter to become the core and less dense mate-
rial rises toward the surface to become the
crust.

Digital imaging. See Imaging.
Dipole field: Electrically, the field shape pro-

duced prototypically by a pair of electrically
charged particles of equal magnitude but op-
posite sign separated by a small distance rel-
ative to the distance at which the dipole is be-
ing observed. Magnetically, the field created
by the north and south poles which cannot be
found alone, but must always occur in pairs.

Dirty snowball model: The model of a comet’s
nucleus as a dirty snowball, consisting of var-
ious frozen ices containing sand and dust
grains.

Discontinuity: An abrupt change in some
property at a boundary, such as the change in
speed of seismic waves at the boundary be-
tween the Earth’s crust and mantle (called
the Mohorovi5i6 discontinuity).

Dissociation: The breaking up of a compound
into simpler components, such as the separa-
tion of a molecule into its constituent atoms.

Diurnal: Occurring daily. The diurnal motion
of a planet or other celestial body is its daily
path across the sky as seen from a fixed point
such as Earth.

Doppler effect: The effect of an object’s motion
toward or away from an observer on the
wavelength and frequency of electromag-
netic or sound waves that it emits. If the ob-
ject is moving away from the observer, the ob-
served wavelength is longer and the observed
frequency is lower compared to what the ob-
ject emitted. If the object is moving toward
the observer, the observed wavelength is
shorter and the observed frequency is higher

compared to what the object emitted. The
faster the speed of the object, the more the
wavelength and frequency are shifted away
from their emitted values. Since red light is
at the long wavelength end of the visible
spectrum, and blue and violet light are at the
short wavelength end of the visible spectrum,
an object moving away from the observer will
appear redder (called a redshift) and an ob-
ject moving toward the observer will appear
bluer (called a blueshift). A source of sound
will be heard at a higher pitch as it ap-
proaches and at a lower pitch as it moves
away.

Double star. See Binary star.
Draconic month: The period from one cross-

ing of the ecliptic plane by the Moon to the
next (in the same direction), about 27.21
days.

Dynamo effect: The movement of an electrical
conductor through a magnetic field, produc-
ing an electrical current that in turn gener-
ates a magnetic field.

Earth day: Twenty-four hours, or the time re-
quired for Earth to complete one rotation on
its axis.

Earth-emitted radiation: The portion of the
electromagnetic spectrum, from about 4 to 80
microns, in which Earth emits about 99 per-
cent of its radiation.

Earth-orbital probe: An uncrewed spacecraft
carrying instruments for obtaining informa-
tion about the near-Earth environment.

Earth tide: The slight deformation of Earth re-
sulting from the same forces that cause ocean
tides, those that are exerted by the Moon and
the Sun.

Eccentricity: The degree to which an ellipse
(or orbital path) departs from circularity. Ec-
centricity is characterized as “high” when the
ellipse is very elongated. For conic sections,
eccentricity is zero for a circle, is between
zero and one for an ellipse, is unity for a pa-
rabola, and is greater than one for a hyper-
bola.

Eclipse: The obscuring of one celestial body by
another. In a lunar eclipse, Earth’s shadow
obscures the Moon when Earth is situated di-
rectly between the Sun and Moon. In a solar
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eclipse, the Moon is situated between the Sun
and Earth in such a way that part or all of the
Sun’s light is blocked; the total blockage of
sunlight (with the exception of the Sun’s co-
rona) is called a total eclipse of the Sun.

Ecliptic: The apparent annual path of the Sun
on the celestial sphere.

Ecliptic plane: The plane in which Earth or-
bits the Sun. From Earth, the ecliptic plane is
perceived as the Sun’s yearly path through
the sky.

Ecology: The relationship between organisms
and their environment.

Effective temperature: The temperature of a
blackbody (an ideal thermal radiator) that
emits the same total flux of electromagnetic
radiation as the object under consideration.

Einstein cross: A collection of four images of a
distant object formed by a massive object act-
ing as a gravitational lens.

Einstein ring: The images of a distant ex-
tended object (such as a galaxy) elongated
into arcs when viewed past a mass that bend
the light rays.

Ejecta: Material thrown out of a volcano during
eruption. Also, the material ejected from the
crater made by a meteoric impact.

Electrolysis: A process whereby water is bro-
ken down into oxygen and hydrogen.

Electromagnetic radiation: A phenomenon
processing both wave and particle character-
istics (referred to as wave-particle duality).
In some situations, it behaves as waves of
electric and magnetic fields oscillating per-
pendicular to each other and the direction of
propagation, and traveling at the speed of
light. In other situations it behaves as parti-
cles called photons that carry energy and mo-
mentum, but have no rest mass. The energy
and momentum of a photon are directly pro-
portional to the frequency and inversely pro-
portional to the wavelength of the electric
and magnetic field oscillations. See also Elec-
tromagnetic spectrum.

Electromagnetic spectrum: The continuum
of all possible electromagnetic wavelengths,
from the longest, radio waves (longer than
0.3 meter), to the shortest, gamma rays
(shorter than 0.01 nanometer). The shorter
the wavelength, the higher the frequency

and the greater the energy. Within the elec-
tromagnetic spectrum is a range of wave-
lengths that can be detected by the human
eye, visible light. Its wavelengths correspond
to colors: Red light emits the longest-wave-
length visible radiation; violet light, the
shortest-wavelength radiation. None of these
types of electromagnetic radiation is dis-
crete; each blends into the surrounding
forms. Detection of nonvisible radiation by
special instruments (used in such branches
of astronomy as infrared astronomy and
X-ray astronomy) reveals much about the
behavior of celestial bodies and the origins
of the universe.

Electron: An elementary particle which car-
ries a negative charge and a mass about one
eighteen-thousandth of a proton. The num-
ber of electrons in an atom in its neutral state
is determined by its atomic number and
therefore is the same as the number of pro-
tons in its nucleus. If an atom accepts or loses
one or more electrons then it becomes ionized
and has a net negative or positive charge, re-
spectively.

Electron volt: The amount of energy gained by
an electron when it is accelerated through an
electrical potential difference of one volt; one
electron volt (symbol eV) equals 1.6 × 10–19

joules.
Electrophoresis: A process for separating

cells using a weak electric field, more easily
accomplished in space than on Earth.

Element: The simplest chemical substance,
made up of atoms of identical atomic number;
every element has a unique atomic number.

Elementary particles: The smallest units of
matter, characterized by electrical charge,
mass, and angular momentum. Among ele-
mentary particles are electrons, neutrons,
protons, neutrinos, the various mesons, and
their corresponding antiparticles (which
form antimatter). Photons, the smallest
units of electromagnetic radiation, are also
considered as elementary particles.

Ellipse: An oval-shaped geometric figure
traced by a point moving so that the sum of its
distances from two other points (called the
foci) remains constant. The eccentricity of an
ellipse varies between zero and one. A circle
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is a special case of an ellipse in which the two
foci are the same point, i.e. the center of the
circle.

Elliptical orbit: An orbit which departs from
circularity, as most orbits do. A highly ellipti-
cal orbit is one whose apoapsis is much
greater than its periapsis, resulting in an or-
bit that traces out an elongated ellipse.

Emission nebula: A cloud of gaseous material
hot enough to be observed by its own emitted
light.

Emission spectrum: Also known as emission
line spectrum or bright line spectrum, a spec-
trum consisting of a series of bright, colored
lines at certain specific wavelengths, emitted
by a diffuse glowing gas. Each chemical ele-
ment in gaseous form emits its own charac-
teristic set of bright, colored lines at a partic-
ular set of wavelengths.

Enantiomer: A particular version of the same
kind of asymmetric chemical compound, such
as sugars and amino acids, that may be left-
or right-handed and so polarize light in a
clockwise (D enantiomer) or counterclock-
wise (L enantiomer) direction, respectively.

Energy: The ability to do work.
Enstatite chondrites: A rare group of meteor-

ites composed of recrystallized agglomerates
whose textural features and mineralogy rep-
resent conditions of thermal metamorphism
under reducing conditions.

Eolian erosion: A mechanism of erosion or
crater degradation caused by wind.

Ephemerides: Calculations showing predicted
positions of celestial objects, which can in-
clude the Sun, Moon, and planets, and times
of eclipses, sunrise, and sunset; ephemerides
may also plot a particular object, such as a
comet or minor planet.

Epicenter: The region at a planet’s surface di-
rectly above the focus, or hypocenter, of a
seismic quake.

Equatorial orbit: An orbit that directly over-
lies a planet’s equator.

Erg: The amount of kinetic energy of a mass of
2 grams moving at 1 centimeter per second;
a mosquito in flight possesses about one erg
of energy.

Escape velocity: The speed at which an object
must travel to escape the gravitational at-

traction of a celestial body. In order for a
spacecraft to leave Earth orbit, for example,
its engines must exert enough in-orbit thrust
to achieve escape velocity.

Event: A fundamental “point” of space-time,
specified not only by a place but also by a time
of occurrence.

Event horizon: The boundary beyond which
an observer cannot see. Also, the boundary
beyond which nothing can escape from a
black hole, where escape velocity equals the
speed of light and thus nothing, not even
light, can escape. Therefore, the event hori-
zon is theoretically the spherical delineation
of a black hole. See also Escape velocity.

Exclusion principle. See Pauli exclusion prin-
ciple.

Exobiology: The study of the conditions for
and potential existence of life-forms beyond
Earth.

Exosphere: The outermost region of the atmo-
sphere.

Extraterrestrial life. See Exobiology.

F region. See Thermosphere.
Faculae (sing. facula): Bright spots or streaks

on the solar photosphere associated with the
magnetic field of the Sun.

False-color image: An image resembling a
photograph, created from data collected by
instruments (such as an infrared sensor)
aboard a spacecraft and deliberately as-
signed unnatural colors in order to make
nonvisible radiation visible or to highlight
distinctions. See also Imaging.

Faraday cup: A probe flown on spacecraft to
determine the energy (and therefore the ve-
locity) of the plasma in the vicinity of the
probe.

Fireball: A very large and bright meteor that
often explodes with fragments falling to the
ground as meteorites; sometimes called a bo-
lide.

Fission (atomic): The splitting of an atomic
nucleus into less massive parts, resulting in a
great release of energy.

Fission tracks: Regions of damage to a crystal
along the path taken by a moving ion, usually
a fragment resulting from fission decay or a
cosmic ray.
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Flat space: A space of any number of dimen-
sions which obeys the rules of Euclidean ge-
ometry.

Flight path: The trajectory of an airborne or
spaceborne object relative to a fixed point
such as Earth.

Fluid mechanics: The study of the behavior of
fluids (gases and liquids) under various con-
ditions, including that of microgravity in
spaceflight. Understanding fluid mechanics
in space is important to the technology of
spaceflight and may have applications on
Earth as well.

Fluorescence: Re-emission of visible light due
to absorption of electromagnetic radiation of
a higher energy (usually ultraviolet light)
from an external source.

Flyby: A close approach to a planet or other ce-
lestial object, usually made by a probe for the
purpose of gathering data; the maneuver
does not include orbit or landing. Also used to
refer to a mission which undertakes a flyby.

Focal ratio (f-number): The ratio of (1) the
distance between the center of a lens or mir-
ror and its point of focus (focal-length) and (2)
the aperture, or diameter, of the lens.

Focus (pl. foci): (1) The region within Earth
from which earthquake waves emanate; also
called its hypocenter. (2) The two points that
help define an ellipse or hyperbola geometri-
cally. (3) The point at which the light re-
fracted by a lens or reflected by a curved mir-
ror forms an image.

Force: A physical phenomenon capable of
changing the momentum of an object; the
four fundamental forces in the universe are
gravity, electromagnetism, the strong nu-
clear force, and the weak nuclear force.

Frame of reference: A particular position,
moving or stationary, from which objects and
events are observed.

Fraunhofer lines: Prominent absorption lines
in the Sun’s spectrum, first observed by Jo-
seph von Fraunhofer in 1814, indicating the
presence of certain elements in the Sun’s at-
mosphere. Also used to refer to such absorp-
tion lines in other stars’ spectra.

Free return trajectory: An orbital flight path
which allows a disabled spacecraft to reenter
Earth’s atmosphere without assistance.

Frequency: The number of times an event re-
curs within a specific period of time. Fre-
quency characterizes all wave phenomena
(such as sound, seismic, and electromagnetic
waves) and is determined by dividing the
wave speed by its wavelength. Frequency is
measured in hertz or multiples of hertz.

Fusion: A thermonuclear reaction in which the
nuclei of light elements are joined to form
heavier atomic nuclei, releasing energy. It is
the process whereby stars form the elements
with atomic numbers up to that of iron. It is
also the process whereby the stars formed the
elements with atomic numbers up to iron.

Gabbro: An igneous rock consisting mostly of
pyroxene, feldspar, and often olivine, and
containing less than 55 percent silica.

Gain: The increase in power of a transmitted
signal as it is picked up by an antenna.

Galactic cluster: An archaic, obsolete, ambig-
uous designation that could refer to a cluster
of several hundred to several thousand stars
in the main disk of a spiral galaxy, or to a
cluster of galaxies. The star clusters now are
referred to as open clusters or open star clus-
ters to distinguish them from globular star
clusters. The clusters of galaxies now are re-
ferred to as galaxy clusters. In both cases, the
clusters are held together by the mutual
gravitational attraction of their members.

Galaxy: A collection of millions to trillions of
stars, gas, and dust gravitationally bound to-
gether.

Gamma radiation: The most energetic form of
electromagnetic radiation, with wavelengths
less than 0.01 nanometer. The ability of
gamma rays to penetrate the interstellar
matter of the universe makes them especially
valuable to astronomers.

Gamma-ray astronomy: The branch of as-
tronomy that investigates gamma radiation
and its sources. Gamma-ray observatories
sent into orbit have included the Orbiting So-
lar Observatory, SAS 2, COS-B, the Compton
Gamma Ray Observeratory, and Fermi.

Gaps: Spaces in planetary rings caused by grav-
itational interactions between the planet, its
moons, and the ring particles.

Gegenschein: A patch of faint light about 20°
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across, visible from the nightside of Earth at
a point opposite the Sun in the ecliptic plane,
and caused by the back-scattering of sunlight
from interplanetary dust grains in the eclip-
tic plane. See also Zodiacal light.

Geiger counter: A device that detects high-
energy radiation (in the form of particles and
photons) by means of a tube containing gas
and an electric current. The radiation causes
the gas to ionize, which is transmitted to the
current and detected as a sound or a needle
jump.

General relativity: Albert Einstein’s theory of
gravitation, which extends Sir Isaac New-
ton’s theory by stating that matter curves
space and time; gravity is explained as mat-
ter moving along shortest paths, called geo-
desics, in the curved space-time.

Geocentric orbit: An orbit with Earth as the
object orbited.

Geochemical sinks: The means by which ele-
ments and compounds are removed from the
crust, atmosphere, and oceans to be recycled
in active chemical cycles.

Geochronology: The study of the time scale of
Earth; it attempts to develop methods that
allow the scientist to reconstruct the past by
dating events such as the formation of rocks.

Geodesy: The science concerned with the size
and shape of Earth and its gravitational
field.

Geodynamo theories: Theories that explain
the cause of Earth’s magnetic field and its
secular variation in terms of electric charges
in the Earth’s molten metallic outer core.

Geomagnetic elements: Measurements that
describe the direction and intensity of
Earth’s magnetic field.

Geomagnetism: The external magnetic field
generated by forces within Earth; this force
attracts magnetic materials, inducing them
to line up their magnetic moments along the
Earth’s magnetic field lines.

Geometry: A set of rules which describes the
structure of a region of space; traditional ge-
ometries described space as flat, while rela-
tivistic geometries describe it as curved.

Geomorphology: The study of landforms on
planetary surfaces and the processes respon-
sible for their origin.

Geostationary orbit: A type of geosynchro-
nous orbit which is circular and lies in
Earth’s equatorial plane, at an altitude of
approximately 36,000 kilometers (22,320
miles). As a result, a satellite in geostation-
ary orbit appears to hover over a fixed point
on Earth’s surface. See also Geosynchronous
orbit.

Geosynchronous orbit: A geocentric orbit
with a period of 23 hours, 56 minutes, 4.1 sec-
onds, equal to Earth’s rotational period. Such
an orbit is also geostationary if it lies in
Earth’s equatorial plane and is circular. If in-
clined to the equator, a geosynchronous orbit
will appear to trace out a figure eight daily;
the size of the figure eight will depend on the
angle of inclination. These orbits are used for
satellites whose purpose it is to gather data
on a particular area of Earth’s surface or to
transmit signals from one point to another.
Communications satellites are geosynchro-
nous.

Geothermal: Pertaining to the heat of the inte-
rior of a planet.

Gigahertz. See Hertz.
Glass: Asolid consisting of a disordered pattern

of atoms, which represents a rapid cooling
from a molten state; in meteorites, it is found
in chondrules and within the matrix as frag-
ments.

Globular clusters: Spherically shaped congre-
gations of tens to hundreds of thousands of
stars that occur throughout the universe, al-
though more often near elliptical galaxies
than spiral galaxies such as the Milky Way.
It is believed that globular clusters contain
the oldest stars.

Granite: A silica-rich igneous rock light in
color, composed primarily of the mineral com-
pounds quartz and potassium- and sodium-
rich feldspars.

Gravitation or Gravity: The force of attrac-
tion which exists between two bodies, such as
Earth and the Moon. In 1687, Sir Isaac New-
ton described this force as proportional to the
product of the masses of the two bodies and as
inversely proportional to the distance be-
tween them squared. Although gravitation is
the weakest of the naturally occurring forces
(the others being electromagnetic and nu-
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clear in nature), it has the broadest range
and is responsible for much celestial move-
ment, including orbital dynamics.

Gravitational constant, G: The constant
(6.67 10–11 newton meters2/kilograms2) in
Newton’s law of gravity that determines the
gravitational attraction between two bodies.

Gravitational contraction: The shrinking of
an object, such as a protostar or protoplanet,
due to the gravitational attraction of every
bit of matter in the object for every other bit of
matter in the object.

Gravitational differentiation: The separa-
tion of minerals, elements, or both as a result
of the influence of a gravitational field
wherein heavy phases sink or light phases
rise through a melt.

Gravitational field: The acceleration field
(force per unit mass) created by the mass of a
celestial body. It assigns to every point in
space around the body both an acceleration
and a direction of motion that would be expe-
rienced by another body placed in the vicinity
of the gravitating body that sets up this field.

Gravitational force: An attraction that acts
on all masses, causing weight and orbital mo-
tion.

Gravitational lens: A large mass that bends
the light from distant objects.

Gravitational mass: That property of an ob-
ject that produces its gravitational attraction
for other objects; it is the mass that appears
in Newton’s formula for the gravitational
force between two masses F = Gm1m2/r2

(force equals Newton’s universal gravitation
constant G times the product of the masses of
the two gravitationally interacting bodies di-
vided by the square of the distance between
the centers of these two masses). In contrast,
inertial mass is the property of an object that
resists any change in its motion. In all tests,
the gravitational mass and inertial mass of
an object are individual.

Gravitational potential energy: The energy
a body has by virtue of its location in a gravi-
tational field; in a star, the extended outer
atmosphere stores a large amount of gravi-
tational potential energy, which can be re-
leased during contraction.

Gravity assist: Atechnique, first used with the

Mariner 10 probe to Mercury, whereby a
spacecraft uses the gravitational and orbital
energy of a planet to gain energy to achieve a
trajectory toward a second destination or to
return to Earth.

Grazing incidence: Reflection where the in-
coming radiation strikes at an extremely
shallow angle (typically less than 1°).

Great Red Spot: Avast, oval-shaped cloud sys-
tem occurring at 22° south latitude in Jupi-
ter’s atmosphere, rotating counterclockwise.
Its red color comes from an unknown sub-
stance that convection pulls to the surface;
the substance absorbs violet and ultraviolet
radiation and consequently delivers a red
hue to the Spot. The Great Red Spot has been
observed for more than three centuries.

Greenhouse effect: The heating of a planet’s
surface and lower atmosphere as a result of
trapped infrared radiation. Such radiation
becomes trapped when there is an excess of
certain gases such as carbon dioxide in the at-
mosphere, which absorbs and reemits infra-
red radiation rather than allowing it to es-
cape. As a result, the atmosphere acts like a
greenhouse, heating the planet.

Groundwater: The water that occurs in the
subsurface of a planet; it particularly applies
to the subsurface zone that is saturated with
such water.

Guest star: Another term, in ancient Chinese
astronomical records, for a nova, or “new”
star.

Gyroscope: Adevice which uses a rapidly spin-
ning rotor to assist in stabilization and navi-
gation.

H I region: A region in which the element hy-
drogen exists primarily in the form of neutral
atoms.

H II region: A region in which the element hy-
drogen is ionized, existing as separate pro-
tons and electrons, necessarily at a higher
temperature than an H I region.

Hadron: Any particle that participates in the
strong interaction; hadrons are divided into
baryons, which obey the Pauli exclusion prin-
ciple, and mesons, which do not.

Heat budget: The balance between incoming
short-wavelength solar radiation and outgo-
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ing long-wavelength infrared terrestrial or
planetary radiation.

Heat death: The eventual loss of all usable en-
ergy in the universe that will occur if the uni-
verse is open (that is, if it will expand for-
ever).

Heliocentric orbit: An orbit with the Sun at
its center or at one of its two foci.

Heliopause: The border between the solar sys-
tem and the surrounding interstellar space,
where the solar wind gives way to interstel-
lar matter and winds.

Heliosphere: The region of interplanetary
space extending outward from the Sun in
which the solar magnetic field controls the
behavior of charged particles.

Hertz: An SI unit of frequency, equaling one cy-
cle per second. Multiples include kilohertz
(103 hertz), megahertz (106 hertz), and giga-
hertz (109 hertz).

Hertzsprung-Russell diagram: A graph
widely used in astronomy that depicts stellar
properties such as luminosity or absolute
magnitude versus spectral type or effective
photospheric temperature. Named after
Ejnar Hertzsprung and Henry Norris Rus-
sell, who independently devised the graph in
the early twentieth century.

Hexahedrites: Iron meteorites that contain
less than 6 percent nickel content; they usu-
ally consist of large single crystals of kama-
cite and may show Neumann bands when
polished.

High-Earth orbit: Any Earth orbit at a rela-
tively great distance from Earth, such as the
geosynchronous orbits of telecommunica-
tions satellites.

High-gain antenna: A single-axis, strongly di-
rectional antenna that is able to receive or
transmit signals at great distances.

Highlands: Densely cratered regions on the lu-
nar surface, which when seen with the naked
eye take on a pale color; they are primarily
anorthositic breccia.

Homogeneity problem: The difficulty of rec-
onciling observations of the extreme unifor-
mity of the cosmic microwave background ra-
diation with the early inhomogeneity required
to account for large-scale structures in the
universe, such as galaxy clusters and voids.

Homogeneous accretion theory: One of two
major theories on Earth’s differentiation:
that differentiation occurred after the Earth
had formed through accretion of debris. See
also Inhomogeneous accretion theory.

Horizon: The line formed where land meets
sky, from the perspective of an observer. In
astronomy, the horizon also means the circle
on the celestial sphere that is formed by the
intersection of the observer’s horizontal
plane with the sphere. The particle horizon is
the theoretical limit beyond which particles
cannot yet have traveled.

Horizontal branch: A stage of helium fusion
in the cores of stars; in star clusters, this ap-
pears as a nearly horizontal grouping in the
Hertzsprung-Russell diagram.

Hour circle: A great circle on the celestial
sphere passing through the celestial poles.

Hubble constant: The constant of proportion-
ality between the recessional velocity of gal-
axies and their distances in Hubble’s Law.

Hubble’s law: The principle, articulated in
1929 by Edwin Hubble, that the galaxies are
moving away from one another at speeds pro-
portional to their distance, that is, uniformly
across time. Hubble deduced this principle
from observations of the redshifts in galactic
spectra. Along with the discovery of the cos-
mic microwave background radiation by
Arno Penzias and Robert Wilson in 1965,
Hubble’s law forms the basis for the big bang
theory of the expanding universe. See also
Big bang theory, Doppler effect, Redshift.

Hydrocarbons: Molecules containing hydro-
gen, carbon, and oxygen.

Hydrostatic equilibrium: A state of stellar
stability characterized by a balance between
gravitational contraction and thermal pres-
sure expansion.

Igneous rock: A rock formed by the cooling of
molten material.

Imaging: The process of creating a likeness of
an object by electronic means.

Impact basin: A large circular basin produced
by a meteorite impact.

Impact breccia: Angular, fragmental rock
produced by meteorite impact.

Impact crater: Agenerally circular depression
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formed on the surface of a planet by the im-
pact of a high-velocity projectile such as a me-
teoroid, asteroid, or comet.

Inclination. See Orbital inclination.
Inclusions: In meteorites, rounded or irregu-

lar shapes that have textures and miner-
alogies suggestive of unmelted aggregates
of solid particles, indicative of a primitive
origin.

Index of refraction: A physical parameter of
matter that describes the degree to which a
ray of light will bend upon entering that me-
dium. Specifically the index of refraction n is
given by the speed of light in vacuum divided
by the speed of light within the medium;
since the latter is always slower than the for-
mer, the index of refraction of a medium is al-
ways greater than one, being equal to unity
only for vacuum.

Inertia: The tendency of a body to stay at rest or
in uniform motion unless acted upon by an
unbalanced force.

Inertial mass: That property of an object that
resists any change in its motion; it is the
mass that appears in Newton’s law of motion
F = ma (force equals mass times accelera-
tion). In contrast, gravitational mass is the
property of an object that makes it attract
other masses. In all tests, the inertial mass
and gravitational mass of an object are indis-
tinguishable.

Inflation: The quantum cosmological scenario,
which postulates that, almost immediately
after the big bang, the universe underwent
an enormous expansion.

Infrared: A component of the electromagnetic
spectrum that is found just beyond the red
part of the visible spectrum.

Infrared astronomy: The branch of astron-
omy which examines the infrared emissions
of stars and other celestial phenomena.
Studying the infrared emissions tells astron-
omers much about the composition and dy-
namics of their sources. Because infrared ra-
diation cannot readily penetrate most of
Earth’s atmosphere, infrared astronomy is
done at special observatories located at great
altitude, such as at Mauna Kea in Hawaii or
with orbiting infrared telescopes such as the
Spitzer Space Telescope.

Infrared radiation: Electromagnetic radia-
tion of wavelengths from 1 to 1,000 microns,
wavelengths that occur beyond the red end of
the visible portion of the electromagnetic
spectrum.

Infrared spectrometer: A spectrometer that
takes spectra of infrared radiation.

Inhomogeneous accretion theory: One of
two major theories on Earth’s differentiation:
that differentiation occurred while the Earth
was accreting debris because denser debris
formed first. See also Homogeneous accretion
theory.

Intercrater plain: Terrain consisting of gently
rolling plains littered with small secondary
craters; the crater density is higher than in a
smooth plain.

Interferometer: An instrument that uses in-
terference of electromagnetic waves to pro-
duce images with better resolution (sharper
detail).

Interferometry: A data acquisition technique
which uses more than one signal receiver
(such as a series of radio telescopes). Signals
are combined to form one highly detailed im-
age. See also Interferometer, Very long base-
line interferometry.

Intergalactic medium: Matter that exists be-
tween galaxies.

International Geophysical Year (IGY): The
eighteen-month period from July, 1957, to
December, 1958, during which many coun-
tries cooperated in the study of Earth and the
Sun’s effect on it. During this time, the space
age can be said to have begun with the launch
of Sputnik 1 on October 4, 1957.

Interplanetary space probe. See Deep space
probe.

Interstellar dust. See Cosmic dust.
Interstellar medium: The material that lies

between the stars; it consists mainly of
grains of dust and gas, mostly hydrogen,
along with heavier elements released by su-
pernova explosions.

Interstellar wind. See Solar wind, Stellar
wind.

Interval: A measure of the separation in space-
time between two events; intervals may be
timelike, spacelike, or null (lightlike).

Invariant: Unchanged by a transformation of
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coordinates, such as the interval between two
events in space-time.

Inverse beta decay: The process by which a
neutrino interacts with a proton to produce a
neutron and a positron.

Ion: An atom that is not electrically balanced
but rather has either more electrons than
protons or more protons than electrons.
These therefore bear net electrical charge.

Ionization: The process whereby atoms are
made into ions, by removal or addition of elec-
trons. Such a process often occurs as a result
of excitation of atoms into an energy state
from which they easily lose electrons.

Ionosphere: The ionized layer of gases in
Earth’s atmosphere, occurring between the
thermosphere (below) and the exosphere
(above), between about 50 and 500 kilome-
ters (31 to 310 miles) above the planet’s sur-
face. Within the ionosphere, ionized gases
are maintained by the Sun’s ultraviolet radi-
ation. The resulting free electrons reflect
long radio waves, making long-distance radio
communication possible. Other planets are
known to have ionospheres, including Jupi-
ter, Mars, and Venus.

Iridium: A highly dense metallic element that
is more abundant in materials of extraterres-
trial origin and the Earth’s core than at the
Earth’s surface.

Isomagnetic charts: Maps on which are
traced curves, all the points of which have the
same value of some magnetic property.

Isostasy: The concept that Earth’s crust is in,
or is trying to achieve, flotational equilibrium
by buoyantly floating on denser mantle rocks
beneath.

Isotope: Atoms with the same number of pro-
tons in the nucleus but with differing num-
bers of neutrons; a particular element will
generally have several different isotopes oc-
curring naturally.

Isotropic: Having properties that are the
same in all directions; the opposite is aniso-
tropic—having properties that vary with di-
rection.

Jupiter-like planets: Giant gaseous planets
with about the same composition as that
of Jupiter, ranging from about one-tenth to

ten times its mass (thirty to three thousand
Earth masses).

K-band: A radio frequency range of about 11 to
15 gigahertz. See also Hertz.

Kamacite: A form of ferritic iron containing up
to 7.5 percent nickel in solid solution.

Kelvin: A unit of temperature on the kelvin
temperature scale, which begins at absolute
zero (–273.15° Celsius). One unit kelvin is
equal to 1° Celsius. The kelvin scale is partic-
ularly suited to scientific (especially astro-
nomical) measurement. See also Absolute
temperature scale.

Kepler’s laws of motion: Three laws of motion
discovered by Johannes Kepler and pub-
lished by him in 1618-1619: (1) Each planet
moves in an ellipse around the Sun, with the
Sun at one of the two foci of that ellipse. (2) A
line from the Sun to the planet sweeps out
equal areas in equal times. (3) The square of
the period of a planet’s orbit is proportional to
the cube of its mean distance from the Sun.
See also Angular momentum.

Kilogram: A metric unit of mass, the equiva-
lent of 1,000 grams. On Earth, a kilogram of
mass weighs about 2.205 pounds.

Kilometer: Ametric unit of distance, the equiv-
alent of 1,000 meters or approximately 0.62
mile.

Kinetic energy: The energy of motion.
Kinetic pressure: The average force per unit

area produced by movement of atoms and
molecules.

KREEP-norite: A rock formation occupying
small regions of the lunar surface, caused by
the release of lava from liquid pockets of deep
lunar crust as a result of meteoritic impacts;
called KREEP because it is enriched in potas-
sium (K), rare-Earth elements (REE), and
phosphorus (P).

Kuiper Belt: A disk of icy, rocky objects that
lies beyond Neptune, approximately 30 to
1,000 astronomical units from the Sun.

Lagrangian points: Stable points in the orbit
of an intermediate body around a larger
body where small particles may accumu-
late; these are sometimes referred to as L4
and L5.
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Lapse rate: The rate at which temperature
changes with altitude.

Laser: Originally an acronym for “light amplifi-
cation by stimulated emission of radiation.” A
beam of infrared, visible, ultraviolet, or
shorter-wavelength radiation produced by
using electromagnetic radiation to excite the
electrons in a suitable material to a higher
energy level around their atomic nuclei.
These electrons are then stimulated in such a
fashion that they jump back down to their
normal energy levels. When they do, they
emit a stream of “coherent” radiation: pho-
tons with the same wavelength, direction,
and phase as the originating radiation. This
results in a narrow, intense beam of light (or
nonvisible radiation), which bounces off a re-
flector and directly back to the propagating
material, where the process is repeated and
thus the laser is maintained. Laser technol-
ogy has a vast range of applications in tele-
communications, medicine, and astronomi-
cal measurements.

Laser ranging: A technique whereby scien-
tists at two different Earth stations can de-
termine, very precisely, their distance from
each other by bouncing a laser beam off a sat-
ellite retroreflector. The time it takes to re-
ceive an “echo” allows each scientist to calcu-
late his or her distance from the satellite;
knowing both distances allows calculation of
the distance between the two points on
Earth. Over time, these measurements are
repeated; changes in the distance between
the two Earth locations are noted, providing
much information about crustal movements
and the likelihood of earthquakes.

Laser reflector: An optical device off which a
laser beam can “bounce” or reflect; used to
measure (usually great) distances by deter-
mining time of flight of the laser beam from
original emission to final reception after re-
flection from the laser reflector on a body
whose distance is to be determined in this
way, recognizing that the laser beam trav-
els at the speed of light (3 × 108 meters per
second).

Latitude: The angular distance from a speci-
fied plane of reference. On Earth, the angular
distance north or south of the equatorial

plane; in the solar system, the angular dis-
tance of a celestial body above or below the
ecliptic plane. See also Longitude.

Launch site: A location housing a facility de-
signed to handle preparations for launch as
well as the launch itself.

Lava: Molten magma from the interior of a
planet extruded through cracks or holes in
the planet’s surface.

Leptons: A class of elementary particles, in-
cluding electrons, neutrinos, and their anti-
particles, which are not affected by the strong
nuclear force that binds protons and neu-
trons.

Light, speed of. See Velocity of light.
Light curve: A graph that indicates how the

brightness of a star changes with time.
Light-year: A unit of distance equal to the dis-

tance that light travels in a vacuum in one
year. At a speed of approximately 300,000 ki-
lometers (186,000 miles) per second, a light-
year is about 10 trillion kilometers.

Limb: The outer edge of the visible disk of the
Sun, Moon, a planet, or another celestial body.

Liquid metallic hydrogen: Hydrogen that
behaves as a metal under pressure of about
5 million Earth atmospheres.

Lithification: The conversion of loose mineral
materials into rock.

Lithium: Element 3 in the Periodic Table of El-
ements following hydrogen and helium, pro-
duced within protostars but destroyed by nu-
clear reactions in stars.

Lithosphere: A rigid layer consisting of the
Earth’s crust and the top part of the underly-
ing mantle, about 80 kilometers (49.6 miles)
thick. The term can be used in reference to
the rigid outer part of any planet.

Longitude: The angular distance from a speci-
fied plane perpendicular to the latitude refer-
ence plane. On Earth, the angular distance
east or west of the prime meridian, which
runs from pole to pole through the Royal Ob-
servatory at Greenwhich, England.

Look angle: Angular limits of vision.
Low-Earth orbit: Generally, any orbit at an

altitude of about 300 kilometers (186 miles)
or less. Such an orbit has a period (time re-
quired to complete one orbit around Earth) of
90 minutes or less.
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Lowell bands: Dark areas on the periphery of
the Martian polar caps in summer.

Luminosity: The rate at which a star radiates
electromagnetic energy, usually expressed in
joules per second or in watts; the intrinsic
brightness or light output of a star, as distinct
from its apparent brightness.

Lunar day: The time it takes the Moon to com-
plete one rotation on its axis. Relative to dis-
tant stars, it takes approximately 27.33
Earth-days. Relative to the Sun, it takes ap-
proximately 29.53 Earth-days; this is the
time from one sunrise to the next, as seen
from the Moon.

Lunar (synodic) month: The period from one
new moon to the next, about 29.53 days.

Mach: The ratio of the speed of a moving object
to the speed of sound in the surrounding me-
dium. At Mach 1, the speed of an aircraft
equals the speed of sound.

Mafic and ultramafic: Rock-forming magmas
that are high in dense, refractory elements
such as iron and magnesium; oceanic basalts
are examples of mafic rocks.

Magellanic Clouds: Two small, irregular gal-
axies, the two nearest galaxies outside the
Milky Way, visible from the Southern Hemi-
sphere as the Large Cloud and the Small
Cloud, respectively 160,000 and 185,000
light-years away. The Magellanic Clouds
have been instrumental in establishing an
extragalactic distance scale.

Magma: Molten rock material formed in a
planet’s interior; when extruded at the sur-
face, it becomes known as lava.

Magnetic anomalies: Distortions in the mag-
netic field, produced by an object such as an
iron ore body.

Magnetic field: A field created by magnetic
properties of an object. When an object of
mass m and charge q having a speed v enters
an external magnetic field B created by an ex-
ternal influence, it experiences a magnetic
sideways deflecting force given in magnitude
by the product of q, v, B, and the sine of the
angle between the direction of the velocity
vector and the magnetic field. The direction
of that sideways deflecting force is perpendic-
ular to both the velocity and the magnetic

field vectors; positive and negative charges
are deflected in opposite directions from one
another when entering a magnetic field. See
also Gravitation.

Magnetic pole: The location on Earth’s surface
where Earth’s magnetic field is perpendicu-
lar to the surface.

Magnetic storm: Rapid changes in Earth’s
magnetic field as a result of the bombard-
ment of Earth by electrically charged parti-
cles from the Sun.

Magnetic surveys: Measurements of the mag-
netic field at many points, on or above Earth’s
surface, carried out by field teams, airborne
magnetometers, ships at sea, or satellites.

Magnetometer: A scientific instrument used
to measure disturbances in Earth’s magnetic
field.

Magnetopause: The outer limit of a planet’s
magnetic field and the boundary of its mag-
netosphere.

Magnetosheath: A region of magnetic turbu-
lence between the bow shock and the mag-
netopause.

Magnetosphere: The domain around a planet
in which the behavior of charged particles is
controlled by the planet’s magnetic field and
not by the Sun’s.

Magnetotail: A “tail” of nearly parallel lines of
magnetic force extending from a planet in the
direction away from the Sun.

Magnitude: The brightness of a celestial body
expressed numerically; the lower the num-
ber, the brighter the body. See also Absolute
magnitude, Apparent magnitude.

Main sequence star: A star, such as the Sun,
which produces energy mainly by a hydro-
gen-to-helium fusion reaction. Most stars
spend the greater part of their lifetimes in
this state.

Mantle: A layer of dense silicate rock that lies
at depths of approximately 34 to 2,885 kilo-
meters (21 to 1,789 miles) between the crust
and outer core and comprises the majority of
Earth’s volume.

Mare (pl. maria): A large, flat area on the
Moon or Mars, so named (after the Latin for
“sea”) because these areas appear dark, thus
sealike, to the Earth observer.

Maritime satellite: A satellite designed for
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telecommunications by and for shipping in-
dustries. These satellites occupy geostation-
ary orbits over oceans to transmit ship-to-
shore communications and data.

Mascon: One of several concentrations of mass
located beneath lunar maria, which causes a
distortion in the orbit of a spacecraft around
the Moon.

Maser: An acronym for “microwave amplifica-
tion by stimulated emission of radiation.” A
device similar to a laser in which energy is
generated as in a laser, but at microwave lev-
els. A maser can exist in nature as a celestial
object. Artificial masers are used to amplify
weak radio signals. See also Laser.

Mass: The amount of matter contained within a
body, which determines the amount of gravi-
tational force it exerts. Mass is measured in
units such as kilograms; it differs from
weight, which is the force exerted on a mass
by gravity and which therefore would be
measured in units such as newtons or
pounds.

Mass spectrometer: An instrument that iden-
tifies the chemical composition of a substance
by separating ions by mass and charge.

Matrix: In meteorities, the fine-grained mate-
rial that surrounds both chondrules and
inclusions; it consists of hydrous silicate min-
erals, troilite, magnetite, and other lower-
temperature phases.

Matter: A substance that has mass and occu-
pies space, which along with energy is re-
sponsible for all observable phenomena.

Maunder minimum: Named for E. W. Maun-
der, who in 1890 discovered a period in the
three-hundred-year history of sunspot obser-
vations when few sunspots were recorded.
Confirmed independently in 1976 by evi-
dence from tree rings, the Maunder mini-
mum covers the years 1645 to 1715, a period
also known as the Northern Hemisphere’s
“Little Ice Age.”

Megahertz. See Hertz.
Megaparsec: A unit of measurement equaling

3.26 million light-years.
Mesosphere: The layer of Earth’s atmosphere

occurring above the stratosphere and below
the thermosphere, from about 40 kilometers
to 85 kilometers (24.8 to 52.7 miles) above sea

level. This is the coldest layer of the atmo-
sphere.

Messier number: The number of an object
listed in the catalog of 103 nebulae and star
clusters prepared by Charles Messier in
1784; an object is referred to as M followed by
the catalog number, such as the globular star
cluster M13 in Hercules.

Metabolic process: A chemical process in a
living organism which provides it with the
energy to function.

Metamorphism: A process by which heat and
pressure applied to a rock cause it to change
without causing it to melt.

Meteor: A bright streak of light in the sky,
sometimes called a shooting star, produced
by a meteoroid entering Earth’s atmosphere
at high speed and heating the air column
along its path to incandescence.

Meteor shower: A large number of meteors re-
sulting from the passage of Earth through a
meteoroid stream or swarm believed to be the
debris left in the orbit of a comet.

Meteorite: A metallic or stony meteoroid (or
combination) that survives its passage
through the atmosphere as a meteor and falls
to the surface of the Earth.

Meteoritics: The study of the naturally occur-
ring masses of matter that have fallen to the
Earth’s surface from outer space.

Meteoroid: A small solar system body, proba-
bly a fragment from a comet or asteroid,
which produces a meteor when it enters
Earth’s atmosphere.

Meter: The metric unit of length, equivalent to
approximately 39.37 inches, or a little more
than 1 yard.

Metric system: The decimal system of weights
and measures, which forms part of the
Système International d’Unités. See also SI
units.

Metric ton (or tonne): A unit of mass equal to
1,000 kilograms. On Earth, it is equivalent to
2,205 pounds, which is close to an ordinary
ton, or short ton, of weight. See also Newton,
Pound.

Microgravity: Nearly zero gravity. Micrograv-
ity exists in a space vehicle because of the
minute gravitational forces exerted by ob-
jects on one another. The microgravity envi-
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ronment is of great importance as an ideal
environment for certain types of materials
processing.

Micrometeorite: A micrometeroid that has
reached Earth’s surface.

Micrometeoroid: Ameteoroid with a diameter
of less than 0.1 millimeter. Because of their
size, micrometeoroids rarely burn up but
reach Earth’s surface instead, as spherules
or as cosmic dust particles.

Micron: A unit of measure convenient for mea-
suring wavelengths of infrared radiation; a
micron is equal to one millionth of a meter.

Micropaleontology: The study of microscopic
fossils, of potential importance in exobiology
as well as life sciences on Earth.

Microwaves: A form of electromagnetic ra-
diation with wavelengths ranging between
1 millimeter and 30 centimeters, located be-
tween infrared and long-wave radio on the
electromagnetic spectrum.

Milky Way: The galaxy in which our solar sys-
tem is located. The Milky Way, a spiral or
barred spiral galaxy, contains about 1011

stars and is about 100,000 light-years across.
See also Galaxy.

Miller-Urey synthesis: The production of
amino acids by repeatedly passing an electri-
cal spark through a mixture of methane, am-
monia, water vapor, and hydrogen.

Millibar: A pressure of 100 newtons per square
meter.

Missing mass of the universe. See Dark
matter.

Model: A simulation of a phenomenon that is
difficult to observe or specify by direct means;
models abstract from phenomena under
study those qualities that the investigator
perceives to be essential for understanding.

Molecular clouds: Massive, very large clouds
of various molecules and dust; the breeding
ground of stars in deep space.

Molecule: The smallest unit of a substance,
formed by a characteristic complex of atoms
joined together. The smallest unit of the sub-
stance water, for example, is a molecule
formed by two hydrogen atoms and one oxy-
gen atom.

Moon: Any natural satellite orbiting a planet,
especially Earth’s Moon.

Nanometer: One-thousand-millionth (one-
billionth) of a meter; a unit used to express
electromagnetic wavelengths.

Near-Earth space: Roughly defined as the
space environment from the outer reaches of
Earth’s atmosphere to the path of the Moon’s
orbit, the area beyond which is known as
deep space.

Near-infrared: A portion of the electromag-
netic spectrum that lies beyond the red end of
the visible spectrum and has a photon energy
that is approximately the same as that typi-
cal of many chemical bonds.

Nebula: A celestial body composed of aggre-
gated gas and dust, which may be either lu-
minous, reflecting or emitting light under the
influence of nearby stars (a reflection nebu-
lar or an emission nebula), or dark, obscuring
the light of distant stars and appearing as a
silhouette (an absorption nebula).

Nebular hypothesis: The concept that the so-
lar system and all of its parts are the result of
the contraction of a cloud of gas and dust.

Neumann bands: A textural pattern that is
common to iron meteorites with less than
6 percent nickel content; they reflect defor-
mational twinning paralled to trapezohedral
planes in kamacite.

Neutral gas analyzer: An instrument that de-
termines the chemical composition of an at-
mosphere.

Neutrino: An elementary particle of enormous
penetrating power as a result of its lack of
electric charge and its nearly total lack of
mass. Traveling directly out from the cores of
stars as a by-product of nuclear reactions,
neutrinos have enormous potential as a
source of information on the stars and other
astrophysical phenomena.

Neutron: An elementary particle composed of
quarks in such a way that it has no net elec-
tric charge. Found in atomic nuclei and is at-
tracted to other nucleons (other neutrons and
protons) by the strong nuclear force. Its mass
is approximately equal to that of a proton.

Neutron stars: The smallest stars known,
with diameters of about 20 kilometers (12.4
miles) and masses about two times that of
the Sun, consisting of a thin iron shell enclos-
ing a “liquid” sea of degenerate neutrons.
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Although astrophysicists lack a full under-
standing of these objects, neutron stars are
thought to originate from stars much more
massive than the Sun which explode as
supernovae. Much mass is lost in the process,
and what remains as the neutron star may
spin rapidly and be observable as pulsars.

New astronomy: A term used collectively to
refer to the areas of astronomy (such as
gamma-ray astronomy, infrared astronomy,
and X-ray astronomy) investigating electro-
magnetic emissions by celestial phenomena
observable from satellites in orbit around the
Earth or Sun.

New General Catalog: A catalog—in full, the
New General Catalog of Nebulae and Clus-
ters of Stars—compiled in 1888 by Johan
Ludwig Emil Dreyer, which lists many nebu-
lae, star clusters, and galaxies. Frequently
the objects listed in the catalog are identified
by their NGC numbers; for example, the glob-
ular star cluster Omega Centauri is NGC
5139.

Newton: The basic metric or SI (Système
Internationale) unit of measure for force or
weight; also used to measure thrust. Named
after Sir Isaac Newton.

North point: That intersection of the celestial
meridian and astronomical horizon lying due
north.

Northern lights. See Aurora.
Nova: A star that emits a sudden burst of visi-

ble light and other forms of electromagnetic
radiation, and quickly (over months or years)
returns to its former brightness. See also Su-
pernova.

Nuclear burning: The process by which the
nuclei of light elements, under conditions of
extreme temperature and density, are con-
verted into the nuclei of heavier elements
through fusion.

Nuclear energy: Energy that is released as a
result of interactions between elementary
particles and atomic nuclei.

Nuclear reaction: A very high-energy process
in which nuclei break apart (or fission), if
very massive, or join together (or fusion) if
very light, causing the emission of heat and
light.

Nucleosynthesis: The process by which

heavier elements are produced from hydro-
gen and helium in stars.

Nucleus: The central part of something. In gal-
axies, the central region or core; in spiral gal-
axies, sometimes called the central bulge; in
comets, the solid body of the comet; in atoms,
the central massive part consisting of pro-
tons and neutrons about which the electrons
orbit.

Oblate spheroid: A nearly spherical shape
that is flattened at the poles and bulges at the
equator.

Occultation: An eclipse of any astronomical
object other than the Sun or the Moon caused
by the Moon or any planet, satellite, or as-
teroid.

Octahedrites: Iron meteorites that usually
contain between 6 and 16 percent nickel.

Olivine: A silicate mineral of magnesium and
iron that is common in some igneous chon-
dritic meteorites.

Oort Cloud: Avast region of billions to trillions
of comets that surrounds the solar system
and is located tens of thousands of astronomi-
cal units from the Sun.

Open universe: A universe that expands for-
ever and will eventually lose all usable en-
ergy.

Opposition: The alignment of Sun, Earth, and
a superior planet (one whose orbit is farther
from the Sun than Earth’s) in a straight line;
that is, the superior planet appears in the sky
at 180° celestial longitude from the Sun. In
this position, the planet is closest to Earth
and therefore most easily observed by
ground-based instruments.

Optical radiation: Visible light; a range of
wavelengths that form a small section of a
larger range of wavelengths called the elec-
tromagnetic spectrum.

Optical window: The region of the electro-
magnetic spectrum (295 to 1,100 nanome-
ters) that is passed by the atmosphere and
that is easily manipulated by lenses and mir-
rors; “visible” light (400 to 700 nanometers)
lies near the center of this window.

Orbit: The path traced out by one body as it
moves around another. The distinguishing
characteristics of an orbit are called its or-

Glossary The Solar System

978



bital parameters and include apoapsis,
periapsis, inclination, eccentricity, and pe-
riod. All closed orbits trace out an ellipse, of
which the body orbited lies at one of the two
foci. See also Apoapsis, Circular orbit, Eccen-
tricity, Ellipse, Elliptical orbit, Equatorial
orbit, Geocentric orbit, Geostationary orbit,
Geosynchronous orbit, Heliocentric orbit, Or-
bital inclination, Parabolic orbit, Parking or-
bit, Periapsis, Period, Polar orbit, Prograde
orbit, Retrograde orbit, Synchronous rota-
tion (or orbit), Transfer orbit.

Orbital eccentricity: Ameasure of the elonga-
tion of an elliptical orbit, ranging from zero
(for a circular orbit) to one (for an orbit that
approaches an open-ended parabola).

Orbital inclination: The angle formed be-
tween the orbital plane of a satellite and the
equatorial plane of the object orbited.

Orbital period: The time required for one ce-
lestial object to execute a complete revolution
around another object.

Ordinary chondrites: Chondrule-bearing
stony meteorites not containing carbona-
ceous compounds.

Organic molecules: Molecules including the
elements carbon, hydrogen, and oxygen.

Oscillating universe: A theoretical type of
closed universe in which a big bang and sub-
sequent recompression of all matter periodi-
cally occur forever.

Outer core: A zone of the Earth’s interior, lo-
cated at depths of approximately 2,885 to
5,144 kilometers (1,789 to 3,189 miles), that
is in a liquid state and consists of iron sul-
fides and iron oxides.

Outer space: All space beyond Earth’s atmo-
sphere. See also Deep space.

Outgassing: The process by which trapped
gases in a planet leak out gradually over time
to form the planetary atmosphere and oceans.

Ozone layer: The thin layer of Earth’s atmo-
sphere, located between 12 and 50 kilometers
(7.44 to 31 miles) above Earth’s surface (in
the stratosphere), in which ozone (O3) is
found in its greatest concentrations. This
layer, which absorbs most of the ultraviolet
radiation entering the atmosphere, forms a
protective blanket around the planet, shield-
ing it from excess radiation.

P waves. See Primary (P) waves.
Paleomagnetism: The study of the record of

remanent or fossil magnetism in rocks, indic-
ative of past states of Earth’s magnetic field
and very useful in determining secular varia-
tion, sea-floor spreading, and past locations
of continents.

Panspermia: A theory proposed by chemist
Svante Arrhenius in 1906, and later modified
by Sir Fred Hoyle, which holds that organic
molecules (hence the beginnings of life) were
transported to Earth by means of comets.

Parabolic orbit: An orbit that describes a pa-
rabola around the object orbited and hence
escapes from the gravitational field of that
object.

Parallax: The apparent angular displacement
of a star as seen from opposite sides of the
Earth’s orbit around the Sun. Measuring this
angle (and knowing the size of the Earth’s or-
bit) allows the distance to the star to be calcu-
lated.

Parking orbit: An interim orbit around a ce-
lestial body between launch and injection
into another orbit or into a trajectory toward
another destination.

Parsec: A unit for measuring astronomical dis-
tances equivalent to 3.26 light-years; the dis-
tance at which the stellar parallax is 1 second
of arc.

Partial lunar eclipse: An eclipse in which the
Moon passes completely or partially into the
penumbra of the Earth but does not enter (or
entirely enter) the umbra.

Partial melting: Melting of some minerals in a
rock but not others, resulting in a magma
concentrated in some elements and depleted
in others as compared to the original un-
melted rock.

Partial solar eclipse: An eclipse in which part
but not all of the Sun is covered by the Moon.

Particle. See Elementary particles.
Path of the Sun: The apparent motion of the

Sun as it tracks across the sky.
Pauli exclusion principle: The principle that

no two particles of the same type can occupy
precisely the same quantum state; it is
obeyed by baryons, leptons, and quarks, but
not by photons or mesons.

Pedestal crater: A crater that has assumed
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the shape of a pedestal as a result of the
wind’s unique shaping processes.

Penumbra: A region of partial shadow where
some but not all parts of the source of illumi-
nation are obscured.

Perfect spheroid: A three-dimensional body
that has the same circumference regardless
of the direction by which it is measured; that
is, it is perfectly “round.”

Periapsis: The point in one object’s orbit
around another at which the orbiting object
is closest to the object being orbited.

Pericynthion: The point in an object’s orbit
around the Moon at which it is closest to the
Moon.

Peridotite: A silicate igneous rock consisting
largely of the mineral olivine.

Perigee: The point in an object’s orbit around
Earth at which it is closest to Earth.

Perihelion: The point in a solar orbit at which
the orbiting object is closest to the Sun.

Perilune: Pericynthion of an artificial satellite.
Period: The time span between repetitions of a

cyclic event. An orbital period is the time re-
quired for a satellite or moon to make one
complete orbit around a planet, a moon, the
Sun, or another celestial body.

Permafrost: Permanently frozen soil which is
laced with water ice.

Permeability: The property or capacity of po-
rous geological materials to transmit fluids;
it indicates the relative ease of fluid flow
through a medium.

Perturbation: The act of altering the orbital
course (direction or speed) of satellite or plan-
etary orbits usually initiated by gravitational
effects from or collision with another object.

Petrography: The description and systematic
classification of rocks.

Photochemistry: Chemical reactions caused
by the action of strong ultraviolet light,
which excites or dissociates some compounds
and leads to the formation of others.

Photometer: An instrument that measures
the brightness of a light source.

Photometry: The technique of measuring the
brightness of light sources.

Photomultiplier: An instrument for increas-
ing the apparent brightness or strength of a
source of light by means of secondary excita-

tion of electrons; effectively, a light (or other
radiation) amplifier.

Photon: Aparticle of electromagnetic radiation
possesing energy and momentum but neither
rest mass nor charge.

Photopolarimeter: An instrument used to
measure the brightness and polarization of
light.

Photosphere: The region of the Sun that sepa-
rates its exterior (the chromosphere and co-
rona) from its interior, forming the boundary
between the transparent and opaque gases.
The photosphere appears as the bright cen-
tral disk from Earth, and it is the source of
most of the Sun’s light.

Photosynthesis: The utilization of carbon di-
oxide and water by chlorophyll-containing
organisms in the presence of sunlight to met-
abolically produce carbohydrates used by the
plant for food; oxygen is a by-product in the
photosynthesis process.

Photovoltaic cell: A solid-state energy device
that converts sunlight into electricity.

Pitch, roll, and yaw: Movements that a space-
craft undergoes as a result of launch or other
stresses. Pitch is up-down movement; roll is
longitudinal rotation; yaw is side-to-side
movement.

Pixel: A small unit arranged with others in a
two-dimensional array which contains a dis-
crete portion of an image (as on a television
screen) or an electrical charge (as on a charge
coupled device). Together, these pixels form
an image or other meaningful information.

Planck length, l: The Planck length lp is de-
fined by [Gh/(2pc3)]0.5 and is approximately
equal to 1.6 × 10–35 meters. Combining gravi-
tation’s G with quantum mechanics’ h, it
marks the distance at which quantum effects
dominate.

Planck’s constant, h: Named after the Ger-
man physicist Max Planck, h (6.63 × 10–34

joule-seconds) first arose in modern physics
in an attempt to explain blackbody radiation
characteristics. It is a quantum of “action,”
having units of angular momentum. Among
its many fundamental aspects in quantum
physics, it is the constant of proportionality
between the energy and frequency of a pho-
ton of light.
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Plane of the ecliptic: The plane of the Earth’s
orbit around the Sun.

Planet: A nonluminous natural celestial body
that orbits the Sun (or another star) and is
not categorized as an asteroid or comet.
There are eight known planets in the solar
system: Mercury, Venus, Earth, Mars, Jupi-
ter, Saturn, Uranus, and Neptune in increas-
ing distance from the Sun. Pluto lost it plane-
tary status as a result of a redefinition of
“planet” adopted by the International Astro-
nomical Union (IAU) in 2006.

Planetesimal: A small solid body (from less
than a millimeter up to hundreds of kilome-
ters) that accreted in the solar nebula during
the formation of the solar system. Many of
these bodies grew into protoplanets and plan-
ets, while others remain as meteoroids and
asteroids.

Plasma: Ionized gas, consisting of roughly
equal numbers of free electrons and positive
ions. Plasma occurs in stars, nebulae, and in-
terplanetary, interstellar, and intergalactic
space. It is considered the fourth state of mat-
ter, along with solid, liquid, and gas.

Plasma sheath: The definite outer boundary of
Earth’s ionosphere.

Plate tectonics: The theory that the crust and
upper mantle of the Earth are divided into a
number of moving plates about 100 kilome-
ters (62 miles) thick that converge at trench
sites and diverge at oceanic ridges.

Polar orbit: An orbit in which a satellite passes
over a planet’s or moon’s poles.

Polarimeter: An instrument for measuring
the degree to which electromagnetic radia-
tion is polarized.

Pole: One of two points on the surface of a planet
where it is intersected by its axis of rotation.
In a magnetic field, one of two or more points
of concentration of the lines of magnetic force.

Polygonal ground: The distinctive geological
formation caused by the repetitive freezing
and thawing of permafrost.

Polymorphism: The characteristic of a min-
eral to crystallize into more than one form.

Porphyritic chondrules: Generally small
spherules (1 to 5 millimeters), often with
crystals of the minerals olivine and pyroxene
set into a glass matrix.

Posigrade: Moving in the direction of travel.
Positron: The antiparticle of an electron.
Potential energy: Energy due to an object’s lo-

cation in some sort of field, such as gravita-
tional potential energy due to a gravitational
field or electrical potential energy due to an
electric field.

Pound: An Imperial unit used to measure
force, weight, and thrust in the United
States and some other English-speaking na-
tions.

Precession: A type of motion that occurs in a
rotating body in response to torque: A planet
or other rotating body orbiting around the
Sun will slowly turn its rotation axis in such a
way that, over a long period of time, the rotat-
ing each of the body’s two poles describes a
circle in space. The fact that the Earth pre-
cesses means that adjustments must be
made in the direction in which astronomers
look to observe stars and other celestial phe-
nomena. Earth’s period of precession is ap-
proximately 25,800 years.

Primary minerals: Those minerals formed
when magma crystallizes.

Primary (P) waves: The fastest elastic wave
generated by an earthquake or artificial en-
ergy source; basically an acoustic or shock
wave that compresses and stretches material
in its path.

Primordial solar nebula: An interstellar
cloud of gas and dust that condensed under
gravity to form the Sun, the planets and their
satellites, asteroids, comets, and meteoroids
some 4.6 billion years ago.

Principle of equivalence: The rule that, in a
limited region of space-time, the effects of the
acceleration of a given frame of reference are
not distinguishable from those of a gravita-
tional field.

Probe. See Deep space probe.
Prograde orbit: An orbit that moves in the

same direction as the rotation of the body or-
bited.

Prominences: Arches of glowing gases above
the Sun’s photosphere often seen in the vicin-
ity of sunspots.

Proper motion: The motion of a star across the
line of sight.

Protein: A high-molecular-weight compound
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that is a long chain or aggregate of amino ac-
ids joined by hydrogen bonds.

Proto solar system (solar nebula): The cloud
of gas and dust that separated from a larger
cloud and eventually collapsed to form the
Sun in the center and the planets in the outer
portions of the cloud.

Proton: The constituent particle in the nu-
cleus made up of quarks in such a way that it
has a net positive electric charge. It interacts
with other protons and neutrons inside a nu-
cleus via the strong nuclear force, interacts
with electrons and protons (at distances
greater than nuclear dimensions) via the
Coulomb electric force, and decays according
to the weak nuclear force. Chemically speak-
ing, the number of protons in the nucleus of
an atom determines which chemical element
it is.

Protoplanet: A stage of planet formation in
which a large precursor of a planet gravita-
tionally contracts, perhaps attracting more
material or maybe losing part of a gaseous
envelope.

Protostar: The stage just before actual star for-
mation, when a vast cloud of matter has co-
alesced to about 1 percent of the cloud’s dis-
persed volume, causing nuclear reactions to
begin.

Protosun: A stage of star formation in which
gravitational contraction shrinks and heats
the developing star, before the interior be-
comes hot enough to initiate nuclear fusion
reactions.

Pulsar: A rapidly spinning neutron star that
emits a narrow beam of electromagnetic radi-
ation in the form of visible light, radio waves,
X rays, and gamma rays.

Pyroxene: A silicate mineral of magnesium,
iron, and sometimes calcium which contains
more silicon than is present in olivine.

Quantum theory: An important theory in
physics that associates waves with parti-
cles; particle momentum is h divided by the
particle’s wavelength, while energy is h
times the particle’s frequency; light has fre-
quency and wavelength (thus, energy and
momentum), and so acts like a particle and a
wave.

Quarks: Subatomic particles hypothesized to
form electrons, protons, neutrons, and their
antiparticles, characterized by electric
charge, “flavor,” and “color.” The forces re-
quired to break elementary particles into
their component quarks is so great that
quarks do not exist as free particles in na-
ture, although it is thought that neutron
stars may consist of a “quark soup” within a
solid iron shell.

Quasar: An acronym for “quasi-stellar radio
source” or “quasi-stellar object.” An object con-
tinuously releasing a tremendous amount of
energy, equivalent to the output of between
one million and 100 trillion suns, which in-
cludes virtually all kinds of electromagnetic
radiation (gamma, X, ultraviolet, optical, in-
frared, microwave, and radio) from a very
small volume of space about the size of the so-
lar system. As far as is known, all objects sat-
isfying these criteria are located in the nuclei
of galaxies; it is thought that they may be as-
sociated with supermassive black holes at
the centers of galaxies. Discovered in 1963,
the first quasar caused much excitement
among astronomers, and these phenomena
continue to be among the most fascinating
and mysterious in the universe.

Radar: An acronym for “radio detection and
ranging.” A means of locating and determin-
ing the distance of objects by bouncing radio
waves off them and measuring the time re-
quired to receive the echo.

Radial velocity: Movement in the line of sight,
toward or away from the observer.

Radiant: The point in the sky from which a
meteor shower seems to emanate, whose as-
sociated constellation provides the name for
a given shower.

Radiating pyroxene chondrules: Generally
small spherules (1 to 5 millimeters) com-
posed of excentroradial pyroxene crystals, of-
ten resembling a fanlike growth pattern.

Radiation. See Electromagnetic radiation.
Radiation (of stars): Stars radiate energy in

all portions of the electromagnetic spectrum,
whereas one band of wavelengths predomi-
nates according to the star’s photospheric
temperature.
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Radiative equilibrium: When radiation be-
comes the predominant, balanced mecha-
nism for carrying heat away from the interior
of a star.

Radio astronomy: The branch of astronomy
that examines the radio emissions of celestial
objects. Because radio radiation, along with
visible radiation, can penetrate Earth’s at-
mosphere, radio receivers have provided
much of the data detectable by ground-based,
as well as space-based, instruments. Radio
emissions also form a significant portion of
certain celestial phenomena, such as radio
galaxies, quasars, and pulsars.

Radio noise: Any body that generates radio
waves or oscillations of a random nature over
the radio frequencies, from millimeters to
several thousand meters; often heard as a
hissing sound in radio receivers.

Radio spectrum: Those frequencies generally
ranging from 1 centimeter to about 30,000
centimeters.

Radio telescope: A telescope designed to
gather radio waves from extraterrestrial
sources.

Radioactive decay: The conversion of one ele-
ment into another by the emission of charged
particles from an atom’s nucleus.

Radioactivity: The process by which an unsta-
ble atomic nucleus spontaneously emits a
particle (or particles) and changes into the
nucleus of another atom.

Radiogenic heating: Heating caused by the
decay of radioactive materials in a planetary
body; energy released during the decay pro-
duces the heat.

Rampart crater: A type of crater found most
often on Mars and produced by some sub-
surface shaping mechanism that causes a
unique, rampart-type wall formation.

Real time: Referring to the transmission of sig-
nals or other data at the same time that they
are used.

Reconnaissance satellite: A satellite that
gathers information about enemy military
installations.

Red dwarf star: A relatively small, cool star
having low luminosity.

Red giants: Stars with surface temperatures
less than 4,700 kelvins and between 10 and

1,000 times the diameter of the Sun, which
emit mostly red and infrared light, and have
huge surface areas.

Red Planet: Mars, so named because of its
color as seen through Earth-based tele-
scopes.

Redshift: The apparent lengthening of electro-
magnetic wavelengths issuing from an object
as a result of the object’s movement away
from the observer. As a result, the spectral
lines in the spectra of such an object will shift
toward (or beyond) the red end of the visible
spectrum. See also Doppler effect.

Reentry: The return of a spacecraft into
Earth’s atmosphere.

Reflecting telescope: An optical telescope
that uses a mirror or mirrors to gather and fo-
cus light from the object observed. These tele-
scopes are widely used for Earth-based as
well as space-based optical astronomy. See
also Cassegrain telescope, Refracting tele-
scope.

Reflection: The “bounce” of wave energy off a
boundary that marks a change in the mate-
rial; it must be noted that at an interface be-
tween two different media, wave energy can
be reflected to a certain degree back into the
original medium, and what is not reflected off
the interface is refracted across the interface
into the other medium.

Reflection nebula: A cloud of dust, usually
bluish in color, visible by virtue of light from
nearby stars scattered by the dust grains.

Reflectivity: The amount of light reflected
from a body.

Refracting telescope: An optical telescope
that uses a lens to magnify and focus light
from the object observed. Refracting tele-
scopes were used by the earliest astrono-
mers. When reflecting telescopes were per-
fected in the twentieth century, refracting
telescopes became less important in astron-
omy, although they are still widely used for
guided and amateur observations. See also
Reflecting telescope.

Refraction: The change in direction of a wave
path upon crossing a boundary, resulting
from a change in the material light enters
into and the different velocity of the wave on
either side of the boundary.
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Refractory: Refers to substances that melt or
boil at relatively high temperatures and, con-
versely, condense from liquids or gas at low
temperatures.

Refractory (siderophile) elements: Ele-
ments least likely to be driven off by heating;
the last elements to be melted as a rock is
heated to form magma.

Regolith: The layer of soil and rock fragments
just above the solid planetary crust.

Relativity: The physical law, first proposed by
Albert Einstein, that states that measure-
ments of time and space are dependent upon
the frame of reference in which they are mea-
sured. The general theory of relativity ap-
plies this law to gravity and mass; the special
theory of relativity applies it to the propaga-
tion of electric and magnetic phenomena in
space and time.

Remote sensing: Acquiring data at a distance
by electronic or mechanical means.

Resolution: The degree to which a photo-
graphic or other imaging system, or the im-
age produced, clearly distinguishes objects of
a certain size. In a photograph with a resolu-
tion of 200 meters, for example, the smallest
distinguishable objects are 200 meters
across.

Retrograde orbit: An orbit that moves oppo-
site to the rotational direction of the body or-
bited.

Revolution: One complete orbit of one body
around another body, such as a planet
around the Sun or a natural or artificial sat-
ellite around a planet.

Right ascension: A coordinate for measuring
the east-west positions of celestial bodies; the
angle measured eastward along the celestial
equator from the vernal equinox to the hour
circle passing through a body.

Rille: Along, narrow valley on a moon or planet.
Ring resonance: The gravitational interac-

tion between a ringed planet, its moons, and
the particles in the rings; the principal effect
of the resonance is formation of discrete rings
and gaps.

Robotics: The development, construction, and
use of computerized machines to assist or re-
place humans in a variety of tasks requiring
precise “hand-eye” coordination.

Roche limit: Named for Édouard Roche, who
discovered it in 1848, the minimum distance
from a planet at which a natural satellite can
form by accretion: roughly 2.44 times the
planet’s radius. Within this limit an existing
satellite will be torn apart by gravitational
stresses. Saturn’s rings, which lie within the
planet’s Roche limit, may be the remnants of
a former moon.

Roll. See Pitch, roll, and yaw.
Rotate: To spin around an axis.
RR Lyrae stars: A class of regular pulsating

variable stars, having a period of about half a
day and an average luminosity of about one
hundred times that of the Sun.

Saros cycle: A period of 223 lunar months, af-
ter which the pattern of eclipses repeats.

Satellite: Any body that orbits another of
larger mass, usually a planet. Satellites in-
clude moons, the small bodies that form plan-
etary rings, and human-made robotic space-
craft. See also Artificial satellite.

Scarp: A vertical or near-vertical cliff, often ex-
tending for many kilometers.

Schwarzschild radius: The radius of a mass,
such as a collapsing star, at which it becomes
a black hole—that is, at which its gravita-
tional field will not allow light to escape. The
length of this radius depends on the body’s
mass, and the formula for calculating it was
established by Karl Schwarzschild in 1916.

Scintillation: Light emitted when high-energy
radiation is absorbed by matter then re-emit-
ted at lower energies.

Scintillation counter: A device that detects
atomic particles and generates an electrical
current proportional to the energy of the par-
ticle.

Secondary crater: A crater resulting from im-
pact of material thrown out of a primary im-
pact crater.

Secondary (S) wave: A transverse type of
earthquake wave, slower than a primary
wave, which will not travel in a liquid.

Secular variation: A change in the magnetic
pole position on the Earth’s surface over hun-
dreds of years.

Sedimentary rocks: Rocks that are formed by
the deposition of layers of sediment (the
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weathered and eroded debris from preexist-
ing rocks).

Seismic activity: Any movement in the outer
layer of a planet or moon.

Seismic waves: Elastic oscillatory distur-
bances spreading outward from an earth-
quake or human-made explosion; they pro-
vide the most important data about Earth’s
interior.

Seismometer: A sensitive instrument that
measures movements in the outer layer of a
planet or moon. The graphs produced by this
instrument can be interpreted to determine
the magnitude and intensity of seismic ac-
tivity.

Selenography: The study of lunar surface fea-
tures; the counterpart of geography on Earth.

Selenology: The study of the Moon, analogous
to geology on Earth.

Self-exciting dynamo: Also called a self-
sustaining dynamo, a model of the earth’s
outer core in which the magnetic field pro-
duced by convection is in the same direction
as the field through which the motion occurs.

Seyfert galaxy: A spiral galaxy with an active
core that is similar to a quasi-stellar object.

Shear (S) waves: Seismic waves transmitted
by an alternating series of sideways move-
ments in a solid; they cannot be transmitted
through liquids or gases.

Shepherd satellites: Also called shepherd
moons, the tiny satellites responsible for
gravitationally restraining ring particles in
their defined rings.

Shock wave: A zone of compression and heat-
ing of matter traveling faster than the speed
of sound in the matter.

SI units: The collective units of measurement
used in the Système International d’Unités,
the system of measurement most widely used
by scientists. Its fundamental, or base units
are seven: the meter (the base unit of length),
kilogram (mass), second (time), ampere (elec-
tric current), kelvin (temperature), mole
(amount of substance), and candela (lumi-
nosity). From these seven base units, other
units are derived, which are multiples, frac-
tions, or powers of the base units such as the
kilometer (1 meter × 103) and the square me-
ter (the unit of area). Further derived units

are derived from combinations of the base
units and have their own names: hertz (the
unit of frequency, which is cycles per second),
newton (force or thrust, kilogram-meters per
second squared), pascal (pressure, newtons
per square meter), joule (energy, newton-
meter), watt (power, joules per second), cou-
lomb (quantity of electricity, the ampere-
second), volt (electric potential, watts per
ampere), farad (capacitance, or the ability to
store energy, coulombs per volt), and ohm
(electrical resistance, volts per ampere). In
the United States, the base SI units are com-
ing into increasing use. Some measures,
however, remain more familiarly rendered
by English units of measure, even in scien-
tific use: It is common, for example, to refer to
rocket thrust in pounds rather than newtons,
and atmospheric pressure is often measured
in pounds per square inch (or bars and milli-
bars).

Sidereal period: The time for a planet or satel-
lite to make one complete rotation on its axis,
or one complete revolution around its orbit
relative to distant stars.

Siderophile elements. See Refractory ele-
ments.

Silicate: A class of mineral whose lattice struc-
ture includes one silicon atom surrounded by
four oxygen atoms at the vertices of a tetrahe-
dron.

Singularity: In space-time, a location at which
matter and energy are compressed down to a
single point in space with infinite density.
The initial condition of the big-bang uni-
verse, when space-time curvature and mass-
energy density were infinite.

Sinuous rille: A riverlike channel produced by
lava flowing across the lunar surface.

Smokers: Undersea vents in the active rift ar-
eas, emitting large amounts of superheated
water and dissolved minerals from deep in-
side Earth.

Smooth plain: A formation that is relatively
flat, with a sparsely cratered surface.

Snell’s law: A statement of the fact that refrac-
tion of waves across a boundary will occur
such that the ratio of the two velocities of the
material on either side of the boundary is
equal to the ratio of the sines of the two an-
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gles on either side of the boundary formed by
the ray path and a line perpendicular to the
boundary.

Solar array: An assembly of solar cells, as on a
solar panel extending from a satellite.

Solar cell: A photovoltaic device that converts
solar energy directly into electricity.

Solar constant: The amount of solar energy re-
ceived by a square meter in one second just
above Earth’s atmosphere; approximately
1,370 watts per square meter per second.

Solar cycle: A period of approximately eleven
years during which the number of sunspots
visible near the Sun’s equator increases to a
maximum and then decreases. Other solar
activity follows the solar cycle. See also Sun-
spots.

Solar flare: A large eruption of charged parti-
cles and electromagnetic radiation ejected
from the Sun’s surface (in the low corona and
upper chromosphere) and lasting from a few
minutes to several hours. Solar flare activity
affects radio transmission on Earth and can
produce auroras in Earth’s atmosphere.

Solar mass: A unit equivalent to the mass of
the Sun, or 1.989 × 1030 kilograms. Masses of
other stars are often expressed in terms of so-
lar masses.

Solar nebula: A cloud of mostly hydrogen and
helium gas from which the Sun and planets
are believed to have formed between 4.5 and
5.0 billion years ago.

Solar radiation: The radiation emitted by the
Sun.

Solar system: The Sun and everything that or-
bits it, including planets and their satellites,
plus numerous comets, asteroids, meteor-
oids, and other objects. See also Planet.

Solar ultraviolet radiation: Electromagnetic
radiation emitted by the Sun in the spectral
interval between approximately 90 and 400
nanometers.

Solar wind: The hot ionized gases, or plasma,
that escape the Sun’s gravitational field and
flow in spirals outward at about 200 to 900 ki-
lometers (124 to 558 miles) per second. It con-
sists primarily of free protons, electrons, and
alpha particles escaping from the Sun’s co-
rona. See also Stellar wind.

Sonar: An acronym for sound navigation rang-

ing. A system for bouncing sonic and super-
sonic waves off a submerged object in order to
determine its distance.

Sounding sensor: A sonarlike device that
probes an atmosphere to detect data about
temperature, moisture, and other conditions.

Space age: The age of space exploration, whose
beginning is generally dated from October 4,
1957, the day on which the first artificial sat-
ellite, Sputnik 1, was launched into Earth
orbit.

Space telescope: Any astronomical telescope
that operates in space rather than on Earth.

Space-time: A four-dimensional coordinate
system consisting of the three spatial dimen-
sions and time as a fourth crewed.

Spacecraft: Any self-contained, crewed or un-
crewed, space vehicle; more specifically, a
deep space probe.

Specific gravity: The ratio of the density of a
substance to the density of water.

Specific heat: The number of calories of heat
required to raise the temperature of one
gram of a substance 1° Celsius.

Spectral class: A system of classifying stars
based on the pattern of absorption lines ap-
pearing in their spectra. Physically it indi-
cates the photospheric temperature of the
stars; in order of decreasing temperature the
sequence runs O, B, A, F, G, K, M, L, T.

Spectrograph: A type of spectrometer that
splits light into its component wavelengths
and records the separated wavelengths pho-
tographically or by means of a charge coupled
device.

Spectrometer: An instrument for obtaining
and measuring a spectrum.

Spectroscope: An instrument that spreads
electromagnetic radiation into its component
wavelengths.

Spectroscopy: The science of breaking up light
into its various components and studying
them.

Spectrum: The entire range of electromagnetic
radiation from long-wavelength radio waves
to short-wavelength gamma rays; also, a lim-
ited range of wavelengths in which an instru-
ment separates the component wavelengths
or frequencies.

Speed of light. See Velocity of light.
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Spherules: Rounded glass particles, probably
formed by rapid cooling of molten material.

Spin: The rotation of a body about an axis
through itself.

Spin axis: The line around which a body ro-
tates.

Spiral arm: Adense region of heavy star forma-
tion in the disk of a spiral galaxy.

Spiral galaxy: A galaxy consisting of a bulge of
gas and stars at the center, around which
“arms” of stars and other celestial bodies, mat-
ter, and radiation rotate in a spiral fashion.

Sputtering: The bombardment of solid sur-
faces by high-energy particles, such that at-
oms and molecular fragments are eroded
from the surface and the surface chemistry is
altered.

Stagnation point: The point at which the re-
pulsive force of a planet’s magnetic field bal-
ances the pressure from the solar wind.

Star: A light-emitting body composed princi-
pally of hydrogen, whose heat and light are
sustained by nuclear fusion, with a mass
that is about one-tenth to one hundred times
that of the Sun, a surface temperature
ranging from about 3,000 to 50,000 kelvins,
and an interior temperature ranging from
about one million to hundreds of millions of
kelvins.

Star color and temperature: Light energy
from cool stars is emitted mostly at the low-
energy red and infrared end of the spectrum,
whereas hot stars are blue-white and pro-
duce more high-energy blue and ultraviolet
light.

Star tracker: An electronic device pro-
grammed to detect and lock onto a celestial
body, such as the star Canopus, to provide a
spacecraft with a fixed point of reference for
purposes of navigation.

Steady state theory: A model of the universe
proposed by Hermann Bondi, Thomas Gold,
and Fred Hoyle, which posits that the density
of matter in the universe remains constant in
an expanding universe, with new matter
spontaneously created in the space between
galaxies as they move apart. The theory is
now generally considered obsolete because it
does not explain the presence of the cosmic
background radiation. See also Big bang the-

ory, Cosmic background radiation, Dark en-
ergy, Dark matter.

Stefan-Boltzmann law: A relationship be-
tween the temperature of a “blackbody” and
the rate at which it radiates energy.

Stellar core: The high-temperature, high-den-
sity region at the centers of stars where the
nuclear reactions that form the heavy ele-
ments occur; no more than a few percent of
the entire stellar radius.

Stellar evolution: The theory that describes
the changes that occur in the internal struc-
ture of stars during their lifetimes.

Stellar luminosity: Energy emitted by per
second by a star, commonly measured in
joules per second (watts).

Stellar photosphere: The deepest layer of a
star subject to direct observation, where the
absorption lines caused by individual ele-
ments form; it lies at the top of the star’s inte-
rior and the bottom of its atmosphere.

Stellar populations: A differentiation be-
tween stars of different age determined from
their metal abundances and distribution.

Stellar wind: The ionized gases, or plasma,
that flow out from stars at high speeds, com-
posed mainly of free protons and electrons.
See also Solar wind.

Stratosphere: The layer of Earth’s atmosphere
between the troposphere and the mesosphere,
extending from about 15 to 50 kilometers (9.3
to 31 miles) above Earth’s surface, roughly co-
inciding with the ozone layer, which absorbs
the Sun’s ultraviolet radiation and heats the
stratosphere from a low of about –60° Celsius
(213 kelvins) at the bottom to about 0° Cel-
sius (273 kelvins) at its top. There is no mete-
orological activity or vertical air movement
in this region of the atmosphere.

Strong nuclear force: The strongest of the
four known fundamental forces in the uni-
verse; it acts over a very short range, essen-
tially only within the nucleus itself. Details of
the strong nuclear force are described by the
standard model.

Sublimation: The transformation of a solid di-
rectly into a gas or a gas directly into a solid,
passing through no liquid stage.

Subsatellite: A satellite carried into orbit by
another satellite. Also, a satellite of a moon.
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Sunspots: Dark spots that appear on the Sun’s
surface in cycles, their numbers increasing
and decreasing with the approximately
eleven-year solar cycle. These dark spots are
about 500 kelvins cooler than a surrounding
lighter area of the spot, which in turn is an-
other 500 kelvins cooler than the surround-
ing photosphere. These cooler regions result
from strong magnetic fields.

Supercluster: A gravitationally bound accu-
mulation of galaxy clusters; most galaxies be-
long to clusters, with clusters of galaxies be-
longing to superclusters.

Superfluid: A fluid that flows without viscos-
ity, as exemplified by liquid helium below its
Lambda temperature.

Supergiants: The very largest stars. Red super-
giants are up to one thousand times the size
of the Sun.

Superimpositions: Craters that are formed
within other craters, such as those formed
when a meteoroid hits inside or on the walls
of an existing crater.

Supernova: A violent explosion that tears a
star apart. It can occur in a massive star that
collapses when it has used up all its nuclear
fuel (types Ib, Ic, and II) or in a white dwarf
star that gains enough mass from a nearby
companion to exceed the mass limit for elec-
tron degeneracy (type Ia).

Supernova remnant: The expanding debris
cloud from a star that exploded as a super-
nova.

Swing-by: The close approach of a spacecraft
as it passes by a planet. See also Flyby.

Synchronous rotation (or orbit): The state
of a body in which the period of rotation
equals the average orbital period.

Synodic period: The time between two succes-
sive occurrences of the same configuration of
three or more bodies.

Système International d’Unités. See SI
units.

T-Tauri stage: A temporary stage of instability
in the early life of a star when it experiences
great mass loss and an intense stellar wind.

Taenite: A nickel-iron alloy mineral with more
than 25 percent nickel in solid solution; in oc-
tahedrite meteorites, taenite forms three-

dimensional sheets that appear band-shaped
in cut sections.

Tail: The apparent tail of the comet that con-
sists of volatilized, ionized materials carried
away from the comet by solar wind and dust
blown away from the comet by the radiation
pressure of sunlight.

Tectonics: The study of the processes forming
the major structural features of a planet’s
crust.

Tektites: Glassy pellets believed to have
formed when rock and soil that were vapor-
ized by extraterrestrial impact recondensed
and fell back to Earth.

Telemetry: Real-time transmission of data
from a distance via radio signals.

Teleoperations: Manipulation of an orbiter,
booster, or instruments in space from Earth
via remote control.

Telescope: A device that permits detailed in-
spection of a distant object; originally, an in-
strument that used lenses or mirrors to col-
lect large quantities of light and focus it into
an image from a tiny area.

Terminator: The line, on a planet or moon, be-
tween dark and light that forms the bound-
ary between day and night.

Terrestrial planet: Any of the largely solid,
rocky planets of the inner solar system: Mer-
cury, Venus, Earth, and Mars. Sometimes
Earth’s Moon is included in this list even
though it is not strictly a planet.

Tharsis Dome: An immense bulge in the Mar-
tian crust in the Tharsis region of the planet,
which rises 11 kilometers (6.82 miles) above
the Martian surface.

Thermal erosion: The erosion of water ice
from a solid state to vapor.

Thermal mapping: Gathering data from
which to construct maps by means of instru-
ments capable of sensing heat-producing
electromagnetic radiation.

Thermokarst: Geological formations, resem-
bling surface depressions, caused by the
melting of subsurface ice or permafrost.

Thermonuclear reaction: A reaction in
which atoms of a particular element are
fused under pressure and temperature to
form atoms of another element, with an ex-
plosive release of energy.
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Thermosphere: The highest layer of Earth’s
atmosphere except for the exosphere, begin-
ning at 85 kilometers (52.7 miles) above sea
level. The oxygen and nitrogen that compose
the atmosphere at this level are extremely
rarefied, and are heated by the Sun’s ultravi-
olet radiation to the point of ionization; hence
the ionosphere (which lies between 50 and
500 kilometers, or 31 and 310 miles, above
sea level) roughly coincides with the thermo-
sphere. This is also the region in which auro-
ras and meteors occur.

Tidal force: The gravitational attraction ex-
erted between two bodies that may poten-
tially distort their shape and cause internal
deformation and heating.

Time dilation: The phenomenon, predicted by
Albert Einstein’s special theory of relativity,
whereby time appears to slow down in a sys-
tem moving near the speed of light from the
vantage point of an observer outside that
system.

Topside observation: Electronic scanning of
Earth’s (or another planet’s) atmosphere
from above. Used mainly in reference to me-
teorological satellites.

Total lunar eclipse: An eclipse in which the
Moon passes completely into the umbra of
the Earth.

Total solar eclipse: An eclipse in which the
Sun, when viewed from some parts of Earth,
is entirely hidden by the Moon.

Transfer orbit: The orbit into which a space-
craft is boosted from Earth orbit on its way to
orbit around another celestial body. The
spacecraft does not complete a full revolution
of the transfer orbit, but only part of the el-
lipse.

Transit: The alignment of three celestial bod-
ies, especially when a body of small apparent
size passes across the disk of larger apparent
size as viewed from the third body, such as
the rare transit of Mercury or Venus across
the Sun as viewed from Earth.

Transponder: A device that receives radio sig-
nals and automatically responds to them us-
ing the same frequency.

Triangulation: A means of determining the
position of an object by calculation from
known quantities: the distance between two

fixed points and the angles formed between
the line described by those points and the line
from each of those to a third point, whose dis-
tance is not known. Triangulation is the old-
est method of determining distances, both on
Earth and in space.

Troilite: An iron sulfide mineral that is com-
mon to most meteorites but is very rare on
Earth.

Troposphere: The lowest level of an atmo-
sphere; it contains the highest density of ma-
terial in the atmosphere and displays turbu-
lent winds and chemical mixing. Earth’s
troposphere extends upward from the sur-
face to between 12 and 15 kilometers (7.44
and 9.3 miles); the troposphere contains
about 85 percent of the total mass of the at-
mosphere, almost all the water vapor in the
atmosphere, and most of the greenhouse
gases.

Tunneling: A quantum mechanical effect in
which particles with small but finite proba-
bility can pass through a barrier, impene-
trable according to Newtonian or “classical”
mechanics, and emerge on the other side
without energy loss.

Ultraviolet astronomy: The branch of astron-
omy that examines the ultraviolet emissions
of celestial phenomena. Ultraviolet astron-
omy has developed with the advent of the
space age; since ultraviolet rays are unable to
penetrate Earth’s atmosphere, instruments
must be carried aloft by satellites such as
the International Ultraviolet Explorer and
FUSE.

Ultraviolet radiation: Electromagnetic radi-
ation between about 90 and 400 nanometers
which is between X radiation and visible vio-
let light.

Ultraviolet spectrometer: An instrument
that measures electromagnetic wavelengths
in the ultraviolet range, used on satellites
such as the International Ultraviolet Ex-
plorer and the Extreme Ultraviolet Explorer.

Umbra: A region of complete darkness, where
all parts of the source of illumination are ob-
scured. For example, the darkest inner re-
gion in a sunspot or the darkest inner part of
the Moon’s shadow.
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Uniformitarianism: The principle that pro-
cesses currently operating in nature have al-
ways been operating; it suggests that the
large-scale features of the Earth were devel-
oped very slowly over vast periods of time.

Vacuum: A region containing absolutely noth-
ing. Although a perfect vacuum does not exist
in nature, near-vacuum conditions exist in
interplanetary, interstellar, and intergalac-
tic space.

Van Allen radiation belts: The two layers of
Earth’s magnetosphere, discovered by James
Van Allen in the late 1950’s, in which ionized
particles spiral back and forth between
Earth’s magnetic poles. These zones pose
hazards to electronic instruments aboard
spacecraft.

Variable star: A star whose brightness varies
over time, as a result of several intrinsic or
extrinsic factors. There are thousands of such
stars, and they can be categorized into seven
classes based on the causes of their variation.
See also Cepheid variable.

Velocity of light, c: the speed (3.00 108 meters/
second or 186,000 miles per second) of elec-
tromagnetic waves, including light, through
an empty vacuum.

Vernal equinox: The point on the celestial
sphere where the Sun crosses the celestial
equator passing from south to north.

Vernier rocket: A small thruster rocket used
in space to make fine corrections to a space-
craft’s orientation or trajectory.

Very long baseline interferometry: A tech-
nique used by radio astronomers to increase
perceived sharpness (resolution) of radio
sources by electronically linking several radio
telescopes at widely spaced locations, allow-
ing accurate mapping of celestial objects that
emit radio waves. See also Interferometry.

Vesicular: Containing bubble-like cavities.
Virial theorem: The principle, derived from

statistical mechanics, that in a cloud con-
tracting gravitationally, the magnitude of
the gravitational potential energy must be
greater than or equal to twice the total of the
thermal, rotational, and magnetic energies.
Also known as Jeans’s theorem (for Sir James
Jeans, one of its developers).

Viscosity: A measure of the ability to flow; a
substance with low viscosity flows easily.

Visible spectrum: That portion of the electro-
magnetic spectrum to which human eyes are
sensitive, between about 400 and 700 nano-
meters, or 0.4 to 0.7 microns.

Visual binaries: Two stars that are gravita-
tionally bound to each other and are either
far enough apart or close enough to Earth to
enable the two stars to be seen individually
through a telescope.

Void: The region of space hundreds of millions
of light-years across, which is relatively free
of galaxies.

Volatile: Having a low condensation tempera-
ture, evaporating readily; the opposite of re-
fractory. Also used in the plural, volatiles, as
a noun to refer to substances with these prop-
erties.

Volcanism: The dynamic process in which mol-
ten material from the interior of a planet is
transferred to the planet’s solid surface, issu-
ing forth explosively from cracks or other
openings.

Water of hydration: Molecular water that is
bound in the crystalline structure of rocks.

Wavelength: The distance from one extremum
displacement to the next one of the same
phase in any sort of wave phenomenon, such
as water waves, sound waves, or electromag-
netic radiation.

White dwarf star: Astar with a mass 1.4 times
the mass of the Sun or less and a diameter ap-
proximately that of Earth, which has ex-
hausted all its nuclear fuels and shines only
because it is still hot. As it radiates its energy
away, it cools and fades, becoming a black
dwarf star.

White spots: Atmospheric disturbances on
Jovian planets, appearing at boundaries be-
tween zones and belts.

Widmanstätten pattern: A textural pattern,
common to most iron meteorites containing
6-16 percent nickel, that occurs when kama-
cite is oriented parallel to the octahedral
planes in taenite.

Wind tunnel: A large, tubular structure
through which air is forced to flow at high
speeds for the purpose of testing the behavior
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of aircraft and other structures that travel
through the atmosphere.

Work: The product of a force on an object and
the component of distance traveled that is
parallel to that force.

World line: The graph of the motion of an ob-
ject through space-time; objects moving with
constant velocities have straight world lines,
while accelerated motion is represented by
curved world lines.

X band: The range of radio frequencies between
5.2 and 10.9 gigahertz.

X radiation: Electromagnetic radiation with
wavelengths between 0.1 and 10 nanome-
ters, the range lying between gamma and ul-
traviolet radiation on the electromagnetic
spectrum.

X-ray astronomy: The branch of astronomy
that examines the X-ray emissions of celes-
tial phenomena. This radiation cannot be
studied from the ground, since Earth’s atmo-
sphere absorbs most X radiation, and there-
fore has blossomed with the advent of space-

craft that can carry X-ray telescopes and
other detectors into space. The examination
of celestial X-ray sources has led, among
other things, to the discovery of neutron stars
and black holes as members of binary star
systems.

Yaw. See Pitch, roll, and yaw.

Zeeman effect: The broadening or splitting of
spectral lines of light emitted by atoms
caused by the presence of magnetic fields.

Zero gravity: The condition of absolute weight-
lessness, which occurs in free fall and in or-
bit. See also Microgravity.

Zircons: Mineral inclusions found in granitic
rocks, zircons are often the only evidence left
of early crustal rocks.

Zodiacal light: The glow seen in the west after
sunset and in the east before dawn, caused by
sunlight reflecting off microscopic dust par-
ticles.

Zones: Atmospheric high pressure bands of
yellow-white clouds that encircle Jupiter.
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Web Sites

Listed below are more than 110 authoritative Web sites current as of 2009. Although every effort has
been made to ensure accuracy, Web sites are continually being updated, and there may be changes to
the site address listed. A subject or keyword search through any of the major search engines will help
locate a new address if the universal resource locators (URLs) listed below have been changed.

Adler Planetarium
http://www.adlerplanetarium.org

Amazing Space
http://amazing-space.stsci.edu

American Meteor Society
http://www.amsmeteors.org

Ames Research Center
http://www.nasa.gov/centers/ames

Apollo Program
http://spaceflight.nasa.gov/history/apollo

Astronomical Society of the Pacific
http://www.astrosociety.org/index.html

Astronomy Café, The
http://www.astronomycafe.net

Astronomy Magazine
http://www.astronomy.com

Astronomy Now Magazine
http://www.astronomynow.com

Astronomy Picture of the Day
http://antwrp.gsfc.nasa.gov/apod

Beijing Planetarium
http://www.bjp.org.cn/en/index.htm

British National Space Centre
http://www.bnsc.gov.uk

Cambridge Cosmology Public Home Page
http://www.damtp.cam.ac.uk/user/gr/public/

cos_home.html
Canadian Space Agency/L’Agence Spatiale

Canadienne
http://www.space.gc.ca/asc/index.html

Cassini Equinox Mission
http://saturn.jpl.nasa.gov

Cassini-Huygens Mission
http://www.nasa.gov/mission_pages/cassini/

main

Chandra X-ray Observatory Center
http://chandra.harvard.edu

Comet Shoemaker-Levy Collision with Jupiter
http://www2.jpl.nasa.gov/sl9

Compton Gamma Ray Observatory
http://cossc.gsfc.nasa.gov

Dawn Mission
http://dawn.jpl.nasa.gov

Deep Impact
http://deepimpact.jpl.nasa.gov

Discovery Program
http://discovery.nasa.gov

Earth Observations Photography, Space
Shuttle
http://earth.jsc.nasa.gov/sseop/efs

Exoplanets: The Search for Extrasolar Planets
http://exoplanets.org

Exploration System Mission Directorate
http://exploration.nasa.gov

Explorer Missions
http://nssdc.gsfc.nasa.gov/multi/

explorer.html

Galileo: Journey to Jupiter
http://www2.jpl.nasa.gov/galileo

Gamma-ray Large Area Space Telescope
http://glast.gsfc.nasa.gov

Gemini Program
http://www-pao.ksc.nasa.gov/kscpao/

history/gemini/gemini.htm
Goddard Space Flight Center

http://www.nasa.gov/centers/goddard
Gravity Probe B

http://www.gravityprobeb.com
Great Images in NASA

http://grin.hq.nasa.gov
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Griffith Park Observatory
http://www.griffithobs.org

Harvard-Smithsonian Center for Astrophysics
http://www.cfa.harvard.edu

Hayden Planetarium
http://www.haydenplanetarium.org

Heavens-Above Satellite Observations
http://www.heavens-above.com

Hubblesite News Center
http://hubblesite.org/newscenter

International Year of Astronomy: 2009
http://www.astronomy2009.org

Jet Propulsion Laboratory (JPL)
http://www.jpl.nasa.gov

Jodrell Bank Centre for Astrophysics
http://www.jb.man.ac.uk

Johannesburg Planetarium
http://www.planetarium.co.za/

Johnson Space Center
http://www.nasa.gov/centers/johnson/home/

index.html
JPL: Goldstone Complex

http://deepspace.jpl.nasa.gov/dsn/gallery/
goldstone.html

JPL: Multimedia
http://www.jpl.nasa.gov/multimedia/

index.cfm
JPL: The Solar System

http://www.jpl.nasa.gov/solar-system/
index.cfm

JPL: Solar System Dynamics
http://ssd.jpl.nasa.gov

JPL: Stars and Galaxies
http://www.jpl.nasa.gov/stars-galaxies/

index.cfm

Kennedy Space Center
http://www.nasa.gov/centers/kennedy

Lunar and Planetary Institute
http://www.lpi.usra.edu

Lunar Prospector
http://lunar.arc.nasa.gov

Mars Exploration Program
http://mars.jpl.nasa.gov

Mars Exploration Rover Mission
http://marsrovers.jpl.nasa.gov/home

Mars Global Surveyor: Mars Orbiter Camera
http://mars.jpl.nasa.gov/mgs/msss/camera/

images/
Mars Today

http://www-mgcm.arc.nasa.gov
Marshall Space Flight Center

http://www.nasa.gov/centers/marshall
Melbourne Planetarium

http://museumvictoria.com.au/planetarium

National Aeronautics and Space
Administration (NASA)
http://www.nasa.gov

NASA: Images
http://www.nasaimages.org

NASA: Multimedia
http://www.nasa.gov/multimedia/index.html

NASA: Origins of the Universe
http://origins.jpl.nasa.gov

NASA: Planetary Photojournal
http://photojournal.jpl.nasa.gov

NASA: Science
http://www.earth.nasa.gov

NASA: Solar System Mission
http://www.nasa.gov/missions/timeline/

current/solar-system_missions.html
NASA Space Place

http://spaceplace.nasa.gov/en/kids
NASA Space Place: “Ask Dr. Marc”

http://spaceplace.nasa.gov/en/kids/
phonedrmarc

NASA: Space Science
http://spacescience.nasa.gov

NASA: Space Science Data Center
http://nssdc.gsfc.nasa.gov

NASA: Space Science Photo Gallery
http://nssdc.gsfc.nasa.gov/photo_gallery

NASA: Space Science Planetary Missions
http://nssdc.gsfc.nasa.gov/planetary/

projects.html
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NASA: Sun-Earth Connection Information
Forum
http://sunearth.gsfc.nasa.gov/missions/

index.php
National Astronomy and Ionosphere Center:

Arecibo Observatory
http://www.naic.edu

National Geographic Astronomy
http://www.nationalgeographic.com/stars

National Geographic’s Virtual Solar System
http://science.nationalgeographic.com/

science/space/solar-system
National Oceanic and Atmospheric

Administration
http://www.noaa.gov

National Optical Astronomy Observatory
http://www.noao.edu

National Radio Astronomy Observatory
http://www.nrao.edu

National Weather Service
http://www.nws.noaa.gov

New Horizons Pluto-Kuiper Belt Mission
http://pluto.jhuapl.edu

The Nine Planets: A Multimedia Tour of the
Solar System
http://seds.lpl.arizona.edu/nineplanets/

nineplanets

Pacific Science Center
http://www.pacsci.org

Phoenix Mars Lander 2007
http://phoenix.lpl.arizona.edu

Planetary Society, The
http://planetary.org

Planet Quest: Exoplanet Exploration
http://planetquest.jpl.nasa.gov

PlanetScapes
http://planetscapes.com

Russian Space Web: Chronology of Space
Exploration
http://www.russianspaceweb.com/

chronology.html

Satellite Information, World Data Center
System
http://www.ngdc.noaa.gov/wdc

Search for Extraterrestrial Intelligence
Institute
http://www.seti-inst.edu

Sky and Telescope Magazine
http://www.skyandtelescope.com

Solar and Heliospheric Observatory
http://sohowww.nascom.nasa.gov

Solar System Exploration
http://sse.jpl.nasa.gov

Space Foundation
http://www.spacefoundation.org

Space Station: Science Operations News
http://www.scipoc.msfc.nasa.gov

Space Telescope Science Institute
http://www.stsci.edu

Space Telescope Science Institute: Hubble
Space Telescope
http://www.stsci.edu/hst

Space Telescope Science Institute: James
Webb Space Telescope
http://www.stsci.edu/jwst

Space.com: Astronomy and Science News and
Information
http://www.space.com/scienceastronomy

Spaceref.com
http://www.spaceref.com

Spaceweather.com
http://www.spaceweather.com

Spitzer Space Telescope
http://www.spitzer.caltech.edu/spitzer

Stanford Solar Center
http://solar-center.stanford.edu

Stardust Project
http://stardust.jpl.nasa.gov

Swift Gamma Ray Burst Mission
http://swift.gsfc.nasa.gov/docs/swift/

swiftsc.html

The Two Micron All Sky Survey
http://pegasus.phast.umass.edu
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Ulysses
http://ulysses.jpl.nasa.gov

Ulysses: European Space Agency
http://sci.esa.int/ulysses

U.S. Geological Survey
http://www.usgs.gov

Views of the Solar System
http://www.solarviews.com/eng/

homepage.htm

W. M. Keck Observatory
http://www.keckobservatory.org

Welcome to the Planets
http://pds.jpl.nasa.gov/planets

Wilkinson Microwave Anisotropy Probe
http://map.gsfc.nasa.gov
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Subject Index

Abbot, Charles Greeley, 752,
784

Abell, George, 884
Absolute magnitude, 957
Absolute space, 957
Absolute temperature scale,

957
Absolute time, 957
Absolute zero, 957
Absorption lines, 957
Absorption spectra, 201, 299,

303, 552, 560, 666, 714,
717, 730, 736, 748, 751, 957

Acasta gneiss, 106, 117
Acceleration, 957; of gravity,

957. See also Gravitational
acceleration

Accretion, 104, 108, 576, 579,
618, 769, 774, 776, 906,
957; homogeneous, 140;
mountain building, 132;
water formation, 168

Accretion disk, 957
Achilles (asteroid), 8
Achondrites, 143, 468-472,

957; SNCs, 492
Acquisition, 957
Active cavity radiometer

irradiance monitor, 754
Active Magnetospheric

Particle Tracer Explorers,
790

Active optics, 826
Adams, Fred, 666
Adams, John Couch, 497, 527,

531
Adams, Walter Sydney, 944
Adams ring (Neptune), 532
Adaptive optics, 826
Adrastea (moon), 341, 608
Aerodynamics, 957
Aerography, 957
Aeronautics, 957
Aeronomy, 957
Aerospace, 957
Agonic line, 150

Ahnighito meteorite, 484
Aine (Venus), 939
Airglow, 957
Airy, Sir George, 527
Alais (meteorite), 473
Alba Patera (Mars), 443
Albedo, 260, 957
Alcock, E., 292
Aldebaran (star), 270, 672
Aldrin, Edwin E. “Buzz,” Jr.,

384, 391
Alfvén, Hannes, 581
ALH 84001 (meteorite), 235,

493
Allen Telescope Array, 712
Allende (meteorite), 474-475
Almost stars. See Brown

dwarf stars
Alpha Carinae (star), 822
Alpha decay, 106
Alpha Orionis (star), 672, 822
Alpha particles, 957
Alpha Regio (Venus), 930
Alpha Tauri (star), 672
Alpher, Ralph A., 25
Alphonsus (lunar crater), 362,

366
ALSEPs. See Apollo Lunar

Science Experiment
Packages

Alt-azimuth coordinate
system, 66

Altair Lunar Lander, 372
Altitude, 957
Aluminum, 768
Alvarez, Luis, 11, 283, 513,

514
Alvarez, Walter, 11, 284, 513-

514
Amalthea (moon), 341, 345;

Jupiter’s magnetosphere,
338

American Geophysical Union,
129

Amino acids, 110, 232, 356,
856; meteorites, 473-474

Ammonia, 774
Amor asteroids, 8, 13; Eros,

10
Amphibole, 116
AMPTEs. See Active

Magnetospheric Particle
Tracer Explorers

Anaerobic life, 233
Anaxagoras, 495
Anderson, John D., 336
Andesite, 957
Anemometer, 958
Angstrom, 958
Angular momentum, 597,

655, 958; solar-system
distribution, 777; solar-
system formation, 774

Angular velocity, 598
Annihilation, 869
Annular solar eclipse, 193
Anorthosites, 369, 958; lunar,

369, 371
Antarctica, 119; meteorite

finds, 491
Anthropic principle, 83, 872,

958
Antimatter, 80, 199, 869, 953,

958
Antiparticles, 958
Antoniadi, Eugene M., 435
Aphelion, 96, 178, 596, 958
Aphrodite Terra (Venus), 930-

931
Apian, Peter, 48
Apoapsis, 958
Apocynthion, 958
Apogee, 958
Apollo-Amor asteroids, 281
Apollo asteroids, 8-10, 14, 16
Apollo Lunar Science

Experiment Packages, 375
Apollo missions, 364, 619;

experiments, 395; Hadley
Rille, 379; heat-flow
experiments, 374; rock and
soil samples, 92, 119, 234,
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376, 384, 391, 491, 628;
seismological studies, 587

Apollo Telescope Mount, 719,
779, 863

Apollonius of Perga, 599
Apolune, 958
Apophis (asteroid), 12
Apparent magnitude, 958
Apparent motion, 958
Apparent size, 958
Aquarid meteor showers, 497
Arago ring (Neptune), 532
Archaebacteria, 233
Archaeoastronomy, 1-6
Archean eon, 117, 119, 958;

rocks, 119
Arecibo radio telescope, 628,

828
Argon, 769
Argus project, 912
Argyre (Mars), 422
Ariel (moon), 704, 902
Aristarchus, 599
Aristotle, 495, 599
Armalcolite, 391
Armstrong, Neil, 391
Arp 220 galaxy, 291
Arsia Mons (Mars), 423, 448
Artificial satellite, 958
Asaro, Frank, 514
Ascension, 66
Ascraeus Mons (Mars), 448
Asteroid belt, 7, 576, 599,

602, 621, 959; formation,
774; orbital resonance, 603

Asteroids, 6-17, 958; Amor
group, 8, 13-14; Apollo
group, 8-10, 14, 16; C-type,
9; carbonaceous, 439, 961;
Ceres, 40-44; Charon as,
646; Chiron, 8; D-type, 9;
E-type, 9; Earth impacts,
599; economic potential,
16; Eros, 41; Hidalgo, 8;
Hilda, 7; interiors, 584;
Itokawa, 41; Juno, 7, 9;
M-type, 9; mass
extinctions, 513; origins,
15, 438, 776; Pallas, 7; and
planet formation, 43;

S-type, 9; threats to Earth,
12, 16, 283; Trojan group,
9-10, 603; U-type, 9; Vesta,
7, 41

Asthenospheres, 130, 135,
163, 165, 186, 188, 959;
lunar, 375; Mercury, 461

Astro 1, 864
Astrobiology, 216. See also

Exobiology
Astroblemes, 167, 279-286,

959; Canada, 280; Sahara
Desert, 283

Astrometry, 228
Astron satellite, 864
Astronautics, 959
Astronomical coordinate

systems, 65-69, 180
Astronomical unit (AU), 959
Astronomy, 959
Astrophysics, 959. See also

Big bang; Cosmology;
Gamma-ray astronomy;
Infrared astronomy;
Ultraviolet astronomy; X-
ray astronomy

Atacama Large Millimeter/
Submillimeter Array, 829

Ataxites, 481, 959
Aten (Io), 307
Aten asteroids, 9, 12
Atlas (moon), 707
Atmospheres, 564-571, 959;

captured, 564; early, 770;
Earth, 95, 108-114, 117,
167-168, 178, 565, 679,
721; evolution of life, 110;
Ganymede, 245; Jovian
planets, 311, 770; Jupiter,
318-330, 568, 632, 679;
life’s effect on, 232; Mars,
415-421, 566, 632, 639;
Mercury, 460; Moon, 619;
Neptune, 313, 516-520,
568; outgassing, 108, 564;
Pluto, 643; Saturn, 568,
674-682, 689; solar, 713-
723, 764; terrestrial
planets, 415; Titan, 852,
854-855; Triton, 858-859;

Uranus, 313, 568, 886-890;
Venus, 565, 631, 637, 639,
914-922, 932, 934

Atmospheric Cherenkov
Telescopes, 951

Atmospheric pressure, 959
Atom, 959
Atomic clocks, 181
Atomic number, 959
Attitude, 959
AU. See Astronomical unit
AU Microscopium (star), 667
Aubrey, John, 1
Aubrites, 470
Auroral kilometric radiation,

21
Auroral oval, 160
Auroras, 590, 959; australis,

959; borealis, 959; Earth,
17-23, 72, 156, 161, 297,
591, 728-729, 788, 790,
910, 912-913, 916; Jupiter,
21; Mars, 21; Neptune, 21,
529; Saturn, 21, 689-690;
Uranus, 21, 894

Australia, 119
Australia Telescope, 829
Autumnal equinox, 67
Aveni, Anthony, 5
Avionics, 959
AX Microscopium, 666
Axis, 959
Axis tilt, 959
Azimuth, 960

Baade, Walter, 662
Babcock, Harold, 746
Babcock, Horace W., 743-744,

746, 813
Bahcall, John N., 540
Baily’s beads, 195
Baity, Elizabeth Chesley, 1
Baldwin, Ralph, 366
Ballistics, 960
Balloon Observations of

Millimetric Extragalactic
Radiation and
Geomagnetics, 26, 82, 881

Barnard’s star, 67, 220, 227,
666, 725
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Barringer, Daniel, 497
Barringer crater, 280
Bartels, J., 788
Barycenters, 90, 597-598, 960
Baryons, 960
Basalts, 186, 370, 469, 770,

960; lunar, 369, 371, 378,
391; Venus, 926-928, 933

Basins, 960. See also Craters;
Impact craters; Maria

BATSE. See Burst and
Transient Source
Experiment

Beebe, Reta, 321
Bell, Jocelyn, 653, 662
Bellerophon. See 51 Pegasi
Benzenberg, J. F., 495
BeppoSax, 951
Berthollet, Claude Louis, 577
Bessel, Friedrich Wilhelm,

882
Beta decay, 76, 106, 538, 960
Beta Orionis (star), 822
Beta Regio (Venus), 930-931
Beta Taurid meteor showers,

499
Betelgeuse (star), 270, 672,

822
Bethe, Hans Albrecht, 25,

726, 851
Biermann, Ludwig, 788
Big bang, 24-31, 79-80, 544,

546, 808, 821, 867, 875;
element formation, 767;
relativity theory, 251

Big bang theory, 875, 960
Big crunch, 30, 800, 960
Bighorn Medicine Wheel, 4
Binary stars, 193, 220, 303,

544, 546, 548, 960; Sun’s
companion, 556;
supernovae, 818;
ultraviolet research, 865

Biosatellites, 960
Biot, Jean-Baptiste, 495
Biotelemetry, 960
Birefringence, 561
Black dwarf stars, 272, 551,

671, 724, 807, 849, 942-
946, 960

Black holes, 544, 547, 798-
799, 960; as burster
sources, 241; galactic
centers, 28; Milky Way,
501-502, 504, 546; mini,
251; neutron stars and,
546, 850; relativity and,
243; stellar-mass, 250;
super-massive, 251;
supernova remnants, 272,
544-545, 807; term coinage,
819; theory of, 250; as X-
ray emitters, 546

Black smokers, 357
Blackbodies, 737, 752
Blackbody radiation, 197,

201, 552, 871
Blackett, Patrick M. S., 151
Blue giant stars, 542, 544
Blue-green algae. See

Cyanobacteria
Blue supergiant stars;

supernovae, 820. See also
Supergiant stars

Blueberries, 455
Blueshifting, 561, 960. See

also Doppler shifts
Bode, Johann, 6, 40, 572
Bode’s law, 40
Body waves, 164
Bogard, Donald D., 790
Bohr, Niels, 726
Bolometer, 293, 752, 784-785
Bolometric magnitude, 960
Boltzmann, Ludwig, 201
Bondi, Hermann, 29, 875
BOOMERANG. See Balloon

Observations of Millimetric
Extragalactic Radiation
and Geomagnetics

Borrelly’s comet, 51, 60
Boss, Alan, 668
Bow shock effect, 159, 590,

960
Boynton, William, 457
Brachina, 471
Bradley, James, 616
Brahe, Tycho, 595, 616, 817
Braille (asteroid), 60
Brandes, H. W., 495

Branes, 83
Brans, Carl, 732, 760
Breccias, 281, 961; impact,

971; lunar, 371, 391
Bremsstrahlung radiation,

18, 23, 198, 947
Brown, Mike, 87, 210
Brown dwarf stars, 31-34, 59,

62, 220, 230, 291, 544, 961
Brownlee, Donald, 61
Brunini, Adrian, 907
Bruno, Giordano, 227
Buffon, Comte de, 580
Bullard, Sir Edward Crisp,

151
Burbidge, Geoffrey, 77, 553,

809
Burbidge, Margaret, 77, 553,

809
Burke, Bernard, 316, 335
Burst and Transient Source

Experiment, 239, 951
Bursters, 238-244, 543-549
Butler, Paul, 222-223, 225

C-type asteroids, 9
Cabot, Sebastian, 150
Calcium, 768
Calderas, 961; Io, 305; lunar,

362; Mars, 448; Venus, 939
Calendars, 68
Callisto (moon), 35-40, 213,

218, 309, 314, 345-351,
621, 701; craters, 214;
density, 218, 579; surface,
347; water, 349

Caloris Basin (Mercury), 461-
462, 602, 630, 961

Calypso (moon), 603
Cameron, Alistair, 553
Canals (Mars), 401
Candles, 876, 945
Canopus (star), 822, 961
Canyon Diablo, 497
Carbon-based life, 266
Carbon dioxide, 961;

atmospheric, 109, 261;
global warming, 262;
Venus, 915

Carbon 14, 745
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Carbon monoxide on
Neptune, 518

Carbon-nitrogen-oxygen cycle,
726, 849

Carbonaceous chondrites,
167, 355-356, 358, 472-478,
578

Carbonates, 109
Carrington, Richard C., 17,

729, 792, 811
Cassegrain telescopes, 961
Cassen, Patrick, 587
Cassini, Gian Domenico, 55,

275, 325, 428, 603, 605,
607, 624, 698, 708

Cassini division, 603-605,
607, 608, 694, 698, 961

Cassini mission, 235, 315,
321, 681; auroras, 21;
Enceladus, 205, 314, 629;
Great Red Spot, 327;
Iapetus, 276; Jupiter, 341;
Masursky asteroid, 14;
Saturn, 678, 684; solar
radio bursts, 757; Titan,
216, 853

Catastrophic hypothesis,
580

Catastrophism, 961
Catenae (Ganymede), 246
Cavendish, Henry, 253
Cavendish balance, 253
Cehtzuc, 3
Celestial equator, 66, 961
Celestial mechanics, 961
Celestial poles, 961
Celestial sphere, 961
Celsius scale, 961
Centaurs, 85, 353
Centrifugal force, 961
Centrifuge, 961
Cepheid variable stars, 874
Cepheid variables, 544, 838,

961; as standard candles,
877

Ceres (dwarf planet), 6-7, 9,
11, 40-44, 85, 572; Dawn
mission, 15

CFCs. See
Chlorofluorocarbons

CGRO. See Compton Gamma
Ray Observatory

Chamberlin, Thomas
Chronder, 581

Chandler’s wobble, 180
Chandra X-Ray Observatory,

545, 547, 834, 837, 840,
951; auroras, 21

Chandrasekhar,
Subrahmanyan, 547, 809,
944

Chandrasekhar limit, 818,
944, 962

Channeled Scabland
(Washington State), 443

Chao Meng-Fu (Mercury), 464
Chapman, Sydney, 788
Charge, 962
Charge-coupled devices, 559,

949
Charged particles, 589, 743
Charon (dwarf planet), 85,

352, 597, 615, 621-622,
624, 634, 641-649; interior,
585; mass, 598

Chassignites, 470
Chauncy, Henry, 1
Chemical elements, 767-773,

966; creation of, 24-25, 75,
808, 818, 821; rare, 772.
See also Nucleosynthesis

Chemical evolution, 962
Cherenkov counters, 75
Cherenkov radiation, 199,

538, 962
Cherenkov telescopes, 199
Cherts, 355, 962
Chichén Itzá, 3
Chicxulub Crater, 284, 512,

515
Chiron (asteroid), 8, 58, 85,

353
Chladni, Ernst, 495
Chlorofluorocarbons, 261, 263
Chondrites, 9, 143, 295, 468,

477-480, 583, 769, 776,
962; carbonaceous, 355-
356, 472-478, 961;
composition, 771; enstatite,
967; ordinary, 979

Chondrules, 468, 473, 477,
578, 962; porphyritic, 981;
radiating pyroxene, 982

Christy, James W., 352, 624,
642, 644, 647

Chromosphere, 69, 713-717,
736-737, 757, 764, 780,
792, 962; solar flares, 727-
732; ultraviolet
observations, 780

Churyumov-Gerasimenko
(comet), 51

Circle of illumination, 962
Circumstellar disk detection

method, 228
CKBOs. See Kuiper Belt

objects
Clairaut, Alexis-Claude, 46
Clark, Alvan Graham, 942
Clay minerals, 358
Clementine mission, 364, 372,

376, 382, 387, 619
Climate, 962
Climate change, 260-265, 420,

745; Earth, 98; models,
263; solar impact, 750, 752,
784-787, 814

Clocks, 181
Closed universe, 78, 875, 962
Cloud feedback, 263
Clouds; Jupiter, 568; Mars,

567; Neptune, 517, 569;
Saturn, 568, 676, 679, 683;
Titan, 852; Triton, 858;
Uranus, 568, 888-889;
Venus, 566, 631, 915, 922,
929, 938

Clusters and superclusters,
26, 29, 78, 81, 292, 301,
504, 874, 879-886, 968,
988. See also Galaxies

CMB. See Core-mantle
boundary

CMBR. See Cosmic
background radiation

CMEs. See Coronal mass
ejections

CNO cycle. See Carbon-
nitrogen-oxygen cycle

Coal, 118
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Coalsack (nebula), 503
COBE. See Cosmic

Background Explorer
Cochran, William, 224
Cocke, W. John, 653
Cocoon nebula, 575
Coesite, 962
Colbert, Jean-Bapiste, 607
Collimation methods, 947
Collins, Michael, 391
Collins, Robin Ashley, 653
Colombo, Giuseppe, 466
Colonization of the Moon, 382
Color-magnitude diagram,

269
Colorimetry, 13
Colors, 752
Columbus, Christopher, 150
Comas (cometary), 58, 555,

962
Comet period, 962
Comet Rendezvous and

Asteroid Flyby, 51, 60
Comet showers, 62
Comets, 56-65, 572, 790, 962;

Borrelly, 51, 60; Chiron,
58; coma, 58; composition,
771; Donati’s of 1858, 48;
Encke, 499; formation, 774,
776; Great Comet of 1843,
48; Great Daylight of 1910,
49; Great September of
1882, 48; Grigg-Skjellerup,
51; Halley’s, 44-52, 56-58,
62, 233, 497; historical
sightings, 46; interiors, 45;
IRAS-Araki-Alcock, 292;
Kohoutek, 57; Kuiper Belt,
58-59, 973; long-period,
555; lunar impacts, 366;
motion of, 44; nuclei, 44,
46, 58; orbits, 46; origins,
58-59, 352-354, 555-558,
579; rotation, 45;
Shoemaker-Levy 9, 52-56;
short-period, 555; surface
features, 46; tails, 58;
ultraviolet images, 865;
water, 46, 167; Wild 2, 233.
See also specific names

Comparative planetology,
570, 630-637; terrestrial,
637-641

Compasses, 149
COMPTEL. See Imaging

Compton Telescope
Compton, Arthur, 239
Compton Gamma Ray

Observatory, 239, 242, 834,
836, 840, 951

Compton scattering, 239, 739,
949

Condensation (planet
formation), 576, 962

Condensation temperature,
962

Conjunction, 962
Conservation law, 962
Conservation of angular

momentum, 962
Constellation, 962
Constellation program, 372-

373, 382, 393, 435, 623
Constellations, 180
Continental crust, 132, 136,

142, 186, 770
Continental drift, 150, 153,

587, 625, 628, 752
Convection, 963; Earth, 122,

145, 583; solar, 715, 733,
740, 743-744, 749, 756,
764, 813; stellar, 398

Convective equilibrium, 963
Convergent plate boundaries,

130
Coorbital resonance, 602
Coorbital satellites, 963
Coordinate systems, 65-69,

180
Copernicus (satellite), 863
Copernicus, Nicolaus, 92, 177,

227, 572, 599, 616
Cordelia (moon), 899
Core-collapse supernovae,

818, 849
Core-diffracted phases, 963
Core-mantle boundary, 121,

123, 125-129, 187-188
Core-mantle transition zone,

125

Core-reflected phases, 963
Core samples, 963; lunar,

386-387
Core-transmitted phases, 963
Cores, 963; stellar, 987
Cores of planets; Earth, 115,

121-125, 145, 151, 159,
374, 582; Jovian, 311-312,
635; Mercury, 460;
meteoritic, 471; Moon, 374-
378, 391; Neptune, 525,
529; Saturn, 675, 683-686,
691; Uranus, 890-891, 894;
Venus, 932

Cores of stars, 544, 550-552;
red giants, 671; red
supergiants, 671; Sun, 739-
742, 746, 764

Coriolis, Gaspard-Gustave de,
616

Coriolis effect, 146, 151, 178,
181, 337, 613, 616, 963

Corner reflector arrays, 396
Corona (Sun’s), 589, 714, 717-

723, 737, 765, 779-780,
963; holes, 69-73; mass
ejections, 69-73

Coronae (Venus), 931, 939
Coronagraph, 718, 963
Coronal holes, 69-73, 719-720,

789, 792
Coronal loops, 70
Coronal mass ejections, 69-73,

297, 721, 745, 758; dangers
from, 298

Coronographs, 715
COROT mission, 841
Corrective Optics Space

Telescope Axial
Replacement, 289

Cosmic Background Explorer,
26, 82, 881

Cosmic background radiation,
24, 26, 28, 30, 81-82, 297,
881-882, 963

Cosmic dust, 963
Cosmic microwave

background radiation, 963.
See also Cosmic
background radiation
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Cosmic Origins Spectrograph,
951

Cosmic rays, 73-78, 161, 232,
303, 660, 728, 745, 947,
963; cancer risks, 298;
lunar impact, 391; solar
wind and, 297

Cosmic scale factor, 871
Cosmic strings, 964. See also

String theory
Cosmic X-Ray Explorer, 546-

547
Cosmogony, 964
Cosmological constant, 24, 29,

800, 880
Cosmology, 78-84, 867-874,

964
COSTAR. See Corrective

Optics Space Telescope
Axial Replacement

Coulomb barrier, 553, 670
Coulomb repulsion, 550-551,

964
Couplings, 601-605
Covariant, 964
Cowan, Clyde L., 538
CP 1919 (pulsar), 653
Crab nebula, 953, 964;

supernova, 817
Crab nebula pulsar, 257, 653-

656, 662, 819
CRAF. See Comet Rendezvous

and Asteroid Flyby
Crater morphology, 964
Craters, 964; Callisto, 347;

Chicxulub, 512; cometary,
55; Earth, 497; Europa,
346; Ganymede, 246, 346;
impact, 279-286, 421, 971;
Jovian satellites, 214;
lunar, 360-368, 378; Mars,
421-427, 631; Mercury,
461; meteor, 484; pedestal,
422, 979; Phobos and
Deimos, 440; rampart, 422,
983; secondary, 984;
Triton, 859; Venus, 921-
925; volcanic, 421, 423,
446

Cratons, 132

Creation, 29; Earth, 103-108
Creation science, 106
Cretaceous-Tertiary event, 11,

283, 511-512
Critical density value, 83
Critical points, 331;

hydrogen, 683
Critical universe, 875
Crossover time, 869, 872
Crust (defined), 964
Crust (Earth’s), 115, 129-139,

186, 375, 582
Crustal differentiation, 964
Cryogenic volcanism. See Ice

volcanism
Cryovolcanism, 235
Crystallization, 964
Crystals, 964
Cubewanos, 86, 353
Cumulates, 964
Curie temperature, 151, 964
Curvature radiation, 198
Curved space, 796, 964
Cyanobacteria, 110, 117, 355
Cyclotron radiation, 198, 964
Cydonia (Martian plain), 403

D″ layer, 125
D-type asteroids, 9
Dactyl (asteroid), 11
Dana, James D., 119
Dark clouds, 964
Dark energy, 81, 83, 800, 870,

876-877, 964
Dark matter, 82, 251, 502,

504, 800, 881, 964
Dark spots; Jupiter, 55;

Neptune, 313, 316, 518,
520-524, 569; Uranus, 888

Dating; Earth’s age, 105;
radiometric, 105

Davis, Marc, 514
Davis, Raymond, Jr., 539-541
Dawn mission, 41, 43, 88
Dawson, George, 3
Day; defined, 964; Earth, 179,

965; lunar, 975; sidereal,
178; solar, 178

De revolutionibus
(Copernicus), 599

December solstice. See
Solstices

Declination, 66, 149, 157, 964
Deep Impact mission, 51, 61-

62, 353, 557
Deep Near Infrared Survey,

666
Deep Sea Drilling Project, 138
Deep-sea trenches, 626
Deep space, 964
Deep Space 1, 51, 60
Deep space probes, 964
Deforestation, 102
Degenerate electron gas, 964
Degenerate matter, 656, 662,

818, 943-945. See also
Electrons

Degradation, 965
Deimos, 8, 437-441, 620, 706
Deliberate design, 83
Denning, W. F., 497
Density, 965; bulk, 586;

critical, 799; gas giants,
772; measurements, 771;
planetary, 524; Pluto-
Charon, 643; Saturn, 683;
Triton, 857

Density separation, 375
Deoxyribonucleic acid, 231,

356; origins, 357
De Pater, Imke, 533-534
Descartes, René, 254, 580,

724, 776
De Sitter, Willem, 216, 875,

880
Despina (moon), 536-537
Diabase, 470
Diablo Canyon, 497
Diamond code (Gamow), 25
Diamonds, 163
Diapirism, 859
Dicke, Robert H., 26, 82, 732,

760
Differential rotation, 744,

753, 813
Differentiation, 965;

asteroids, 10; Callisto, 37;
crustal, 964; Earth, 115,
117, 139-145, 174, 770;
Mercury, 461; meteoritic,
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486-488; Miranda, 507;
Moon, 369; terrestrial
planets, 526; Triton, 858;
Venus, 932

Digital imaging, 559, 561
Dinosaurs, 11, 16, 283
Diogenites, 469, 471, 487
Dione (moon), 204, 603, 703,

705, 707-708
Dipole fields, 145, 154, 159,

743, 965
Dirac, Paul Adrien Maurice,

943
Dirty snowball model, 44, 57,

555, 790, 965
Discontinuities, 186-187, 189,

965
Discontinuity boundaries,

135-139
Disk instability mechanism,

668
Disney, Michael J., 653
Dissociation, 965
Diurnal (defined), 965
Divergent plate boundaries,

130
DNA. See Deoxyribonucleic

acid
Donati’s comet, 48
Doppler effect, 561, 759, 965
Doppler radar, 604
Doppler shifts, 222, 257, 300,

303, 661, 732, 874; auroras,
19; exoplanet detection,
224-225, 228. See also
Blueshifting; Doppler
effect; Redshifting

Draconic month, 193, 965
Drake, Frank, 236, 335, 710
Dumouchel, Father, 48
Dunham, Edward, 896
Durrington Walls circle, 2
Dust (interstellar), 301. See

also Cosmic dust;
Interplanetary dust

Dust devils (Mars), 417, 567
Dwarf planets, 43, 85-89;

Ceres, 6-7, 9, 11, 15, 40-44,
85, 211; definition, 211;
Eris, 208-213; Pluto, 211

Dynamics Explorer satellites,
19, 22

Dynamo effect, 332, 965;
Earth, 121, 145, 151;
Neptune, 529; Saturn, 684,
686; Sun, 744, 813; Venus,
916, 932. See also
Geodynamo theories

Dysnomia, 208-213

E = mc2, 27, 199, 249, 398,
739, 847, 869

E-type asteroids, 9
Eagle nebula, 651
Earth, 844; age, 103-108;

atmosphere, 108-114, 117,
564-565, 679; chemical
composition, 115-120; core,
115, 121-125, 145, 151, 159,
187, 374, 582, 979; crust,
115, 129-135, 186, 582;
density, 374;
differentiation, 139-145;
formation of, 140; heat
flow, 163, 583; interior,
147; internal pressure, 583;
internal temperatures, 583;
landforms, 171; magnetic
field, 121, 124-126, 145-
158, 189; magnetopause,
159; magnetosphere, 156,
158-162, 590; mantle, 115,
121-122, 124, 126, 129,
140, 162-166, 186-188, 582,
586, 975; oblateness, 183;
oceans, 58, 166-172; orbit
around Sun, 96, 178;
origins, 173-177; plate
tectonics, 625; rotation, 95,
177-183, 612; shape, 178,
183-185; structure, 186-
190; surface, 639;
temperatures, 95; as
terrestrial planet, 638, 843-
847; thermal history, 115;
tidal effects, 585; valleys,
441; wobble, 128

Earth day, 965
Earth-emitted radiation, 965
Earth inductors, 152

Earth-Moon system, 90-94,
179, 183, 368, 769; spin-
orbit resonance, 602

Earth observation satellites,
102

Earth-orbital probe, 965
Earth-Sun relations, 94-99,

183, 399, 721
Earth system science, 99-103
Earth tide, 965
Earthquakes, 100, 102, 127-

128, 134, 163, 165
Eccentricity, 93, 595, 965
Eclipse radiometry, 247
Eclipses, 190-197, 965;

annular, 958; Jovian
satellites, 195; lunar, 191,
979, 989; solar, 191-192,
196, 714, 716, 979, 989

Eclipsing binary detection
method, 229

Ecliptic, 966, 981
Ecliptic coordinate system, 67
Ecliptic latitude, 67
Ecliptic longitude, 67
Ecliptic plane, 40, 96, 177,

180, 191, 203, 295, 352,
555, 576, 966

Eclogite, 163
Ecology, 966
Eddington, Sir Arthur

Stanley, 273, 553, 726, 809,
942, 944

Eddy, John, 4, 753, 785
Edgeworth, Kenneth, 352
Edison, Thomas Alva, 663
Edlen, Bengt, 718
EEGs. See Evaporative

gaseous globules
Effective temperature, 260,

966
Effelsberg radio telescope,

828
EGRET. See Energetic

Gamma Ray Experiment
Telescope

Einstein, Albert, 24, 29, 196,
248, 257, 732, 760, 797-
798, 804, 847, 851, 865,
880-881, 944
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Einstein crosses, 966
Einstein Observatory, 23
Einstein rings, 966
Einstein X-Ray Observatory,

546-547
Ejecta, 361, 966
Ejecta blanket, 370
Electric universe theory, 519
Electrojets, 20
Electrolysis, 966
Electromagnetic radiation,

73, 544, 547, 558, 561, 832,
964, 966, 982; early
universe, 80, 869;
nonthermal emissions, 197-
200, 660; solar, 260;
thermal emissions, 201-
204, 660. See also Cosmic
rays; Gamma rays;
Infrared radiation;
Microwaves; Radio waves;
Spectroscopy; Ultraviolet
radiation; Visible light;
X rays

Electromagnetic spectrum,
544, 751, 966

Electron beam analysis, 170
Electron capture, 106
Electron volt, 966
Electrons, 966; big bang, 27;

cosmic rays, 73;
degenerate, 818, 943-945;
electrojects, 20; magnetic
fields, 17, 591;
nucleosynthesis, 28; solar
wind, 156; spectroscopy,
197

Electrophoresis, 966
Elementary particles, 966
Elements (chemical). See

Chemical elements
Elliot, James, 896
Ellipses, 595, 966
Elliptical orbits, 595, 967
Elsasser, Walter, 151
Elysium region (Mars), 447
Emission lines, 560
Emission nebulae, 300
Emission spectra, 197, 199,

201, 967

Emissions; nonthermal, 197-
200, 660; solar, 736-739,
778-784, 792-795; solar
radio, 756-759; thermal,
201-204, 660. See also
Electromagnetic radiation;
Radiation; Spectroscopy

Enantiomers, 355, 967
Enceladus (moon), 204-208,

603, 608, 701-710, 898; life
possibilities, 235; tectonics,
629; tidal stresses, 586

Encke (comet), 499
Endogenic metamorphism,

282
Energetic Gamma Ray

Experiment Telescope, 239,
952

Energy, 967; fossil fuels, 850;
nuclear, 850; solar, 850

Enstatite, 470, 768
Envelope solitons, 758
Eolian erosion, 967
Ephemerides, 46, 967
Epicenter, 967
Epimetheus (moon), 603, 701-

710
Equatorial coordinate system,

66
Equatorial orbit, 967
Equilibrium; convective, 963;

hydrostatic, 971; radiative,
983

Equivalence principle, 248,
255, 797, 981

Erg, 967
Eris (dwarf planet), 87, 208-

213, 353, 573, 647
Eros (asteroid), 10, 12-14, 41;

NEAR mission, 14
Escape velocity, 564, 967
ESO. See European Southern

Observatory
Eta Carinae (nebula), 822
Ethane, 854
Euclid, 796
Eucrites, 469, 471, 487
Europa (moon), 213-220, 236,

244, 306, 308-309, 314,
316, 345-351, 621, 633;

atmosphere, 217; craters,
214; density, 218, 579; ice
flows, 216; magnetic field,
148; possible life, 219, 235;
revolution, 350; surface,
215, 346; tectonics, 628;
terrains, 215; tidal
stresses, 586; water, 218,
235, 348, 350

European Southern
Observatory, 580, 826

EUVE. See Extreme
Ultraviolet Explorer

Evaporative gaseous globules,
651

Evection, 94
Event (defined), 967
Event horizon, 798, 967
Ewen, Harold, 303, 664
Exobiology, 231-237, 967. See

also Astrobiology
Exoplanets, 227-231
EXOSAT, 951
Exospheres, 564, 967; Earth,

565
Expanding universe, 24, 78,

81, 251, 562, 799, 871, 874-
879, 881

Explorer 1, 19, 22, 156, 158,
161, 912

Explorer 4, 912
Explorer 10, 789
Extinctions. See Mass

extinctions
Extrasolar planets, 220-227,

292, 333, 578, 651, 777;
detection, 227-231; life
possibilities, 233;
observation methods, 579-
580

Extraterrestrial intelligence.
See Search for
extraterrestrial
intelligence

Extraterrestrial life, 231-237,
357, 399

Extreme Ultraviolet Explorer,
833, 840, 864

Extremophiles, 406
Extrusive igneous rocks, 130
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Faculae (solar), 715, 749, 785,
967

Failed stars. See Brown dwarf
stars

False-color imagery, 967
Far Ultraviolet Spectroscopic

Explorer, 836, 864
Faraday cup, 967
Feldspar, 116, 768, 770
Fermentation, 110
Fermi, Enrico, 943
Fernández, Julio, 87, 352
Ferraro, V. C. A., 788
Ferrous iron oxide, 769
51 Pegasi, 222, 229
55 Cancri, 222
Fireballs, 495, 497, 499, 511,

967
Fischer, Debra, 222
Fission (atomic), 967
Fission tracks, 967
Flammarion, Camille, 535
Flares. See Solar flares
Flash spectrum, 715
Flat space, 968
Flat universe, 875
Fleischer, Robert, 75
Fletcher, Leigh, 678
Flight paths, 968
Flow drapes, 448
Fluid mechanics, 968
Fluorescence, 968
Flux-gate magnetometers,

152
Flux ropes, 590
Flybys, 968
Flying sandbank model, 44
Focal ratio (f-number), 968
Foci, 968
Folland, D. F., 664
Forbidden lines, 71
Forces of nature, 26, 868, 877,

968
40 Eridani B, 942, 944
Fossil fuels, 263
Fossils, 355; anaerobic

organisms, 110
Foucault, Jean-Bernard-Léon,

181
Foukal, Peter, 753

Fowler, Ralph Howard, 943
Fowler, William A., 77, 553,

809
Frail, Dale, 221, 228
Frame of reference, 968
Franklin, Kenneth, 316, 335
Fraunhofer, Joseph von, 561
Fraunhofer lines, 968. See

also Absorption lines
Free return trajectory, 968
Frequency, 968
Friedman, Herbert, 546-547,

730, 794
Friedmann, Alexander, 24,

78, 871, 874, 880
Fumaroles, 168
Fundamental forces, 26, 868,

877, 968
FUSE. See Far Ultraviolet

Spectroscopic Explorer
Fusion reactions, 398, 539,

549-554, 806, 968;
protostars, 670; red dwarfs,
666; solar, 763-767; stellar,
847-852. See also
Nucleosynthesis

Fusion reactors, 850

Gabbro, 770, 968
Gabrielle. See Dysnomia
Gain, 968
Galactic clusters. See

Clusters and superclusters
Galactic coordinate system,

67
Galactic latitude, 67
Galactic longitude, 67
Galactic nuclei, 546
Galactic tides, 60, 62
Galatea (moon), 536-537
Galaxies, 28, 60, 874, 879-

886, 968; active, 957; ages
of, 30; clusters and
superclusters, 26, 29, 78,
81, 292, 301, 504;
formation, 81; interstellar
matter in, 301; Milky Way,
58, 501-506, 546, 548, 977;
origins, 504; Seyfert, 985;
types, 504

Galilean moons, 345; Europa,
213-220

Galilei, Galileo. See Galileo
Galilei

Galileo Galilei, 177, 213, 244,
305, 314, 335, 345, 561,
572, 599-600, 605, 616,
620-621, 623-624, 674, 698,
814

Galileo mission; asteroids, 11-
12, 14; Europa, 214, 216,
219; Ganymede, 246; Io,
305, 307, 346; Jupiter, 217,
235, 315, 321, 327, 338-
339, 341, 591

Galle, Johann Gottfried, 85,
528, 531, 624, 647

Galle ring (Neptune), 531
Gamma-ray astronomy, 238-

244, 947-954, 968, 991
Gamma-ray bursters, 238-

244, 793
Gamma-Ray Large Area

Space Telescope, 837, 951
Gamma Ray Observatory, 239
Gamma rays, 544-545, 548,

739, 848, 862, 947, 968;
supernovae, 820

Gamow, George, 25, 29, 79,
553

Ganymede (moon), 218, 244-
248, 306, 309, 314, 345-
351, 701; craters, 214;
density, 218, 579; Jupiter’s
magnetosphere, 338;
magnetic field, 148, 218-
219; revolution, 350;
surface, 346, 348; water,
244, 349-350

Gaps, 968
Garrels, Robert M., 169
Gas Chromatograph Mass

Spectrometry Experiment
(Viking mission), 234

Gas Exchange Experiment
(Viking mission), 234

Gas giants, 230, 311-317, 333,
579, 774. See also Jovian
planets; Jupiter; Neptune;
Saturn; Uranus
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Gaspra (asteroid), 11
Gatewood, George, 222
Gauss, Carl Friedrich, 6, 40,

152, 236, 798
Gegenschein, 968
Geiger counter, 969
Geller, Margaret, 884
Gellibrand, Henry, 150
Geminga (neutron star), 951
General relativity, 24, 29, 78,

82, 196, 248-252, 257, 562,
797, 803, 880, 944, 969, 984

General theory of relativity.
See General relativity;
Relativity

Geocentric orbits, 969
Geochemical sinks, 169, 969
Geochronology, 103-108, 969
Geodesy, 253, 969; solar, 732-

736
Geodynamo theories, 152,

154-155, 159, 187, 969.
See also Dynamo effect

Geomagnetic elements, 969
Geomagnetic storms, 72,

160
Geomagnetism, 969
Geometry, 969; Euclidean,

796; non-Euclidean, 796
Geomorphology, 969
Geostationary orbit, 969
Geosynchronous orbit, 969
Geothermal (defined), 969
Geotherms, 147
Geysers; Earth, 168;

Enceladus, 235; Europa,
215-216, 218

GHGs. See Greenhouse gases
Ghost craters, 347
Giacconi, Riccardo, 546-547
Giant Magellan Telescope,

827
Giant molecular clouds, 300
Giant stars, 270
Gilbert, William, 149-150,

152
Gill, Sir David, 48
Giotto mission, 44, 50, 57-58
Glass, 969
Glass (lunar), 386, 391

GLAST. See Gamma-Ray
Large Area Space
Telescope

Gliese (brown dwarf), 32
Global circuit, 593
Global Oscillations Network

Group, 735, 762
Global Surveyor. See Mars

Global Surveyor
Global warming, 260-265,

420, 786; Venus, 936
Globular clusters, 546, 969
Gneiss, 117
Gold, Thomas, 29, 384, 655,

875
Gorchakov, E. V., 910
Gossamer Ring (Jupiter), 341-

342
Granat observatory, 239, 241,

833
Grand maximum. See

Medieval grand maximum
Grand Tour, 528, 887, 893
Grand unified theories, 29,

82, 877. See also Theories
of everything; Unified field
theories

Granite, 770, 969; Venus,
927-928, 933

Granules (solar), 715, 749,
764. See also
Supergranules

Granulites, 133
Gravimeters, 255
Gravitation, 969
Gravitational acceleration,

185, 248, 253
Gravitational collapse, 576
Gravitational constant, 970
Gravitational contraction,

773, 970
Gravitational coupling, 350
Gravitational differentiation,

970
Gravitational fields, 253, 970;

Earth, 256
Gravitational force, 970
Gravitational lensing, 250,

562, 797, 970
Gravitational mass, 970

Gravitational microlensing
detection method, 228

Gravitational potential
energy, 970

Gravitational tidal force, 91
Gravitational time dilation,

257
Gravitational wave detectors,

255
Gravitational waves, 257
Gravity, 969; measurement,

252-259; Newton’s laws,
248, 253; orbital motion
and, 594; relativity theory,
248-252; Sun, 734

Gravity assist, 970
Gravity gradiometers, 255
Gravity pendulums, 254
Grazing incidence, 970
Grazing-incidence telescopes,

947
GRB 050904, 242
GRB 080319B, 242
Great Bombardment, 921
Great Comet of 1843, 48
Great Daylight Comet of

1910, 49
Great Dying, 11, 284, 515
Great Observatories Program,

834
Great Red Spot (Jupiter), 55,

313-314, 316, 320, 324-330,
339, 522, 568, 614, 633-634

Great Rift (nebula), 503
Great September Comet of

1882, 48
Great White Spot (Saturn),

677
Green Bank Telescope, 829
Greenhouse effect, 98, 260-

265, 970; Mars, 443;
primordial, 171; Titan,
855-856; Triton, 859;
Venus, 565, 638, 915, 919,
922, 936, 938, 941

Greenhouse gases, 260
Greenland, 119
Grigg-Skjellerup (comet), 51,

61
Grimaldi, P., 360

Subject Index The Solar System

1026



Grotrian, Walter, 717
Groundwater, 970
Guest star, 970
Gula Mons (Venus), 939
Gursky, Herbert, 547
Gusev crater (Mars), 410, 412
Gutenberg, Beno, 163, 587
Guth, Alan, 29
GUTs. See Grand unified

theories
Gyroscopes, 970

H I and II regions, 300, 302-
303, 503, 650, 970

Haar, Dirk ter, 724
Habitable zones, 222, 224,

230, 266-269, 667, 711, 928
Hadley cells (Venus), 566
Hadley Rille (Moon), 379
Hadrons, 970
Hale, George Ellery, 730, 743,

809, 811
Hale telescope, 825
Halemaumau Pit, Hawaii,

168
Halimede (moon), 536
Hall, Asaph, 437-438
Halley, Edmond, 46, 92, 150
Halley’s comet, 44-52, 56-58,

62, 497; organic molecules,
233

Halo Ring (Jupiter), 342
Hammel, Heidi, 313, 518,

521, 888
Harding, Karl Ludwig, 465
HARPS. See High Accuracy

Radial Velocity Planet
Searcher

Hartmann, Johannes Franz,
303

Hartzes, Artie, 224
Hawaiian islands, 164; 168
Hawking, Stephen W., 548
Hayabusa probe, 41
HD 114762 (star), 223
HD 189733b (star), 224
HEAOs. See High-Energy

Astronomical
Observatories

Heat budgets, 94-99, 260, 970

Heat death, 971
Heat flow; Earth, 583; small

bodies, 584
Heaviside, Oliver, 663
Hektor (asteroid), 8, 10
Helene (moon), 603, 707
Heliocentric model, 572, 599,

616
Heliocentric orbits, 971
Heliopause, 296, 790, 971
Helioseismology, 732, 741,

759-763
Heliosheath, 296
Heliosphere, 296, 592, 971
Heliospheric physics, 763-767
Helium, 297, 302, 550, 767,

808, 821; discovery, 716;
interstellar medium, 300;
solar, 739

Helium flash, 671, 724
Helium fusion, 398, 550, 807
Hellas Planitia (Mars), 422
Helmholtz, Hermann von,

726, 851
Henderson, Thomas, 882
Heracleides, 177
Herman, Robert C., 26
Hermes (asteroid), 8
Herschel, Sir John Frederick,

48, 535, 857
Herschel, Sir William, 48,

293, 501, 605, 624, 647,
674, 866, 884, 886, 893,
896, 901, 906

Hertz (defined), 971
Hertz, Heinrich Rudolph, 257,

662
Hertzsprung, Ejnar, 269, 272-

273, 666
Hertzsprung-Russell

diagram, 269-274, 398,
971

HETE. See High Energy
Transient Experiment

Heterogeneous accretion
model, 142

Hewish, Antony, 653, 662
Hexahedrites, 481, 971
Hey, J. S., 664
Hidalgo (asteroid), 8

Hide, Raymond, 325
High Accuracy Radial

Velocity Planet Searcher,
228

High-Earth orbits, 971
High-Energy Astronomical

Observatories, 75, 722
High-Energy Astrophysical

Observatories, 951-952
High-energy astrophysics, 794
High Energy Transient

Experiment, 951
High-gain antennae, 971
Highlands, 971
Highly elliptical orbits, 967
HiLat satellite, 22
Hilda (asteroid), 7
Hill, Henry, 733, 760
Hipparchus, 68, 92
Hipparcos satellite, 884
Hoagland, Richard, 403
Hoba West meteorite, 484
Hobby-Ebberly telescope, 834
Hodgson, R., 730
Hoffmeister, C., 791
Homogeneity problem, 881,

971
Homogeneous accretion

model, 140, 971
Hooke, Robert, 150, 325
Horizon, 971
Horizon coordinate system, 66
Horizontal branch, 971
Horsehead nebula, 503
Hot Jupiters, 222, 224, 228,

230, 233, 292, 557, 578, 580
Hot spots, 164
Hour circle, 971
Howardites, 469, 471
Hoyle, Sir Fred, 29-30, 44, 77,

79, 553, 809, 875
H-R diagram. See

Hertzsprung-Russell
diagram

HST. See Hubble Space
Telescope

Hubbard, William B., 336
Hubble, Edwin Powell, 24, 79,

82, 562, 726, 838, 871, 874,
877, 881, 884
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Hubble age, 875
Hubble constant, 83, 875,

971
Hubble Space Telescope, 289,

559, 580, 834, 838, 842;
auroras, 21; Ceres, 42;
Eagle nebula, 651; Orion
nebula, 651; Uranus, 888,
900

Hubble’s constant, 838
Hubble’s law, 28, 82, 874,

877, 971
Huchra, John, 884
Humason, Milton, 24, 874,

877
Humboldt, Alexander von,

496
Hurricanes, 178
Hut, Piet, 514
Hutton, James, 104, 441
Huygens, Christiaan, 254,

314, 428, 605, 624, 698
Huygens probe, 235, 315, 634,

853
Hvatum, S., 335
Hydrocarbons, 971; comets,

557; Jovian, 339; Messier
101, 841; Titan, 569, 634,
702, 855; Triton, 858;
Uranus, 886, 890

Hydrogen, 297, 302, 660, 664,
670, 767, 808, 821;
interstellar medium, 300;
liquid metallic, 311, 332,
683; solar, 715, 739. See
also Liquid metallic
hydrogen

Hydrogen bomb, 851
Hydrogen fusion, 398-400,

550, 806, 849
Hydrostatic equilibrium, 971
Hydrothermal vents, 168, 357
Hyperion (moon), 276, 701-

710

Iapetus, 275-279, 603, 705,
707

IAU. See International
Astronomical Union

Icarus (asteroid), 9-10

ICB. See Inner core boundary
ICE. See International

Cometary Explorer
Ice, 772, 774; comets, 555;

Europa, 216, 218; Jovian
satellites, 345; liquid, 331;
outer planets, 585; Saturn,
683; Titan, 853. See also
Water

Ice caps. See Polar caps
Ice giants, 890, 892-893
Ice volcanism, 218, 585, 621
Ida (asteroid), 11
IEU. See International

Ultraviolet Explorer
Igneous rocks, 129, 964, 971;

lunar, 391; Venus, 927-928,
933

IGY. See International
Geophysical Year

Imaging, 971
Imaging Compton Telescope,

239, 952
Imbrium Basin (Moon), 462
IMP satellites, 75
Impact basins, 971
Impact craters, 279-286, 627,

776, 921, 971; comets, 55;
Earth, 484, 497, 556; Io,
305; lunar, 360-362, 365,
369, 378, 381, 391; Mars,
421, 631; Mercury, 460;
Uranian satellites, 902;
Venus, 921-925, 931, 939.
See also Craters

Impactor hypothesis of lunar
origin, 622

Inclination, 149, 157
Inclusions, 972
Index of refraction, 972
Inertia, 594, 972
Inertial frames of reference,

801
Inertial mass, 972
Inferior conjunction, 962
Inflation theory, 29, 972
Inflationary universe, 868
Infrared Astronomical

Satellite, 288, 294, 579,
825, 838

Infrared astronomy, 286-295,
649, 651, 972

Infrared radiation, 286-295,
544, 972; solar, 736-739.
See also Infrared
astronomy

Infrared Space Observatory,
289, 836

Infrared spectrometer, 972
Infrared Telescope Facility,

293
Ingersoll, Andrew, 321, 339
Inhomogeneous accretion

model, 142
Inhomogeneous accretion

theory, 972
Inner core boundary, 121,

123, 189
INTEGRAL. See

International Gamma-Ray
Astrophysics Laboratory

Intelligent design, 83
Intelligent life, 405; Mars,

401
Intercloud gas, 299
Intercrater plain, 972
Interferometers, 829, 972
Interferometry, 972
Intergalactic medium, 972
International Astronomical

Union, 87, 211, 573
International Cometary

Explorer, 45
International Gamma-Ray

Astrophysics Laboratory,
951

International Geophysical
Year, 21, 730, 912, 972

International Space Station,
102, 393; micrometeoroid
damage, 298

International Sun-Earth
Explorer, 239

International Ultraviolet
Explorer, 45, 722, 838,
863

International Union of
Geodesy and Geophysics,
129

Interplanetary dust, 295, 297
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Interplanetary environment,
295-299

Interplanetary magnetic field,
159

Interplanetary matter, 297
Interplanetary space probes,

964
Interstellar clouds, 299-304
Interstellar dust, 963
Interstellar gas, 302
Interstellar medium, 299-304,

972
Intertia, moment of. See

Moment of inertia
Interval, 972
Intrusive igneous rocks,

130
Invariant, 972
Inverse beta decay, 538, 540,

973
Io (moon), 213, 218, 244, 304-

310, 314, 345-351, 591,
621, 633; atmosphere, 306;
chemistry, 306;
composition, 347; density,
218, 579; flux tube, 591;
heat flow, 586; interior,
587; Jupiter’s
magnetosphere, 338-339;
mountains, 306; plasma
torus, 307, 338, 591;
plumes, 346; radio
emissions, 347; revolution,
350; sulfur, 770; surface,
346; tectonics, 628;
compared to Venus, 941;
volcanism, 219, 293, 307,
347, 591

Ionization, 973
Ionosphere (Earth’s), 18, 20-

21, 565, 973; disruptions,
160

Ions, 17, 973
Iraki, G., 292
IRAS. See Infrared

Astronomical Satellite
IRAS-Araki-Alcock (comet),

292
Iridium, 16, 283-284, 511,

513-514, 973

Iron; Earth, 124, 582; Mars,
584; meteorites, 483; Moon,
584; nucleosynthesis of,
544, 551, 671, 807, 849;
solar wind, 789;
supernovae, 818

Iron catastrophe, 121
Iron meteorites, 115, 143,

468. See also Nickel-iron
meteorites

Iron-nickel metal, 768
Ishtar Terra (Venus), 631,

915, 930
Isidis (Mars), 422
Island arcs, 626
ISO. See Infrared Space

Observatory
Isogonic maps, 150
Isomagnetic charts, 973
Isoporic charts, 150
Isostasy, 132, 973
Isotopes, 106, 973
Isotropic (defined), 973
Itokawa (asteroid), 41
IUE. See International

Ultraviolet Explorer
Ivuna (meteorite), 473
Ixion (plutino), 88

Jackson, Albert, 515
James Webb Space Telescope,

290, 519, 726, 838
Jansky, Karl Guthe, 504, 659,

663
Janssen, Jules, 716
Janus (moon), 603, 701-710
Jeans, Sir James Hopwood,

581, 724
Jewitt, David, 85, 353
Jezero crater (Mars), 445,

458
JIMO. See Jupiter Icy Moons

Orbiter
Jodrell Bank telescope, 828-

829
Jovian planets, 311-317, 524,

579; atmospheres, 568;
composition, 770. See also
Jupiter; Neptune; Saturn;
Uranus

Jovian satellites, 216;
Jupiter’s magnetosphere,
338

Jovian system. See Jovian
planets; Jovian satellites;
Jupiter

June solstice. See Solstices
Juno (asteroid), 7, 9;

discovery, 40
Jupiter, 23, 33, 115, 213, 225,

311-317, 633; atmosphere,
112, 318-324, 564, 568, 632,
679; auroras, 21; comets
and, 52-56, 352; Galileo
mission, 235; Great Red
Spot, 324-330, 568, 970;
interior, 331-335, 586; Io,
304-310; Jovian system,
218; magnetic field, 148,
335-341; magnetosphere,
307-308, 591; oblateness,
312, 331; radiation, 335-
341; radiation belts, 306;
rings, 341-344, 605-611;
rotation, 614; satellites,
195, 213, 304, 345-351,
621, 633. See also Jovian
planets

Jupiter Icy Moons Orbiter,
216, 350

Jupiter-like planets, 220, 222-
225, 973

JWST. See James Webb
Space Telescope

K-band, 973
K phases, 127
Kaiser, Frederick, 437
Kamacite, 481, 488, 973
Kamiokande neutrino

detectors, 540, 542
Kant, Immanuel, 92, 580,

618, 724, 776, 851, 874
Kapteyn, Jacobus Cornelis,

303
Karoo Array Telescope, 829
KBOs. See Kuiper Belt objects
Keck telescopes, 826, 834
Kelvin, Lord (Sir William

Thomson), 726, 730, 851
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Kelvin-Helmholtz contraction,
332, 684

Kelvins, 973
Kennelly, Arthur Edwin,

663
Kepler, Johannes, 48, 90, 177,

595, 597, 603, 616, 817
Kepler mission, 230
Kepler Observatory, 233, 580,

837
Kepler’s laws of motion, 973
Kerr, Roy, 799
Kilogram, 973
Kilometer, 973
Kimberlite, 163, 586
Kinetic energy, 973
Kinetic pressure, 973
Kirkpatrick-Baez telescope,

948
Kirkwood, Daniel, 7, 497, 603,

698
Kirkwood gaps, 7, 602-604,

698
Kitt Peak telescope, 829
Kleinmann-Low nebula, 290
Kohoutek (comet), 57
Komatiites, 119
Korolev Crater (Mars), 431
Koronis asteroids, 11
Kowal, Charles, 85, 353
Krakatoa eruption, 513
KREEP-norite, 369-370, 973
Krypton, 789
K/T boundary, 513
K-T event. See Cretaceous-

Tertiary event
Kuiper, Gerard Peter, 58,

218, 352, 581, 624, 901
Kuiper Airborne Observatory,

288, 307, 899
Kuiper Belt, 43, 58-59, 86,

208, 212, 295, 352-354,
510, 557, 774, 973

Kuiper Belt objects, 86, 352,
647

Kunzig, Robert, 936

L waves, 164
Labeled Release Experiment

(Viking mission), 234

Lagrange, Joseph-Louis, 8,
602, 604

Lagrangian points, 290, 602,
721, 838, 973

Lakes; lava, 305; Mars, 411,
445, 458; Titan, 235, 634,
707, 853; Triton, 859

Lakshmi Planum, 939
Lalande, Joseph-Jerome de,

46
Lalande 21185 (red dwarf),

222
Langley, Samuel Pierpont,

293, 752, 784
Laomedeia (moon), 536
Laplace, Pierre-Simon, 216,

577, 580, 618, 724, 777
Lapse rate, 974
Large Aperture Mirror Array,

828
Large Binocular Telescope,

826
Large impact hypothesis, 368
Large Millimeter Telescope,

829
Larissa (moon), 536
Larson, Richard, 724
Laser guide stars, 826
Laser Interferometer

Gravitational-Wave
Observatory, 256

Laser Interferometer Space
Antenna, 256

Laser radiation, 199
Laser ranging, 974
Laser reflectors, 974
Lasers, 974
Lassell, William, 535, 624,

857, 901
Lassell ring (Neptune), 532
Latham, David, 223
Latitude, 974
Laughlin, Greg, 666
Launch sites, 974
Lava, 974
Lava domes (Venus), 939
Lava flows; Io, 628; lunar,

378; Mars, 443, 447-448;
Moon, 627; Venus, 628,
931, 938

Lavoisier, Antoine, 495
Leavitt, Henrietta Swan, 874,

883
Lehmann, Inge, 123, 587
Leighton, Robert, 732, 759
Lemaître, Georges, 24, 79,

871, 874, 877
Leonid meteor showers, 295,

496-497
Lepaute, Nicole, 46
Leptons, 27, 974
Le Verrier, Urbain 497, 527,

531
Le Verrier ring (Neptune),

532
Levy, David, 52
Lewis, John, 218, 319
Libration, 93, 601
Lick Observatory, 825; search

for extraterrestrial
intelligence, 712

Life; atmospheric conditions
for, 420; definition, 405;
Europa, 219; evolution of,
110; extraterrestrial, 222,
399, 636; habitable zones,
266-269; intelligent, 401;
interstellar chemicals, 303;
Mars, 405-409, 635;
meteorites, 474, 493;
organic molecules, 473-474,
476; origins, 110, 117, 355-
360; potential on Jovian
moons, 316; search for
extraterrestrial
intelligence, 710-713; Sun’s
influence, 94; supernovae
and, 821; water, 171, 266

Light curve, 974
Light-years, 832, 974
Lightfoot, Joseph Barber, 104
Lightning, 156; Venus, 919,

940
LIGO. See Laser

Interferometer
Gravitational-Wave
Observatory

Limb, 974
Limb darkening, 384, 737,

780
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Limestone, 118
Liquid ices, 331, 683
Liquid metallic hydrogen,

148, 311, 332, 336, 338,
526, 586, 615, 675, 679,
683, 686, 974

LISA. See Laser
Interferometer Space
Antenna

Lithification, 974
Lithium, 974
LITHOPROBE program,

138
Lithospheres, 974; Earth, 119,

130, 135, 163, 165, 186;
lunar, 375; Mercury, 461

Little Green Men theory, 653,
662, 712

Little Ice Age, 97, 750, 785
Little Maunder minimum,

745
Little Red Spot, 327, 329
Lobachevsky, Nikolai

Ivanovich, 796, 798
Local Group of galaxies, 504,

874, 879
Local inertial frame, 801
Local thermodynamic

equilibrium, 738
Lockwood, G. Wesley, 521
Lockyer, Norman, 716
Lodge, Sir Oliver Joseph, 663
Lodranites, 488
Loki (volcano), 305-307
Longitude, 974
Look angle, 974
LoPresto, James C., 753
Lorentz, Hendrik Antoon,

803
Lorentz force, 122
Lorentz transformations, 801,

803
Low, Frank, 294
Low-Earth orbit, 974
Lowell, Percival, 401, 428,

430
Lowell bands, 435, 975
Ludwig, George H., 912
Luminosity, 269, 975; stellar,

987

Luna missions, 363, 376, 382,
384, 386, 394, 491, 619,
789, 910, 912

Lunar. See Moon (Earth’s)
Lunar day, 975
Lunar eclipse, 191
Lunar laser ranging, 181
Lunar month, 975
Lunar Orbiters, 363, 376
Lunar Prospector, 364, 372,

376, 382, 387, 619
Lunar Reconnaissance

Orbiter, 372, 382, 387
Lunar samples, 378
Lunokhod rovers, 394
Luu, Jane, 85, 353
Luyten, Willem Jacob, 942
Lyell, Sir Charles, 104
Lyman Observatory, 864
Lyot, Bernard, 718
Lyrae stars, 984
Lyttleton, R. A., 44

M-branes, 83
M16 nebula, 651
M20 nebula, 725
M-type asteroids, 9
Mab (moon), 897
McCauley, J. F., 422
McCord, Thomas, 536
McDonald, Frank, 75
McDonald Observatory, 826,

834
Mach, 975
McIlwain, Carl E., 912
Mackenzie, Fred T., 169
MacKie, Euan, 1, 5
Mafic rocks, 975
Magellan mission, 628, 631,

918, 921, 929, 934, 940
Magellanic Clouds, 239, 820,

975; interstellar matter in,
301

Magma, 975
Magma chambers, 165
Magnetars, 293
Magnetic anomalies, 156, 975
Magnetic fields, 17-19, 124-

125, 161, 296, 561, 589-
594, 975; effect on cosmic

rays, 73-74; Earth, 19-20,
121, 126, 145-149, 154-159,
189; Europa, 148, 218;
Ganymede, 148, 218, 246,
346; interstellar, 301;
Jovian planets, 313;
Jupiter, 148, 311, 318, 332,
335-341, 633; magnetars,
293; Mars, 21, 147;
Mercury, 148, 460, 463;
Moon, 147, 376; Neptune,
525, 527-530; origins, 145-
149; Saturn, 148, 311, 591,
675, 684, 686-692; secular
variations, 126, 149-154;
solar, 70, 148, 715, 718,
727, 741, 743-749, 753,
762, 792, 811-815; solar
storms and, 297; solar
wind, 790; stellar, 548, 655,
746, 814; Uranus, 893-896;
Venus, 148, 916, 932

Magnetic knots, 745, 812
Magnetic poles, 146, 154, 975
Magnetic reversals, 150, 153,

156, 189, 284, 593; Earth,
16, 122, 124, 146; Sun, 744;
Uranus, 894; Venus, 916

Magnetic storms, 71, 975
Magnetic surveys, 152, 975
Magnetite, 116
Magnetograms, 749
Magnetographs, 746
Magnetohydrodynamics, 23,

332, 721
Magnetometers, 157, 160,

746, 975; flux-gate, 152;
lunar, 396; proton
precession, 152; rubidium
vapor, 152;
superconducting, 152

Magnetopauses, 590, 790,
975; Earth, 156, 159-160;
Jupiter, 337-338; Saturn,
689; Uranus, 894

Magnetosheaths, 590, 975;
Earth, 160, 910; Jupiter,
338

Magnetospheres, 589-594,
975; Earth, 19-20, 158-162,
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316, 590, 790, 910; Jovian,
309; Jupiter, 312, 335-339,
591; Mars, 591; Mercury,
590; Neptune, 592; Saturn,
312, 591, 687-688; Uranus,
592, 894; Venus, 590

Magnetotails, 589-590, 975;
Earth, 159, 590; Jupiter,
337-338, 591; Uranus, 894

Magnitude, 975
Main Ring (Jupiter), 341-342
Main sequence stars, 270,

398-401, 544, 670, 806,
818, 975; Sun, 577, 723

Makemake (dwarf planet),
212

Mantles; Earth, 115, 121-122,
124, 126, 129, 135-140,
162-166, 186-188, 582, 586;
Neptune, 525; Uranus, 890,
894

Maraldi, Giacomo, 428
Marconi, Guglielmo, 663
Marcy, Geoffrey, 222-223,

225, 230
Maria, 975
Mariana Trench, 131, 626
Mariner missions, 416, 429,

431, 449, 628; Mariner 1,
916; Mariner 2, 630, 789,
916; Mariner 4, 402, 418,
424, 444, 630, 640; Mariner
5, 917; Mariner 6, 418, 444;
Mariner 7, 418, 444;
Mariner 9, 402, 430, 437,
443-444, 448, 452, 640;
Mariner 10, 462, 590, 630,
634, 826, 917

Maritime satellites, 975
Marius, Simon, 213
Marius Hills (Moon), 379
Mars, 115, 234, 597, 607, 634,

845; atmosphere, 108, 111-
112, 415-421, 442, 564, 566;
auroras, 21; canals, 401;
carbon dioxide, 416, 442;
channels, 401, 428, 441,
454; craters, 421-427; face,
403; illusions and
conspiracies, 401-405;

interior, 584; life
possibilities, 232, 235, 405-
409; magnetic field, 147;
magnetosphere, 591;
meteroids, 490-494; polar
caps, 401, 416, 428-437,
453, 632, 635, 639-640;
precipitation, 430, 442;
rotation, 614; satellites,
437-441, 621; surface, 639;
surface experiments, 409-
415; tectonics, 585, 628;
temperatures, 442; as
terrestrial planet, 639, 843-
847; valleys, 441-446;
volcanoes, 446-452; water,
452-459; winds, 417, 443

Mars Climate Orbiter, 432
Mars Exploration Rovers,

235, 407, 410, 412-413,
455, 567, 591, 631

Mars Express, 21, 433
Mars Global Surveyor, 21,

432, 443
Mars Observer, 432
Mars Odyssey, 433
Mars Pathfinder, 235, 409,

412, 432, 452, 454, 630-631
Mars Phoenix, 413, 425, 434,

444, 456, 632, 640
Mars Polar Lander, 433, 456,

632
Mars Reconnaissance Orbiter,

434, 445, 457
Martians, 401
Mascons, 370, 381, 976
Masers, 976
Mass, 976
Mass-energy equivalence, 27,

199, 249, 398, 739, 847,
851, 869

Mass extinctions, 11, 16, 55,
283-284, 366, 500, 510,
514, 556, 598

Mass spectrometer, 976
Mass spectrometry, 169
Masursky (asteroid), 14
Matese, John, 515
Mathilde (asteroid), 14
Matrix, 976

Matter, 976; creation of, 27,
869

Mauna Kea observatory
(Hawaii), 287

Maunder, E. Walter, 785
Maunder minimum, 97, 593,

715, 745, 785, 976
Maxima. See Medieval grand

maximum
Maxwell, James Clerk, 257,

605, 624, 662
Maxwell Montes (Venus), 631,

916, 930
Maxwell’s equations, 803
Mayer, J. Robert, 725
Mayor, Michel, 222, 229
Mazomba Crater (Triton), 859
Medicine wheels, 3
Medieval grand maximum,

98, 716, 750, 785
MeerKat telescope, 829
Megaparsec, 976
MER. See Mars Exploration

Rovers
Mercury, 115, 213-214, 267,

460-468, 630, 634, 843;
atmosphere, 111, 637, 825;
craters, 421, 627;
formation, 769; lack of
atmosphere, 564; magnetic
field, 148; magnetosphere,
590; rotation, 96, 613; solar
orbit, 250, 257, 798; spin-
orbit coupling, 602, 613;
temperatures, 96; as
terrestrial planet, 843-847;
tidal locking, 604

Meridiani Planum (Mars),
411

Mesosiderites, 487, 489
Mesosphere (Earth’s), 565,

976
MESSENGER mission, 464
Messier, Charles, 976
Messier numbers, 976
Metabolic process, 976
Metallic hydrogen. See Liquid

metallic hydrogen
Metamorphic rocks, 129-130;

lunar, 391
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Metamorphism, 976;
endogenic, 282; shock, 282

Meteor Crater, 484
Meteor showers, 295, 495-

501, 976
Meteorites, 73, 115, 143, 578,

976; achondrites, 468-472;
ages, 119, 476; ataxites,
959; carbonaceous
chondrites, 961; chemistry,
578; chondrites, 9, 167,
472-480, 578, 583, 769,
962; composition, 771;
formation, 776;
hexahedrites, 971; history,
495-501; iron tools, 483;
lunar impacts, 360, 368;
lunar rocks, 90;
microfossils, 493;
Murchison, 233-234;
nickel-irons, 481-486;
organic compounds in, 355;
planet formation, 578;
sources, 9; stony irons, 9,
486-490; water, 167. See
also Achondrites;
Carbonaceous chondrites;
Chondrites; Meteor
showers; Nickel-iron
meteorites; SNC meteorites;
Stony iron meteorites

Meteoritics, 976
Meteoroids, 295, 976; damage

from, 298; from Mars,
490-494; from the Moon,
490-494

Meteors, 976. See also
Asteroids; Comets; Meteor
showers; Meteorites

Meter, 976
Methane; atmospheric, 261,

263; Charon, 644;
cometary, 46; greenhouse
gas, 264; Jupiter, 769;
Neptune, 518;
planetesimals, 774; Pluto,
643; Titan, 852-855; Triton,
859; Uranus, 886

Metis (moon), 341
Metric system, 976

Metric ton, 976
MGS. See Mars Global

Surveyor
Mica, 116
Michel, Helen V., 514
Microfossils, 358
Microgravity, 976
Micrometeorites, 977
Micrometeoroids, 295, 499,

977; damage from, 298
Micron, 977
Micropaleontology, 977
Microwaves, 544, 977
Mid-Atlantic Ridge, 131, 137,

626
Milankovi6, Milutin, 97
Milky Way, 58, 104, 303, 501-

506, 552, 773, 864, 870,
879, 884, 953, 977; infrared
sources, 288; interstellar
matter in, 301; interstellar
medium, 302; supernovae,
816, 822

Miller, Stanley, 231
Miller-Urey experiment, 231,

233
Miller-Urey synthesis, 232,

977
Millibar, 977
Milne, John, 587
Mimas (moon), 603, 608, 688,

698, 703-704, 708
Minerals (lunar), 391
Mini black holes, 251
Minima. See Maunder

minimum; Spörer
minimum

Mink, Douglas, 897
Minkowski, Hermann, 804
Miranda (moon), 21, 506-509,

579, 621, 624, 644, 902
Missing mass, 964
MOA-2007-BLG-192LB

(exoplanet), 224
Model, 977
Moho. See Mohorovi5i6

discontinuity
Mohole project, 138, 163
Mohorovi5i6, Andrija, 163,

587

Mohorovi5i6 discontinuity,
130, 133, 135-139, 162-163,
186, 189

Molecular clouds, 300, 650,
805, 977

Molecular dissociation, 453
Molecules, 977
Moment of inertia, 586
Month; synodic, 975
Month (terrestrial), 90
Monuments of Mars, The

(Hoagland), 403
Moon (Earth’s), 90-94, 213-

214, 236, 305, 587, 619,
769; absence of water, 234;
albedo, 460; atmosphere,
619; colonization, 382, 623;
composition, 380-381, 389;
core, 391; craters, 360-368,
421, 627; density, 374;
eclipse, 191, 194; erosion,
391; highlands, 366, 370,
380, 390, 460; history, 368-
374, 379; impact craters,
279-280; infrared
radiation, 286; interior,
374-378, 584; lack of water,
170; magnetic field, 147;
maria, 370, 378-384, 390;
meteroids, 490-494; mining
potential, 623; orbit around
Earth, 179; origin, 92, 368,
774; rocks, 389-394; soil
samples, 384-389, 396;
spin-orbit resonance, 602;
surface, 366, 370, 379;
surface experiments, 394-
397; synchronous rotation,
620; temperatures, 95-96;
tidal effects, 585; umbra,
192; valleys, 441

Moon rocks. See Lunar
samples; Moon (Earth’s)

Moonquakes, 375, 585
Moons, 977. See also Moon

(Earth’s); Planetary
satellites; Satellites;
specific names

Morehouse’s comet, 48
Morgan, William Wilson, 303
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Motion; Kepler’s laws, 595-
596, 616, 973; Newton’s
laws, 594, 597-598, 616

Motion, laws of; planetary,
597

Moulton, Forest, 227, 581
Mount Wilson Observatory,

874
Mountains, 132; Ganymede,

346; Io, 306, 345; Mars,
639; Mercury, 462; Moon,
370; Venus, 930

Mr. Tompkins series
(Gamow), 25

Muller, Richard, 284, 514
Multidimensional

membranes, 83
Murchison (meteorite), 233-

234, 474
Murcray, David A., 754

Naiad (moon), 536
Nakhlites, 470
Namouni, Fathi, 533
Nanometer, 977
Navigation at sea, 153
Near-Earth space, 977
Near Infrared Camera and

Multi-Object Spectrometer,
289, 533

Near-infrared rays, 977
NEAR mission, 12, 14, 41
Nebulae, 81, 398, 805, 818,

977, 982; Coalsack, 503;
Crab, 964; emission, 300,
967; Great Rift, 503;
Horsehead, 503; primordial
solar, 981; reflection, 301,
983; solar, 986; stellar, 670

Nebular condensation, 906
Nebular hypothesis, 41, 578,

580, 618, 649, 724, 773,
776, 977

Nemesis theory, 55, 284, 510-
516

Neptune, 115, 311-317, 634,
647, 892; atmosphere, 112,
516-520, 564, 568; auroras,
21; discovery, 85, 889;
Great Dark Spots, 520-524,

569; interior, 524-527, 529,
586; magnetic field, 527-
530; magnetosphere, 592;
perturbation, 572; rings,
530-535, 537, 605-611;
rotation, 615; satellites,
535-538, 621-622, 624. See
also Jovian planets

Neptune Orbiter Probe, 519,
523, 529

Nereid (moon), 535, 621-622,
647

Neso (moon), 536
Neumann bands, 977
Neutral gas analyzer, 977
Neutrino astronomy, 538-543
Neutrino detectors, 538
Neutrinos, 27, 297, 400, 550,

741, 816, 819-820, 848,
850, 977

Neutron degeneracy, 819
Neutron stars, 221, 240-241,

272, 539, 544-546, 662,
807, 809, 819, 850, 977;
pulsars as, 653-658

Neutrons, 27, 106, 977
New astronomy, 293, 978
New General Catalog of

Nebulae and Clusters of
Stars (Dreyer), 978

New Horizons mission, 43,
212, 246-247, 321, 327, 354,
634, 642, 646; Jupiter, 341

New Technology Telescope,
826

Newgrange, 2
Newton (unit), 978
Newton, H. A., 497
Newton, Sir Isaac, 24, 46, 92,

177, 194, 253, 254, 335,
561, 580, 594, 599-600,
603, 616, 776, 832

Newton’s laws, 253. See also
Gravity; Motion

Nickel-iron meteorites, 468,
481-486. See also Iron
meteorites

NICMOS. See Near Infrared
Camera and Multi-Object
Spectrometer

Niedner, Malcolm B., 791
Nimbus 7, 785
1989 N1 (Neptunian

satellite), 621
Nitrogen; atmospheric, 109;

Triton, 859
Nitrous oxide; atmospheric,

261; greenhouse gas, 264
Noble gases, 789
Nonthermal emissions, 197-

200, 660; solar, 728
Nördlinger Ries crater, 280
Nordman, Charles, 663
Normal-incidence telescopes,

948
North magnetic pole, 155
North point, 978
North Star, 180
Northwest Territories, 119
Novae, 543-549, 816-823, 945,

970, 978
Novikov, Igor, 548
Noyes, Robert, 224
Nuclear burning, 978
Nuclear energy, 850, 978
Nuclear reactions, 978. See

also Fusion reactions;
Nucleosynthesis

Nucleic acids, 231
Nucleogenesis, 869. See also

Nucleosynthesis
Nucleosynthesis, 25, 73, 75,

81, 297, 301-303, 544, 549-
554, 657, 672, 767, 773,
807, 818, 820-821, 869,
953, 978; solar, 739-742.
See also Chemical
elements; Fusion reaction

Nucleotides, 356
Nucleus (defined), 978
Nutation, 616; Earth, 180
Nyquist, L. E., 790

OAOs. See Orbiting
Astronomical
Observatories

Oberon (moon), 903
Oberth, Hermann, 833
Oblate spheroid, 978
Oblateness, 312; Sun, 732-733
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Occultations, 193, 645, 978
Ocean crust, 131, 136
Ocean currents, 178
Ocean Drilling Project, 138
Ocean of Storms (Moon), 370
Ocean ridge-rift system, 131
Ocean surface, 184
Oceanic crust, 142, 186
Oceans, 166-172; cometary

origins, 58; Earth, 95;
origin, 109, 166; saltiness,
169

Octahedrites, 481, 978
Odyssey. See Mars Odyssey
Odyssey mission, 640
OGLE. See Optical

Gravitational Lensing
Experiment

Olbers, Heinrich Wilhelm, 7,
40, 497

Oldham, Richard Dixon, 123,
587

Olivine, 116, 187, 769, 978
Olmstead, D., 497
Olympus Mons (Mars), 402,

423, 448, 628, 631
1RXS J160929.1-210524 b,

226
Oort, Jan Hendrik, 55, 58,

555
Oort Cloud, 55, 58-59, 61-62,

284, 352, 510, 555-558,
774, 978; Pluto and, 647

Open universe, 875, 978
Ophelia (moon), 899
Ophiolites, 136-137, 586
Ophiuchus (constellation),

227
Opik, Ernst, 553
Oppenheimer, J. Robert, 656
Oppenheimer-Volkoff limit,

819
Opportunity (Mars Rover),

235, 411, 413. See also
Mars Exploration Rovers

Opposition, 978
Optical astronomy, 558-563.

See also Telescopes
Optical Gravitational Lensing

Experiment, 230

Optical radiation, 978
Optical window, 978
Orange giant stars, 270, 672
Orbital couplings, 601-605
Orbital eccentricity, 979
Orbital inclination, 979
Orbital parameters, 979
Orbital periods, 979-980
Orbital phase detection

method, 229
Orbital resonance, 601-605
Orbiting Astronomical

Observatories, 833, 838,
863. See also Copernicus

Orbiting Solar Observatories,
719, 779, 833, 951-952

Orbits, 594-601, 777, 978;
circular, 962; elliptical,
967; equatorial, 967;
geocentric, 969;
geostationary, 969;
geosynchronous, 969;
heliocentric, 971; high-
Earth, 971; parabolic, 979;
parking, 979; polar, 981;
prograde, 981; retrograde,
984; transfer, 989

Orcus (plutino), 88
Ordinary chondrites, 979
Organic molecules, 231, 355,

979
Orgueil (meteorite), 473
Oriented Scintillation

Spectrometer Experiment,
239, 952

Orion Crew Exploration
Vehicle, 372

Orion nebula, 649
Orionid meteor showers, 497
Orogenic belts, 132
Orton, Glenn, 519
Oscillating universe, 979
Oscillations. See Solar

oscillations
Osiris (exoplanet), 224
OSOs. See Orbiting Solar

Observatories
OSSE. See Oriented

Scintillation Spectrometer
Experiment

Ostwald, Friedrich Wilhelm,
272

Outer space, 979
Outgassing, 453, 564, 979;

comets, 62; Earth, 108,
167-168

Overwhelmingly Large
Telescope, 828

Oxygen, 772; atmospheric,
110, 565

Ozone, 261, 566, 782, 979;
atmospheric, 110, 261, 263;
greenhouse gas, 264

Ozone layer, 565, 782

P modes, 734
P waves, 123, 125, 127, 132-

133, 143-144, 163-164, 188,
981; shadow zone, 189

Pacini, Franco, 656
Pair annihilation, 199
Pair production, 869
Paleomagnetism, 152, 979
Palitzsh, Johann Georg, 46
Pallas (asteroid), 7
Pallasites, 486, 488-489
Palomar Observatory, 825
Pancake domes (Venus), 939
Pandora (moon), 707
Panspermia, 979
Parabolic orbits, 979
Parallax, 979
Parallax method, 882
Parallax shifts, 513
Parisi, Mirta, 907
Parker, Eugene N., 718, 744,

787, 789, 813
Parking orbits, 979
Parsec, 979
Partial melting, 979
Partial solar eclipse, 193
Particle horizon, 971
Pathfinder. See Mars

Pathfinder
Pathological science, 404
Patroclus (asteroid), 8
Pauli, Wolfgang, 538
Pauli exclusion principle, 979
Pavonis Mons (Mars), 423,

448
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PcP waves, 127
PcS waves, 127
Peale, Stanton, 587
Pearson, Mike Parker, 2
Pedestal craters, 422
Peebles, P. J. E., 26
Pele (volcano), 306-307
Pellas (asteroid), 40
Pendulum clocks, 181
Penston, Michael, 724
Penumbra, 980; sunspots,

812
Penumbral lunar eclipse,

191
Penzias, Arno A., 26, 82, 871,

875
Perfect spheroid, 980
Periapsis, 980
Pericynthion, 980
Peridotite, 143, 163, 186, 770,

980
Perigee, 980
Perihelion, 96, 178, 595, 980
Perilune, 980
Period, 980
Period-luminosity scale, 883
Permafrost, 980; Mars, 112,

406, 417, 422, 425, 433,
445, 452, 454, 456, 639-
640; Moon, 623

Permeability, 980
Permian-Triassic mass

extinction, 11, 284, 515
Perovskite, 126, 163, 187, 189
Perry, R. E., 484
Perseid meteor showers, 295,

497
Perturbation, 980
Peru-Chile Trench, 131
Peters, C. A. F., 497
Peterson, Laurence E., 794
Petrography, 980
Phobos (moon), 8, 437-441,

620, 706; craters, 438
Phobos missions, 425, 439,

444
Phoebe (moon), 276, 701-710
Phoebe Regio (Venus), 931
Phoenix. See Mars Phoenix
Photochemistry, 980

Photographic emulsions, 74
Photographic imaging, 559-

561
Photometers, 980
Photometry, 13, 560, 980
Photomultipliers, 980
Photon energy, 249
Photons, 739, 792, 869, 980
Photopolarimeter, 980
Photosphere, 69, 713-717,

736, 741, 743, 748-751,
756, 980. See also Stellar
photospheres

Photosynthesis, 110, 357, 565,
980

Photovoltaic cells, 980
Piazzi, Giuseppe, 6, 40, 85,

572
Pierce, A. Keith, 753
Pilkington, John D. H., 653
Pioneer missions; asteroids,

14; Enceladus, 704;
Ganymede, 246; Io, 306-
307; Jovian passage, 216;
Jupiter, 315, 321, 328, 336,
341, 591; Saturn, 591, 621,
674, 681, 685-686, 690,
693, 699; soft particles,
912; solar wind, 789;
Venus, 639

Pioneer Venus missions, 45,
239, 631, 917, 933, 940

Pitch, 980
Pixels, 980
Plages (solar), 715, 733
Plains, 985
Planck distribution for

thermal radiators, 560
Planck length, 980
Planck time, 26, 29, 868
Planck’s constant, 201, 980
Planck’s law, 202
Planet (defined), 572-575, 981
Planet-C mission, 921
Planet X theory, 510-516
Planetary atmospheres, 564-

571
Planetary classifications and

definitions, 572-575, 647
Planetary interiors, 582-588

Planetary migration, 333
Planetary motion, 90;

Kepler’s laws, 597
Planetary nebulae, 272, 302,

671, 807, 818, 945
Planetary orbits, 594-601;

couplings and resonances,
601-605

Planetary ring systems, 605-
611

Planetary rotations, 612-617
Planetary satellites, 963, 984
Planetesimals, 15, 88, 108,

115, 141, 280-281, 576, 578,
774, 981; impacts of, 279-
286

Planetology; comparative,
630-641; terrestrial
planets, 637-641

Planets; classifications and
definitions, 85-89, 211;
composition, 576;
extrasolar, 227-231;
formation, 41, 43, 575-582,
667; interiors, 311-312;
natural satellites, 617-625;
ring systems, 579

Plasma, 981
Plasma sheaths, 981
Plasma sheets, 19, 23, 160,

590
Plasmaspheres; Earth, 591
Plastic deformation, 345;

Callisto, 347; Ganymede,
347

Plate boundaries, 130, 626
Plate tectonics, 100, 104, 119,

122, 142, 144, 163, 165,
180, 186, 189, 587, 625-
630, 981; Earth, 583;
Ganymede, 247; Io, 306;
magnetic reversals, 150;
Mars, 447; Venus, 584,
916, 935-936

Plato, 599
Pleiades, 301
Plumes (Triton), 858
Plutarch, 495
Plutinos, 86, 353, 619, 634,

648
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Pluto (dwarf planet), 352,
510, 513, 572, 597, 622,
634, 641-649, 774;
atmosphere, 564, 569;
classification controversy,
211; discovery, 647;
interior, 585; mass, 598;
planetary status, 85-89;
rotation, 615

Plutoids, 212, 648
Polar caps; Earth, 95;

Ganymede, 245; Mars, 401,
417, 428-437, 452, 455,
632, 635, 639-640, 786;
Pluto, 643; Triton, 859

Polar Lander. See Mars Polar
Lander

Polar orbits, 981
Polarimeters, 981
Polarimetry, 14, 229, 561
Polaris (star), 180
Polarization of light, 561
Poles; defined, 981; magnetic,

146, 154; rotational, 146
Polygonal ground, 981
Polymorphism, 981
Pontecorvo, Bruno, 539
Popper, D. M., 944
Porco, Carolyn, 532
Pores (solar), 745, 812
Portia (moon), 897
Posigrade (defined), 981
Positrons, 981
Potapenko, G. W., 664
Potassium, 768
Potential energy, 981
Pouillet, Claude, 752
Pound, 981
Pound, R. V., 798
Precession, 45, 66, 981;

Earth, 180, 613
Price, Buford, 75
Primary minerals, 981
Primary (P) waves. See

P waves
Primeval atom theory, 871,

875
Primordial soup; Earth, 357;

Titan, 856
Prinn, Ronald, 319

Procyon B (star), 942
Prograde orbits, 981
Project Constellation. See

Constellation program
Project Mohole, 138, 163
Prometheus (moon), 707
Prometheus project, 216
Prominences. See Solar

prominences
Proper motion, 66-68, 981
Proplyds, 143, 651, 667
Proportional counters, 949
Prospero (moon), 907
Proteins, 231, 981
Proteus (moon), 536
Protogalaxies, 81, 870
Proton precession

magnetometers, 152
Proton-proton chain reaction,

723, 726, 848
Protons, 20, 27-28, 73, 106,

156, 982
Protoplanetary disks, 651,

667
Protoplanets, 115, 578-579,

769-770, 982
Protostars, 271, 290, 302, 398,

576, 649-652, 670, 805,
982

Proto-Sun, 108, 115, 368, 372,
576, 847

Protosuns, 982
Proxima Centauri (star),

666
Psamathe (moon), 536
P-T boundary. See Permian-

Triassic mass extinction
Ptolemy, 68, 599, 616
Pulsar planets, 226
Pulsar timing, 228
Pulsars, 221, 228, 544-545,

578, 653-658, 662, 809,
819, 982; Crab nebula, 257,
819

Purcell, Edward Mills, 303,
664

Pyramids, 3
Pyrolitic Release Experiment

(Viking mission), 234
Pyroxene, 116, 769, 982

Quadrantid meteor shower,
366

Quantum mechanical
tunneling, 670

Quantum mechanics, 251,
553; and relativity, 877;
white dwarf stars, 943

Quantum theory, 258, 982
Quaoar (cubewano), 88, 212,

647
Quarks, 27, 29, 80, 960, 982
Quasar 3C273, 196
Quasars, 28, 30, 291, 546,

548, 662, 982
Queloz, Didier, 222, 229

R-process, 552
Rabinowitz, David, 210
Radar, 982
Radial velocity, 982;

detection, 228
Radiant, 982
Radiation; Jupiter, 335-341;

nonthermal, 197-200, 660;
solar, 751-756; stellar, 398

Radiation belts; Earth, 910-
914; Jupiter, 335; Uranus,
894; Venus, 917. See also
Van Allen radiation belts

Radiative diffusion, 739, 744,
756, 764

Radio astronomy, 236, 659-
665, 983; Milky Way, 504;
search for extraterrestrial
life, 711; solar, 756-759

Radio Astronomy Laboratory,
712

Radio bursts, 757
Radio emissions; Jupiter, 335,

338; Neptune, 529
Radio noise, 983
Radio spectrum, 983
Radio telescopes, 659, 661,

983
Radio waves, 544; auroras,

20; solar disturbances, 592.
See also Radio astronomy

Radioactive dating;
meteorites, 499

Radioactive decay, 983
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Radioactive decay clocks, 475,
479

Radioactivity, 983
Radiogenic heating, 983
Radiometric dating, 105
Rain; acid, 511; Mars, 420;

primordial, 171, 174; Titan,
235, 707, 852-853; Venus,
640, 916, 926

Rampart craters, 422
Ranger probes, 363, 366, 376
Raup, David, 284, 514
Ray, Ernest C., 912
Ray craters, 347
Real time, 983
Reber, Grote, 664
Rebka, G. A., 798
Reconnaissance Orbiter. See

Mars Reconnaissance
Orbiter

Reconnaissance satellite, 983
Red dwarf stars, 31, 220, 222,

513, 665-669, 983
Red giant stars, 271, 302,

399, 544, 669-673, 723,
807-808, 945, 983; Sun as,
98, 745

Red Planet, 983. See also
Mars

Red Spot. See Great Red Spot;
Little Red Spot

Red supergiant stars, 272,
669-673, 724, 807;
supernovae, 820. See also
Supergiant stars

Redshifting, 24, 28, 79, 561-
562, 871, 983; cosmological,
876-877, 881; gravitational,
257. See also Doppler shifts

Reentry, 983
Reese, Elmer, 318, 326
Reflecting telescopes, 558,

561, 983
Reflection, 983
Reflection nebulae, 301
Reflectivity, 439, 983
Refracting telescopes, 983
Refraction, 983
Refractor telescopes, 558
Refractory elements, 984

Refractory substances, 619
Regolith, 984; asteroids, 10;

lunar, 366, 370-371, 384-
389, 396

Reines, Frederick, 538
Relativity, 984; general, 969;

Christiaan Huygens, 254
Relativity theory, 24, 78, 600,

732, 760, 851, 871, 875,
880; degenerate electrons,
944; general, 82, 196, 248-
252, 257; and quantum
mechanics, 877; space-
time, 795-800, 801-805;
special, 248; testing, 944

Remanent magnetism, 145-
147, 152-153

Remote sensing, 984
Resolution, 984
Resonances, 7, 601-605
Respiration, 110
Retrograde orbits, 984
Retrograde rotation, 914
Reuven Ramaty High Energy

Solar Spectroscopic
Imager, 951

Revelstoke (meteorite), 473
Revolution (defined), 984
Reynolds, Ray, 587
Rhea (moon), 610, 703, 705,

708
Rhea Mons (Venus), 931
RHESSI. See Reuven Ramaty

High Energy Solar
Spectroscopic Imager

Ribonucleic acid, 231, 356;
origins, 357

Riccioli, Giambattista, 360
Richer, Jean, 181
Rickman, Hans, 45
Riemann, Georg Friedrich,

796, 798
Ries crater, 280
Rigel (star), 822
Right ascension, 984
Rigid body motion, 589
Rilles, 984
Ring resonance, 608, 984
Ring systems, 343, 579, 605-

611, 635; Jovian moons,

314; Jupiter, 341-344;
Neptune, 530-535, 537;
resonances, 601; Saturn,
603, 688, 693-700; Uranus,
896-901

Rivers; lava, 627; Mars, 417,
445, 458

RNA. See Ribonucleic acid
Robotics, 984
Roche, Édouard, 605, 699
Roche limit, 341, 437, 605,

984
Rock cycle, 129
Rodgers, John, 437
Roentgen satellite, 54
Roll, 980
Roll, P. G., 26
Roman, Nancy, 833
Rømer, Ole, 195
Rosalind (moon), 897
ROSAT. See Roentgen

satellite
Rosetta mission, 51, 61, 63
Rotation, 612-617, 984; Earth,

177-183, 612; Europa, 216;
Jovian planets, 312;
Jupiter, 183, 318, 332, 614;
Mars, 614; Mercury, 183,
613; Neptune, 615; Pluto,
615; Saturn, 183, 615;
solar, 734, 741, 744-745,
753, 761; Uranus, 615;
Venus, 183, 613, 914

Rovers. See Lunokhod rovers;
Mars Exploration Rovers;
Sojourner

RR Lyrae stars, 544
Rubbia, Carlo, 29
Russell, Henry Norris, 269,

273, 553, 726
Rutherford, Ernest, 726
Ryle, Martin, 661

S-process, 551
S-type asteroids, 9
S-wave shadow zone, 144
S waves, 123, 126-127, 143,

163-164, 188, 984-985
Sagan, Carl, 236, 339, 404,

926
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Sagittarius A, 504
Sagittarius B2, 301
Sakigake probe, 50
Salpeter, Edwin, 553
Sampson, R. A., 216
San Andreas fault, 131
Sandage, Allan, 661
Sao (moon), 536
Sapping, 442-443, 455
SAR arcs, 20-21
Saros cycle, 194, 984
Satellites (defined), 984
Satellites (natural), 617-625;

formation, 774; icy, 585;
Jovian planets, 314; tidal
forces, 585. See also specific
names

Saturn, 33, 115, 235, 311-317,
621, 633; atmosphere, 112,
564, 568, 615, 674-682;
auroras, 21; interior, 586,
683-686; relationship with
Jupiter, 334; magnetic
field, 148, 686-692;
magnetosphere, 591;
moons, 701-710;
oblateness, 312, 674, 683;
radio emissions, 688-689;
rings, 603, 605-611, 633,
693-700; rotation, 615;
satellites, 621, 624, 634.
See also Jovian planets

Sausage ring, 537
Scalar-tensor theory, 732
Scarps, 984
Scattered disk objects, 86,

353; Eris, 208-213
Schiaparelli, Giovanni, 401,

428, 495, 497, 604
Schröter, Johann, 465
Schwabe, Samuel Heinrich,

743, 811
Schwarzschild, Karl, 249,

272, 798-799
Schwarzschild, Martin, 809
Schwarzschild radius, 798-

799, 984
Scintillation, 984
Scintillation counters, 75,

538, 949, 984

Scorpius X-1, 546-547
Scott, Paul Frederick, 653
ScP waves, 127
ScS waves, 127
SDOs. See Scattered disk

objects
Seafloor spreading, 132, 150
Search for extraterrestrial

intelligence, 710-713
Search for Extraterrestrial

Intelligence (SETI), 236,
399, 662

Seasons; Earth, 95-97, 177,
612, 616; Mars, 614;
Saturn, 615, 676; Triton,
859; Uranus, 615, 830

Seawater, 166-172
Secchi, Pietro Angel, 401
Secondary craters, 984
Secondary (S) waves. See S

waves
Secular variations, 126, 149-

155
Sedimentary rocks, 129-130,

984; Venus, 927, 932
Sedna (scattered disk object),

88, 210, 212, 556, 647
See, Thomas, 227
Seismic activity, 985
Seismic refraction studies,

136
Seismic tomography, 124,

128, 165, 189
Seismic waves, 119, 121, 123-

124, 127-128, 132-133, 147,
163-164, 187, 189, 985;
lunar, 375

Seismology, 123, 127; lunar,
395, 587; planetary
interiors, 587

Seismometers, 985
Selene mission, 364
Selenography, 985
Selenology, 985
Self-exciting dynamos, 985
Sepkoski, J. John, Jr., 284,

514
SETI. See Search for

Extraterrestrial
Intelligence

SETI Institute, 711-712
70 Virginis planet, 222-223
Seyfert galaxies, 985
Shane telescope, 825
Shapley, Harlow, 303, 501,

726, 883-884
Shatter cones, 282
Shear (S) waves. See S waves
Shenzhou missions, 388
Shepherd satellites, 314, 532,

534, 537, 579, 607, 609-
610, 633, 696, 707, 898-
899, 903-904, 985

Shepherding moons. See
Shepherd satellites

Shergottites, 470
Shield volcanoes (Venus),

938
Shock metamorphism, 282
Shock waves, 985
Shoemaker, Carolyn, 52
Shoemaker, Eugene, 52, 363
Shoemaker-Levy 9 (comet),

52-56
Shu, Frank, 724
SI units, 985
Siberian Traps, 12, 284, 515
Siberian Tunguska event, 64,

497
Side-slip plate boundaries,

130
Sidereal day, 178
Sidereal period, 612, 985
Sidereal month, 90
Siderites, 481
Siderophile elements, 984
Siderophyres, 488
Sif Mons (Venus), 939
Silicates, 186, 582, 587, 985
Singularities, 985
Sinuous rilles, 379, 441, 985
Sirius B (white dwarf), 942
SIRTF. See Spitzer Space

Telescope
Skylab missions, 719, 779,

781, 863, 953; solar data,
71, 745-746

SL 9. See Shoemaker-Levy 9.
Slipher, Earl C., 402
Slipher, Vesto Melvin, 874
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Small Astronomy Satellites,
951

Small bodies; composition,
771; interiors, 584. See also
Asteroids; Comets;
Cubewanos; Dwarf planets;
Planets; Plutinos;
Scattered disk objects;
Small solar-system bodies

Small Missions for Advanced
Research in Technology,
364, 623

Small solar-system bodies, 87.
See also Asteroids; Comets;
Cubewanos; Dwarf planets;
Planets; Plutinos;
Scattered disk objects

SMART-1. See Small
Missions for Advanced
Research in Technology

SMM. See Solar Maximum
Mission

Smog, 852; Titan, 856; Triton,
858

Smokers (hydrothermal
vents), 168, 985

Smooth plains, 985
SNC meteorites, 470, 492
Snell’s law, 133, 985
Sodium, 768
SOHO. See Solar and

Heliospheric Observatory
Soil, 358; lunar, 386-387
Sojourner (Mars Rover), 410
Solar and Heliospheric

Observatory, 71, 298, 716,
721, 725, 762

Solar array, 986
Solar cell, 986
Solar constant, 260, 751-756,

784, 986
Solar cycle, 297, 720, 743,

749, 753, 811-815, 986;
solar constant and, 753

Solar day, 178, 612
Solar Dynamics Observatory,

758
Solar eclipses, 192, 196,

250
Solar energy, 850

Solar flares, 17, 97, 156, 160-
161, 297, 721, 727-732,
745, 757, 780, 792-795,
912, 986; classification,
730; damage from, 298;
radio bursts, 757; surges,
728

Solar magnetic field, 159
Solar mass, 986
Solar maximum, 297
Solar Maximum Mission, 720,

729-730, 736, 746, 753-754,
781, 785, 793, 863, 951, 953

Solar nebula, 104, 115, 140,
218, 372, 575, 773; rings
and, 343

Solar neutrino problem, 542
Solar neutrino units, 540
Solar Orbiter, 758
Solar oscillations, 732-736,

759-763
Solar prominences, 97, 715,

727, 745, 780-782, 981
Solar radiation, 986
Solar Radiation I, 730
Solar storms. See Coronal

mass ejections
Solar system, 986;

composition, 582, 773;
element distribution, 767-
773; evolution, 610; origins,
104, 108, 115, 768, 773-778

Solar wind, 19, 71, 108, 156,
159, 167, 296, 589, 718, 721,
787-792, 986; auroras, 19;
dangers of, 298, 592;
formation, 776; effect on
Jupiter, 337; magnetic field,
745; planet formation, 577;
effect on Saturn, 688

Solstices, 96
Sonar, 986
Sounding sensor, 986
South magnetic pole, 155
South Tropical Zone (Jupiter),

326
Space age, 986
Space Infrared Telescope

Facility. See Spitzer Space
Telescope

Space Interferometry
Mission, 669

Space telescopes, 832-843,
986

Space-time, 248-252, 257,
986; curvature of, 249;
distortion by gravity, 795-
800; mathematics, 801-805

Space Vision for Exploration,
372, 382, 393

Space weather, 72, 298
Spacecraft, 986
Spacelab, 22
Spallation, 75
Special relativity, 248, 801,

803, 984, 989
Specific gravity, 312, 986
Specific heat, 986
Spectra, 986
Spectral class, 986
Spectral shifts. See

Blueshifting; Doppler
shifts; Redshifting

Spectrographs, 986
Spectrometers, 986
Spectrometry, 169; infrared,

972
Spectroscopes, 986
Spectroscopy, 14, 559-561,

645, 771, 862, 986; solar,
714

Spectrum-luminosity
diagram, 269

Speed of light, 801
Spherules, 987
Spicules, 715, 764, 780
Spin, 987
Spin axis, 987
Spin-flip transitions, 197-198,

502-503, 660
Spin-orbit coupling, 267
Spin-orbit resonance, 601
Spinel, 163, 187
Spinrad, Hyron, 824
Spiral arms, 987
Spiral galaxies, 501-503, 874,

884, 987
Spirit (Mars Rover), 235, 410,

412. See also Mars
Exploration Rovers
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Spitzer, Lyman, Jr., 289, 833,
866

Spitzer Space Telescope, 62,
224-225, 289, 580, 834,
837, 841

Spörer minimum, 745, 785
Spots. See Dark Spots; Great

Red Spot; Little Red Spot
Sputnik 1, 809, 912
Sputnik 3, 912
Sputtering, 987
Square Kilometer Array,

829
Stagnation point, 790, 987
Standard candles. See

Candles
Standard Solar Model, 761
Star trackers, 987
Stardust mission, 51, 60-61,

233
Starfish project, 912
Stark, Johannes, 944
Stark effect, 944
Stars, 987; evolution, 269-

274, 543-549, 657;
formation, 81; nuclear
synthesis, 549-554; red
dwarfs, 665-669

Starspots, 814
Steady state theory, 29-30,

79, 875, 987
Steady state universe, 875
Stebbins, Robin, 733
Stefan, Jomef, 201
Stefan-Boltzmann law, 201-

202, 269, 987
Steinback meteorite, 488
Stellar cores, 987
Stellar evolution, 805-811,

987
Stellar luminosity, 987
Stellar-mass black holes, 250
Stellar photospheres, 987
Stellar populations, 987
Stellar wind, 303, 670, 987
Stelliferous Age, 666
Stokes, George Gabriel, 513
Stonehenge, 1
Stony-iron meteorites, 9, 115,

143, 468, 486-490

Stony meteorites, 115, 468,
776

Stratosphere (Earth’s), 565,
987

Streamers, 720
String theory, 258, 882
Strobel, Darrel, 319
Strömgren, Bengt, 273
Strong nuclear force, 987
Struve, Friedrich Georg

Wilhelm von, 48, 882
Stukeley, William, 1
Sub-auroral red arcs, 20-21
Subduction, 131, 142, 165,

187
Subduction zones, 626
Sublimation, 987
Subsatellites, 987
Substellar objects. See Brown

dwarf stars
Sudbury Neutrino

Observatory, 400
Suisei probe, 45, 50
Sulfur; Venus, 927
Sulfur dioxide; Earth, 109;

Venus, 915, 940
Summer solstice. See

Solstices
Sun; active, 749;

chromosphere, 69, 713-717,
736, 757, 764; core, 739-
742, 764; corona, 69-73,
589, 714, 717-723, 737,
765, 779-780, 794; coronal
loops, 70; effect on Earth,
94-99, 721; evolution, 723-
727; formation, 104, 774;
geodesy, 732-736;
gravitational field, 296;
gravitational waves, 734;
infrared emissions, 286,
736-739; interior, 739-742;
magnetic fields, 70, 148,
727, 743-748;
nucleosynthesis in, 549-
554; photosphere, 69, 713,
736, 743, 748-751, 756;
prominences, 97, 715, 727,
745, 780-782; quiet, 749;
radiation, 751-756; radio

emissions, 756-759; red
giant fate, 670; rotation,
745, 761, 789; seismology,
759-763; solar eclipse, 192;
solar flares, 727-732;
spectrum, 202; structure,
763-767; temperature, 202,
737; thermonuclear
reactions, 847-852;
ultraviolet emissions, 778-
784, 986; ultraviolet
images, 864; variability,
784-787; X-ray emissions,
792-795

Sundials, 181
Sunspot cycle, 71, 715, 728,

730, 743, 749, 753, 784,
811-815

Sunspot pairs, 744
Sunspots, 17, 97, 156, 720,

727, 730, 733, 743-744,
753, 780-782, 784, 792,
811-815, 988

Super Earths, 224
Superclusters. See Clusters

and superclusters
Superconducting

magnetometers, 152
Supercritical fluid, 331
Superfluids, 988
Supergiant stars, 270, 544.

See also Red supergiant
stars

Supergiants, 988
Supergranules, 749, 765
Superimposition, 988
Superior conjunction, 962
Super-massive black holes,

251
Supernova 1987A, 541-542,

656, 820, 953
Supernova remnants, 988
Supernovae, 81, 242, 250,

272, 303, 539, 544-545,
548, 551, 656, 807, 816-
823, 849, 988; neutrinos,
541-542; origin of the solar
system, 373; planet
formation, 575; pulsars
and, 655-656; as standard
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candles, 877; Type II, 672;
ultraviolet research, 865;
white dwarfs, 945

Surt (Io), 307
Surveyor missions, 363, 376,

384, 394
Swedenborg, Emanuel, 724
Swift mission, 238, 240, 242,

837, 841, 951
Swift-Tuttle (comet), 497
Swing-bys, 988
Synchronous relationships,

213, 244, 275, 858;
Uranian satellites, 902

Synchronous rotation, 602,
620, 988

Synchrotron radiation, 198,
655-656, 757; Jupiter, 335

Synodic months, 90, 193, 975
Synodic periods, 988
Syrtis Major, 401
Système International

d’Unités. See SI units

T-Tauri stage, 723, 770, 988
T-Tauri stars, 650
Tachocline, 740
Taenite, 481, 488, 988
Tails (cometary), 988
Tarter, Jill, 31
Tau Bootis (star), 222
Taylor, Donald J., 653
TD-1 (satellite), 864
Tectonics, 625-630; Venus,

923, 939. See also Plate
tectonics

Teide (brown dwarf), 32
Tektites, 512, 988
Telemetry, 988
Teleoperations, 988
Telescopes, 832, 988;

Cassegrain, 961; ground-
based, 824-831;
Kirkpatrick-Baez, 948;
optical, 558; radio, 983;
reflecting, 983; refracting,
983; space-based, 832-843,
986; Wolter, 947

Telesto (moon), 603
Television waves, 544

Teller, Edward, 25
Tempel 1 (comet), 51, 61-62
Tempel 9P (comet), 353, 557
Tempel-Tuttle (comet), 497
Temperatures; Earth, 95, 260;

Jovian planets, 311; Moon,
95; outer planets, 95;
Venus, 95

Termination shock boundary,
296

Terminators, 988
Terracing (Mars), 448
Terrestrial planets, 218, 311,

524, 774, 843-847, 988. See
also Earth; Mars; Mercury;
Venus

Tesserae (Venus), 930
Tethys (moon), 603, 703, 708
Thalassa (moon), 536
Tharsis Dome (Mars), 447-

448, 988
Tharsis Ridge (Mars), 585, 628
Thea Mons (Venus), 931
Thebe (moon), 341
Theories of everything, 26, 29,

82, 251, 258, 877. See also
Grand unified theories;
Unified field theories

Thermal emissions, 197, 201-
204, 660

Thermal erosion, 988
Thermal mapping, 988
Thermokarst, 988; Mars, 455-

456
Thermonuclear reactions,

847-852, 988. See also
Fusion reactions;
Nucleosynthesis

Thermosphere (Earth’s), 989
Theta auroras, 19
Thirty Meter Telescope, 828
Tholins (Pluto), 210
Thom, Alexander, 5
Thomson, Sir William. See

Kelvin, Lord
Thorne, Kip, 548
Tidal flexing, 245, 858
Tidal forces, 91, 585, 616, 989;

Jovian, 306; Jupiter, 628
Tidal friction, 98

Tidal locking; Earth’s moon,
602; Jovian satellites, 350,
602; Martian satellites,
602; red dwarf systems,
668

Tides; lunar, 178; ocean, 183
Tiger stripes (Enceladus), 205
Time dilation, 257, 989
Time measurement, 181
Timocharis, 465
Tired light hypothesis, 82
Titan (moon), 314-316, 621,

634, 701-710, 852-857;
atmosphere, 569, 592;
density, 579; life
possibilities, 235; magnetic
field, 689

Titania (moon), 903
Titanium, 768
Titius, Johann, 6, 40, 572
TNOs. See Trans-Neptunian

objects
TOE. See Theories of

everything
Tomasko, Martin, 319
Tombaugh, Clyde, 85, 572,

641, 647
Tomography. See Seismic

tomography
Tonk (meteorite), 473
Topographic maps, 153
Topside observation, 989
Torino scale, 12
Toro (asteroid), 14
Torsion balance, 255
Total lunar eclipse, 191
Total solar eclipse, 192, 194,

250
Tousey, Richard, 719
TRACE. See Transition

Region and Coronal
Explorer

Transfer orbits, 989
Transform plate boundaries,

130
Transit detection method, 228
Transition region (Sun), 779,

781-782
Transition Region and

Coronal Explorer, 72
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Transits, 193, 989
Trans-Neptunian objects, 86
Transponders, 989
Tree rings, 745
Triangulation, 989
Trifid nebula, 300
Triple-alpha process, 550
Triton (moon), 316, 535-536,

615, 621-622, 634, 647,
857-861; life possibilities,
235; retrograde orbit, 858;
volcanism, 629

Troilite, 768, 989
Trojan asteroids, 8-10, 602-

603
Tropopause (Earth’s), 565
Tropospheres, 989; Earth, 565
Trujillo, Chad A., 210
Trumpler, Robert Julius, 303
Tunguska event, 64, 497
Tunneling, 989
Twin paradox, 803
Twining, A. C., 497
2-Micron All Sky Survey, 666
Tyrrhena Patera (Mars), 449

U-type asteroids, 9, 14
Udry, Stéphane, 224
Uhuru. See Cosmic X-Ray

Explorer
UKIRT. See United Kingdom

Infrared Telescope
Ultramafic rocks, 975
Ultraviolet astronomy, 718,

862-867, 989
Ultraviolet radiation, 544,

862, 989; solar, 778-784,
986

Ultraviolet spectrometers,
989

Ulysses mission, 758
Umbra, 989; lunar, 192;

sunspots, 812
Umbral lunar eclipse, 191
Umbriel (moon), 902
Unified field theories, 26, 251.

See also Grand unified
theories; Theories of
everything

Uniformitarianism, 104, 990

United Kingdom Infrared
Telescope, 288

Universal gravitation law,
253; equation, 253

Universe; accelerating
expansion, 876; age of, 30;
end state, 548; evolution,
867-874; expansion, 874-
879; oscillating, 30;
structure, 879-886

Upsilon Andromedae (star),
222

Uranus, 115, 311-317, 634;
atmosphere, 112, 564, 568,
634, 886-890; auroras, 21;
clouds, 292; formation, 578;
interior, 586, 890-893;
magnetic field, 893-896;
magnetosphere, 592; rings,
196, 605-611, 896-901;
rotation, 615; satellites,
621, 624, 901-905; seasons,
830; tilt, 906-909. See also
Jovian planets

Ureilites, 469
Urey, Harold, 232
Urey-Miller experiment. See

Miller-Urey experiment
Ussher, James, 104
Uxmal, 3

Vacuum, 990
Valles Marineris (Mars), 402,

585, 628
Van, James A., 161
Van Allen, James A., 156,

158, 338, 794, 912
Van Allen radiation belts,

156, 158, 161, 316, 338,
547, 591-592, 729, 790,
910-914, 990

Van de Kamp, Peter, 227
Van der Meer, Simon, 29
Van Maanen, Adriaan, 666,

942
Van Maanen’s star (white

dwarf), 942
Variable stars, 544, 666, 990;

Sun, 784-787
Varuna (cubewano), 88

Vastitas Borealis (Mars), 457
Vega missions, 44, 50, 631,

917, 927
Vega system, 290
Vela missions, 238, 951
Vela pulsar, 653, 662
Velikovsky, Immanuel, 402
Venera missions, 239, 630,

639, 921, 925, 927, 933;
Venus, 917

Venus, 112, 115, 630, 634,
844; albedo, 261, 566;
atmosphere, 108, 111, 415,
564-565, 631, 914-921;
craters, 921-925;
greenhouse effect, 232;
interior, 584; ionosphere,
590; magnetic field, 148;
magnetosphere, 590;
Mayan significance, 3;
rotation, 613; soil and rock
samples, 925-929, 933;
surface, 639, 929-938;
tectonics, 627;
temperatures, 95; as
terrestrial planet, 637, 843-
847; volcanoes, 938-941

Venus Express, 918, 921, 928,
935

Verhoogen, John, 169
Vernal equinox, 66-67, 990
Vernazza, Jorge, 753
Vernier rocket, 990
Very Large Array, 829, 840
Very Large Telescope, 826
Very long baseline

interferometry, 662, 990
Vesta (asteroid), 7, 14, 41, 88,

469; Dawn mission, 15;
discovery, 40

Via galacta, 303
Vico, Francisco di, 48
Viking missions, 409, 449;

Cydonian plain, 403;
landers, 450; life
experiments, 233-234, 424,
635; Martian seasons, 454;
Martian soil, 407, 416, 431,
444, 456; Martian
temperatures, 412, 429,
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442, 452; Phobos and
Deimos, 437, 439; surface
images, 640

Viking satellite (Sweden),
22

Virgo supercluster, 879
Virial theorem, 990
Viscosity, 990
Visible light, 544, 558, 659,

717, 751, 832; colors, 752
Visible rays, 990
Vision for Space Exploration,

387, 623
Visual binary stars, 990
VLBI. See Very long baseline

interferometry
Void, 990
Volatiles, 58, 108, 167, 619,

990
Volcanic vents, 357
Volcanism, 100, 102, 134, 165,

703, 990; atmosphere
formation, 415; Earth, 117;
Hawaiian islands, 164; ice,
585; Io, 219, 304-310, 345,
586, 591, 628; lunar, 362,
366, 378, 390-391, 396;
Mars, 423, 443, 446-452,
628, 631, 639; mountain
building, 132; outgassing,
168; terrestrial planets,
635; Titan, 854-855; Triton,
858; Venus, 627, 639, 915,
922-923, 931-932, 934, 938-
941; water, 347, 453

Voyager missions; auroras, 21,
23; Cassini division, 604;
Enceladus, 205; Europa,
214, 217; Ganymede, 246;
Great Red Spot, 328;
Iapetus, 277; interplanetary
environment, 296; Io, 305,
307, 309, 629; Jovian
planets, 311, 314, 316;
Jupiter, 321, 341, 345, 591;
Jupiter’s rings, 606, 633;
Jupiter’s satellites, 621;
Mercury, 466; Miranda,
579; Neptune, 313, 518, 528,
535, 569, 634; Neptune’s

rings, 609; Saturn, 674, 678-
679, 685, 690; Saturn’s
rings, 693, 697, 699;
Saturn’s satellites, 707-708;
Titan, 701; Uranus, 634,
887, 889, 900

Vulcan theory, 760, 798

Walker, Robert, 75
Wallace, Alfred Russel, 402
Water; Charon, 644;

cometary, 46; Earth, 95,
166-172; Enceladus, 205;
Europa, 216, 218-219, 346,
350; Ganymede, 244, 246,
346, 350; HD 189733b, 224;
ice, 587; Jovian satellites,
585; life, 266, 667; lunar,
364, 397, 619; Mars, 406,
409-410, 412-413, 442, 452-
459, 632, 639-640;
meteorites, 578; Nereid,
536; outer planets, 585;
Phobos and Deimos, 438-
439; protoplanetery disks,
293; solar-system
formation, 774; star
systems, 292; terrestrial
planets, 415; vapor, 109,
261; Venus, 934, 936

Water of hydration, 990
Waterson, John James, 725
Watson-Watt, Sir Robert A.,

663
Wavelength, 990
Weakly interacting massive

particles, 882
Weather; Earth, 565; Jovian

planets, 311, 316; solar
wind and, 593. See also
Space weather

Weathering; processes, 130;
Venus, 926

Webb Space Telescope. See
James Webb Space
Telescope

Weber, Joseph, 255
Wegener, Alfred, 587, 625
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