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To our parents and other teachers




Preface to the Second Edition

Since the publication of the first edition of this text, the field of cosmol-
ogy has undergone dramatic changes. Einstein’s cosmological constant,
once relegated to the status of a historical artifact, has reemerged in the
form of “dark energy” as a significant dynamical element in the cosmos.
The long-standing question of the geometry of the universe has appar-
ently been answered by data from the Wilkinson Microwave Anisotropy
Probe: the universe is flat. The matter content of the universe is around
30% of the critical value, with the balance supplied by the dark energy.
Only a fraction of the matter is composed of baryons. Although the
nature of this unknown dark matter remains elusive, new experimental
results have ruled out the neutrino, while at the same time establishing
that the neutrino does possess a small nonzero rest mass. Extensive new
galaxy redsift surveys are providing new data on large-scale clustering
that are essentially in agreement with the new consensus. Some cosmol-
ogists have even begun to speak of an era of precision cosmology. Even
if we have not yet truly reached a time when cosmological parameters
can be measured to two significant digits, it was not so long ago when
cosmologists were satisfied for measurements to agree within a factor of
two.

For many years the instructional style in cosmology was to present the
basic ideas behind the perpetually unanswered cosmological questions.
Now for the first time we are confronted by cosmological answers, and
that can be unsettling to those who are content to catalog and contrast
varieties of speculative cosmological models. In this edition we have
updated the text to reflect the new consensus and to present some of
the exciting new observational results of the last few years. Although
it is undoubtedly the case that the current concordance model will con-
tinue to be refined, we have chosen to take this model seriously as the
current best description of the structure of the universe. This has led
to some de-emphasis of alternative models. The original aim of this
text remains unchanged, however; namely, to present the foundations of
modern cosmology.

Every chapter in the text has been revised and updated, and the il-
lustrations have been improved throughout. The overall sequence is es-
sentially unchanged from the first edition, but some modifications have
been made to accommodate new material and increase the instructor’s
flexibility. Chapters 1 through 3 remain focused on the historical roots
of cosmology. Chapters 4 and 5 contain background physics and astron-
omy; most instructors can assign these as supplemental reading. Chap-
ters 6 through 9 present topics in relativity. Of these, Chapter 6 intro-
duces the cosmological principle and the fundamental idea of relativity,
while Chapters 7 and 8 focus on special and general relativity. These
chapters can be covered quickly if the emphasis is to be primarily on
observational cosmology. Chapter 9 presents black holes, a topic which,
although perhaps outside the main thrust of cosmology, is always among
the most popular in classes. The next section of the book develops the



essential elements of modern cosmology. Chapter 10 introduces the idea
of expanding space. Chapter 11 is the most mathematical, as it deals
directly with the Friedmann equation and the derivations of some of the
important parameters of the universe. Instructors preferring to mini-
mize the mathematical content may wish to tread lightly there. Some
of the basic ideas from Chapter 11 that are necessary to understand the
implications of cosmological observations are reiterated in Chapter 13.
We have rewritten Chapters 12 through 17 to focus on specific topics of
modern cosmology; each chapter more or less stands alone. The detailed
physics of the early universe is concentrated in Chapter 12. Chapter 13
discusses how the parameters of the universe can be measured and in-
cludes some of the latest results and their implications for cosmology.
The cosmic background radiation is now covered in its own chapter,
Chapter 14. The emphasis is on observational results, including those
from the recent WMAP mission. The nature of the dark matter and its
implications for cosmic structure are presented in Chapter 15. Inflation
is covered in Chapter 16. Chapter 17 concludes the book with a brief
discussion of quantum cosmology and speculations beyond the limits of
current theory.

Several new pedagogical features have been added. Each chapter now
has marginal notes that highlight key concepts. Chapter summaries are
now provided as well. The key terms are listed at the beginning of each
chapter, with definitions given at the end of the chapter. In addition,
all key terms are defined in a glossary at the back of the book.

We have attempted to correct all the errors and other inadequacies
of the first edition, both those discovered by us and those brought to
our attention by helpful colleagues. It is perhaps inevitable that new
ones will have been introduced in the process of revision, but we hope
that none will be beyond the ability of the instructors or the students to
handle. Another concern is that the rapid pace of cosmological discovery
will continue over the coming years, and that this edition will become
outdated even more quickly than the first. We can at least hope that
this will prove to be the case.

December, 2004 JOHN F. HAWLEY
Charlottesuille, Virginia KATHERINE A. HOLCOMB
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Preface to the First Edition

Recent discoveries in astronomy, especially those made with data col-
lected by satellites such as the Cosmic Background Ezplorer and the
Hubble Space Telescope, have brought cosmology to the forefront of sci-
ence. New observations hold out the tantalizing possibility that the
solutions to some especially elusive mysteries might be found in the
near future. Despite an increase in public interest in black holes and the
origins of the universe, however, the unavoidable lack of context with
which discoveries are reported prevents most people from understanding
the issues, or appreciating the true significance of the new data. Popu-
lar books on cosmology abound, but often they present the subject as a
series of “just so” stories, since some basic physics is a prerequisite for
comprehending how cosmology fits into modern science. The lay reader
may well have trouble distinguishing knowledge from speculation, and
science from mythology. Furthermore, the popular literature often em-
phasizes the more exotic aspects of the field, often at the expense of the
firmly grounded achievements of modern cosmology.

Cosmology holds an intrinsic interest for many college students, who
are granted, as part of their general education, the time and opportu-
nity to learn more about the scientific discoveries they see described in
newspapers and magazines. Most colleges and universities offer a com-
prehensive introductory astronomy course, with the primary objective of
offering science to as broad a population of students as possible. Topics
such as relativity, black holes, and the expanding universe are typically
of particular interest, but they are covered in a cursory fashion in most
introductory courses and texts. In our experience, there is always a siz-
able number of students who find astronomy sufficiently interesting that
they wish to continue their study of the subject at a comparable tech-
nical level, but with greater depth. With little but astronomy-major
or graduate-level courses available, however, such students often have
no such opportunities. These students, who are genuinely interested
in learning more about these topics, deserve the opportunity to further
their learning, and to do so in a serious way.

The course from which this book grew is intended for upper-division
liberal arts students at the University of Virginia. Most of the stu-
dents who take it have some basic science background, such as would be
provided by a general introductory astronomy course; however, well-
prepared students can and do take the course in lieu of general as-
tronomy. Students from wide-ranging areas of study have taken this
course. Their relative success is not necessarily correlated with their
major. Some exceptionally strong students have come from the ranks
of history and philosophy majors, while occasionally an engineering or
astronomy major has floundered. Extensive experience with math and
science are not prerequisites; interest and willingness to think are.

This text is intended to fill the gap between the many popular-level
books which present cosmology in a superficial manner, or which em-
phasize the esoteric at the expense of the basic, and the advanced texts



intended for readers with strong backgrounds in physics and mathemat-
ics. The book is self-contained, appropriate for a one-semester course,
and designed to be easily accessible to anyone with a grasp of elementary
algebra. Our goal is to present sufficient qualitative and quantitative in-
formation to lead the student to a firm understanding of the foundations
of modern theories of cosmology and relativity, while learning about as-
pects of basic physics in the bargain.

The level of mathematical detail is always of concern for instructors
of undergraduate astronomy. We have aimed for a middle ground; some
may regret the lack of calculus and accompanying derivations, while
others may recoil from the appearance of any equation. The real dif-
ficulty with a topic like cosmology is not the mathematics per se, but
the challenging concepts and the nonintuitive way of thinking required.
However, without some understanding of the mathematical basis for cos-
mology, the student may find it difficult to distinguish from mythology;
without data and quantitative analysis, science becomes just another
narrative. Thus, while we have tried to keep the level of mathematics
consistent with minimum college-level algebra, we have not shied from
including some equations within the text, rather than relegating them to
an appendix or omitting them altogether. The resulting level is compa-
rable to some of the more comprehensive introductory astronomy texts.
Of course, more or less mathematical detail may be included or required
by the instructor, depending upon the backgrounds and wishes of the
students.

The book contains more material than can usually be presented in
one semester. The instructor has a good deal of flexibility in designing a
particular course. Depending on the background of the students, various
sections can be given more or less emphasis.

The text is divided into five major sections. Since many students
are unaware of the historical background from which modern cosmology
grew, we begin with an overview of historical cosmology, from ancient
myths to present scientific theories. The history of cosmological thought
demonstrates that the universe is not only knowable to the human mind,
but that the modern physical universe, constructed in the light of our
new understanding of physics, is far grander than the constricted heavens
of the ancients. This section also lays out the important cosmological
questions, and introduces the ideas of natural motion, symmetry, and
the relation of physical law to the structure of the universe. For students
who have just completed a typical introductory astronomy course, the
historical and review sections could be covered quickly, with an emphasis
on Newton’s laws.

The second section exists primarily to make the book self-contained;
it quickly reviews points that are likely to have been covered in an in-
troductory astronomy or physics course. We do not assume or require
introductory astronomy as a prerequisite; a motivated reader can find
all the necessary background material here. While this section can be
discussed briefly, or skipped entirely, even those students who have pre-
viously studied astronomy might find it beneficial to review this section.

ix



The theories of special and general relativity are presented in the
third section, with emphasis on the fundamental physical consequences
of these theories. Many textbooks, particularly at the graduate level, de-
emphasize relativity, since it is true that little knowledge of the theory
is required for the study of cosmology. However, readers who form the
intended audience of this text often find relativity particularly fascinat-
ing, since it is so drastically different from anything they have previously
learned or thought. Relativity is the setting upon which much of mod-
ern cosmology takes place, but professional astronomers often take this
worldview so much for granted that they do not appreciate the point
of view of students who have never encountered this material. Class
surveys have consistently shown that relativity makes the greatest im-
pression upon most of the students. In any case, portions of this section
are indispensable. Chapter 6 presents the Cosmological Principle, a con-
cept that is obviously required for the remainder of the book. Chapter
7 introduces the essential concepts, including the space-time interval,
lightcones, and the metric. Chapter 8 on general relativity includes the
necessary introduction to the non-Euclidean isotropic and homogeneous
geometries. General relativity is highlighted by a chapter on black holes
(Chapter 9), which includes some of the latest astronomical ideas and
discoveries. While this chapter on black holes can be omitted, students
often find that topic to be the most interesting of all.

The theory of relativity provides the background for the next sec-
tion, which presents basic modern cosmology. Chapter 10 discusses the
discovery of the external galaxies and the expanding universe, and the
theoretical interpretation in terms of Einstein’s theory of relativity. This
leads into Chapter 11, which presents the simplest mathematical mod-
els of the universe itself, and the standard big bang models. Chapter
12 deals with the discovery and interpretation of the cosmic background
radiation, as well as other modern cosmological observations. The his-
tory of the universe, starting from this “bang,” follows as the next topic.
Throughout, emphasis is given to the standard models, with some dis-
cussion of the most likely variants.

The final section covers topics that are the subject of current ongo-
ing research. In this section, we emphasize that the standard model
of cosmology has been spectacularly successful as a scientific theory; it
simply does not yet provide all the answers. We consider the possi-
bility of dark matter in the universe and the formation of large-scale
structure in Chapter 14. Inflationary models have been advanced as a
possible solution to some of the quandaries of the big bang; they are
presented in Chapter 15 with an explanation of how they might answer
these questions. We end in Chapter 16 with the most speculative topics;
the unification of the two great triumphs of twentieth-century physics,
gravitation and quantum mechanics, as well as the enigma of the ar-
row of time, time travel, and the fate of the universe itself. Any of the
chapters in this final section can be used independent of the others, as
time permits. Instructors may wish to supplement this material with



additional information from current research, or from their own notes,
as appropriate.

As an aid to the students, each chapter includes a list of key terms
and review questions. A glossary of terms is provided at the back of
the book. A brief description of scientific notation, units, and physical
constants is given in the appendices.

We wish to acknowledge those colleagues and friends who provided
comments, criticism and advice during the preparation of this book.
We thank Steven Balbus, Jane Charlton, Marc Davis, Dorothy James,
Hannu Kurki-Suonio, Karen Kwitter, Michael Norman, Christopher Pal-
ma, James Stone, John Tonry, David Weinberg, Mark Whittle, and the
many students from Astronomy 348.

June, 1997 JOHN F. HAWLEY
Charlottesuille, Virginia KATHERINE A. HOLCOMB
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In the Beginning

The gods did not reveal from the
beginning, all things to us, but in the
course of time, through seeking, men
find that which is better. But as for
certain truth, no man has known it.
Nor will he know it.

Xenophanes (6th century BCE)

On a clear, moonless night, in a field far from city lights, the sky might be
the cabinet of some celestial jeweler, displaying glittering points of light
on a field of black velvet. A faint, irregular band meanders overhead,
like a river of cosmic milk. On any particular night, noticeably bright
stars might stand out among the others; on subsequent evenings, an
observant watcher would find that these wandering lights had shifted
their positions against the backdrop of stars. As the seasons change, so
does the sky; some groups of stars visible in summer disappear during
the winter, whereas others remain above the horizon all year. In the
morning, the Sun appears on the eastern horizon. It climbs upward into
the sky, then descends and vanishes beneath the western horizon. As the
Sun disappears the stars rise, retracing the Sun’s motion from east to
west across the sky. The Moon rises as well but keeps its own schedule,
independent of the stars. At times, the Moon appears as a silvery disk
marked with gray splotches; the imaginative may see a man, a rabbit, or
even a beetle in the face of the Moon. At other times, the Moon shows
us a crescent, or half its disk. Sometimes, it never appears at all.
Today most people pay little attention to the sky, its contents, and
its motions. Electric lights and mechanical clocks have dethroned the
celestial sphere from its historical importance in human affairs. The
inhabitants of brightly lit cities may never have even seen the stars
clearly, much less tracked the motions of the planets. Some would also
argue that modern science has removed the wonder from the sky; the
planets, the Sun, the Moon, and the stars have all been explained. Yet
how many among us understand what those explanations are or what
they mean? Romantics often declare that understanding a phenomenon
somehow takes away its beauty, reducing it to a desiccated specimen, like
a stuffed bird in a museum case. But it is not the scientific understanding
that is at fault. The failure to observe, and to ask the questions posed
by the observations, shows that the beauty was never truly appreciated
in the first place. To those who take the time to look, the sky is still a

Key Terms:

cosmology
universe
astronomy
anthropomorphism
myth
anthropocentrism
experiment
scientific method
data

hypothesis
relevant

falsifiable
consistent

crucial experiment
simplicity
Occam’s Razor
predictive power
explanatory power
theory

law

model

The night sky is a source of wonder




4 In the Beginning

Cosmological questions

Cosmology defined

marvel, and its wonder is only magnified by the extraordinary discoveries
of modern astronomy. The Milky Way retains its grandeur, but now we
know that this faint, diffuse light is the combined glow of some of the
billions of stars that fill the unimaginably huge galaxy in which we live,
an awesome contemplation on a dark evening.

The heavens still pose many questions to those who take the time to
ponder them. What are the stars? Where are they? What makes the
Sun rise, and what carries it across the sky on its daily journey? Where
does it go at night, and where are the stars during the day? Why
do the wanderers roam among unshifting stars? Such questions follow
immediately from even casual observations. From there, the study of
the cosmos leads us toward even more profound mysteries. How did it
all begin? Was there a beginning at all, or have the heavens and the
Earth existed forever? Will the universe come to an end? What is the
nature of the universe, and what role might humans play in it?

Many of these questions puzzled the ancients and have long since been
resolved; but for the modern observer of the night sky, astronomy has
deepened some of the old mysteries and added new ones. Many literate
persons have heard such expressions as “the big bang” and “expanding
space.” They may be aware that astronomers debate whether the uni-
verse is open or closed, infinite or finite, eternal or doomed. But what
does it mean to say that the universe expands? Is the universe really
expanding? Into what? When astronomers say that most of the mass
of the universe is missing, what do they mean? Where could it have
gone? What are space and time, and why does time move in only one
direction? What is the big bang? How did elements originate? What
happens to stars when they die? What is a black hole? What will be
the ultimate fate of our Sun, and even of the universe itself? Were there
other universes before this one, and will others follow ours?

Questions such as these fall within the domain of cosmology, the
study of the universe. Today we regard cosmology as a modern science,
but cosmological yearnings have been part of humanity throughout his-
tory. All cultures have a cosmology, for such questions have been asked
by all peoples for as long as we have wondered at the stars. The ex-
planations have varied from culture to culture, and from era to era, but
all seek to impose an order upon the cosmos, to make it accessible to
the human mind. This is just as true of scientific as of prescientific
cosmologies, but there is an important difference between the two. Pre-
scientific cosmologies generally interpret the universe in strictly human
terms. Early cosmologies certainly began with basic observations; the
connection between the changes in the skies and the days and seasons is
difficult to miss. Mythological models of the universe sought to render
such observations intelligible and to fit them into a theory of existence.
However, in the mythological worldview, observations were, for the most
part, of secondary importance. Scientific cosmologies, in contrast, are
based upon and judged by data, the measurements obtained by direct,
objective observations of the universe. The better the data, the better
the cosmologies we can develop.



Cosmology can lay a defensible claim to the title “the grandest sci-
ence,” for no other field can have so vast an object of study: the universe
in its entirety. But what do we mean by the universe? We might de-
fine the universe as “the sum of all that exists” but this is insufficient,
for existence draws its meaning from the universe. The universe exists
independent of any, or all, of its contents. A complete definition of the
universe may not be possible, for it may be that some aspects of the
cosmos are forever beyond our limited understanding. Here we will de-
fine the universe as that which contains and subsumes all the laws of
nature and everything subject to these laws; that is, all that is physical.
Is cosmology, then, the study of everything? Are all sciences cosmology?
Such a definition would be too broad to be useful. We restrict our defini-
tion of cosmology to the study of the formation, structure, and evolution
of the universe as a whole. This will prove more than sufficient.

Cosmology is sometimes regarded as a subfield of astronomy, but
this is not an accurate division. Astronomy is the study of the contents
of the universe. Modern cosmology is intimately linked with astronomy,
since the only way in which we can observe the universe is to observe
the objects it contains; but cosmology is also closely tied to physics.
The universe consists not only of bodies, but also of forces and laws
that govern their interactions. Indeed, we shall find that physics plays a
much greater role than astronomy in describing the earliest moments of
the universe. Cosmology draws upon many fields, and itself contributes
to other sciences, sometimes in unexpected ways.

At the dawn of the 21st century, cosmology can take pride in its
accomplishments. A coherent view of the universe has emerged, the hot
big bang model, which successfully explains a remarkably broad range of
observations. While the big bang model has never claimed to represent
the final truth, it nonetheless provides a framework for understanding
the cosmos from the earliest few fractions of a second of its existence till
the present; it even predicts how it all might end. Surely this must count
among the greatest of human achievements, even though this model
cannot yet explain all of the unknown. In this text we will present the
foundations of modern cosmology. The history of the development of
scientific cosmology shows keenly how our intuitions and common sense
continually mislead us, from our perception of an unmoving Earth, to our
persistent belief in the absoluteness and inflexibility of space and time.
Nevertheless, we can transcend these human limitations and arrive at a
picture of the universe that is much closer to what it truly is.

Cosmological roots: mythology

Although modern cosmology is scientific, and is based upon highly de-
tailed observations of great sensitivity and precision, the big bang model
has a long lineage of human explanations of the cosmos. Most of these
ancestral models have much to do with human hopes, desires, and preoc-
cupations, and precious little to do with observations. To some extent,

The universe is defined as all that is
physical

Cosmology, a human endeavor



6 In the Beginning

Anthropomorphic universes

Mythological cosmology

this was due to the limited capabilities of the unaided human senses.
Much more important, however, were the philosophical prejudices that
prevailed for millennia. Only slowly have humans learned to understand
what our senses tell us.

Young children tend to interpret their worlds in terms of themselves;
so it was with humanity for most of its history. The earliest cosmologies
were anthropomorphic cosmologies. An anthropomorphism is the in-
terpretation of that which is not human or personal in terms of human or
personal characteristics. Attributing human motivations and emotions
to the cosmos as a whole, or phrasing the existence of the universe in
terms of a literal birth and death, are examples of anthropomorphisms.
One form of an anthropomorphic worldview is animism, the belief that
all things are animated by spirits, all of which hold some opinion toward
humans, and any of which may actively aid or frustrate human plans.
Less purely anthropomorphic cosmologies may hold that some portions
of the universe are inanimate but are created and affected by animate
beings, perhaps by a pantheon of gods as well as humans.

The tendency to anthropomorphism comes from the quite natural in-
clination of human cultures to describe the universe in terms of imagery
from familiar, and necessarily human, experiences. When a cosmology is
expressed in the form of a narrative tale that explains or illustrates the
beliefs of a culture, it is a said to be a myth. Cosmological myths make
the culture’s ideas of the origin and structure of the universe generally
intelligible and broadly accessible. Some of these myths were interpreted
quite literally and anthropomorphically, while others were understood to
be only analogies that could make the incomprehensible more familiar.
Mythology tends to reflect what is known or important to the culture
in which it arose. The myths of agricultural societies typically revolve
around the imagery of the seasons, of planting and harvesting, while the
myths of hunting and gathering peoples often involve animals that take
on human characteristics.

Ancient mythologies still hold so much power that even modern cos-
mologists sometimes inappropriately blend objective data and mytholog-
ical leanings. This is illustrated by the special fascination that cosmo-
logical beginnings and endings continue to hold. There is no particular
reason to believe that the universe must have a beginning or an end,
based solely upon our immediate observations; on the scale of human
life, the Earth and sky seem eternal and unchanging. Yet it is also
true that seasons begin and end, plants sprout and wither, and animals
and humans are born and die. Perhaps, then, the universe too has a
beginning and an end. Not all mythologies assume this, nor do all mod-
ern scientific models. Even among modern scientists, preferences for one
model over another have sometimes been based more upon philosophical
beliefs than upon data. A distaste for the big bang or for an infinite ex-
pansion is an emotional choice based upon a personal mythology. When
the big bang model was first introduced, many of the most prominent
scientists of the day reacted quite negatively; such an abrupt beginning
for the cosmos was uncomfortable for some of the older generation. Still



others interpreted the big bang as scientific vindication for the existence
of a creator. Today the big bang is well accepted on its own objective
merits, but now some discussions of the possible end of the universe
carry an echo of the aesthetics of the cosmologist. Regardless of such
intrusions of human wishes, the major difference between science and
mythology stands: in science, the cumulative evidence of data must be
the final arbiter.

The recognition of familiar ideas and concepts makes even a cursory
study of the mythologies of many cultures an enjoyable pursuit. It is
worth remembering that many of our unexamined cosmological ideas,
including some most firmly embedded within the human psyche, have
mythological origins. Many genesis myths can be seen to share common
themes. Three categories of imagery are commonly invoked to explain
the beginning of the universe. One is the action of a supreme craftsman,
mirroring the image of a human artisan at work. Another is generation
from a seed or egg, reflecting biological generation. The third is the
imposition of order onto chaos, as in the development of human society.
These three are not mutually incompatible, and many myths incorporate
two or more of these motifs. Nor are these the only possible themes; the
early Hindu creation epic, the Rig- Veda, makes no explicit claims about
the creation of the universe, suggesting only that perhaps some highest
god knows, and hinting that it is beyond mortal comprehension.

Another recurrent theme of great importance to humans, though of
less significance to the universe as a whole, is the origin of imperfec-
tion in the human condition. Many cultures have believed that humans
were originally close to the gods, but sinned and were punished. The
origin of death is often attributed to human misbehavior; in a num-
ber of traditions, women take the brunt of the blame. Death is not
always a punishment, however; some see death as the result of an active
choice, such as the choice to be able to have children. (From a biological
perspective, this is rather accurate.) Such myths seek to understand hu-
manity’s place within the universe, an issue with which we still struggle
today.

A few specific examples will serve here; they are by no means intended
to be comprehensive, but are fairly typical of the range of themes in
cosmological mythology. The myths of a society spring from that society,
and these examples vividly illustrate this, but myths, once established,
can also mold societies long after they cease to function literally.

The Enuma FElish is the “Babylonian Genesis.” Babylon, a great
city of ancient Mesopotamia located near present-day Baghdad, was
originally settled by the Sumerians around 3500 BCE. The Sumerians
irrigated the desert and developed the cuneiform writing system, but
they were conquered by Akkadians and Amorites from the north, and
their culture was assimilated and eventually forgotten. The great king
Hammurabi, famous as the first ruler known to have written down a
code of laws, was an Amorite ruler of Babylon in the 18th century BCE,
during the height of Amorite power in the region. A few centuries later,
however, Babylon and its possessions came under the control of the

Creation imagery

The Babylonian Genesis



8 In the Beginning

Fig. 1.1 The Word: a Tanzanian myth.

Kassites, a tribe that may have originated in central Asia. The Enuma
Elish dates from the Kassite regime, perhaps around 1450 BCE; however,
only later copies of it have survived. The second millennium BCE was a
peak period in Babylon’s history, and this creation myth was probably
composed at least partially with the motive of justifying the city-state’s
political power by making its patron deity the chief among the gods.

The story incorporates ancient Sumerian themes, as well as contribu-
tions from the later conquerors of Mesopotamia; like many Babylonian
myths, it is evocative of later stories indigenous to the Middle East.
In this tradition, the tumultuous sea is identified with disorder. The
Sumerians and their successors believed that the cosmos began with a
chaos of fresh water, sea, and mist. From this confusion, pairs of gods
were created representing the silt, the horizon, and the sky, as well as
embodying male and female aspects; this echoes the creation of new
land in the delta region between the Tigris and Euphrates rivers, in
what is now Iraq. Following the initial creation, there was conflict be-
tween order and evil in the form of two deities: Marduk, the protector
of Babylon, and Tiamat, the sea-goddess, representing chaos. Marduk
killed Tiamat and created the Earth from her body, then created hu-
mans from the blood of another rebel god, Kingu. The struggle between
two powerful deities mirrors the development and nature of human soci-
eties; both good and evil are present, while custom and authority create
order, backed if necessary by the application of force.

A Tanzanian myth, although quite different in detail from the Enuma
Elish, similarly reflects the lives of the people who created it. In the
beginning was “the Word,” which was the creative force; there were also
air and sky, a single Tree, and some ants who lived on the Tree. One day
a great wind blew away a branch of the Tree, carrying some ants with it.
The ants continued to eat from the branch, but soon they ran out of food
and were forced to eat their own excrement. The excrement grew into
a huge ball, which became the Earth. The Earth eventually enveloped
the Tree, at which point the Word sent wind and water to Earth; the
ants were subsequently destroyed in a flood. But the tree continued to
grow, and its roots gave rise to plants on the Earth. The atmosphere
then created animals and humans, each kind with its own voice. Fighting
over food led to war between humans and animals. The war became so
terrible that parts of the Earth broke away to form the stars, the Moon,
and the Sun. The Sun glows because it came from a part of the Earth
that was on fire when it was separated, while the Moon and stars are
transparent disks through which the Sun’s light shines. Some of the
animals became the slaves of humans, while others remained wild and
attacked people. At the end of the war a sheep kept by humans leapt to
the sky, where it killed the Word and ruled the cosmos, bringing thunder
and lightning to the Earth. Because of this transgression, humans were
punished by the gods when they dared to ask for help after their sheep
caused the death of the Word. Humans were made lowly and warned
that Earth shall be eventually consumed by fire.



The best-preserved records from early Asian cultures are those of the
Chinese. The Chinese believed that the universe was huge, possibly in-
finite; the Sun, Moon, planets, and stars consisted of vapor and were
blown about by a great wind. Many Chinese also accepted that the
Earth moved, though like most peoples they did not realize that it ro-
tated; they envisioned, rather, a smooth oscillation they believed to
cause the seasons. Chinese cosmologies emphasized that the doings of
humans, particularly the mandarins of the court, were reflected in the
heavens, a preoccupation not surprising in a country that was highly
and hierarchically organized from very ancient times. Evil works would
show themselves by disruptions in the sky, so the Chinese were keen
observers, seeking auguries in the stars. Because of this, and because of
the antiquity of the Chinese writing system, the Chinese annals consti-
tute the longest unbroken records of the sky, a fact which has proven
important for some aspects of modern astronomical research. For ex-
ample, the Chinese recorded in detail the supernova of 1054; this “guest
star,” as they called it, should have been sufficiently bright for a short
while to be visible in daylight, yet it is completely absent from European
chronicles. Perhaps the Europeans of the time, with their ironclad belief
in a perfect, immutable heaven, ignored this strange phenomenon.

A fairly widespread Chinese creation myth tells of the giant Pan Gu.
In the beginning, the cosmos was a great egg. For 18,000 years, Pan
Gu slept within the egg. Finally he awoke and broke free, shattering the
cosmic egg that had contained him. The lighter, purer elements rose and
became the heavens, while the heavier, impure elements sank to form
the Earth. Pan Gu maintained the separation of Earth and heaven with
his body, supporting heaven with his head while his feet rested on the
Earth. As the distance between heaven and Earth increased, Pan Gu
grew to equal it. Finally heaven and Earth seemed securely in place, and
Pan Gu died. His breath became the wind, his voice the thunder, and
his perspiration the rain; his left eye was transformed into the Sun and
his right eye into the Moon. His four limbs became the four directions,
his trunk the mountains, while his blood ran as the rivers and his veins
laid out roads and paths. His flesh created fields and soil, his skin and
hair became the plants of the Earth, while his bones went into rocks and
his marrow became the precious gems. After the sacrifice of Pan Gu,
the Earth was a pleasing place, but the goddess Nu Wa, who had the
face of a human but the body of a dragon, found it lonely. Stooping by
the bank of a pond, she fashioned some amusing little creatures from
mud. It was too tiring to create them constantly, so she endowed them
with marriage and the capability to reproduce on their own. Later, a
great battle between the spirit of water and the spirit of fire resulted in a
catastrophe when the fleeing spirit of fire struck the great mountain that
supported the western part of the sky. The heavens tilted and ripped
apart, while the Earth fissured. Nu Wa melted the prettiest stones from
the riverbeds to repair the holes and cracks, then killed a giant turtle
and cut off his legs to form the four pillars that support the sky. But

Chinese mythology
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Mesoamerican mythology

Fig. 1.2 El Caracol temple in Mexico.
Built by the Mayans around AD 1000,
this temple was used as an astronom-
ical observatory to record such celes-
tial events as the rising and setting of
Venus.

the tilt to the west remained and thus the Sun and stars slide down it,
while on the Earth the water runs eastward into the ocean.

A prevalent theme among many peoples indigenous to the Americas,
both North and South, is the primacy of the four directions and of the
number four in general. In some Native American cosmologies these
directions correspond to the four cardinal directions also utilized by
Europeans, whereas in others the major directions are those of the rising
and setting of the Sun at summer and winter solstices. Some Native
American cosmologies add the center to the directions, making five the
principal mystic number. In many American cultures, particularly in
the Southwest of the United States and in Mesoamerica, the world has
been destroyed and recreated four or five times. Each world consists
of layers, typically three: an Upper World of spirits and pure birds,
a Middle World of humans and animals, and a Lower World of evil
creatures.

The most elaborate cosmologies of this kind were found in Mesoamer-
ica; the best-preserved version is associated with the dominant Aztec
and Mayan tribes. In their belief, the cosmos passed through four ages
in the past. At the end of each Sun a great disaster destroyed the world.
The current era, the Fifth Sun, began with the self-sacrifice by fire of
Nanahuatl, the ugliest god, who was reborn as the Sun Tonatiuh. Af-
ter this the god Teucciztlan, whose courage had faltered at the great
bonfire, threw himself into the flames and became the Moon. But the
new Sun sullenly refused to rise until it was placated with the sacri-
fice of hearts and blood. Xolotl, a twin and aspect of the serpent god
Quetzalcoatl, performed the sacrifices of all 1600 deities present, then
sacrificed himself; after this, the Sun rose. Quetzalcoatl (the plumed
serpent) was, in many Mesoamerican traditions, a creator god who took
several aspects, including the wind god Ehecatl and the monster Xolotl.
He was a very important deity in Mesoamerica, especially to the Maya.
They called him Kukulkan and associated him with the planet Venus,
which as the Morning Star rises in the east just before the Sun, and as
the Evening Star was thought to plunge sacrificially into the Sun just
after it sets. Mayan astronomers kept meticulous records of Venus, and
their observations enabled them to compute the length of the solar year
to within a few seconds.

The importance of Quetzalcoatl played a pivotal role in the conquest
of Mexico by the Spanish. Legends told of a great battle between Quet-
zalcoatl and his rival, the jaguar god Tezcatlipoca, after which Quet-
zalcoatl disappeared, promising to return from the east. The year 1519
corresponded roughly with the year Ce Acatl (One Reed) in the Azteco-
Mayan calendar, the date-name associated with Quetzalcoatl as the
Morning Star. When Hernan Cortés and his men appeared on the east
coast of Mexico, the Aztec emperor Montezuma II took him for a repre-
sentative of the returning Quetzalcoatl, and sent treasures of gold and
silver from his capital of Tenochtitlan. The riches merely whetted the
Spaniards’ appetites for conquest, and they quickly made alliances with
tribes held vassal by the Aztecs. The Conquistadores, hardly the salt



of their own society, soon enough demonstrated by their behavior that
they were not gods, but merely an unfamiliar and especially rapacious
kind of human; yet, strangely, Montezuma persisted in his delusion un-
til Cortez appeared at Tenochtitlan and threw the pious emperor into
prison. Montezuma was stoned by his own people for his failure to resist
the invaders, and he died a few days later.

The example of Montezuma should make it apparent that cosmolog-
ical considerations are not idle speculations, but can have significant
consequences for the individual and society. Creation myths reflect
the values and observations of the cultures that created them. Cul-
ture shapes the worldview of its society, and conversely. The actions of
the society’s leaders, for good or ill, can be dictated by the prevailing
cosmological mythology. Even in our modern, industrialized societies,
many unspoken cosmological assumptions mold our thinking. One of the
most significant is the belief that the bounty of the universe is without
limit. Though rarely articulated explicitly, this principle pervades many
cultures, encapsulating the view that resources and opportunities are
infinite. This point of view fits nicely with the attitude that the Earth
is here for the benefit of humanity. As has become increasingly apparent
since the middle of the 20th century, such an outlook has important, and
perhaps disastrous, consequences. Much of current economic theory is
founded upon the postulate that growth can continue indefinitely; that
if we run out of some resource, a substitute can always be found. Yet it
is clear that the illusion of boundless resources occurs only because the
Earth is much larger than a human being, and geological timescales are
much longer than a human lifespan. Our perceptions of the Earth, its
history, and its contents, are skewed by our human limitations.

The perception of bounty continues to affect modern thought, some-
times in unexpected ways. Even those who recognize the limitations of
Earthly resources often argue that space exploration and colonization
can provide the materials and living space for a human population that
grows without bound. Since the dawn of civilization, the human popu-
lation has grown at an exponential rate; that is, at a rate for which the
increase in population is always approximately proportional to the cur-
rent size of the population. But if humanity continued to reproduce at
such a pace, eventually expansion into space could not occur fast enough
to accommodate the new population. Indeed, in a relatively short time,
by astronomical standards, we would reach the point at which all the
particles in the observable universe would be required just to make up
the physical bodies of people. Obviously, this is absurd. Nature will
take care of our numbers, by its own methods, if we choose not to do
so ourselves. As we achieve greater control over our immediate environ-
ment, we require an increasingly better assessment of how we fit into
the greater world. We may be just as self-assured as Montezuma, and
ultimately just as surprised when we find that the way the world is, is
quite different from how we believe it to be.

11

Mythological cosmology can have real
consequences
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Anthropocentrism asserts that humans
are central

The “I” in the center of the universe

Mythology casts ideas and aspects of the universe into human terms. In
some respects, this is essential to our comprehension; we can deal with
such issues only in terms we can understand, which must, by necessity,
be of human construction. We are mistaken, however, if we invert this
assertion, and assume that humanity is essential to the universe itself.
Yet the attitude that humankind occupies a special place in the universe
is an overriding theme in almost all mythology. This is anthropocen-
trism, the belief that humans are important to the universe, which may
well have been created especially for their purposes. To early peoples,
observation seemed to support this viewpoint. The Earth is big, while
the Sun and planets and stars seem small. All celestial objects appear to
revolve around the Earth. Humans have power over plants and animals.
The Earth provides the things that make human life possible, so it must
have been created for us. (Early peoples did not generally consider the
obvious alternative, that humans require for life what the Earth was
able to provide. That is, humans are adapted to the Earth, rather than
the Earth being designed for humans.) In contrast, some phenomena,
such as the weather, remain beyond our power. These things are im-
portant, both blessings and curses to humans. For instance, weather
brings rain for crops, but also storms that destroy. Since anthropocen-
tric cosmologies assume that humans are cardinal, these natural powers
demonstrate that a still greater power exists, which is inflicting upon us
the good and the bad; if we may not be in charge, at least we occupy
much of the attention of the powers that are. The aspect of punishment
is often central, sometimes almost an obsession; humans did wrong and
were punished, hence bearing forever the responsibility for death, decay,
and imperfection.

Anthropocentrism is still a powerful concept in popular thought. The
most familiar of the many possible examples may well be astrology—the
belief that the planets and stars themselves relate to personal actions
and destiny. Astrology is one of the oldest systems of belief known. The
version that is common in Western countries is based upon a systemati-
zation of ancient lore by the Greek scholar Ptolemy, whose Almagest still
forms the basis of the casting of horoscopes. Astrology is based upon
the supposition that the stars influence our lives in mysterious ways, or
foretell our destinies through their motions and configurations. Before
there was any understanding of gravity or of the orbits of planets, some
explanation had to be devised for the regularity of the celestial mo-
tions. In the prevalent anthropocentric view, those motions must surely
have something to do with human events. In Greek and Roman belief,
the planets were explicitly associated with specific gods and goddesses,
whose names they still bear. The five planets known to the ancients,
those that are visible with the unaided eye, are Mercury, Venus, Mars,
Jupiter, and Saturn. The Sun and Moon were also considered planets,
making seven in all. The days of the week correspond to these seven
planets. Sunday is the Sun’s day, Monday the Moon’s, Tuesday is ruled



by Mars.! Wednesday is the day of Mercury, Thursday is governed by
Jupiter, Friday corresponds to Venus, while Saturday belongs to Saturn.

The gods and goddesses of ancient Rome may have faded to amus-
ing anachronisms, but astrology still holds the attention of many people.
Who has not had the experience of reading the appropriate horoscope in
the newspaper and finding that it applies perfectly? This is an example
of a phenomenon well known to psychologists. People are much more
likely to believe very general statements about themselves, than they are
to accept genuine specific psychological assessments. Moreover, there is
the universal tendency to interpret vague descriptions in terms appropri-
ate to the individual reading them. Finally, there is the phenomenon of
selective memory, in which hits are remembered vividly, while misses are
forgotten. Even if astrology had never been developed, it seems likely
that people would be drawn to some similar system, such as paranormal
phenomena, unidentified flying objects, channeling of spirits, past lives,
and so forth. Many humans are unwilling to believe that their lives are
subject to random occurrences; the wish to seek order in the cosmos is
powerful.

Astrology may be easy to ridicule, but other common viewpoints are
no less anthropocentric. For example, many believe that the land, the
sea, the air, and the animals and plants exist primarily for our benefit,
to be used as we see fit. Even if we do not believe in astrology per se,
we frequently believe that we must deserve our fates; our goodness or
badness determines the vicissitudes that befall us in life. We believe
in cause and effect, but even more, we have a strong desire to believe
that the causes of events are purposeful, not due to chance. If they
are purposeful, they are understandable, predictable, and controllable.
However, if the behavior of the universe were controlled or dictated by
the needs and actions of some 6 billion humans, with their conflicting
motives and desires, then we might as well return to the ancient myths
of unpredictable gods.

The triumph of scientific cosmologies over the anthropocentric world-
views has not always been welcome; many people mourn the ancient
universes in which humans played a clear and important role. The new
universe seems, to some, a bleak and sterile place, while the ineffable
universes of the past seemed awesome and meaningful. But this atti-
tude often results from a confusion of the knowledge of a thing, or, more
precisely, the model that allows us to know it better, with the thing
itself. Science knows that crystals are highly ordered arrangements of
atoms; quartz, for example, is simply a chunk of a common mineral, a
major component of sand, which happens to have an ordered structure.
It is the unusual large-scale symmetry of crystals, compared to most
objects, that accounts not only for their rarity in nature, but also for

1In English, most of the names of the days of the week come from Norse gods and
goddesses who played roles similar to those of the Graeco-Roman deities.
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A new narrative

their beauty.? But this leaves many people dissatisfied; they feel that
the ability of polished crystals to refract light, which sometimes even
makes the light appear to originate within the crystal itself, must mean
that these humble rocks possess mysterious powers. Others, while not
so extreme, still find the description of a diamond as a tightly bound
collection of carbon atoms repugnant, as though this knowledge some-
how takes away from the beauty of the gem. In reality, a diamond’s
sparkle depends mostly upon human knowledge and artifice to find its
expression. A rough diamond is hardly more than a dull, gray pebble,
with perhaps a bit of sheen. Centuries of trial-and-error experience by
diamond cutters has now been augmented by technology; a diamond
to be cut is often subjected to a micrograph to determine planes along
which it will most readily fracture. The various standard cuts must be
carefully prepared in order that the stone show its greatest fire. It is
knowledge that elicits the beauty of a diamond.

Thus the knowledge that we acquire need not preclude awe. Rather
than the constricted, unchanging universe imagined by our ancestors, we
now find ourselves in a dynamic and evolving universe too large for any
real comprehension of its size. If some people might be distressed that
humans now seem so small and insignificant, science can only respond
that we are nevertheless a part of this grand cosmos, and we should feel
privileged to have the ability to appreciate its true majesty. If we have
been forced to abandon our anthropocentric models, in return we have
gained a far grander home.

A new explanation

In the beginning there was neither space nor time as we know them,
but a shifting foam of strings and loops, as small as anything can
be. Within the foam, all of space, time, and energy mingled in a
grand unification. But the foam expanded and cooled. And then
there was gravity, and space and time, and a universe was cre-
ated. There was a grand unified force that filled the universe with
a false vacuum endowed with a negative pressure. This caused the
universe to expand exceedingly rapidly against gravity. But this
state was unstable, and did not last, and the true vacuum reap-
peared, the inflation stopped, and the grand unified force was gone
forever. In its place were the strong and electroweak interactions,
and enormous energy from the decay of the false vacuum. The
universe continued to expand and cool, but at a much slower rate.
Families of particles, matter and antimatter, rose briefly to promi-
nence and then died out as the temperature fell below that required
to sustain them. Then the electromagnetic and the weak interac-
tion were cleaved, and later the neutrinos were likewise separated

2All true solids are, in fact, crystalline, but usually they consist of aggregates of
many tiny crystals. Only occasionally does a crystal naturally grow large enough for
us to appreciate its symmetry without a microscope.



from the photons. The last of the matter and antimatter annihi-
lated, but a small remnant of matter remained. The first elements
were created, reminders of the heat that had made them. And all
this came to pass in three minutes, after the creation of time itself.
Thereafter the universe, still hot and dense and opaque to light,
continued to expand and cool. Finally the electrons joined to the
nuclei, and there were atoms, and the universe became transparent.
The photons that were freed at that time continue to travel even
today as relics of the time when atoms were created, but their en-
ergy drops ever lower. And a billion years passed after the creation
of the universe, and then the clouds of gas collapsed from their own
gravity, and the stars shone and there were galaxies to light the
universe. And some galaxies harbored at their centers giant black
holes, consuming much gas and blazing with great brightness. And
still the universe expanded. And stars created heavy elements in
their cores, and then they exploded, and the heavy elements went
out into the universe. New stars form still and take into themselves
the heavy elements from the generations that went before them.
And more billions of years passed, and one particular star formed,
like many others of its kind that had already formed, and would
form in the future. Around this star was a disk of gas and dust.
And it happened that this star formed alone, with no companion
close by to disrupt the disk, so the dust condensed, and formed
planets and numerous smaller objects. And the third planet was
the right size and the right distance from its star so that rain fell
upon the planet and did not boil away, nor did it freeze. And this
water made the planet warm, but not too warm, and was a good
solvent, and many compounds formed. And some of these com-
pounds could make copies of themselves. And these compounds
made a code that could be copied and passed down to all the gen-
erations. And then there were cells, and they were living. And
billions of years elapsed with only the cells upon the planet. Then
some of the cells joined together and made animals which lived in
the seas of the planet. And finally some cells from the water began
to live upon the rocks of the land, and they joined together and
made plants. And the plants made oxygen, and other creatures
from the seas began to live upon the land. And many millions of
years passed, and multitudes of creatures lived, of diverse kinds,
each kind from another kind. And a kind of animal arose and
spread throughout the planet, and this animal walked upon two
feet and made tools. And it began to speak, and then it told sto-
ries of itself, and at last it told this story. But all things must
come to their end, and after many billions of years the star will
swell up and swallow the third planet, and all will be destroyed in
the fire of the star. And we know not how the universe will end,
but it may expand forever, and finally all the stars will die and the
universe will end in eternal darkness and cold.
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Scientific explanations rest upon objec-

tive data

The development
method

of the

scientific

Is this a myth? If we define a myth as a narrative of explanation, it
would qualify. How does this myth differ from others? For one thing,
it is highly detailed. The fanciful description above is extremely con-
densed; the complete version of this story occupies the remainder of this
book. In addition, it is not overtly anthropocentric. People play only a
very limited role, even though this description was developed by humans.
Nevertheless, if all you knew of this explanation was a tale such as that
written above, you might have difficulty in distinguishing it from a story
of ants in the tree of life. But this story differs fundamentally from the
earlier myths. The most important distinction is the way in which this
explanation was developed. It was based upon many centuries of obser-
vations of the universe and its contents. It draws upon the experience
and thoughts of generations of thinkers, but always the most significant
factor has been the accumulation and interpretation of observations.
The story is held to a set of stringent constraints; it must explain known
facts, and it must hold together as a coherent narrative, all the parts
fitting like pieces of a grand jigsaw puzzle. How humans have arrived at
this narrative, what it means, which aspects of it are more certain and
which less so, and how it is to be judged, are the subject of this book. It
is a lengthy story that will unfold over many chapters, but let us begin
with the most fundamental basis: the establishment of criteria by which
our narrative of the universe can be evaluated.

The scientific method

Over the past 400 years, a new viewpoint has come to fruition, the sci-
entific viewpoint. At first glance, this may seem to be no better than
the mythology of our ancestors; it is just another belief system. How-
ever, there are significant differences between scientific and mythological
explanations. In science, the ultimate judge is the empirical data, the
objective observations. The truth, whatever it may be, is independent
of humanity; but it can be known and understood, at least in approxi-
mation. The results of a set of observations, that is, of an experiment,
must not depend upon who makes the observations. The test of any the-
ory lies in its ability to make predictions that can be tested by further
experiments. Regardless of the internal consistency of a theory, or its
philosophical or aesthetic appeal, it is the data that judge the success
or failure of that theory.

The realization that the universe is knowable, at least in a practical
way, developed only slowly in human thought. Although many cultures
contributed to this dawning, it appeared in the first coherent way among
the ancient Greeks, during the age of the philosophers some three thou-
sand years ago. The Greeks incorporated into their system of logic
the formal connection between a cause and its effect, introducing the
concept, novel for the time, that a phenomenon could have a natural,
consistent cause, and that cause could be identified by rational thought.
The Greeks were eventually conquered by the Romans, who held the



Greek philosophy in the greatest esteem but had little real interest in
furthering it themselves. After a lengthy decay, the Roman Empire it-
self finally collapsed in the 5th century, ushering in the Dark Ages in
Europe and extinguishing nearly all the memory of the achievements of
the ancients. During the Dark and Middle Ages rational thought was
almost entirely absent in Europe; the knowledge gained by the Greek
philosophers was preserved primarily within the Islamic world until the
Crusades and increased travel and trade brought Europe into contact
with other cultures once again. The Greek writings were rediscovered
early in the 13th century, beginning with the works of Aristotle. Al-
though Aristotle did much damage to scientific inquiry, both in his own
time and during the late Middle Ages, the reintroduction of his texts did
bring the concepts of logic and inference back into European thought,
helping to pave the way for the Renaissance. During the Renaissance,
and the Enlightenment that followed it, European science took shape
and matured.

Science gradually became systematized. The British philosopher Sir
Francis Bacon developed a procedure for scientific inquiry during the
last decades of the 16th century. Bacon’s methods were further refined
and codified in the 19th century by a subsequent British philosopher,
John Stuart Mill. Mill’s Methods, as they are called, are still consid-
ered the logical foundation of science. The methods provide a formal
approach to establishing inductive inferences of any kind, but science is
one of their most important applications. It should be emphasized that
almost all scientific hypotheses are inductive, not deductive. Induction
is the drawing of general conclusions from an examination of particular
instances, whereas deduction is the inference of particulars from general
principles; the distinction between the two is often ignored in popular
usage, but the difference is significant if we are to understand clearly
what our observations can tell us. Since we cannot inspect every par-
ticle of matter in the universe, and our scientific laws must necessarily
be based upon the data available, we must generalize from our limited
experience to all the universe. Unlike deductive conclusions, which pro-
ceed from the general to the specific and can be rigorously and decisively
proven, inductive hypotheses go from the specific to the general, and if
the number of possibilities is too large for us to examine all of them,
as is usually the case, an inductive hypothesis cannot be conclusively
proven. We can, however, use deduction to test repeatedly these gen-
eral hypotheses by developing specific predictions for comparison with
observation.

Despite the fundamental limitations of the inductive process, science
has made great progress in building a consistent and comprehensible
picture of the universe. The occasional failure of established hypotheses
has never overturned the scientific edifice completely; instead, such fail-
ures lead to new and better knowledge of the way in which the universe
works. Methodology can guide the construction of a valid (in the induc-
tive sense) hypothesis from the known data, but cannot give a blueprint;
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Fig. 1.3 The process of induction
moves from observations of specific
events to a general principle. The
general principle can never be proven,
since all specific instances cannot be
observed. However, the principle
can be tested through deduction, by
which particular instances following
from the general principle can be in-
ferred.

Principles of the scientific method

( General Principle )

Induction Deduction

Observations Prediction

Specific Instances;
Individual Events

often the great scientific hypotheses are the result of genius, hard work,
or even simple luck.

The so-called scientific method is a method for testing and veri-
fying scientific hypotheses; it proceeds, at least in principle, by several
steps. First comes the gathering of data. We cannot build scientific ex-
planations without careful, objective observations of the phenomenon in
question; this is one of the most important distinctions between scientific
and unscientific explanations. Study of the data enables the scientist to
look for patterns, for similarities with other phenomena, and so forth.
Once some unifying concept has been found, it may be phrased as a
hypothesis, a working explanation for the phenomenon that can lead
to further observation.

In order to be scientific, a hypothesis must have five characteristics.
First, it must be relevant. This may seem self-evident, but it is signif-
icant. The hypothesis should be related to some observed phenomenon,
not merely something invoked because the theorist happens to like it.

Second, the hypothesis must be testable and potentially falsifiable.
That is, it must be possible to make observations that could support
or, even better, refute the hypothesis. The importance of this charac-
teristic cannot be overemphasized; indeed, it may be regarded as the
distinguishing feature of a scientific explanation. The hypothesis that
the planets are controlled by spirits was accepted for centuries, but it is
not scientific because it cannot be tested; there is no observation that
could disprove it. The Newtonian hypothesis, which states that planets
are controlled by a force emanating from the Sun that causes them to
move in specific ways, is falsifiable; if a new planet, or other orbiting
body, were discovered and found not to obey the laws that Newton had
discovered, his hypothesis would be disproven. On the other hand, if
the new body were found to obey Newton’s laws precisely, it would add
evidence for the validity of the hypothesis but would not prove it.

Falsifiability unambiguously distinguishes scientific from nonscientific
explanations. The philosopher of science Karl Popper put forward the



proposition that the criterion for the scientific status of a theory is the
potentiality that the theory may be falsified. Pseudoscience is often
based on observations, and may cite much confirming evidence, but never
permits refutation. Either the contrary data are ignored, or new details
are continually added to the theory in order to explain all new obser-
vations. Seen in this light, the scientific status of a theory is granted
not so much by its explanations, but by its prohibitions: the theory says
what cannot happen, and if those things are observed, then the theory
is wrong.

A scientific hypothesis must also be consistent with previous estab-
lished hypotheses. If a known hypothesis explains a phenomenon well,
and has passed many experimental tests, we would be ill advised to
abandon it merely because a newer and shinier explanation might ap-
pear. This principle is often little appreciated by the public, or by
pseudoscientists who cite Einstein or Galileo as iconoclasts who refuted
established science. In fact, Einstein’s theory of relativity would not
have been accepted had it not been consistent. Newton’s laws of motion
were well established even during his own lifetime as a very good expla-
nation of mechanics. Over the next three centuries, they were verified
time and again. Yet there remained one nagging problem, which Albert
Einstein set out to solve. In doing so, he was forced to give up notions
about the universe that had been cherished for centuries, but which
were not essential to understanding the Newtonian observations. The
special theory of relativity revolutionized our conceptual view of space
and time and showed itself to be a more complete theory of motion, in
that, unlike Newton’s laws, it was applicable at all speeds, and it made
electromagnetics consistent with mechanics. Nevertheless, the special
theory of relativity is fully compatible with Newtonian mechanics, and
can be shown to reduce to the Newtonian theory for all material motions
at speeds well below the speed of light. This is precisely the regime in
which Newton’s laws were known to be valid to within the accuracy of
the data available. Einstein did not refute Newton, but rather he modi-
fied and extended the laws of mechanics into previously unexamined and
untested domains.

The criterion of consistency is important, but not absolute. It is pos-
sible for an old theory that is well accepted to be simply wrong, and a
new one replaces it completely; but such incorrect theories survive only
in the absence of data. A good example of this is the caloric theory of
heat. For many years, heat was believed to be some sort of invisible fluid
that flowed from a hotter to a colder body. The caloric theory was able
to explain many common properties of heat reasonably well. It was not
until more careful measurements were made and better data were col-
lected, beginning with Count Rumford’s observations of cannon-boring
at the end of the 18th century, that the theory was called into doubt. In
1799, Sir Humphrey Davy conducted a crucial experiment, one which
has the power to decide between two competing theories on the basis of
a single incompatible prediction. Unfortunately his experimental design
was somewhat lacking, and his results were not convincing. But the
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Science versus pseudoscience

Scientific knowledge is cumulative

A crucial experiment is designed to dis-
tinguish between alternative hypotheses
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The power of scientific theory

A scientific theory represents our best
statement of fact

way was shown, and within fifty years several scientists, most especially
Sir James Joule, developed the kinetic theory of heat, which is accepted
today. The new theory was incompatible with the old, and the caloric
theory was discarded.

A fourth criterion for a scientific hypothesis is simplicity. This is
a somewhat subjective criterion, to be sure, but it has guided the de-
velopment of many theories. All other things being equal, the simpler
explanation is favored, an assertion often known as Occam’s Razor
for the medieval English philosopher William of Occam (or Ockham)
who asserted that “entities must not be needlessly multiplied.” A good
theory does not require a special rule for each observation.

The fifth important criterion for judging a scientific explanation is its
predictive power. Predictive power is not quite the same thing as
falsifiability, although the two are interrelated. Predictive power refers
to the ability of the hypothesis to predict new, previously unobserved
phenomena. Similar to this, and part of the same criterion, is the ex-
planatory power of the hypothesis, which is a quantification of the
number of facts the hypothesis can encompass and explain. Given two
otherwise similar hypotheses, the one with greater explanatory power is
generally preferred. Predictive power is even better, for then the hypoth-
esis can be bolstered if the new phenomenon is observed, or discredited
or even disproved if the phenomenon is not observed, or is observed but
behaves contrary to the prediction of the hypothesis.

In order to be accepted, any new hypothesis must represent an im-
provement. It must explain more facts, or provide a better explanation
of the existing knowledge, than does the older theory. Although great
theories are often advanced by individuals, science as a whole is a social
activity. It is not the brilliance or authority of one person that forces
the acceptance of a hypothesis. Although hypotheses, like clothing, may
come into fashion or fall from favor for all-too-familiar human reasons,
such as dominance by one powerful individual or a scientific fad, it is
inevitable that over time, only those explanations that can win the ac-
ceptance of the scientific community prevail. And by the communal
nature of science, such hypotheses must fit in with the overall picture in
order to win any such contest.

If a hypothesis becomes especially well established and survives many
tests that could have refuted it, it may be elevated to the status of
a theory. A theory, in strict scientific usage, is a hypothesis that is
sufficiently accepted and which shows enough explanatory power to be
strongly confirmed by experiment. It is not a conjecture, as the word
theory often connotes in popular usage, where it has little more import
than an opinion. Occasionally an especially well confirmed theory is
called a law, but this usage has diminished considerably in the past
century. The terminology is by no means consistent and in any case,
most scientific explanations, being inductive, are necessarily hypotheses
with lesser or greater degrees of verification. However, in no case is a
scientific hypothesis or theory a mere guess. It is always founded upon a
careful methodology for correct inductive inference, and it is judged by



the criteria we have described. Ultimately, the data decide. No matter
how beautiful the theory, its success or failure is determined by how well
it explains our observations, both those already known and those that
will come from experiments yet to be performed.

The progressive nature of science should also make clear that it does
not seek a revealed or absolute truth, but instead looks for models of
reality. A model, in this context, refers to the coherent description
established to explain a phenomenon. It is more or less equivalent to
a theory; that is, it is an established hypothesis or set of interrelated
hypotheses. For example, the big bang model of the universe is a math-
ematical construction that provides illumination and interpretation for
the data we collect. This does not mean that a model is a fiction that has
nothing to do with reality; on the contrary, in modern science, a model
represents the best description of the phenomenon that we can devise,
and insofar as it succeeds at reproducing the observations, it surely must
touch some facet of reality. It does mean that a model never claims to
be reality. If better data invalidate part or all of our model, we must
replace it appropriately. The failure of a model does not represent a
failure of science; science fails only when we cling stubbornly to a model
that has clearly ceased to be the best possible.

A model must never be confused with the entity it represents. No
matter how good a cosmology we may eventually develop, it is still a
product of the human mind, yet we would not claim that the universe is
a human construction. Humans have strong intellectual gifts, especially
with our unique ability to consult with one another, but our brains are
still finite; it may be that some aspects of reality are beyond our grasp.
Even if physicists develop an ultimate theory that explains all that can
be known about elementary particles, this will tell us little about how
consciousness arises, or about a host of other complex problems. Reality
may be a fleet runner we can never overtake, but which we can approach
ever closer.

Despite the grandeur of its subject, modern cosmology is a science
and obeys the rules of the scientific method. Cosmologists formulate
hypotheses and appeal to data to test them. Cosmology is primarily
an observational science, as opposed to an experimental science. We
cannot arrange to perform our own experiments on the universe, con-
trolling them as we like, but must be content to observe what we happen
to see. Cosmologists attempt to tie those disparate observations together
with physical theory to create the best cosmological hypotheses possi-
ble. These new hypotheses may then suggest new observations, as a
good scientific hypothesis should do, and from those observations we
may strengthen or discredit the explanation. Thus we humans make
cosmological progress, despite our confinement to the immediate vicin-
ity of a small planet orbiting a modest star in a run-of-the-mill galaxy.
Yet even from our restricted vantage point we shall find a universe more
wondrous than our ancestors, with their capricious gods and their pre-
occupations with geometrical or mystical perfection, could ever have
dreamed.

All models have limits of validity

Cosmology is a science
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Chapter Summary

Humanity has long sought an understanding of the cos-
mos. Mythology, humanity’s first attempt to grapple with
cosmological questions, consists of narrative tales that de-
scribe the universe in understandable terms. Cosmology,
particularly as expressed by a mythology, can influence a
culture’s or an individual’s actions. The big bang appears
to the casual observer as just another myth, albeit with-
out some of the more obvious anthropocentric characteris-
tics. The difference, however, is that modern cosmology is
based upon the scientific method. The scientific method
has very specific rules. It is based on objective data, ob-
servations that are independent of the observer. Once
sufficient data are collected, a hypothesis is framed to ex-
plain and unify them. To be regarded as scientific, the
hypothesis must meet at minimum five characteristics: it

Key Term Definitions

cosmology The study of the origin, evolution, and be-
havior of the universe as a whole.

universe That which contains and subsumes all the laws
of nature, and everything subject to those laws; the
sum of all that exists physically, including matter,
energy, physical laws, space, and time.

astronomy The study of the contents of the universe
beyond the Earth.

anthropomorphism The projection of human at-
tributes onto nonhuman entities such as animals,
the planets, or the universe as a whole.

myth A narrative intended to explain or justify the be-
liefs of a people. The term usually suggests a lack
of historical and factual basis.

anthropocentrism The belief that humans are central
to the universe.

experiment A controlled trial for the purpose of collect-
ing data about a specific phenomenon.

scientific method An investigative approach in which
data are gathered, a hypothesis is formulated to
explain the data, and further experiments are per-
formed to test the hypothesis.

must be relevant, testable, consistent, simple, and possess
explanatory power. Of these, the property of testability
particularly defines the scientific method. A hypothesis
that does not contain the potential to be falsified is not
scientific. Once a hypothesis has met success at explain-
ing data and has proven itself useful in predicting new
phenomena, it is generally called a theory. Some particu-
larly well established theories, especially those pertaining
to a limited phenomenon or forming the foundation for
a broader theory, are called laws. Hence we refer to the
law of gravity, even though scientific laws are subject to
modification as our understanding improves. A model,
which is more or less equivalent to a theory or a set of
interrelated theories, can be constructed to produce the
best explanation possible of a particular phenomenon.

data The outcome of a set of measurements from which
inferences may be drawn, theories constructed, etc.

hypothesis A proposed explanation for an observed
phenomenon. In science, a valid hypothesis must
be based upon data and must be subject to testing.

relevant Of a scientific hypothesis: directly related to
the phenomenon it seeks to explain.

falsifiable Of a scientific hypothesis: leading to the pos-
sibility of performing an experiment that would dis-
prove, or falsify, the hypothesis.

consistent Of a scientific theory: containing and ex-
tending an earlier well-supported theory, e.g. gen-
eral relativity is consistent with Newtonian gravity.

crucial experiment An experiment that has the power
to decide between two competing theories.

simplicity The property of a scientific hypothesis that
its proposed explanation must not be unnecessarily
complicated.

Occam’s Razor The principle that when all other
things are equal, the simplest explanation is pre-
ferred.



predictive power The ability of a hypothesis or model

to predict unobserved effects. This provides an im-
portant means of testing a hypothesis.

explanatory power The ability of a scientific hypoth-

esis to account for known data.

theory In scientific usage, a hypothesis or related group

of hypotheses that have become well established.
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law In scientific usage, a theory that has become partic-

ularly well confirmed and well established.

model A hypothesis or group of related hypotheses that

describes and clarifies a natural phenomenon, en-
tity, etc.

Review Questions

(1.1)

(1.2)

(1.3)

(1.4)

For at least one myth, either one from the text
or one of your own choosing, identify the major
theme(s) and explain how the myth fitted the so-
cial and political circumstances of the people who
developed it.

Give an example of how one or more cosmological
assumptions have influenced the behavior of mod-
ern political leaders in an industrialized nation.

Find your horoscope for one particular day in a
newspaper. Keep track of your activities for the
day, observing any occurrences that could appear
to be fulfillments of the horoscope. Did anything
happen that was explicitly contrary to the predic-
tions?

Repeat the activity in Question 3, but for a horo-
scope that is mot yours, and is chosen randomly
from the horoscopes separated from yours by at
least two houses. (Recall that the ordering of
the houses is circular; Aquarius follows Capricorn.)
Ideally, this and the preceding exercise should be
done with the help of a friend, so that you do not

(1.9)

(1.10)

(1.11)

know whether the horoscope you are given corre-
sponds to your birthdate or was randomly selected.

Describe at least two examples of anthropocentric
beliefs that are still widespread.

What is an experiment, and what is its role in sci-
ence?

Explain the distinction between inductive and de-
ductive reasoning.

Describe the five major criteria for evaluating sci-
entific hypotheses. Which are most important?
Why?

Define the word theory as it is used in science.
How does this usage differ from a common everyday
meaning of the word?

Choose an example of a pseudoscientific theory and
explain how it fails to be falsifiable.

What is the ultimate arbiter of truth in science?
How does this distinguish science from other sys-
tems?
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Cosmology Becomes a
Science

I demonstrate by means of philosophy
that the earth is round, and is
inhabited on all sides; that it is
insignificantly small, and is borne
through the stars.

Johannes Kepler, Astronomia nova

For thousands of years, the universe that occupied human minds was
small, limited by human senses and abilities. The world seemed to end
at the horizon, and few traveled far from the towns of their births. The
heavens were the realm of gods, beyond the understanding of mortals.
From such a narrow perspective, it is not surprising that the universe
appeared to be dominated by the Earth. The stars were held to be eter-
nally fixed in their positions on the celestial sphere. The “wanderers,”
or planets, known from ancient times and by nearly all cultures as enti-
ties distinct from the fixed stars, were thought to be under the control
of, if not literally the embodiment of, gods or spirits. The Earth was
apparently motionless, while the sky and planets, including the Sun and
Moon, revolved around it. But if the Earth is still and everything else
moves, is it not perfectly reasonable to conclude that the Earth is the
center of the universe?

This was the dominant cosmology in Europe from ancient, perhaps
prehistoric, times until the close of the Middle Ages. Then, over an
astonishingly brief span of less than two centuries, the prevailing world-
view changed dramatically and irrevocably, bringing about what is often
called the scientific revolution. Over the past 300 years, further eluci-
dation of the new cosmology has continued, bringing us to our modern
models. The new universe that has emerged might seem as strange to
Isaac Newton as would his to ancient philosophers.

Greek cosmology

More than 2,000 years ago, Greek philosophers developed a sophisticated
system of rational thought, establishing the basic rules of deductive logic

Key Terms:

geocentric
mechanics

force

inertia

heliocentric

parallax

retrograde motion
Copernican revolution
Copernican principle
ellipse

Kepler’s laws
thought experiment

Prescientific cosmologies were limited
in scope

that are still followed today. Some of the early philosophers were also
scientists, performing feats of astronomy that, in light of their extremely
limited ability to make quantitative observations, seem impressive even

The roots of modern science can be
traced to Greek culture
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A cosmology centered on a spherical
Earth

Does the Earth rotate?

now. When Greek culture was temporarily forgotten, European thought
degenerated into the superstition and fear of that dismal period known as
the Dark Ages. The rediscovery of Greek culture, as well as the discovery
of the achievements of other Mediterranean cultures, led ultimately to
the Renaissance.

Today we acknowledge that Western science has its roots in Greece.
The Greeks did not invent their system from nothing, but were influ-
enced by neighboring peoples; however, it was they who were chiefly re-
sponsible for establishing the basic principles of scientific inquiry. Among
their accomplishments was the identification of cause and effect. This
may seem obvious to us now, but it was an important conceptual ad-
vance and an essential prerequisite for scientific thought. The Greeks
realized that it was possible to observe a natural phenomenon and to
seek an explanation for the observation. It was even possible to under-
stand nature in precise mathematical terms, which meant geometry to
the ancient Greeks. To move from an understanding of Earthly phe-
nomena to a grasp of the universe is then merely a matter of scale. If
we can measure the size and shape of the Earth, we can do the same for
the heavens. With the concepts of cause and effect in place, the world is
no longer random and capricious; instead, it is ordered and predictable.

The predominant feature of the mainstream Greek cosmology was
the centrality of an unmoving Earth. As remarkable as it may seem, the
spherical shape and the size of the Earth were well known to the Greeks.
Despite the restricted ability of the ancients to travel, they were aware
that the view of the constellations, at the same time of year, changes
as one moves north or south. More evidence was found in the fact that
ships with tall masts disappear as they move away from the coast, but
not in a proportional manner; first the hull drops from view, then only
later the mast. This would not happen on a flat plane, as geometers
could appreciate; thus they concluded that the surface of the Earth
must be curved. Furthermore, the Greeks had also deduced the cause of
lunar eclipses, and realized that the shadow of the Earth on the Moon
was curved. Once the shape of the Earth was determined, it became
possible to ascertain its size. The Greek geometer Eratosthenes (circa
3rd century BCE) computed the diameter of the Earth by measuring the
altitude of the Sun in the sky at two different locations on the Earth at
noon on the summer solstice. With the reasonable assumption that the
Sun’s rays were parallel, he was able to use these measurements to obtain
a result that historians believe to be quite close to the correct figure. To
surround this spherical Earth, the ancient Greeks supposed that the sky
too was a physical sphere; they believed that it hung overhead, relatively
close to the Earth.

An important factor in establishing the Greek cosmos was the con-
clusion that the stars moved, whereas the Earth did not. Motion had
long been recognized in the heavens; the patterns of stars changed with
the seasons, while the planets, including the Sun and the Moon, moved
among the stars. But for observers confined to its surface, all available
evidence indicates that the Earth itself does not move. If the Earth,



rather than the celestial sphere, were turning, then near the equator a
point on the surface would have to be moving at the incredible speed
of nearly 1600 kilometers per hour. Surely such speeds would be per-
ceptible! Would not such a great motion generate winds with enormous
velocities? Moreover, how could someone jumping from the surface of
the Earth land in the same spot from which he leaped? When one is
standing upright, there is no sensation of motion. A dropped object falls
straight down. The concept of a moving Earth also seems to conflict with
the observation that moving objects tend to come to rest, and to remain
at rest unless impelled. How could the Earth sustain movement, when
all other Earthly motions rapidly come to a halt? But if the Earth is
stationary and everything else in the universe revolves around it, then
obviously the Earth must be the center of the universe. To the ancients,
arguments such as these established unambiguously the motionlessness
and centrality of the Earth. A cosmology that places the Earth at the
physical center of the universe is said to be geocentric. The geocentric
model of the universe fit perfectly with the anthropocentric attitudes
that dominated, and in many ways still dominate, most human thought.
Indeed, the geocentric model remained the mainstay of cosmology until
scarcely 400 years ago.

Once the basic structure of the universe was decided, the next task
was to describe and explain the heavenly motions. The model of the
celestial motions must do more than provide a general description; it
should make detailed predictions that would be as accurate as the ob-
servations. The difficulty, as any casual student of the heavens rapidly
comes to appreciate, is that the motions in the sky are intricate. The
prejudices of the ancient Greek geometers for certain figures further com-
plicated their construction of a model. The scientific process has always
required an interaction between ideas (theory) and observations (data
and experiment). Today we regard accurate observations as supreme;
theory must give way if need be. The Greeks felt the opposite to be
true. Theory, which sprang from pure rational thought, was considered
to be superior to observations, which were sullied by the unreliability
of human experience and senses. Thus the early Greek scientists felt
no qualms about forcing the universe to conform to their philosophical
ideals.

The first systematic cosmology we shall consider was developed by
the philosopher Plato and his student Eudoxus in the 3rd century BCE.
Eudoxus set out to create a system that adequately agreed with real
observations, while preserving accepted ideas about motion and geom-
etry. The resulting cosmological picture, later considerably refined by
Aristotle and others, was based upon the sphere, which, according to
Greek philosophy, was the most perfect of solid geometric forms; cor-
respondingly, the circle was the most perfect curve. The sphere has
the appealing property that it encloses the largest possible volume for a
given surface area, an aesthetic much appreciated by the Greeks. Justi-
fication for the spherical universe was also found in the recognition that
the Earth itself was a sphere; surely this shape was no accident, but
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Spheres and circles were considered the
perfect forms
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Fig. 2.1 The simplest geocentric
model of the cosmos. The universe is
finite, with Earth at the center, sur-
rounded by the spheres of the Sun, the
Moon, and the planets. The sphere of
the stars lies at the outer edge. In re-
ality, the motions of the Sun, Moon,
and planets cannot be adequately de-
scribed by a single sphere for each.
The models of Eudoxus and his suc-
cessors postulated multiple spheres for
each of these bodies.

5&5{}

reflected the geometrical design of the universe. We should not criti-
cize the Greeks for relying so heavily upon their notions of symmetry,
for even modern physicists profess a great appreciation for symmetry in
their theories. In modern science, however, symmetry is a guide and not
an arbiter, and the symmetries invoked are often quite subtle.

The obvious approach to constructing a cosmos based upon spheres,
centered on a spherical Earth, requires separate spheres for the Sun, the
Moon, and each of the planets; only one sphere is required for all of the
fixed stars, which move as a unit. Unfortunately, the motions of every-
thing but the fixed stars is more complex than can be accommodated
within such a straightforward model. Even at the time of Eudoxus,
observations were adequate to rule out a simple circular motion of the
planets about a stationary Earth. Multiple spheres are needed to ac-
count for the various observed motions of even one celestial body. For
example, the Sun exhibits its familiar daily motion through the heavens,
for which a single sphere, rotating on a 24-hour schedule, can account;
but the Sun also has a longer seasonal motion as it moves north and
south of the Equator. The seasons, therefore, require a second sphere.
The more complex motions of the Moon and the planets required even
more spheres. In the end, Eudoxus was obliged to introduce 27 different
celestial spheres, each with a different rate of rotation and orientation of
its axis. The result was less geometrically beautiful than it was practical;
it fitted the observations of the day reasonably well. Eudoxus’ model
set the pattern for future refinements.



Aristotle

The most famous of Plato’s students was not Eudoxus, nor was Eudoxus
the only one who pondered cosmology. By far the most influential of
the ancient Greek philosophers was another pupil of Plato, Aristotle
(384-322 BCE). Aristotle wrote widely and voluminously on nearly every
conceivable philosophical issue of his day. Much of what we know of
Greek cosmology comes from his writings, and from the work of later
members of his school, who edited and revised his texts. Although he
made many original contributions to a number of fields, and was one
of the first to develop a theory of biology of any kind, most of the
elements of Aristotelian cosmology are common to other cosmologies of
the era. The writings of Aristotle became particularly influential because
he justified his cosmology on rational grounds.

Aristotle developed his model within a general physical theory. This
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remains the basic approach in modern scientific cosmology. If the universe Aristotle’s cosmology was based on a

has certain properties and the objects within it behave in certain ways,
then there must be principles behind these behaviors: specifically, nat-
ural laws. The universe embodies these laws, and they can be discerned
by humans if enough observations are made. It is sometimes claimed
that Aristotle developed his theories by thought alone, without regard
to observations, but this is not true. He made observations, to the best
of his ability, then attempted to reason from those observations. In this
respect, his work represented a break with the earlier Platonic school
of thought, which held that truth lay only with ideas. To Plato, obser-
vations were misleading because the physical world was at best a pale
manifestation of the truth; only pure geometry could claim to represent
the ultimate reality.

An important element of Aristotle’s cosmology was his theory of mo-
tion; today we call this branch of physics mechanics. Motion, taken
mostly for granted before his time, presented many questions to Aristo-
tle. Why do objects on the Earth have the tendency to move as they
do with respect to the Earth? Why do objects fall when dropped, and
why do stones sink in water, while bubbles rise? It must be, thought
Aristotle, because it is in their fundamental natures to move so. In
many ancient theories, all objects are composed of the four basic ele-
ments of earth, water, air, and fire. In the Aristotelian view, each of
these elements was believed to move differently: earth toward the cen-
ter, fire away from the center (flames rise), while water and air occupy
the space between. Air bubbles up through water, but rocks sink. Con-
sequently, objects of different compositions fall at different rates. An
object containing a higher proportion of the lighter elements air and/or
fire would fall slowly, whereas an object consisting mostly of earth would
fall quickly. The conclusion that various bodies fall at different rates was
consistent with casual observation. The composition or nature of the ob-
ject thus determined its mechanical behavior. All things sought to move
to their natural place in the cosmos. Because of this, all motion must be
with respect to the basic structure of the cosmos; specifically, Aristotle

physical theory

Aristotle’s natural motion defined
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Deviation from natural motion requires
a force

The law of inertia

Circular motion in the heavens

proposed that Earthly objects move in a straight line, that is, linearly,
with respect to the center of the universe. The Earth is a sphere, so ob-
jects falling straight down are actually moving toward the center of the
sphere, as Aristotle realized. Therefore, the center of the cosmos must
lie at the center of the Earth. This argument provided a rationalization
for the geocentric cosmology based not only upon celestial motions but
upon a physical theory.

Natural motion is thus defined within the Aristotelian model. But
what of other motions? Aristotle’s law of motion incorporated the idea
that force causes a deviation from natural motion, a significant advance
in understanding. The concept of force is intuitive; it is a push or a
pull, an action by one thing on another. This concept still remains
a fundamental part of modern mechanics, although in a much more
quantitative form. Aristotle observed that a force is required to set a
stationary object into motion, and that Earthly motions tend to die out
shortly after they are initiated. For example, a rock thrown, no matter
how energetically, soon falls to the ground and stops. Aristotle proposed
that a force is required to make an object move in any manner different
from its natural motion. A horse must continually pull on a cart to move
it. Similarly, an arrow shot from a bow must experience a sustained force
during its flight, or so Aristotle thought. Aristotle believed that objects
in flight, such as an arrow, were somehow pushed along in their paths
by the air, with a kind of highly localized wind.

Although ground-breaking, Aristotle’s law of motion was erroneous.
Viewed with the hindsight provided by modern physics, we can see where
he went astray. Aristotle’s difficulties arose because he only partially
grasped the concept we now call inertia, the tendency of a body to resist
changes in its state. He realized that a body at rest will remain at rest
unless impelled by a force; but he missed the other, equally important,
part of the law of inertia: a body in motion in a straight line will remain
in that state unless a force is exerted. From modern physics, we know
that a force is required to produce a change in a state of motion. To
Aristotle, continuous motion required the continual application of force;
he could not conceive of the possibility that an Earthly object might
travel forever on its own.

But what of the heavenly motions? In contrast to Earthly motions,
celestial motions do continue indefinitely. The motions of Aristotelian
heavenly objects cannot follow straight lines, since straight lines would
end at the edge of the universe, and thus all such motion would ulti-
mately be finite. Hence there must be two separate types of natural
motion: straight-line (linear) limited motion in the Earthly realm, and
continuous circular motion in the heavens. This was one of Aristotle’s
most influential axioms: the primacy of circular motion in the heavens.
It made a certain geometric sense: lines are of finite length, whereas a
circle closes back upon itself and has neither a beginning nor an end.
Because the heavenly bodies had a different natural motion, circular and
eternal, they could not be composed of earthly materials, which could
move only linearly toward their appropriate place in the cosmos as de-



termined by their composition. Instead, celestial objects were composed
of ether, a fifth element. Since they were already in their proper place
with respect to the center of the cosmos, they moved in perfect circles.
Heavenly bodies would thus continue to move indefinitely without the
action of any force. Aristotle argued that the ethereal heavens were
eternal and unalterable, perfect in their structure and unchanging. The
Earthly world below changed, but the heavens did not. Any apparent
change in the heavens must therefore be linked to the Earth. Aristotle
argued on these grounds that meteors and comets were manifestations
in the upper atmosphere of the Earth.

According to Aristotle, the Earth was surrounded by nested, crys-
talline (transparent) spheres of the heavens, to which were attached the
celestial bodies. Whereas Eudoxus apparently thought of the spheres as
mathematical entities only, useful for description but not to be taken
literally, Aristotle gave them physical reality and a composition. These
spheres rotated around the Earth, carrying the heavenly bodies with
them. This spherical universe of Aristotle was consistent with the phys-
ical and philosophical reasoning of his time, but the final model lacked
much of the aesthetic quality that had originally motivated the Greek
philosophers. Alas, the geometrical beauty of spheres and perfect cir-
cular motion encountered the obstacle that plagues all theories: better
observations. In order to meet the challenge of the observations of the
day, Aristotle was obliged to postulate 55 separate spheres to account
for the motions of a far smaller number of bodies.

How large was Aristotle’s grand construct? The size of the universe
was limited by its fundamental geocentric property. The heavens were
moving, not the Earth. Consequently, the universe must be finite, for
an infinite universe rotating around a center would necessarily travel an
infinite distance in a finite interval of time. In Aristotle’s cosmology
the distance to the stars is very small (by modern standards) in order
to prevent them from moving at unreasonable speeds. The entire Aris-
totelian universe would fit comfortably into a region smaller than that
defined by the Earth’s orbital radius around the Sun. This finite uni-
verse had an edge, but it could never be reached because any motion
toward the edge would shift from linear to circular as the traveler ap-
proached the heavenly realm. Even though space was assumed to have
an edge, Aristotle apparently could not imagine an edge to time, so he
took the point of view that time must be infinite, without beginning or
end. The Greeks were aware that recorded history did not stretch back
to infinity, and that change occurred. This fitted into the philosophy of
the Earth as imperfect, made of four base elements, while the heavens
were composed of eternal, perfect matter. The Earth changed, while the
heavens did not. Conversely, the Earth did not move, while the heavens
did. Few philosophers of the time, or even much later, seemed inclined
to question why the center of a perfect universe would be located on an
imperfect, woeful planet.

Aristotle’s cosmology was very much a product of its time and of its
author. While it cleaved tightly to the ancient view of the Earth and
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Flaws in Aristotle’s theories

sky in its insistence upon an unmoving, central Farth and a perfect
heaven, it still contained important, original contributions. As we have
suggested, the supreme accomplishment of Aristotelian cosmology was
the argument that the universe could be described in terms of natural
laws that could be inferred through rational thought. Aristotle founded
the science of mechanics, and developed the concept of force into some-
thing that was at least vaguely systematic. In Aristotle’s cosmology,
the structure of the universe is inextricably linked to physics and to the
definition of natural motion. Remarkably, this is true for modern cos-
mology as well. Cosmology cannot exist as a science without physics;
the general structure of physical theory affects the underlying cosmology
and vice versa. As humanity’s understanding of physics improved, first
from Newton and later from Einstein, the universe changed as well.

Unfortunately, Aristotle’s work was also fundamentally flawed. The
Aristotelian laws of motion did not include the correct concepts of natural
motion or inertia. Also influential, but quite wrong, was his separation
of the universe into Earthly and celestial realms, governed by separate
laws and composed of separate elements. These misconceptions, espe-
cially the demand that celestial motion be circular, would confuse and
confound physics, astronomy, and cosmology for seventeen centuries.
However, we cannot blame Aristotle too much for developing a physics
that was largely incorrect. The fault in his method was that his ob-
servations were often misleading. For example, he did not understand
phenomena such as friction or air resistance, nor was he able to recog-
nize that if all objects on a surface are moving with that surface, the
motion will be difficult, perhaps even impossible, to detect locally. Per-
haps most importantly, he did not recognize his own limitations, both
as an observer and a theorist. Aristotelian physics matched the intu-
itive beliefs of most people and suited their philosophical leanings as
well. Consequently, the geocentric theory was retained and enshrined,
eventually reaching the point of religious dogma during the Middle Ages.

Not only the Aristotelian cosmology was venerated during the Mid-
dle Ages; the corresponding Aristotelian physics of motion was further
elaborated into the impetus theory. In this view, objects moving on the
Earth are propelled by an impetus, a vaguely defined, traveling, gener-
alized force. For example, the impetus theory holds that a rock shot
from a catapult is endowed with some amount of impetus that continues
to propel the rock forward. The rock falls back to Earth when it has
consumed all the impetus provided by the catapult. Similarly, in the
case of an arrow shot from a bow, the medieval theory took the arrow
to be pushed not by any vortex of air, as Aristotle had believed, but
by impetus imparted to it by the bow. In this picture, air resistance
is a factor acting on bodies to exhaust their impetus; the more massive
the object, the faster the resistance dissipates its impetus. Impetus was
also hypothesized to follow the form of the original motion; if a ball was
whirled in a circle and then released, it would carry circular impetus
with it and thus would continue to execute curved motion.



Modern researchers into science education have found that many peo-
ple hold an intuitive view of the world that is very similar to that at
which Aristotle arrived, and that contains many elements of the later
impetus theory. Most people consistently misinterpret observations of
motion; a notion of something like impetus still governs the way in which
many of us think about motion. For example, when shown a ball trav-
eling along a spiral track toward an exit and asked to describe the ball’s
motion after it leaves the track, many people believe that the ball will
continue in a circular path. As we shall see when we study Newton’s
laws, this is incorrect. When we observe the flight of a ball or arrow, ef-
fects such as air resistance, or aerodynamic lift provided by a ball’s spin,
alter the trajectory in complicated ways. It is very difficult to derive the
true laws of motion from our observations of such everyday occurrences.

Perhaps even more remarkable has been the survival of the Aris-
totelian distinction between the Earthly and the celestial realm. De-
spite the great gains in understanding over the past few centuries, this
viewpoint lingered even into the modern era. Newton demonstrated in
the 17th century that celestial motion was governed by the same laws
as Earthly motion, yet space remained a mysterious realm. Prior to any
manned spaceflights, exaggerated scientific and medical concerns about
grave dangers were voiced. For example, fears that astronauts might go
insane merely from being exposed to outer space could well have been a
relic of the Aristotelian cosmology. Prominent scientists expressed opin-
ions that a Moon landing would be extraordinarily dangerous because
of deep seas of dust, or Moon germs, or highly reactive compounds in
the lunar soil that would burst into flame when first exposed to oxygen.
These concerns were put to rest in a most decisive way: humans visited
the Moon, and in just a few years transformed it from the exotic to the
mundane. Television transmissions of astronauts bouncing about on the
Moon showed it to be a real physical object, made of rock, covered with
fine dust, interesting but also familiar. Going beyond the Earth’s im-
mediate vicinity, photographs sent back by the Viking landers from the
surface of Mars resembled scenes of terrestrial deserts. By now space-
craft, such as Voyager I and II, have visited all of the worlds of our
solar system except Pluto. We have found that each planet and moon
is unique, with its own history and geology, yet each is a physical world,
obeying the same natural laws as does the Earth.

Heliocentrism ahead of its time

Aristotle was by far the most influential of the ancient Greek thinkers, es-
pecially among later Europeans. Nevertheless, his theories were not the
only ones developed by Greek scholars. Ancient scientists who belonged
to competing philosophical schools, especially the Pythagoreans, were
making remarkable progress with the very limited tools, both mathe-
matical and observational, that were available to them. One of the most
outstanding of these Greek scholars was Aristarchus of Samos (ca. 310
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Celestial calculations from naked eye
observations

Third Quarter Moon

First Quarter Moon

Fig. 2.2 Method proposed by
Aristarchus to measure the distance
from the Earth to the Sun. The angle
« can be determined from the ratio
of the time interval from third to first
quarter to the interval from the first
to the third quarter. At the quarter
phase, the Earth, Moon, and Sun form
a right angle. Simple geometry yields
the Earth—Sun distance.

The first known heliocentric cosmology

230 BCE). Aristarchus came close to the modern description of the solar
system, a millennium and a half before Copernicus. Aristarchus arrived
at his model when he set out to calculate the relative sizes of the Earth,
the Sun, and the Moon, using geometry and eclipse data. The relative
sizes of Earth and Moon can be determined by comparing the shadow of
the Earth with the angular size of the Moon during a total lunar eclipse.
From these data, Aristarchus was able to conclude that the Moon had
approximately one fourth the diameter of the Earth, very close to the
correct ratio. He also obtained a very accurate value for the distance
from the Earth to the Moon.

Obtaining the distance from the Earth to the Sun is more difficult; in
fact, this measurement was carried out to good accuracy for the first time
only in 1769, after dramatic improvements in knowledge and technology
made it possible to exploit for triangulation the rare passage of Venus
directly across the face of the Sun. Aristarchus instead used a method
that was extremely clever, although difficult to make work in practice:
he attempted to triangulate on the Sun by using the phases of the Moon.
When the Moon is in its first or third quarter, that is, half its surface is
illuminated, the angle defined by the lines from the Earth to the Moon,
and the Moon to the Sun, is a right angle. The other angle required for
the triangulation is proportional to the ratio of the time elapsed between
first and third quarter, and third and first quarter. The closer the Sun
is to the Earth, the shorter is the time elapsed between the third and
first quarters of the Moon, in comparison to the corresponding interval
between the first and third quarters. Unfortunately, Aristarchus could
not have carried out an accurate determination with this technique, as
he had neither a precise method of detecting, by naked-eye observation,
the exact moment at which the Moon is exactly half illuminated, nor
did he possess accurate clocks to measure the time intervals required.
Even with these obstacles, Aristarchus obtained a distance to the Sun of
19 times the distance to the Moon. This number is much too small, by
about another factor of 20 (the correct result is that the Sun is 390 times
as far as the Moon), but the geometry was sound, and Aristarchus was
led to an incredible conclusion. He knew that the Sun and Moon had the
same apparent size in the sky, from the remarkable fact that the Moon
precisely covers the Sun during a solar eclipse. By his measurement, the
Sun was roughly 20 times as distant as the Moon; therefore it must be
20 times the diameter. Since the Moon was one quarter the diameter
of the Earth, the Sun must be much larger than the Earth. This led
Aristarchus to propose the first heliocentric cosmology, in which the
Sun, not the Earth, was the center of the universe.

Aristarchus’ heliocentric model was never accepted by his contempo-
raries, who raised what they considered to be sound objections against
it. First, it required that the Earth move, in violation of both sen-
sory evidence and the prevailing physics of the day. Second, a moving
Earth has definite observable consequences. Since the Greeks believed
that the stars were located on a relatively nearby celestial sphere, the
Earth’s orbital motion should bring different regions of that sphere no-



ticeably closer at certain times of year; no such stellar brightening was
seen. Moreover, over the course of a year the stellar positions should
shift as the stars are viewed first from one side of the Earth’s orbit and
then from the other. This phenomenon, known as parallax, had never
been observed in Aristarchus’ time. The only way in which the absence
of parallax could be explained within the context of the heliocentric
models was to demand that the stars be at enormous distances from
the Earth (which, of course, they are). Aristarchus’ cosmos was, by the
standards of his day, fantastically huge, with a radius comparable to the
distance we now call a lightyear. We now know that this is barely a
quarter of the distance to the nearest star, but at the time this immense
size could not be accepted by most people. Aristarchus, who was proba-
bly one of the most brilliant of the ancient scientists, was too far ahead
of his time. His theory probably also did not win favor because people
were not yet ready to accept that their Earth was not the center of the
universe and the sole preoccupation of its gods.

Ptolemy

The work of the Greek astrologer and geographer Claudius Ptolemaus,
called Ptolemy (ca. AD 100-170), brought the Aristotelian system to its
pinnacle. Ptolemy worked in an observatory near Alexandria, the great
seat of learning of ancient Egypt. His principal work, the result of his
years of study, is generally known by its Arabic name Almagest (The
Great System). This opus brought together all the refinements of Aris-
totelian cosmology to describe better the observed motions of celestial
objects. Ptolemy was not only a theorist, but spent time charting the
movements of the stars and refining his system to fit his observations.
Moreover, by his time a long history of observations had accumulated,
exposing the inadequacies of earlier models. Slight inaccuracies in pre-
dicting conjunctions of Jupiter and Saturn might not be noticed over
the course of a few years, but over a few hundred years these errors
would become substantial. Of course, the Greeks had known long before
Ptolemy’s time that the simplest possible geocentric system, in which
each planet describes a circular orbit around the Earth, could not fit the
data. Eudoxus’ 27 spheres and Aristotle’s 55 were the consequence of
this celestial intricacy. Ptolemy’s model continued this tradition of grow-
ing complexity. To provide an accurate predictive model for projecting
future motions of the known celestial bodies, an essential prerequisite
for the practice of astrology, Ptolemy developed an elaborate system of
multiple circular motions. The actual details of Ptolemy’s system are of
interest today mainly to historians. However, a few examples of the ob-
servational challenges, and the way they were answered, are instructive.

By observing the planets over the course of several months, it can eas-
ily be seen that they vary in brightness. This is difficult to accommodate
within a philosophy which expects that the heavens are perfect and un-
changing, unless the distance between the planet and the Earth changes
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Retrograde planetary motion presents
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models
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Fig. 2.3 The position of Mars relative
to the background stars, plotted for the
interval from July 1, 1988 to January
1, 1989. During that time Mars slows,
stops, and reverses itself, travels back-
ward, then reverses again and continues
in the forward direction. This cosmic
pirouette is known as retrograde mo-
tion.

Increasing complexity was needed to
match increasingly detailed observa-
tions

with time. Another interesting planetary behavior is known as retro-
grade motion; this occurs when a planet reverses its usual direction
with respect to the fixed stars and moves backwards for a while before
resuming its forward motion. In addition to such directional changes,
the speed with which a planet moves with respect to the background of
fixed stars varies with time.

Like Eudoxus and Aristotle before him, Ptolemy was obliged to con-
struct a hierarchical system of circles in order to account for the observa-
tions. The major circles, which carried the planets around the sky, were
called the deferents. Superposed on each deferent was a smaller circle,
the epicycle. With the addition of epicycles, the planets no longer exe-
cuted strictly circular motion, although the net motion was still a sum
of circular motions. Ptolemy shifted the center of the deferents away
from the center of the Earth so as to account for the apparent changes
in brightness and speeds of the planets. The net center of motion of
each planet was also moved away from the center of the Earth, to a
point called the equant. As viewed from the equant, the rate of rotation
of the planet was constant. However, this new feature meant that the
center of motion no longer corresponded with the supposed center of the
universe.

The resulting model described planetary motions well, but in subse-
quent centuries it fell prey to the same failings as earlier cosmological sys-
tems: the accumulation of error over time, and improved observations.
It became necessary to tinker further with the system, adding epicycles
upon epicycles, the “wheels within wheels,” in an attempt to achieve the
elusive perfection. Accuracy was obtained at the expense of simplicity,
a fact that was not lost upon even adherents of the system. Alfonso, a
15th-century king of Castile and Leon, is said to have remarked upon
learning the Ptolemaic system, “If the Lord Almighty had consulted me
before embarking upon Creation, I should have recommended something
simpler.” In retrospect, we can see how this increasingly elaborate and
cumbersome construction continued to succeed. The true motions of the
planets are not circular, but elliptical, and are centered upon the Sun,
not the Earth. Nevertheless, any arbitrary closed curve can be approxi-
mated by a sequence of circles. But perfect accuracy requires an infinite
number of circles, so ultimately the Ptolemaic system was bound to fail.

Ptolemy and his successors probably did not intend for their system
to be taken literally, although ultimately its fate was to be taken all
too literally. Their original purpose was a model that would serve as
a mathematical tool to predict the positions of the planets. In that,
the Ptolemaic system was quite successful for hundreds of years. It was
eventually rejected not because it was inaccurate or incapable of cor-
rection, but because the heliocentric model proved to be much simpler.
Moreover, the Ptolemaic model had no underlying, unifying predictive
principle. If a new planet were discovered, the model could not describe
its motion in advance, but only after many observations had been made
to fit the required deferents and epicycles. The scientific method gives
preference to the simpler theory with greater predictive power. The
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heliocentric model that ultimately arose has taken us far, yet all mod-
els must be constantly tested by observations. Indeed, the Newtonian
model of the solar system has a tiny but significant discrepancy in the
orbit of Mercury, which eventually contributed to the acceptance of the
general theory of relativity.

The Renaissance

With the decline of Greek culture, scientific cosmological modeling came
to a halt. Greek learning was preserved by the Arabs, who added further
observations to the growing volume of data and made additional refine-
ments to the Ptolemaic system. Some Arab scholars were dissatisfied
with Aristotelian physics and wrote detailed critiques of it, but no new
theory arose in the Middle East. Aristotle’s writings, along with fur-
ther elaborations by his successors and by Ptolemy, were rediscovered
in Europe at the beginning of the 13th century. The Greek/Ptolemaic
cosmology eventually became incorporated into medieval European phi-
losophy, with sufficient modifications to be compatible with Judaic and
Christian theology. One important alteration was the change from a
universe of infinite duration to one with a creation from nothing at a
finite time in the past. The Earth remained at the center of the cos-
mos, although not because the Earth was considered to be an especially
wonderful place. Indeed, in this cosmology the center of the Earth was
the lowest, basest point of the cosmos, the location of Hell. The celes-
tial realms were the domains of angels, with God beyond the outermost
sphere. In this form, Thomas Aquinas and other medieval theologians
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Fig. 2.4 Components of the Ptole-
maic model for planetary motion. The
planet moves on a small circle, the
epicycle, which itself moves around
the Earth on a larger circle called the
deferent. The center of the motion is
the equant.

The Dark Ages
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Columbus set out to prove that the
FEarth was small, not that it was spher-
ical

elevated the pagan Ptolemaic cosmology and Aristotelian physics into a
cornerstone of Christian doctrine.

The supremacy of Aristotelian authority throughout the Middle Ages
may well have occurred because, in essence, he told Europeans what
they wanted to hear at the time. It was an authoritarian era, when
the control of the Church in matters of belief was absolute, and dissent,
whether in theology or science, was not tolerated. Aristotelian physics
and especially his cosmology fitted the prevailing attitudes. It was be-
lieved that all that could be discovered had already been discovered. The
search for new knowledge was regarded as a pointless enterprise, since
Aristotle had anticipated and resolved all questions. Human curiosity
could not be suppressed forever, however. The rediscovery of Greek sci-
entific thought began a transformation in Europe that led eventually to
the Renaissance. By the 1400s, every educated European was versed
in Greek learning. Astronomy, which was more like what we would to-
day call astrology, was one of the original liberal arts. For example,
the English poet Geoffrey Chaucer wrote a treatise on the use of the
astrolabe, an instrument for measuring the positions of stars. Educated
Europeans also were well aware that the Earth was a sphere, and even
knew its diameter to fairly good accuracy.

Given that most of the ancient Greek knowledge was well dissemi-
nated among the European elite of the 15th century, it is an interest-
ing historical tidbit that, regardless of what some legends might claim,
Christopher Columbus certainly was not waging a lonely battle against
ignorance by contending that the Earth was spherical. On the contrary,
Columbus had carried out his own erroneous calculation of the diam-
eter of the Earth; he argued that it was a much smaller sphere than
others believed, and maintained that the great Ocean was traversable
by the small sailing ships of the era. In this case, conventional wisdom
was correct and the supposed iconoclast was wrong. Others asserted,
quite correctly, that a journey in a small sailboat across the distance
proposed by Columbus was impossible. Columbus would have vanished,
both from his countrymen and from history, had not an unknown (to
Europeans of the time) continent intervened. The myth that Colum-
bus was fighting the ignorant scholars of the time who insisted that the
Earth was flat is pure fiction, apparently invented from whole cloth a
few hundred years after his voyages and popularized by the writer Wash-
ington Irving. Columbus himself refused to accept that he had found a
new land, believing to his dying day that he had discovered a route to
Asia. Sometimes, it would seem, it is more important to be lucky than
to be right.

The intellectual community of Europe in the 16th century was in a
ferment. The increased level of literacy and education, the rediscov-
ery of ancient scholarly works, and the development of printing raised
the intellectual standards and dramatically altered the political climate.
This new environment made possible such changes as the Reformation,
which directly challenged the prevailing doctrinal authority of the time,
the Roman Catholic Church. It is ironic, then, that the man who was
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to set into motion the coming cosmological revolution should have been
a canon, a cathedral officer, in the Church. This man was Nicholas
Copernicus.

Copernicus

Nicholas Copernicus is the Latinized name of the Polish scholar Mikolai
Kopernik, who is credited with the introduction of the proposal that the
Earth revolves around the Sun. This is called the Copernican rev-
olution, and it was a revolution in more than one sense of the word:
the revolution of the Earth, and a revolution in thought. Copernicus
was not the first to propose such a heliocentric, or Sun-centered, system.
Aristarchus of Samos had anticipated him by 1700 years; Copernicus ap-
parently learned from one of his teachers about the work of Aristarchus.
Copernicus, however, introduced his system into a world that was more
receptive to new ideas, although it still was many years before helio-
centrism was generally accepted. Indeed, Copernicus released his work
De revolutionibus orbium coelestrium (On the Revolution of Heavenly
Spheres) for publication only near the end of his life. It appeared in
1543, and immediately created a sensation among the literate scholars
of the day.

Why did Copernicus propose such a radical change? We can only
speculate, as he left no explanation for his reasoning, but he apparently
had several motivations. First, he was dissatisfied with the complexity of
the Ptolemaic system. The continued addition of epicycles and eccentrics
had made a mockery of the original goal of geometric purity in the
celestial motions. Copernicus may well have hoped that by shifting
the center of motion to the Sun he could restore the heavens to simple
circular motion. He was also aware of the inaccuracies in the predictions
of planetary positions, and must have expected that his model would
make better forecasts. It also appears that he might have been attracted
to the model by aesthetic considerations; where better to light the worlds
than from the center of the universe?

The new theory had some immediate successes; for one, it explained
the daily motions of the Sun and stars in terms of the simple rotation of
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Fig. 2.5 A timeline for cosmological
discovery prior to the 20th century.

The Copernican revolution was the
claim that the Earth is not the center
of the universe
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Fig. 2.6 Nicholas Copernicus (1473~
1543), the Polish scholar whose Sun-
centered model of the cosmos marks
the beginning of modern astronomy.
(Courtesy of Yerkes Observatory.)

A simple explanation for retrograde
motion

the Earth. The seasonal changes in the patterns of the fixed stars was
comprehensible as a consequence of the Earth’s journey around the Sun,
thus dispensing with the deferent that carried the fixed stars around the
Earth in the Ptolemaic system. Even more prominently, it explained
retrograde motion in a very natural way. The planets are like sprinters
running around the lanes of a circular track. The innermost racers run
faster, with outer racers lagging ever slower. We are the sprinter in
the third lane out. As we overtake and pass the slower outer runners,
they appear to move backwards with respect to the distant background,
resuming their apparent forward motion after we are well past. Similarly,
the inner runners are moving faster and pass us; as they turn the corner,
we see them briefly move backwards. The Copernican system also made
it possible to compute the relative spacing of the planets in their orbits.
The two inner planets, Mercury and Venus, never travel far from the Sun
in the sky. Simple geometry, combined with measurements of the angle
of their maximum elongation away from the Sun, provides the size of
their orbits, relative to that of the Earth. A similar, albeit slightly more
complex, calculation gives the relative sizes of the orbits of Mars, Jupiter,
and Saturn. In the Ptolemaic system the diameters of the various spheres
were arbitrary, and were usually computed by assuming that they nested
S0 as just to touch one another.



These advantages made the Copernican model the subject of much
interest and discussion well before its formal release as a printed work.
With regard to improved accuracy for observed planetary positions, how-
ever, the model failed. Copernicus placed the center of the cosmos at
the Sun, but he still relied upon uniform circular motion. In the end, to
fit the model to the known observations, Copernicus was forced to in-
clude many of the same complexities as the Ptolemaic system: equants,
epicycles, and so forth. What Copernicus did not know was that circular
motions would not suffice. Planets move on ellipses, not circles, but the
true elliptical nature of planetary motions had yet to be discovered. Fur-
thermore, parallax remained a sticking point for a heliocentric model,
just as it had been for Aristarchus so many centuries before. Because
stellar parallax had never been observed, Copernicus was obliged to ex-
pand greatly the size of the cosmos. He himself continued to regard it
as finite, with a fixed sphere of stars removed to a great distance, but
once the intellectual wall was breached and the heavens no longer hung
close to the Earth, others grasped that the distances might be enormous,
perhaps even infinite.

Although Copernicus did not produce a better cosmology, in the sense
that Copernican predictions of celestial motions were not as accurate as
those of the well-refined Ptolemaic model, his model did have an ap-
pealing simplicity. In one particular respect the Copernican model had
a clear advantage over the Ptolemaic system: it made a prediction. In
arranging the planets in their proper order from the Sun, Copernicus dis-
covered that the inner planets moved faster than the outer ones. Thus,
if a new planet were to be discovered farther from the Sun, it should
be found to move more slowly than the known planets. However, he
proposed no law to explain why the planets moved as they did; this
explanation had to await the arrival of Newton.

For Copernicus, the inability of his model to make precise predictions
of planetary positions meant failure, and may represent part of the rea-
son that he did not publish his work until the end of his life. His book,
which appeared well after his theories were already widely discussed,
was a highly technical work, read by few. Why, then, was Copernicus so
revolutionary? By abandoning the geocentric model, Copernicus struck
at the philosophical underpinnings of the prevailing cosmology. In the
Copernican system the Earth is not the center of the cosmos; it is just
another planet. This development, with further elaboration, is now em-
bodied in what is often called the Copernican principle, which, in
its most elemental form, states that the Earth is not the center of the
universe. This principle is the most valuable legacy of Copernicus.

The Copernican system was obviously a much more severe challenge to
medieval theology than were any of the Greek models. Many passages in
the Christian scriptures support the model of a stationary Earth, includ-
ing the command by Joshua that the Sun should stand still. Belief in the
Copernican system came to be regarded as heresy, and was suppressed
by both the dominant Roman Catholic Church and the renegade Protes-
tants. The Catholic Church still wielded formidable political power with
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Fig. 2.7 The heliocentric model of
Copernicus (not to scale). Copernicus
arranged the planets in their correct
order, and computed accurate relative
spacings between them. The stars re-
mained on a fixed sphere, now further
removed so as to explain the lack of ob-
servable parallax.

The Copernican principle states that
Earth is not located at a privileged po-
sition
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Fig. 2.8 Tycho Brahe (1546-1601).
Tycho’s meticulous naked-eye obser-
vations of the heavens revealed the
inadequacies of the Ptolemaic tables
and provided the essential data that
enabled Kepler to formulate the laws
of planetary motion. (Courtesy of
Yerkes Observatory.)
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which to back its damnations, and at the time it was fighting the ulti-
mate challenge to its authority, the Protestant Reformation. Dissension
from accepted theology was thus especially dangerous. This alone was
ample reason for the timid Copernicus to avoid publication as long as
possible. At this he was quite successful; the page proofs for his book
arrived as he lay dying. It may be that Copernicus developed an idea
whose consequences ran away from him. He intended to save the phe-
nomenon, to restore the Platonic purity of the circle, and to recreate the
geometric beauty of the heavens as it was originally conceived. Instead
he set in motion a revolution that would not be complete until both the
cosmos, and the very foundations of physics, had been overturned.

Tycho Brahe

The intellectual climate of the Renaissance was receptive to the new
Copernican ideas, but the most important driving force leading eventu-
ally to their adoption was increasing dissatisfaction with the Ptolemaic
tables. With the development of the printing press, the tables were
widely and accurately disseminated. Errors in the prediction of an im-
portant conjunction of planets by a few days could be blamed only upon
the tables and not on the stars, nor on transcription errors. Although the
telescope had not yet been invented, increasingly accurate observations
made the faults of the Ptolemaic model all too apparent. This astro-



nomical trend reached its peak in the work of the Danish astronomer
Tycho Brahe, the last of the great naked-eye observers.

Tycho is memorable both as a methodical scientific observer and as
a remarkable personality. He was a member of the aristocracy, yet he
devoted himself to the decidedly unaristocratic art of astronomy. In
this pursuit, he benefited from his association with King Frederick II of
Denmark, whose financial support enabled Tycho to build Uraniborg,
a lavish observatory on an island just offshore from Copenhagen. Here
Tycho lived the life of a self-indulgent nobleman while still devoting
both his own efforts, and those of a considerable staff, to gathering
his detailed observations of the heavens. Tycho’s personality stood in
marked contrast to his careful scientific work. He was a flamboyant and
fiery man who sported a metal nose, the original having been cut off
in a sword duel in his youth. He loved parties, which in his time were
often lengthy binges involving much heavy drinking. He may have met
his end as a result of such customs. Legend has it that he imbibed
excessively at a royal banquet in Prague in 1601, but the protocol of the
day prohibited guests from leaving the room when royalty was present.
Tycho died shortly after this banquet, possibly as the result of a ruptured
bladder.

It is easy to focus on such interesting details of Tycho’s personal life,
but he should be remembered instead for his exceptionally careful and
systematic observations of celestial motions. Tycho repeated his mea-
surements and used the additional information to estimate his errors, a
revolutionary idea at the time. In this he was one of the first investiga-
tors who could be called a scientist, in the modern sense of the word.
His amassed data provided a record of unprecedented accuracy and de-
tail, and clearly showed the deficiencies in the Ptolemaic tables. Better
observations do not simply destroy old theories; these observations were
also accurate enough to allow Johannes Kepler finally to determine the
correct planetary orbits, thus laying to rest forever the Ptolemaic system
and establishing the basis for Newton’s laws of motion.

In addition to his catalogue of accurate stellar and planetary positions,
Tycho made several important discoveries. In 1572 he observed what
was, at the time, an unbelievable sight, the sudden appearance of a
new star in the constellation Cassiopeia. This was what we now call
a supernova, a stellar explosion. When Tycho was unable to measure
a parallax for this object, he realized that it could not be merely a
brightening in the atmosphere of the Earth, but must belong to the realm
of the fixed stars. This showed that the heavens were not immutable,
a stunning revelation at the time. Tycho also demonstrated, again by
means of parallax, that the orbit of a comet lay beyond that of the
Moon. Until that time, comets had been believed to be vapors in the
atmosphere of the Earth. Suddenly, the Aristotelian view of a perfect,
changeless, unblemished heaven was untenable. New stars appeared
and then disappeared. Unpredictable, rapidly moving comets belonged
to the celestial realm. Indeed, the Aristotelian physics then accepted
required that the crystalline spheres be real, physical entities; Aristotle
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Parallax is employed to judge celestial
distances



44  Cosmology Becomes a Science

Fig. 2.9 Since Mars is closer than the
celestial sphere, its position with re-
spect to the background stars should
shift over the course of a day. This is
the diurnal parallax.

Tycho’s attempt to perform a crucial
experiment
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believed that “nature abhors a vacuum” and thus he asserted that the
spheres must fill all space. Yet now it seemed that the comets followed
a path which must take them through the planetary spheres.

His suspicions about the Aristotelian model raised, Tycho began in
1582 an attempt to discriminate between the Ptolemaic and the Coperni-
can models by measuring the distance to Mars when it was at its point of
closest approach. He calculated that the diurnal parallax of Mars should
be measurable if the solar system conformed to the Copernican model.
The diurnal parallax is the change in apparent position produced by the
change in the observer’s location due to the daily rotation of the Earth
(Figure 2.9). At first Tycho was unable to measure any such parallax; in
a later attempt with better instruments, he measured a negative angle,
a nonsensical result. He decided that the culprit was refraction of the
light by the atmosphere. He developed a table of corrections for this ef-
fect, attempted his measurement again, and obtained a credible result;
at first he believed that he had succeeded at his goal. Tycho knew, how-
ever, the importance of checking and testing a result. He repeated his
measurements with Jupiter and found, to his chagrin, the same parallax.
Since Jupiter and Mars could not be at the same distance, he knew that
it was his table of refractions that was incorrect, and consequently his
results with Mars could not be accepted. We know now that Tycho’s
program of planetary parallax measurements was doomed to failure from
the beginning, because he was working from an inaccurate measurement
of the size of the Earth’s orbit. From the time of Aristarchus until Ke-
pler almost two millennia later, the distance from the Earth to the Sun
had been underestimated by a factor of 20, rendering Tycho’s expected
parallaxes far too large; he thought the result for Mars should be 5 min-
utes of arc, whereas the actual value is a minuscule 20 arcseconds, much



too small to be visible to the unaided eye.! The true scale of the solar
system was much larger than anyone could fathom at the time. Tycho
never realized why his project had failed, but he was honest enough to
admit that his results were not valid.

Although primarily an observer, Tycho was not above trying his hand
at cosmological modeling. Tycho was no Aristotelian; he knew partic-
ularly well the failings of the Ptolemaic system. Yet neither was he a
Copernican. He ultimately rejected the heliocentric model because he
was unable to detect stellar parallax. He knew that the lack of observ-
able parallax could be explained by only two hypotheses: either the stars
were so far away that their parallaxes were smaller than his measure-
ment error, or else the Earth did not move. Tycho believed that the
stars were near because he thought he was able to detect their apparent
sizes. He did not realize that the finite disks of stars are an optical illu-
sion, caused by the shifting of parcels of air in the Earth’s atmosphere
(stellar twinkling). If the stars had the sizes he measured, such great
distances as were required by their lack of parallax implied them to be
enormously large objects. Hence he concluded that the Earth could not
be in motion. Tycho was a true scientist; he proposed a test of the
heliocentric theory: the stellar parallax. The theory seemed to fail his
test, so he rejected it. But even though he was not a Copernican, he did
appreciate the simplicity of the heliocentric theory. Faced with conflict-
ing observations and philosophical leanings, he proposed his own model
in which the Sun and Moon revolved around the Earth, but everything
else revolved around the Sun. In essence, he recreated the Copernican
model, but shifted the center back to the Earth. Aside from differences
in the frame of reference, the two systems were nearly equivalent. Like
most compromises, however, Tycho’s model pleased no one, except pos-
sibly himself.

Stellar parallax is an important prediction of the Copernican theory,
and Tycho’s objection was taken seriously. But the true distances to
the stars are so great that Tycho could not possibly have detected any
parallax without advanced telescope technology. If we were to shrink the
radius of the Earth’s orbit to a meter, the distance to the nearest star,
Alpha Centauri, would be 274 kilometers (around 170 miles)! Measuring
the parallax of this star amounts to determining the smallest angle of a
triangle whose short side has a length of one meter and whose two long
sides are 274,000 meters long. This angle works out to be less than an
arcsecond, approximately one hundred times smaller than the unaided
eye can resolve. It was not until 1838 that F. W. Bessel, F. G. W. Struve,
and T. Henderson independently detected the parallaxes of the stars
61 Cygni and Vega, in the Northern Hemisphere, and Alpha Centauri,
visible only from the Southern Hemisphere, thus proving once and for
all the heliocentric model. Observations of stellar parallax retain their

IDistances on the sky are angles, which are measured in units of degrees, minutes,
or seconds of arc. A minute is 1/60th of a degree, and a second is 1/60th of of a
minute. See Appendix B on units.
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Tycho’s cosmological model

Jupiter

Fig. 2.10 Tycho Brahe’s cosmologi-
cal model. Earth remained the center
of the cosmos and the Sun circled the
Earth, but the other planets revolved
around the Sun.

Stellar parallax finally detected
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Fig. 2.11 Earth’s annual orbital mo-
tion produces an apparent shift of a
nearby star’s position on the sky with
respect to the background stars as our
vantage point changes with the sea-
sons. This shift is called parallax; ob-
servations of the parallax angle deter-
mine the distance to the star via tri-
angulation. The base of the triangle
is the diameter of the Earth’s orbit;
the mean distince between the Earth
and the Sun is the Astronomical Unit
(AU). The figure is not to scale; actual
parallax angles are less than a second
of arc.

Background
Stars

cosmological importance even today, as they are still the fundamental
basis for all stellar and galactic distance measurements.

Parallax is so difficult to observe for even the nearest stars that the
first proof of the Earth’s motion was indirect and came as late as 1728,
more than a century after the deaths of Tycho and Kepler. The English
astronomer James Bradley was attempting, unsuccessfully, to measure
parallaxes when he noticed that all stars he observed showed a system-
atic shift with the seasons. At last the explanation came to him while
he was boating; watching a vane turn with the winds, he realized that
the Earth was traveling through a “wind” of starlight. An even better
analogy is a sprint through the rain. If a pedestrian is caught outside
without an umbrella in a sudden downpour, he must tilt his body for-
ward in order that the newspaper he tries to hold over his head can
be oriented perpendicular to the raindrops, even when the wind is per-
fectly still and the rain is falling straight down. The apparent direction
of the source of the rain shifts because of the walker’s motion. The
phenomenon discovered by Bradley is called the aberration of starlight.

The old model of the universe was disintegrating; yet there remained
the task of building the new. Tycho’s observations did as much as any-
thing to chip away the foundations of the prevailing cosmology, but
his own attempt at a new cosmological model met with indifference.
Clearly he was not the man who could create the new synthesis. It hap-
pened, however, that Tycho became embroiled in a dispute with King
Christian, the sovereign of Denmark who ascended to the throne after
the death of King Frederick, Tycho’s exceptionally generous benefactor.
Tycho packed up his instruments and records in 1597 and moved from
his private island off the coast of Denmark to central Europe. Tycho’s
misfortune was the great fortune of science, for there he took a new
assistant named Johannes Kepler.



Kepler

Tycho’s schizophrenic cosmology was characteristic of a transitional era;
the established model was rapidly failing, but its successor, the helio-
centric model, had not yet been established. It fell to Johannes Kepler
to develop the new paradigm. Kepler, a reserved Bohemian Protestant,
came to Prague to work with the temperamental and outgoing Tycho
in 1600, and set about interpreting his data. After Tycho’s death in
1601, Kepler absconded with a vast collection of observational data. Its
study occupied him for the rest of his life. Kepler first settled upon
the objective of explaining the motion of Mars, a project suggested by
Tycho, apparently because Mars shows the most irregularities in its mo-
tion. (We now know that this is because of its unusually eccentric orbit
and its proximity to Earth.) He spent years considering all manner of
epicycles. Nor did he find better luck from a different philosophical
approach, in which he fitted the observations to his pet geometrical
objects, a class of figures called Platonic solids. He felt that these ob-
jects had just as much right to be perfect as did a sphere, since they can
be precisely surrounded by a sphere, but they yielded no improvement.
Kepler did eventually hit upon a traditional Ptolemaic scheme that fit
the observations better than any existing model of the time. He could
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Fig. 2.12 Johannes Kepler (1571-
1630). Kepler’s three laws of plane-
tary orbits provided the first simple,
predictive description of celestial mo-
tion. (Courtesy of Yerkes Observa-
tory.)

Kepler’s search to understand the mo-
tions of the planets

Fig. 2.13 An ellipse is the curve traced
by a constant sum of distances (the
dashed line) from two focus points. The
semimajor axis, R, is indicated by the
arrow.
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Planets move along ellipses, not circles

Kepler’s three laws of planetary motion

Fig. 2.14 The law of equal areas. A
planet moves from A to B in the same
time as it moves from C' to D. The gray
regions indicate the area swept out dur-
ing the time to move from A to B or
from C to D. These times are equal, as
are the two indicated areas, according
to Kepler’s second law.

have stopped at that point, and continued in his modest employment as
a fairly successful man. But he was ruthless with himself and strictly in-
tellectually honest. He was aware that none of his models, even his best,
could describe the planetary motions to within Tycho’s stated errors,
and he was confident that Tycho had estimated his errors accurately.
Therefore, Kepler struggled onward.

Finally, in 1604, he achieved success. Some inspiration caused him to
abandon the ancient philosophical prejudices and to consider the motion
of Mars as seen from the Sun. He found that he was able to fit the data
to within the observational errors with an ellipse rather than a circle.
The ellipse is the curve representing a constant sum of the distance
from two fixed points, called foci (singular: focus). Because of its oval
form, the ellipse has not a single diameter, but two perpendicular axes,
the major (longer) axis and the minor (shorter) axis. The shape of
an ellipse depends upon the separation of its foci. As the foci move
further apart, the ellipse becomes increasingly elongated, or eccentric;
conversely, a circle is a degenerate ellipse whose foci coincide. Thus
an ellipse is really a generalization of the circle, so the ancients were
not quite so far wrong after all. The eccentricity, or deviation from
circularity, of the orbits of almost all the planets is very small; for the
Earth’s orbit, the major axis is a mere 0.014% longer than the minor
axis. However, these relatively small differences from circular motion
were more than sufficient to confuse astronomers for many centuries.
Kepler discovered that the Sun was located at one focus of the ellipse.
(The other focus is empty.) Each planet moved on its own elliptical
path, with its own eccentricity. This insight was to unlock the secret of
the heavens, although the work had only begun. It was not until 1621,
after laborious calculations using the only mathematical tools available
at the time, that Kepler finally arrived at his three laws of planetary
orbits.

Kepler’s first law: Planets orbit the Sun in an ellipse, with the Sun
at one focus.

Kepler’s second law: The line from the Sun to the planet sweeps out
an equal area in an equal time. Thus planets move faster when
they are nearer the Sun.

Kepler’s third law: The square of the period of the orbit is equal to
the cube of the semimajor axis (half the long axis) of the ellipse.

If the period, symbolized by P, is measured in years, and the size of the
semimajor axis of the ellipse, R, is measured in terms of the astronomical
unit, where the AU is defined as the mean distance of the Earth from
the Sun, then this law can be expressed mathematically as

P? =R (2.1)

Kepler had strong mystical leanings and always hoped to find deep
meaning in the cosmos. His third law, often called the harmonic law,
was probably the most personally satisfying discovery of his life. Kepler
went so far as to assign musical notes to the planets, based upon his third



law. Today the mathematical beauty of the harmonic law is understood
to be a direct consequence of more fundamental, and perhaps even more
beautiful, laws of physics. In Kepler’s time, however, this achievement
was a great triumph. It is fair to say that Kepler was the first to hear
the true music of the spheres.

With Kepler’s laws in place, simplicity swept away complexity. There
was no need for circular motion; the Copernican system, freed of its
epicycles, finally revealed the elegant simplicity of the travels of the
planets around the Sun. Now it could be shown that the new model
agreed with observations to a far better precision than even the care-
fully elaborated Ptolemaic system. The complexities of the geocentric
systems were due not only to their inappropriate frame of reference but,
in retrospect, to the impossibility of fitting an ellipse with any finite
sequence of circles. The data were forcing a change, but the idea of the
primacy of circular motion was so strong in European thought that the
correct solution could not have been seen. It was Kepler’s great achieve-
ment that he was able to break through this mindset. And it was not so
much that the old theory was demolished as it was a crystallization of
what was already known, now seen in a new light. The old theory had
reached the end of its possibilities.

Kepler’s laws provide a correct mathematical description of planetary
motion. Unlike the Ptolemaic model, the Keplerian model has consid-
erable predictive power. If a new planet were discovered, not only could
we predict whether it would orbit faster or slower around the Sun but,
from only a few observations to determine the length of the semimajor
axis of the orbit, we could predict the period of that orbit. However,
Kepler’s laws alone do not provide much insight into why the motion
should occur as it does. Kepler recognized that the third law provides
a clue. If planets orbit more slowly the greater their distance from the
Sun, then their motion must be related to some influence from the Sun.
Sunlight also diminishes with distance from the Sun, so perhaps there
is some force emanating from the Sun that sweeps the planets along in
their orbit; this force must decrease with distance, just as does the in-
tensity of sunlight. Unfortunately, Kepler still labored in the shadow of
Aristotelian mechanics. Kepler lacked the proper definition of inertial
(natural) motion, so he was not quite able to grasp the law of gravitation;
the correct formulation had to await the arrival of Newton. Perhaps it
is too much to expect a single individual to do more than to overthrow
the cosmology accepted for two thousand years.

Kepler was a quiet and unassuming man who might not have seemed
destined for the greatness he achieved. He was not highly regarded in his
day, yet he was persistent, mathematically gifted, and intellectually hon-
est. While he never completely abandoned his philosophical prejudices,
continuing to think about his Platonic solids even after his success with
ellipses, he was able to put them aside rather than allow them to twist
his theories away from their observational roots. His achievements are
eloquently summarized by Kepler himself, in his own epitaph. The orig-
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Fig. 2.15 Galileo Galilei (1564-1642),
ardent champion of the heliocentric
model. (Courtesy of Yerkes Observa-
tory.)

inal was written in Latin, the scholarly language of the day; an English
translation is:

I measured the heavens, now I measure the shadows,
Skyward was the mind, the body rests in the earth.

Galileo

Kepler was the scientist who discovered the mathematical laws of the
celestial motions, and it was he who made the bold leap from circles to
ellipses that finally vindicated the Copernican heliocentric system. Yet
the name most popularly associated with the championing of this new
worldview is that of the Italian astronomer Galileo Galilei. Galileo was
one of the great Renaissance scientists. He made significant contribu-
tions in many areas of research, although he is most remembered for his
astronomical discoveries, which he made by putting the newly invented
telescope to its first celestial use. It is often believed that Galileo in-
vented the telescope, a misconception common even during his lifetime
and one that Galileo himself made no attempt to dispel. However, credit
for the invention of the telescope is usually assigned to Hans Lippershey,
a Dutch lens grinder, although earlier lens makers may have discovered
the basic principles. In any case, as soon as Galileo heard of this new



instrument in 1609, he immediately built one and turned it toward the
sky.?

One of Galileo’s first observations was of craters and mountains on
the Moon. This showed that the Moon was not a smooth sphere, but
was a world with its own detail, much like the Earth. He also turned his
telescope to the Sun. He did not discover sunspots (they had been, and
still can be, observed by the unaided eye at sunrise or sunset), but he
was the first to conclude correctly that the spots were associated with
the Sun itself and were not foreground objects. Galileo also recognized
that the Sun carried the spots around as it rotated on its own axis;
this enabled him to estimate the rotation rate of the Sun. Observations
such as these pounded away at the Aristotelian concept of the perfection
of celestial bodies. As Tycho had discovered around the same era, the
skies were not the abode of perfect, immutable objects. The Earthly
and celestial realms were not distinct, but might obey the same laws
and be made of the same substances.

Galileo made another surprising discovery when he turned his tele-
scope toward the Milky Way, which to the unaided eye appears only as
a diffuse glow spanning the sky. He resolved the glow into a myriad of
stars too faint to see without the new device. But if these stars were too
dim to see, while others were visible without the aid of the telescope, how
could they reside upon the same crystalline sphere, as required by the
ancient cosmology? Under magnification, the new, faint stars had the
same apparent size as all the others. This suggested that the apparent
disks seen by earlier observers, including Tycho, were an illusion. Even
today, a sweep through the Milky Way with a simple pair of binoculars
gives a distinct sensation of vast depth to the skies. The Copernican
model and the lack of observable parallax required the stars to be at a
great distance; the telescope made such a heresy believable.

Although the stars remain unresolved points even to modern instru-
ments, Galileo found that the planets did present disks to his telescope;
in fact, Venus went through phases, and its phases accounted for some
of its dramatic changes in brightness. The gibbous and full phases of
Venus observed by Galileo could not be explained by the Ptolemaic
model, which could produce only crescent and new phases. The Ptole-
maic model made a testable prediction about the phases of Venus, which
it failed when the observation was made. The Copernican system, on
the other hand, predicted a full range of phases; hence Galileo’s observa-
tions are an example of a crucial experiment, providing strong evidence
in favor of the heliocentric model.?

2Like many new technologies before and since, the initial applications of the tele-
scope were for military purposes. Galileo demonstrated the military possibilities to
the local authorities in Padua, impressing them sufficiently that they provided him
with funding and status. After this, Galileo became the first to apply the telescope
to scientific inquiry.

3Tycho’s cosmological model would also produce phases in Venus as observed by
Galileo. A crucial experiment to distinguish Tycho’s model from the Copernican
would be to determine whether or not the Earth moves.
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Galileo’s telescopic observations
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cial experiment
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Ptolemaic System

Fig. 2.16 Galileo’s observations of
Venus revealed a full ensemble of
phases, from crescent to full. This is
consistent with the Copernican model
in which Venus circles the Sun, but
not with the Ptolemaic model in which
Venus always lies between the Earth
and the Sun.

Galileo’s studies of motion

Perhaps Galileo’s most dramatic observation was that Jupiter com-
mands its own miniature system. Galileo discovered the four largest
moons of Jupiter, still known as the Galilean moons. It is one thing
to observe new details of known objects; far more sensational is to dis-
cover completely new objects. Galileo’s careful charting of the motions
of these objects demonstrated unequivocally that the moons orbited
Jupiter. The Earth was not the only center of motion, refuting one
of the basic tenets of Aristotelian cosmology.

The impact of Galileo’s findings was widespread. When he wrote of
his observations in his book The Starry Messenger, he wrote in Italian
rather than in the Latin of scholars, so that everyone could read about
his discoveries. Soon many people were turning telescopes skyward to
share in these new wonders.

Although Galileo began his career teaching the standard Ptolemaic
model, he apparently was never satisfied with Aristotelian cosmology.
He had little patience with his fellow scholastics, who unquestioningly
repeated Aristotle’s laws of physics. Galileo was not content to accept
the word of even so venerated an authority as Aristotle, and often put the
Aristotelian precepts to the test. When his astronomical observations
converted him completely to the Copernican model, he was faced with
the problem of reconciling his findings with physics. Aristotle’s physics
explicitly denied the motion of the Earth, which seemed to be perfectly
consistent with the observations of our senses. Yet the skies supported
the Copernican model. How was physics to be modified to explain this
apparent contradiction?

Fortunately, Galileo had devoted much of his career to the physics
of mechanics. In particular, he was intrigued by the motion of falling
bodies. Aristotle held that the rate of fall depends upon the composition
of the falling body, and of the medium through which the body fell.
Galileo recognized that this idea could be tested, as indeed several other
scholars of the time had done. He carried out his own experiments (none
of which, apparently, involved dropping any objects from the Leaning
Tower of Pisa), and made measurements in support of his conclusion
that all objects fall at the same rate, contrary to the Aristotelian claim.
But the limitations of the technology of his time forced him to appeal
for many of his arguments to thought experiments, that is, mental
experiments that could, in principle, be performed if the technology were
available. As an example, consider a stone falling from a height. Now
imaging cutting the same stone into two equal pieces, then dropping
them together. Would the severed halves fall at different rates from
the whole? What if the two pieces were connected by a short string?
It should be clear that a boulder will not suddenly fall at a different
rate if a crack appears in it. From such reasoning, Galileo concluded
that all objects must fall at the same rate in a vacuum. This important
observation, that in the absence of air resistance or other complicating
factors, all objects fall at the same rate in a gravitational field, is now
called the equivalence principle; Galileo was one of the first to articulate
it clearly. Yet even Galileo could not have realized how profound was



this observation, as much later it became the basis of general relativity;
more immediately, it formed a foundation of Newton’s theory of gravity.

A key rule of mechanics, with which Galileo struggled, is the law of
inertia. Galileo’s knowledge of contemporary experimental results, plus
his own experiments with pendula and with balls rolling on an inclined
plane, convinced him that impetus was not lost, but was conserved in
freely moving bodies. Hence not only does an object at rest remain
so unless a force acts upon it, but a body in motion in a straight line
remains in that motion unless a force acts. The essential break from
Aristotelian mechanics to modern mechanics is to recognize that force
is responsible not for motion, but for changes in motion. From this re-
alization, the relativity of uniform motion follows. Galileo understood
the experimental fact that if everything is moving together uniformly,
such as the furniture and lamps in the interior of a moving ship, then it
will seem no different from when the ship was at dock. To take a more
modern example, imagine a trip on a supersonic passenger aircraft, such
as the Concorde that made transatlantic flights for several decades. At
dinner the flight attendant pours coffee normally. Flying faster than
the speed of sound, a passenger feels no more sensation of speed than
is felt while sitting in his living room. This leads to the conclusion that
constant-velocity motion is not necessarily perceptible if the observer
and his surroundings are moving together; hence the Earth could be
moving through space, yet this may not be directly noticeable by the
humans moving along with it. This was the critical conceptual break-
through that made the heliocentric model plausible. However, Galileo
never completely worked out the laws of motion that would replace those
of Aristotle. That task fell to Isaac Newton.

Galileo summarized his cosmological conclusions in 1632 in a new book
Dialogues Concerning Two Chief World Systems, in which he showed
how his discoveries supported the Copernican system. The book caused
a sensation throughout educated Europe and paved the way for the
new paradigm of the universe. It also set the stage for Galileo’s later
troubles with the Church. His outspoken advocation of the Copernican
model had earlier discomforted Church authorities, and this new book
provided further provocation. One of his political missteps was to place
the defense of the Aristotelian cosmology into the mouth of Simplicio,
an obvious fool. Galileo was brought to trial for heresy in 1633, was
forced to recant his scientific beliefs, and was confined to his home for
the rest of his life. Only in 1980 did the ecclesiastical authorities finally
exonerate him.

Galileo was a vain, arrogant man; in the end, he came to regard him-
self as much of an authority as Aristotle had considered himself. He
deliberately provoked the Church and was actually given an unusually
light penalty at his celebrated trial, partly due to his fame and partly
because of his advanced age and infirmity at the time he was brought
before the Inquisition. Galileo certainly promoted himself and was not
above claiming credit, or allowing credit to be assigned to him, for nearly
every discovery in astronomy during his lifetime. Despite such character

The relativity of uniform motion
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failings, however, he was an important figure in the history of science.
He was one of the first to understand fully how critical is the role of
experiment. Both he and Kepler realized that data, not our philosoph-

ical wishes, must be the final arbiter of science.

One modern school

of thought in the philosophy of science holds that great discoveries are
more the products of an era than of individual genius. If Galileo had not
made his discoveries, someone else would have done so. There is prob-
ably much truth to this idea, as it is clear from history that important
discoveries are often made simultaneously and independently by more
than one researcher. Yet there must be some due given to individuals.
Perhaps it is the combination of the right person at the right time. Ke-
pler and Galileo were the right people at the right time; between them
they irrevocably changed our view of the world.

Chapter Summary

The first attempt to construct a systematic cosmology
that was grounded in physical theory was the model of
Aristotle. Aristotle developed a theory of motion and
defined the concepts of natural motion and force. In
Aristotle’s view, the Earth was the center of the universe
and the center of all natural motions. Motions on the
Earth were linear and finite, while the heavenly bodies
executed perfect circles eternally. The stars and planets
were composed of a perfect element called ether, whereas
Earthly objects were made up of varying combinations of
the four ancient elements of earth, air, fire, and water;
a body’s motion was a consequence of its composition.
Although our modern definitions of these concepts are
quite different from Aristotle’s, natural motion and force
remain fundamental to our understanding of the structure
and evolution of the universe. Aristotle’s Earth-centered
worldview was later embodied in the detailed model of
Ptolemy, with its deferents, epicycles, and eccentrics de-
signed to predict the complicated celestial motions of the
planets while still requiring motion in the heavens to be
built upon circles.

During the Renaissance, humanity’s cosmological
model changed dramatically. Copernicus developed a
Sun-centered model of the heavens that gained rapid as-
cendency in Renaissance Europe. Tycho Brahe’s detailed
naked-eye observations of the heavens provided the data
that Kepler used to derive his laws of planetary motion.
Kepler’s laws of planetary motion made it possible for
the first time for humans to understand the paths of the

wanderers across the sky. These laws were among the
greatest quantitative achievements of the Renaissance.

Galileo, a contemporary of Kepler, was the first to
make serious scientific use of the telescope, an instru-
ment which provided observations that challenged the
Ptolemaic model of the heavens. Galileo observed craters
on the Moon, demonstrating that it was not a perfect,
smooth sphere. He found that the Milky Way was not a
solid band of light but was filled with myriad stars, too
small to be resolved by the unaided eye. A key observa-
tion was that Venus went through a full cycle of phases,
just like the Moon; this was impossible in the Ptolemaic
model but was required by the Copernican model. One
of Galileo’s most important discoveries was of the four
largest satellites of Jupiter. These bodies demonstrated
that the Earth was not the only center of motion in the
universe, thus refuting one of the important tenets of
Ptolemaic—Aristotelian cosmology and physics.

Galileo also studied mechanics. From direct observa-
tion and careful reasoning, he was able to arrive at the
conclusion that all bodies fall at the same rate, if air
resistance is negligible. This principle, now called the
equivalence principle, is one of the foundations of the gen-
eral theory of relativity. Galileo also realized that motion
might not be easily detectable by observers partaking of
that motion. This was an important prerequisite to the
work of Isaac Newton, who would later develop the fun-
damental laws of physics and gravitation that govern the
universe under most conditions.



Key Term Definitions

geocentric Taking the Earth to be the center, for exam-
ple of the solar system.

mechanics The science of motion.

force That which produces an acceleration.

inertia That property of an object which resists changes
in its state of motion.

heliocentric Taking the Sun to be the center, for exam-
ple of the solar system.

parallax The apparent shift in the position of a celestial
object, such as a star, due to the changing vantage
point of the observer. Astronomical parallax can be
caused by phenomena such as the orbital motion of
the Earth, or its daily rotation (diurnal parallaz).

retrograde motion The apparent reversal in the mo-
tion of a planet across the sky relative to the
background stars, caused by the Earth passing the
planet or being passed by it.
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Copernican revolution The revolution in thought re-
sulting from the acceptance of the heliocentric
model of the solar system.

Copernican principle The principle that the Earth is
not the center of the universe.

ellipse A geometric figure generated by keeping the sum
of the distance from two fixed points (the foci) con-
stant.

Kepler’s laws The three laws of planetary motion dis-
covered by Johannes Kepler.

thought experiment An experiment that could be per-
formed in principle but might be very difficult in
practice, and whose outcome can be predicted by
pure logic. Often used to develop the consequences
of a theory, so that more practical phenomena can
be predicted and put to actual experimental tests.

Review Questions

(2.1) From what evidence did the ancient Greeks (and
others) conclude that the Earth was immobile?
(2.2) From what evidence did the ancient Greeks deduce

that the Earth was a sphere?

Why did Eudoxus demand spherical motions for
the planets? What were the consequences for his
model of this assumption?

(2.3)

(2.4) According to Aristotle, what caused motion on the
Earth? In the heavens? What type of motion was

appropriate to each realm?
What was the impetus theory of motion?

[More challenging.] While stationed on the planet
Zorlo, you decide to replicate the calculation of
Aristarchus for the Earth and the Sun. Zorlo’s
moon, Crastig, completes one revolution (360 de-
grees) in 42 Zorlo days. You observe that Cras-
tig requires 20.985 days from third to first quarter.
What is the ratio of the distance from Zorlo to its
moon Crastig, to the distance from Zorlo to its sun?
(Hints: first compute the number of degrees trav-
eled by Crastig in one day. From Figure 2.2, note
that the desired ratio of distances is given by the
cosine of the angle .)

How did Ptolemy account for the retrograde motion
of the planets?

(2.8) Describe two major weaknesses of the Ptolemaic
model of planetary motions.

(2.9) The imagery of Hell existing down below and
Heaven having a location above the clouds is still
common, at least metaphorically. How is this con-
nected to medieval European cosmology?

(2.10) Was the original Copernican model simpler than
the Ptolemaic? What phenomena were more eas-
ily explained by the Copernican theory than the
Ptolemaic? What is the most valuable legacy of
Copernicus?

(2.11) What Aristotelian belief did the observations of Ty-
cho Brahe most seriously challenge? Why did Ty-
cho reject the Copernican model?

(2.12) What experiments did Tycho Brahe perform to test

the Ptolemaic and Copernican cosmological mod-

els?
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(2.13) A new asteroid orbits the sun at a mean distance (2.14) Describe three observations of Galileo which sup-
of 40 AU. What is the period of its orbit in Earth ported the Copernican model. State also why they
years? Does the answer depend on how elliptical falsified the Ptolemaic/Aristotelian system.

S
the orbit is? (2.15) In what way did Galileo’s observations on the prop-

erties of motion disagree with Aristotelian mechan-
ics?
ics?



Newton’s Machine

I think Isaac Newton is doing most of
the driving right now.

Astronaut Bill Anders, aboard
Apollo 8 during its return from lunar
orbit.

Isaac Newton

If modern physics and cosmology can be assigned a birthday, it would
be that of Isaac Newton. Born prematurely in Lincolnshire, England,
on Christmas Day of 1642,! according to the calendar then in use in
England, the infant Newton barely survived. His father had died be-
fore his birth; when his mother remarried a few years afterward, he was
given over primarily to the care of his maternal grandmother. He dis-
tinguished himself scholastically even as a child, and his family decided
that he should enter a university; he began his undergraduate study at
Cambridge University in 1661. Newton set about the study of mechan-
ics, a science which at that time was still dominated by the theories of
Aristotle. The University was not immune to new ideas, however, and
Newton also acquainted himself with the more recent work of Kepler,
Galileo, and the French philosopher René Descartes.

Newton left Cambridge in 1665 when the university closed during an
epidemic of the plague. Returning home, he began the independent
research that was to revolutionize science. During his 18 months in
Lincolnshire, Newton developed the mathematical science of calculus,
performed experiments in optics, the science of light, and carried out his
initial derivations of the laws of mechanics and gravity. In 1669 Newton
was named Lucasian Professor of Mathematics at Trinity College, Cam-
bridge, in recognition of his accomplishments with calculus; he held this
position for the rest of his scientific career. In 1672 Newton was elected
to the Royal Society of London on the basis of his work in optics, par-
ticularly his invention of the reflecting telescope, a device which uses a
mirror rather than a lens to focus light; this is still the basic design of
all large astronomical telescopes.

Newton was an embodiment of the eccentric genius. In addition to
his work in physics, he dabbled in alchemy and theology; he considered

1This corresponds to January 4, 1643 on our current Gregorian calendar.

Key Terms:

Newton’s first law
uniform motion
force

acceleration
Newton’s second law
mass

conservation of
momentum

vector

Newton’s third law
universal gravitation
gravitational constant
weight

radioactive dating

The life of Isaac Newton
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Fig. 3.1 Isaac Newton (1643-1727).
His master work, the Principia, es-
tablished the science of mechanics and
provided the law of gravitation that
explained Kepler’s laws. (Courtesy of
Yerkes Observatory.)

his efforts in those fields to be every bit as important as his physics,
although today they are regarded to be at best of no consequence, and at
worst completely wrong. Newton shared with Aristotle and Galileo the
conviction that he was always right. He once ended a friendship because
the friend dared to disagree with Newton’s interpretation of the Old
Testament’s Book of Daniel. His pathological personality almost denied
the world the benefit of his insights. Newton was neurotically protective
of his privacy, becoming greatly disturbed when his first published work,
a report of his discoveries in optics, drew international attention to him.
The paper was important; Newton demonstrated that a prism separated
light into colors because the index of refraction, a measure of the bending
of light in a medium, differed for each color. He proved that white
light was a mixture of these colors by showing that a second prism
could recombine the spectrum into white light. It had previously been
believed that a prism somehow manufactured the colored light internally.
Although the paper was generally well received, this early optical work
dragged Newton into a dispute with his chief rival, Robert Hooke. Hooke
attacked the paper viciously because it made some sweeping statements
about Newton’s corpuscular theory of light, on the shaky basis of some
rather crude experiments. Stung, Newton withdrew for a while even
further into his shell. His full optical researches were not published until
after Hooke’s death.

Robert Hooke made important scientific contributions of his own;
among other things, he discovered the rotation of Jupiter. Yet he is



also remembered as a thorn in Newton’s side, an egotist who claimed
for years that Newton had stolen “his” theory of gravitation. In fact,
Hooke and some other intellectuals of his day had independently arrived
at the hypothesis that gravity obeyed an inverse square law. (Kepler
himself had suspected that the Sun’s influence over the planets obeyed
such a relation, so the idea was hardly new.) In January of 1684, Hooke
boasted to Edmund Halley and Christopher Wren that he could prove
this assertion easily, but he failed to produce a demonstration after sev-
eral months. Later that year Halley, in Cambridge for other reasons,
stopped to see Newton. Halley asked Newton what would be the orbit
of a planet obeying an inverse square law of gravity, and Newton replied
immediately that it would follow an ellipse. When the astonished Hal-
ley asked Newton how he knew this, Newton replied, “I have calculated
it.” Halley requested to see the work, but Newton, rummaging through
his stacks of papers, claimed he could not find it. (Most likely, the
proof was incomplete and contained an error, and Newton did not wish
to expose himself to criticism.) Although Newton had carried out the
basic calculations years earlier, he had delayed publishing his findings
because he had difficulty in proving an important result in his theory of
gravity. Now, goaded by Halley’s request, Newton turned again to the
problem. Over the following three months, Newton worked out the proof
in detail and sent a copy to Halley, who immediately urged Newton to
publish a full description of his work. Two years later, Newton delivered
a manuscript that laid down the fundamental laws of mechanics and
gravitation, laws that are still today the basis of mechanics in the usual
limiting case of speeds that are not too extreme and gravitational fields
that are not too strong.

Newton published this great work, the Philosophiae Naturalis Prin-
cipia Mathematica (The Mathematical Principles of Natural Philosophy)
in 1687. This book, issued with the imprimatur of the Royal Society, is
usually known simply as the Principia. Halley paid for the publication
from his own pocket; without the intervention and support of Halley,
Newton’s discoveries might never have reached the world. Had such a
calamity occurred, at best the progress of science would likely have been
much delayed. The laws of mechanics and gravity might well have trick-
led out slowly, attributed piecemeal to the work of others, rather than
emerging, as they did, as a unifying whole. Edmund Halley, who had the
patience to remain Newton’s friend for years despite Newton’s tantrums
and quirks, might have been one of the few who could have persuaded
him to publish.

Newton’s scientific career ended only a few years after the Principia
appeared. In 1693 he suffered an unmistakable mental breakdown, pos-
sibly at least partially due to years of exposure to mercury, a very toxic
heavy metal, during his alchemical studies. He recovered, but never
made any further contributions to science. By then, however, Newton’s
renown was so great that the British government arranged for him to
receive a comfortable position; he spent the last thirty years of his life
managing the British Mint, an office which brought his considerable ec-
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Newton’s first law

The relativity of uniform motion means
there is no state of absolute rest

centricities into the public eye. He became a common object of ridicule,
lampooned in popular plays and pamphlets as a pompous, overblown
martinet. History has been more generous. Newton is now recognized
as one of the greatest scientists in history, and the Principia as possibly
the greatest scientific work ever published.

Newton’s laws

The science of Newtonian mechanics, as elaborated in the Principia, is
summarized in Newton’s three laws of motion. These three laws can be
stated quite briefly and in simple language, yet they are of overarching
importance, transcending this apparent simplicity.

The first law of motion returns to the question of natural motion, or
how objects move if left on their own. Aristotle believed that things
moved only if acted upon by a force, that is, a push or a pull exerted
by one object upon another. An arrow flies only because it is pushed
along by the air through which it moves. Otherwise, all things move
to their proper location within the cosmos. This implicitly assumes
that there is a universal standard of rest, relative to which everything
moves. For Aristotle, this standard of rest was the center of the im-
mobile Earth, the center of the universe. By Newton’s time, however,
scientists and philosophers were well aware that Aristotelian mechanics
was incompatible with the developing cosmological model. According to
the Copernican system, the Earth orbits the Sun and rotates on its axis;
this implies that the Earth is executing stupendous motions, yet there is
no obvious application of a force causing it to move, nor any sensation
of motion for its inhabitants. To explain these facts, Galileo developed
the idea that motion is relative: if all things move uniformly together,
sharing in a common motion, there is no discernible effect. The Earth’s
motion through space is imperceptible because we take part in that mo-
tion. This suggests that there is no absolute standard of rest; the state
of rest is relative. We can retain the aspect of Aristotelian physics which
asserts that an object at rest will remain at rest unless acted upon by
some force. But if the meaning of rest is relative, then motion cannot by
itself require the continual application of a force. Consider two persons,
each moving uniformly with respect to the other. Each feels himself to
be at rest, and no force is required to remain so. Each feels no force,
even though the two are moving with respect to one other. To initiate
some other motion does require a force. It is not motion per se that
requires a force, but a change in the state of motion. Hence we arrive
at:

Newton’s first law of motion: A body at rest or in a state of uniform
motion will remain at rest or in uniform motion, unless acted upon
by a net external force.

In this law, also called the law of inertia, Newton grasped what others
had failed to see, that not only would a body at rest remain in that



state, but a body in uniform motion, that is, traveling in a straight
line with constant speed, would also persist in that state unless a force
acts. This law also clarifies and defines what is meant by a force: a
force is that which causes a body at rest or in uniform motion to change
its state. Note that the first part of the statement is really just a special
case of the second part, since a body at rest has a velocity of exactly
zero, which surely is uniform. In the absence of force, a body in uniform
motion will remain in its uniform motion forever.

We often have difficulty in grasping intuitively Newton’s first law be-
cause the motions we commonly experience are always affected by forces.
The arrow, flying through the sky, is slowed down by the act of pushing
the air out of its path. The force of air does not keep the arrow flying; to
the contrary, it is the force due to air resistance that eventually brings it
to a halt. Similarly, an automobile will come to a stop if the engine shuts
off. This is a result of the resistive force exerted on the car’s tires by the
ground, a force we call friction. In the absence of friction an automobile,
once started, would travel down a straight road without the need for any
motive power whatsoever. More realistically, if the friction between the
tires and the road is reduced, for example by driving on glare ice, the
driver will quickly discover the difference between Aristotelian and New-
tonian physics. Regrettably, uniform straight-line motion will continue
until acted upon by the force of the collision with the tree.

Thus we conclude that a force is required to produce a change in
velocity, where in physics velocity is defined as speed and direction.
A change in velocity means a change with respect to time of speed or
direction or both. This is an acceleration, and mathematically it is
expressed as the change in velocity per unit time. But what is the
relationship between force and acceleration? Is force simply equal to
acceleration, or is it more complicated? We know that our arms can
exert a force, for instance when throwing a ball. Presumably there is
only so much push we can exert upon the ball with our arms, so the
force we can produce is limited. And we know that the same force, when
exerted upon a hollow rubber ball, produces a much greater velocity than
when exerted upon a bowling ball. Therefore, the amount of acceleration
generated by a force is linked with how massive something is. The exact
statement of this idea is:

Newton’s second law of motion: The acceleration of an object is equal

to the net force applied to it, divided by its mass.

Mathematically, this law can be expressed in the form
F = ma, (3.1)

where F is the symbol for the force, including both its magnitude and its
direction, m is the mass, and a is the acceleration, also with magnitude
and direction. This simple law contains most of the science of mechanics.
The force that appears in equation (3.1) is the net force, the sum of all
forces acting upon the body. If you pull a wagon over a rough surface,
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A definition for mass as inertia

Newton’s second law in terms of linear
momentum

the horizontal forces on the wagon are your pull in one direction, and
friction, which occurs whenever one object moves over another, in the
other direction. The net horizontal force is the sum of these two forces,
and this net force determines how successfully you accelerate the wagon.
When you are pulling the wagon at a constant speed in a fixed direction,
the force you exert is exactly the same in magnitude as, and opposite to
the direction of, the frictional force, so the net force is zero, as Newton’s
first law requires.

The second law also provides us with a formal definition for mass:
mass is the source of inertia; it is that property by which an object
resists a change in its state of motion. The greater the mass of an
object, the larger the force must be to produce a given acceleration. A
change in speed or direction, or both, is an acceleration and requires a
net force. Thus an acceleration can occur if just the direction of motion,
and not the speed, changes. When you drive around a curve, you feel
yourself pushed toward the side of the vehicle, even if the needle of your
speedometer never moves. Moreover, an acceleration can be positive or
negative; either the speeding up, or the slowing down, of a body is an
acceleration. A negative acceleration, that is, the slowing down of a
body, is often called a deceleration, but in physics the word acceleration
covers both cases.

The second law can also be written in terms of linear momentum. In
Newtonian mechanics, the linear momentum of a body is simply its mass
times its velocity, that is, p = mwv, where p is the symbol generally used
in physics for linear momentum. From the definition of acceleration, it
follows that the change in momentum with time is just ma. But this im-
mediately tells us that the second law is equivalent to the statement that
a force is that quantity which causes a change in the linear momentum
of a body. The expression of the second law as a change in momentum is
more general than its formulation involving acceleration, since a change
in momentum can occur because of a change of mass as well as a change
in velocity. Of course, the mass of an isolated object never changes in
Newtonian physics, but the concept of momentum enables systems to
be treated in which mass can change. A favorite textbook example of
such a system is an initially empty boxcar rolling under a hopper while
being loaded with coal. It is possible to compute the force on the box-
car much more easily by the application of the momentum law, than
by attempting to calculate the accelerations of all parts of the system
involved.

Since a force causes a change in momentum, it follows that if no force
acts, the momentum of a system does not change. Newton’s first law,
or the law of inertia, is thus generalized to the law of conservation of
momentum, which states that the linear momentum of a system never
changes as long as no external force acts. The law of conservation of
momentum is considerably more powerful than the law of inertia alone,
since it permits such complicated systems and interactions as collisions,
compound objects, and so forth to be handled elegantly by relatively
simple mechanics. More importantly, the conservation of linear momen-



tum is more fundamental to the laws of physics than is the bare law of
inertia. Unlike the force—acceleration forms of Newton’s laws, the mo-
mentum laws can be readily extended to more advanced physics, such
as special and general relativity and quantum mechanics. Even deeper,
the law of conservation of momentum can be shown to arise from fun-
damental symmetries of space. Momentum is one of the basic quantities
of the physical universe.

Force, acceleration, and velocity are all vectors; that is, both the
magnitude (size) and direction are important. There is a special, essen-
tially geometrical, way to add vectors that we will not treat here. It
is sufficient to realize that vertical forces cause only vertical motions,
while horizontal forces create horizontal motions. A force that is neither
strictly vertical nor strictly horizontal can be broken into components
along those directions; its vertical component can be added to any other
vertical forces, and similarly for the horizontal component. As an ex-
ample of the vector nature of forces, consider a cannonball shot straight
out from a level cannon. A force is required to start the cannonball
into horizontal motion, by Newton’s first law; that force is supplied by
the explosion due to the gunpowder, and the cannonball is then accel-
erated in obedience to the second law. After the cannonball exits the
barrel, there is no further horizontal force upon it. Therefore, again by
Newton’s first law, the cannonball should continue to move at a con-
stant horizontal speed in a straight line. But if the cannon is fired in
a gravitational field, there is always a vertical force upon it. How does
that affect its motion? The vertical force of gravity cannot influence
the horizontal motion of the cannonball, but it does affect the vertical
component; it causes the cannonball to fall to Earth. The combination
of straight-line falling to the ground, with acceleration, and straight-line
motion horizontally, with constant speed, creates the net curved motion
of the cannonball, which is a mathematical curved called a parabola.
The rate of fall of the cannonball is exactly what it would be if it had
been simply dropped from its initial height. That is, if one cannonball
were dropped at the same instant and from the same height as a second
ball was fired from a horizontal cannon, both balls would hit the ground
at exactly the same time! The horizontal distance traveled during this
time interval by the second ball would depend upon its muzzle speed,
of course; this effect accounts for the difficulty in observing the fall of
a fast projectile such as a bullet, since it travels a great distance and
generally strikes a target before it has time to fall far.

If, rather than pointing the barrel horizontally, the cannon were aimed
upward, the projectile would gain a little more time because the time of
travel would now be that interval required for it to rise to some maximum
height and then fall back to Earth. But by firing upward it may lose some
horizontal distance, because the ball’s initial velocity now has a vertical
component, which does not contribute to crossing the horizontal distance
to the castle under bombardment. These two competing effects must be
balanced to produce the maximum range. If complicating factors such
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A wvector consists of a magnitude and a
direction, and can be represented as an
arrow

Fig. 3.2 Trajectories of projectiles in a
constant gravitational field. The hori-
zontal component of the velocity, vz, is
unaffected by the force of gravity, Fg,
which acts only in the vertical direc-
tion.
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Fig. 3.3 A ball tied to a string and
whirled about a central point (left)
moves in a circular path due to the
force exerted by the string. The force,
and hence the acceleration a, is di-
rected from the ball toward the center.
This is known as a centripetal force. If
the string breaks (right), there is no
force upon the ball and it moves in a
straight line with constant speed.

Circular motion is not natural motion;
it is forced, accelerated motion

Newton’s third law

as air resistance can be ignored, it can be shown that an initial angle of
45° is optimal for range.

Now we can understand why circular motion is not a natural motion.
It is, in fact, accelerated motion. It has a uniform speed, but the direc-
tion of motion changes constantly. Without the force of gravity, planets
would not orbit but would travel forever through space in a straight line.
Gravity causes them to bend constantly, deviating from the straight line
they would otherwise follow. We can also now see how to correct the
misconception many people hold about circular motions. Suppose you
attach a ball to a string and whirl it around your head. The tug you
feel from the string tells you that a force exists. The force is exerted
by your hand, and is transmitted through the string to the ball. What
if you did not tie the string securely, and the ball slips away? What
will be its subsequent motion? Once it is freed of the force from the
string, then, according to Newton’s first law, it will fly off in a straight
line, not continue its circular motion. This is an easy experiment to
try. (Simply let go of the string in order to remove the force.) Careful
observation, ignoring any preconceptions you might have, will show that
the ball does, indeed, move away in a straight line.

We now know how to create changes in a body’s motion. Push it,
pull it, or exert some other kind of force on it, and it accelerates. But
if you act on something, such as push against a stalled automobile with
its transmission in neutral, are you yourself unaffected? Are you able to
exert forces on objects without any back reaction? Obviously this is not
the case; applying forces to physical objects has consequences for you.
If you push on something, it pushes back on you. The exact relation is
one of equality, leading to:

Newton’s third law of motion: For every action, there is an equal
and opposite reaction.

This law is easy to misunderstand, and probably causes more confusion
than the other two put together. The action and reaction forces always
act on different bodies. Body A exerts a force on Body B; and Body
B exerts an equal and opposite force on Body A. Misunderstanding of
this law might lead one to wonder how a horse can pull a wagon. The
horse exerts a forward force on the wagon, but the wagon exerts an equal
backwards force on the horse. How can they move? It is true that the
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wagon pulls backwards on the horse. If you have ever pulled a wagon,
you are aware of the stretching of your arm, caused by the backwards
pull of the wagon on you. But this is not the correct question. The
horse’s hooves push against the ground, and it is the reaction of the
ground upon the horse that ultimately moves the wagon.

A familiar example of Newton’s third law is the kick of a gun or
cannon. Not everyone has ever fired a gun, but those who have, have
experienced this phenomenon first hand. The explosion of the powder
within the gun exerts a considerable force on the bullet. By Newton’s
third law, there is an equal and oppositely directed force upon the gun.
This force causes the gun to accelerate, in the opposite direction from
the acceleration of the bullet. Hence a force must be exerted to bring
the gun to rest after its recoil. The object against which the gun is
braced, often the shooter’s shoulder, produces a force against the gun
that, again by Newton’s third law, exerts an equal and opposite force
against the shooter, producing significant effects such as a bruise. The
amplitude of this force depends upon the acceleration (deceleration, if
you will) of the gun. The more slowly the gun is brought to a halt, the
smaller the deceleration and hence the less will be the force; conversely,
a rapid deceleration requires a large force. Padding on the shoulder of
a shooting coat helps to slow the deceleration, and thus to reduce the
force.

Does Newton’s third law also imply that if the Earth attracts a brick,
then the brick attracts the Earth? Indeed it does. Why, then, does the
brick fall to the Earth, and the Earth not rise to the brick? The answer
is found in Newton’s second law. The mass of the Earth is so much larger
than that of the brick that, although in principle the Earth does move,
in practice, its acceleration due to the brick is unmeasurably small. The
brick, on the other hand, acquires from the same magnitude of force
a very large acceleration and crashes to the ground, to the hazard of
anything in its path.
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Fig. 3.4 Forces on a wagon being
pulled by a horse. The net force is the
(vector) sum of all forces. In this case,
the net force on the horse and cart is
the difference between the pull of the
horse and the friction of the ground.
The direction of frictional force is al-
ways opposite to the direction of the
motion. If friction and pull balance
exactly, the horse and cart will move
at a constant velocity; if there is an
excess, they will slow down or speed
up. If the horse exerts a force in a di-
rection different from the current di-
rection of motion, the cart will turn.

Ezxzamples of reaction forces
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Fig. 3.5 The direction of the gravi-
tational force Fy acting on the Moon
is toward Earth. The Moon’s in-

stantaneous velocity v is perpendic-
ular to the line joining its center to
the Earth’s center, but the constant
centripetal gravitational acceleration
produces a circular orbital path.

Fig. 3.6 Newton’s insight was that the
gravity felt on the Earth that caused
the apple to fall, extends out to the
Moon and accounts for its motion.

Universal gravitation

Moon

Earth E

The law of universal gravitation

<—
&

Now that we understand the laws of motion, we may see how they apply
to gravity. According to his reminiscences, the basic ideas came to New-
ton when he was home in Lincolnshire during the plague in 1665. Many
decades later, a younger friend reported that the aged Newton told him
over tea how his thoughts turned to gravity when, upon watching an
apple fall, he began to contemplate that the same force that caused the
fall of the apple might also account for the orbit of the Moon. (Newton
did not mention being hit upon the head by the apple, and that detail
is probably just a bit of legend embroidered upon this account, if there
is any truth to the story at all.) It was perfectly well understood at the
time that there was some force that causes objects to fall to the ground,
a force called gravity. Newton’s bold leap was to imagine that the force
extended not only to the surface of the Earth, but to the distant Moon.

If the Moon were moving according to Newton’s first law, it should
travel in a straight line. Since its path is curved its velocity changes, and
hence there must be a force causing this acceleration. The force must be
directed toward the Earth, or, more precisely, along the line joining the
center of the Moon to the center of the Earth. Newton calculated the
acceleration required to keep the Moon in orbit and found it to be about
1/3600 as great as the acceleration due to gravity at the surface of the
Earth, a quantity that had been measured by Galileo. Newton knew,
from Kepler’s third law, that the force had to decrease as the distance
between the bodies increases. He conjectured that the force varied as the
inverse square of the distance. Since the distance to the Moon is close
to 60 times the radius of the Earth, the inverse square law is consistent
with the observed acceleration. Newton later wrote that he “...thereby
compared the force requisite to keep the Moon in her Orb with the force
of gravity at the surface of the earth, and found them to answer pretty
nearly.” Thus he was able to conclude that gravity is, in fact, described
by an inverse square law.



There was, however, one stumbling block. It is not obvious what
the distance between the Earth and the Moon should be. Newton had
assumed that the Earth, an extended body, attracts the Moon as if its
mass were concentrated at a point at the center. This seems to be a
reasonable approximation for the Earth—Moon system, but what about
the Earth—apple system? Yet Newton’s estimate indicated that even for
the apple, the Earth attracted it as if all its mass were concentrated at
the center. In order to prove why this should be the case, Newton was
forced to invent a new system of mathematics, integral calculus.? With
integral calculus in hand, Newton was able to prove that the gravity
of a spherically symmetric body is the same as that produced by the
equivalent amount of matter concentrated in a point at the body’s center.

After determining the general form of the gravitational force law, New-
ton was obliged to evaluate the explicit formula; ratios alone would not
be adequate for calculations. Newton was aware of Galileo’s demonstra-
tion that all masses fall with the same acceleration in the gravity of the
Earth. He even repeated and improved upon Galileo’s work, by using
pendula whose bobs were of different masses. Newton was also able to
take advantage of advances in the technology of timekeeping, in order
to time the periods of oscillation of the pendula. Newton found no dif-
ference in the period for a wide variety of bobs, which confirmed the
results of Galileo’s original experiments with masses rolling on inclined
planes. The only way in which the acceleration due to gravity could be
independent of the mass of the falling object would be if the force of
gravity itself were proportional to the mass of the object. Let us write
Newton’s second law with a subscript to indicate that we are referring
specifically to the force of gravity; the gravitational acceleration shall be
denoted with the conventional lower-case g:

F, = mg. (3.2)

But g is constant at the surface of the Earth, as determined from exper-
iment; hence Fy/m must also be constant. Therefore, the formula for
F, must contain m, the mass of the falling body.

The next step employs Newton’s third law. The mutuality of force,
as required by the third law of motion, requires that the gravitational
force also be proportional to the mass of the attracting body, which we
shall symbolize M. Both masses must be involved in a symmetric way,
if the force of Mass A on Mass B is to be equal in magnitude to the
force of Mass B on Mass A. Thus Newton arrived at the conclusion that
gravity was proportional to the product of the masses, divided by the
square of the distance separating them. This is known as Newton’s law
of universal gravitation, and it can be written mathematically as

GMm

Fe= g

(3.3)

2Gottfried Leibniz simultaneously and independently invented the concepts in
Germany, and for years a nationalistic dispute raged between England and Germany
over the credit for this important work. Today both men are acknowledged as the
developers of calculus.
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All objects experience the same acceler-
ation when falling in the Earth’s grav-
itational field

Force

Distance R

Fig. 3.7 The inverse square function.
The value of the function decreases very
rapidly as the distance increases.
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Newton’s law of gravity is a mathe-
matical description of the gravitational
force between two bodies

The constant G must be obtained ex-
perimentally

Weight and mass are different concepts

where M is the mass of one body, m is the mass of the other, and the
quantity R is the distance from the center of one object to the center
of the other. The symbol G stands for the gravitational constant.
Newton indicated G symbolically because he could not compute its nu-
merical value; that had to be determined from experiment. In fact,
measurement of G is so difficult that Newton was long dead before its
value was found. Henry Cavendish, working in the last decade of the
18th century, invented a very sensitive balance, with which he was able
to measure the extremely weak gravitational attraction between two
spheres of known mass. Even today, however, the value of G is the least
accurately known of all the fundamental constants of nature, perhaps an
appropriate situation in light of the fact that gravity remains the least
understood of the fundamental forces.

We can now compute the acceleration due to gravity at the surface of
a planet or other spherical body by combining Newton’s second law, in
the form of equation (3.2), with his law of universal gravitation, equa-
tion (3.3). We obtain
GM
R2”
where M is the mass of the object and R is its radius. Once Cavendish
had obtained a measurement of GG it then became possible to use equa-
tion (3.4) to compute the mass of the Earth, or for that matter the Sun,
or indeed any other body whose gravitational acceleration and radius
can be determined by one means or another. We can also now under-
stand the meaning of the weight of an object. Weight is simply the
force of gravity upon a given object. Using the Earth as an example,
with Mg the mass of the Earth and Rpg its radius, the weight of an
object of mass m is given by

9= (3.4)

GMEm
RE

W =mg= (3.5)
At the Earth’s surface the radius Rg is very nearly constant, and so the
force of gravity seems to be the same everywhere. (The Earth is not
quite a perfect sphere, and its rotation introduces additional effects, but
the corrections are small.)

Equation (3.5) shows that the weight of an object varies with distance
from the center of the Earth. We do not ordinarily notice this effect
because we hardly ever travel far enough from the Earth’s surface for
g to be perceptibly different. At the greatest height to which most of
us will ever travel, the 30,000 feet (9144 m) of a cruising jetliner, the
acceleration due to gravity still has 99.7% of its value at the surface of
the Earth. Thus for most practical purposes, g is a constant. However,
delicate instruments called gravimeters can measure tiny changes in g.
They can even detect the effects due to a local mass concentration in the
crust of the Earth, such as a nearby hill or perhaps an accumulation of a
relatively massive mineral or ore. Weight also varies with the mass and
size of the planet. Greater mass, smaller radius, or both, increase the
gravitational acceleration. On the surface of the Moon, both the mass



Escape Velocity

Suborbital
Velocity

Orbital
Velocity

and the radius of the planet are much smaller than they are on Earth.
The Moon has only 1.2% of the mass of the Earth and its radius is just
27% that of the Earth, but the effect of the reduced mass dominates
that of the smaller radius; the value of g on the surface of the Moon is
about one-sixth of its value on Earth. Conversely, Jupiter is so much
more massive than the Earth that the gravitational acceleration at the
top of its cloud layers is 2.5 times as great as it is at the surface of the
Earth.

The MKS3 unit of force is called, appropriately, the newton. Since
weight is a force, the correct MKS unit of weight is also the newton.
The everyday use of the kilogram, which is the MKS unit of mass, for
weight is a convention. (Nearly all scales in common use measure force,
not mass per se. But, in general, mass is our concern; you could lose
weight by moving to Nepal, but that would not reduce the circumference
of your waist.) In the very nearly constant gravity at the Earth’s surface,
the distinction is not of much practical importance, although, of course,
one should keep the conceptual difference clear. On the other hand, the
British unit pound is a unit of force, and so is correctly used for weight.
The British engineering unit for mass is not very well known, except
perhaps to fans of crossword puzzles; it is called a slug. In MKS units,
the acceleration due to gravity at the surface of the Earth is 9.8 meters
per second per second, or 9.8 m s~2. That is, if an object falls from
rest, and air resistance can be neglected, at the end of one second it will
be traveling 9.8 meters per second; at the end of another second it will
attain a speed of 19.6 meters per second; and so forth, until it hits the
ground or air resistance balances the force due to gravity.

Once Newton had determined that gravity followed an inverse square
force law, he was able to prove that Kepler’s first and second laws fol-
lowed necessarily. The proofs are simple with the aid of fairly elementary

3See Appendix B for definitions of systems of units.
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Fig. 3.8 Some possible orbits for a
cannonball shot in a direction parallel
to the surface of the Earth from the
top of an extremely high mountain.
If the initial velocity is too low, the
object falls back to Earth. At a ve-
locity of about 7.8 km s~ the Earth
curves away from the cannonball at a
rate that exactly matches its speed,
resulting in a circular orbit. At about
11 km s~ the cannonball would leave
Earth’s gravitational field forever.

MKS refers to meter, kilogram, and
second, the basic units of measurement
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modern mathematics, though Newton himself had to invent calculus al-
most as he went along. While the derivations are beyond the scope of our
discussion here, we can comment on a few of the results. Consider two
bodies in orbit around each other, one with mass M; and the other with
mass M. It turns out that Kepler’s second law merely requires that the
force of gravity must act only along the line connecting the centers of
the two bodies; such a force is called a central force. Kepler’s first law
narrows the possibilities; it requires either that the force obey the in-
verse square law, or else that it must increase linearly with distance. As
Newton realized, of course, gravity must decrease with distance; hence
Kepler’s first law, combined with this observational fact, pins down the
form of the force law to an inverse square. Having confirmed that the
inverse square law was correct, Newton then was able to derive Kepler’s
third law. Since the full formulation for the gravitational force was now
available, Newton was also able to work out the correct mathematical
expression for the third law. The exact formulation turned out to in-
volve the sum of the masses of the two orbiting bodies, as well as the
distance separating them.* In the solar system, the mass of the Sun is
completely dominant, and so the sum is essentially equal to the mass
of the Sun alone. As a consequence, the relationship PerS = R3y holds
for all the planets, for all practical purposes; if this had not been true,
Kepler might never have discovered this law in the first place. In con-
trast, if we were to study a binary star system, the masses of the two
stars might well be comparable. For such a system we could measure
the period of their mutual orbit, and if we could resolve them telescop-
ically we might be able to determine the size of the orbit, but without
additional information we could at best find the sum of the two masses,
not each individual mass. Fortunately, in cosmology we generally want
to know the total mass of large systems, and do not need to determine
the masses of specific components of the systems. Kepler’s third law, as
modified by Newton, thus enables us to measure the masses not only of
stars, but of galaxies and clusters of galaxies. Kepler’s third law thus
provides a means to weigh the universe.

The three laws of motion and the law of gravitation are the fundamen-
tal relationships that make up Newtonian dynamics. At last, after more
than seventeen centuries of fumbling, humanity could comprehend the
motion of the heavens. The Sun is the center of attraction of the solar
system; the planets and comets orbit it. The motions may be described
by a succinct, precise set of laws. The impact of this discovery upon
FEuropean cosmology cannot be understated. Just as the rediscovery of
Aristotle’s writings paved the way for the Renaissance, the elucidation
of the laws of motion was a factor in the shift in thought known today as
the Enlightenment, and for the industrial revolution that accompanied
it.

4Newton showed that the precise formula for Kepler’s third law is G(Mi +
M3)P? = 472r3, where r is the length of the semimajor axis of the ellipse describing
the orbit and P is the period of the orbit. In this equation we may use any set of
consistent units, and are not restricted to years and astronomical units.



Once these laws were disseminated among the intellectual elite of Eu-
rope, humanity’s understanding of the cosmos increased rapidly. The
new mechanics were quickly applied to many observations and experi-
ments. For example, Newton’s friend Halley conjectured that the bright
comets observed in the years 1531, 1607, and 1682, all of which shared
some similarities, might actually be the same object. Halley worked out
an orbit for what is now called Halley’s Comet, and predicted it would
reappear in 1758. He did not live to see his prediction validated. The
return of Halley’s Comet was first spotted by an amateur astronomer on
Christmas night of 1758. It has returned faithfully, approximately every
76 years, ever since. It is fitting that the man who played such a role in
the publication of Newton’s masterwork should be immortalized by his
own application of Newton’s laws.

Newton’s laws are extraordinarily simple in form, but unfortunately
it is difficult to compute the consequences of the laws for gravitating
systems of more than two objects. Mathematicians have shown that it
is impossible to find ezxact analytic solutions for the mutual orbits of
three or more bodies. However, approximate solutions may be found
with pencil and paper, provided that one body is much more massive
than the others. In that case, orbits are determined, in the main, by
the two-body equations, with small corrections. A planet’s orbit is very
nearly determined by considering just the planet and the Sun. The
gravitational influence of other planets produces small perturbations on
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Fig. 3.9 Edmund Halley (1656-1742),
the English astronomer who per-
suaded Newton to publish the Prin-
cipta. His application of Newton’s
laws to cometary orbits enabled him
to predict the return in 1758 of
the comet that now bears his name.
(Courtesy of Yerkes Observatory.)

Newton’s laws are predictive
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Newton’s laws predicted the existence of
Neptune

The apparent simplicity of Newton’s
laws masks the complexity of many-
body systems

that orbit. Newton had known only the five planets familiar to the
ancients, but he suspected that the mutual attraction of Jupiter and
Saturn might be detectable, and he even asked John Flamsteed, the
astronomer royal, whether the two showed any anomalies in their orbits;
none were observed at the time.

In 1781, more than half a century after the death of Newton, William
Herschel discovered Uranus by direct observation, using a telescope he
designed and built himself. Uranus is, in principle, visible to the un-
aided eye, but barely so; Herschel’s knowledge of the sky enabled him
to spot a dim star where no star should have been. Astronomers duly
recorded observations of Uranus and computed its fundamental orbit.
By 1845, the data were sufficiently precise to show that the orbit of
Uranus could not be explained by perturbations from the known planets.
This small anomaly soon led to a great triumph of Newtonian mechan-
ics: the prediction of an unseen planet. John Adams in England and
Urbain Leverrier in France simultaneously predicted that a new planet
must lie beyond Uranus, and both gave a location for that planet. At
first the observers paid insufficient heed to these predictions, especially
in England; Adams’ work was ignored by George Airy, the Astronomer
Royal at the time. Finally, in 1846 an astronomer at the Berlin obser-
vatory discovered the new planet on his first attempt, within 1° of its
predicted location. In keeping with the practice of naming planets for
Graeco-Roman deities, the new planet was christened Neptune, for the
god of the sea.

Compared with what was possible with the Ptolemaic tables, the
power of Newton’s mechanics was intoxicating. The whole universe,
for all time and space, seemed within the grasp of humanity’s under-
standing. The Newtonian universe was infinite in extent and populated
evenly with stars similar to the Sun. Each star had its own mass and
a specific instantaneous velocity. Given the mass of every planet and
star in the universe, and their velocities and positions at one instant
in time, Newton’s equations are fully deterministic, predicting both the
future and the past evolution. The gravitational law provides a force,
the second law determines the acceleration, the acceleration determines
the velocity, and the velocity determines the new position. The practical
difficulties of actually computing the evolution of the universe are not
so important. The watershed was the transformation of the universe
from something intrinsically mysterious and unknowable, to something
deterministic and calculable.

In modern times the availability of tremendous computing power re-
duces somewhat the practical problem inherent in Newton’s laws. The
equations of gravitation among large numbers of bodies are routinely
solved with great accuracy on computers; one example of an application
to cosmological research of these N-body simulations is their use in the
investigation of the formation of galaxies in the universe. However, it
turns out to be impossible to predict orbits for all times with arbitrary
accuracy. Self-gravitating systems are known to be chaotic; eventually,
very small errors in our knowledge of the current orbits become large



errors in our projections of future orbits. For the solar system, with
relatively few bodies and one very dominant mass, these errors grow
only over billions of simulated years, so for the needs of determining the
orbits of, for example, space probes, we may solve Newton’s equations
to any desired precision. Nevertheless, the chaotic behavior of gravity
shows that we can still find surprises in Newtonian mechanics.

Newton was well aware of the majesty of his accomplishments, yet he
was also aware of their limitations. A particular difficulty, for which oth-
ers criticized him, was the appearance that gravity exerted its influence
instantaneously at a distance, with neither an intermediary nor obvious
causal contact. Newton conceded that he could not find the cause of
gravity but it was, for the moment, enough to elucidate its effects. For
insights into cause, the world would have to wait for Einstein.

I do not know what I may appear to the world; but to myself
I seem to have been only like a boy playing on the seashore,
and diverting myself in now and then finding a smoother peb-
ble or a prettier shell than ordinary, whilst the great ocean
of truth lay all undiscovered before me. (Isaac Newton)

The age of the Earth

Just as Aristotle’s cosmology fitted the attitudes of the Middle Ages, so
did Newton’s cosmology suit the prevailing philosophy of the Enlight-
enment. The universe was like a grand clockwork, the stars and planets
turning to the pull of gravity like the bearings of a finely balanced watch.
It was a confident age, when knowledge of both science and technology
increased rapidly. The Industrial Revolution was stirring, and Europe
was well established in its colonial adventurism. Among the educated,
affluent classes of both Europe and North America, a popular theology
was deism, which was heavily influenced both by Newtonian cosmology
and by the growing precision in technology. Deism views the universe
as a kind of majestic machine, created by a master machinist and set
into eternal motion; it is natural law that reveals the divine. Newton’s
clockwork universe ticked along for almost two centuries before new com-
plications arose, which once again changed our views of the universe.

The geologists

If cosmology was the grandest science, based upon the stars, geology
began as one of the humblest, a purely practical exercise in locating ex-
ploitable minerals, planning roadbeds and canals, and the like. Perhaps
the old Aristotelian notion of the Earth as debased persisted; in any
case, the study of the Earth for its own sake did not begin to become
established as a science until the 18th century. However, just as the
contemplation of the heavens above produced an understanding of the
vastness of space, consideration of the rocks at our feet was to produce
an awareness of the vastness of time.
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Newton’s clockwork universe

Geology hints at the antiquity of the
Earth



74 Newton’s Machine

The concept of uniformitarianism

Geologists noticed very early on that many rock formations were strat-
ified, apparently built layer upon layer by some process. In 1669 Nicolaus
Steno published the suggestion that older rocks were below and newer
ones were on top, an idea that seems perfectly obvious today; but at the
time, all rocks were thought to be the same age. It slowly became clear
that rocks were marked by the history of the Earth, and in the late 1700s
James Hutton proposed the theory of uniformitarianism, the assertion
that the same geological processes that we observe today, such as wind,
water, and volcanism, also operated in the past. Geologically, the past
can be explained by an understanding of the present. Uniformitarianism
did not gain immediate favor, as it conflicted with the prevailing beliefs
in Europe at the time. Nevertheless, the very thickness of the layers
of rock could not be ignored, and in the early 19th century geologists
began to entertain the idea that the Earth might possibly be very old.
Within some of the layers fossils were found, strange traces of creatures
that matched no known living animals. At first many Europeans be-
lieved that these animals were still alive somewhere else; but as more
and more of the world became known in Europe, this belief became
increasingly untenable.

The theory that found favor during much of the early 1800s, especially
in France, was catastrophism, the belief that the Earth had experienced
numerous and frequent upheavals in the past, each catastrophe wiping
out the animals of that geological layer. The extinct animals were re-
placed, either by a separate creation or else by colonization by animals
from other regions. But there were always doubts. Whatever the ex-
planation for these mysterious imprints, the geologist William Smith
demonstrated during the end of the 18th century and the beginning of
the 19th that a given type of rock layer was uniquely associated with a
particular set of fossils. The strata could be arranged in relative order
by examination of the fossils they contained. This was not inconsistent
with catastrophism, but the depth of the layers implied such a large
number of catastrophes as to be uncomfortable. Moreover, there were
resemblances in animals from one layer to another. By the 1830s geolo-
gists had realized that the strata showed a progression of complexity of
the fossils they bore. The oldest rocks contained no detectable fossils.
Next came layers that held only invertebrates, and finally came newer
layers which successively were dominated by fishes, reptiles, and finally
mammals and birds.

One of the earliest proponents of a transformation theory in biology
was the French scientist Jean-Baptiste Lamarck. Lamarck held that
species changed over time, gradually and in response to environmental
conditions, a view which put him into direct conflict with catastrophism.
Lamarck’s explanation for such changes was that acquired traits could be
passed from parent to offspring; the most famous example is the giraffe,
stretching its neck to reach higher leaves and passing the elongated neck
to its offspring. We know now that acquired traits cannot be inherited,
but during the whole of the 19th century, the mechanisms of inheritance
were entirely unknown. Gregor Mendel’s work in establishing the dis-



crete and predictable nature of inheritance was carried out from 1862
to 1865, but it was ignored for four decades. Lamarck, like many of his
time, believed in Aristotle’s Scala Naturae, the great Ladder of Life, a
hierarchical arrangement of creatures in order of increasing perfection
with the pinnacle of life, humans, at the top. The driving force for evo-
lutionary change, in Lamarck’s view, was not survival, but an urge to
climb the ladder toward greater complexity. Although Lamarck’s theo-
ries have been completely discredited, it should be noted that it was the
first consistent proposal that animals change over time, that species are
not fixed and perfectly suited for their niches.

Meanwhile, in Great Britain, Charles Lyell published between 1830
and 1833 his Principles of Geology, a book that placed uniformitarianism
on a firm foundation. Lyell’s work is often considered the beginning
of modern geology, and it clearly showed that the Earth was ancient,
although no one knew at the time how old.

Darwin and Wallace

Charles Darwin was the scion of a wealthy and influential family. His
paternal grandfather Erasmus was a major figure in the elite circles of
the day, and his maternal grandfather was Josiah Wedgwood, founder
of the famous china and pottery company. Charles, however, was a
woolgatherer, indifferent toward his studies and most enthusiastic about
wandering the countryside, collecting specimens of interesting animals
and plants. When Charles received an offer in 1831 from Captain Robert
Fitz-Roy to travel as naturalist aboard the HMS Beagle on a five-year
voyage of exploration, he eagerly accepted. Darwin’s adventures were
to write the final chapter of the Copernican revolution, by removing
humankind from its assumed splendor as a special kind of creature.
One of the books that Darwin took along with him was Lyell’s first
volume on geology. As he observed both the variety and the similari-
ties of animals all around the world, Darwin came to see the evolution
of species as itself a form of uniformitarianism; the same processes oc-
curred throughout the history of the Earth, leading to slow and gradual
changes in the animals who occupied it. It was the competition for sur-
vival, and the survival of offspring, that drove these changes. In any
generation, those best suited to their environments left more offspring,
of which in turn the best adapted reproduced most successfully. The
natural variations in individuals were the raw material of change. Some
of the offspring of the giraffe’s ancestors had necks a little longer than
others; by their ability to reach higher leaves they gained a better diet
and produced more offspring, of whom the longest-necked survived best.
There was still no understanding of the biology of heredity, but Darwin
was thoroughly familiar with artificial selection, especially pigeon breed-
ing, by which the breeder chooses for breeding stock those young that
display some desired characteristics. Of course, nature could work in a
similar manner. Natural selection, operating upon the inherent variabil-
ity of a population, could, over the eons of time provided by the new
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The Aristotelian concept of a natural
hierarchy of life

Darwin’s extensive observations lead
through inductive reasoning to the
principles of evolution
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The elucidation of genetics reveals the
mechanism of evolution

understanding of geology, produce the great array of species from a few
ancestors.

By the time he returned from his journey in 1836, his ideas had al-
ready crystallized, but Darwin had little courage to confront their im-
plications. He feared dissent and the disapproval of his family. He thus
delayed publication for nearly twenty years, until a fateful letter arrived
from a young man who, like Darwin many years before, had set off to see
the world. The young man was Alfred Russel Wallace. Unlike Darwin,
Wallace had grown up and lived in poverty and hardship. Wallace had
also traveled the tropics, and he had reached the identical conclusions
as Darwin. In fact, it was Wallace who first broached the topic to the
wider world while Darwin dallied and procrastinated, endlessly rework-
ing his notes. Wallace published a small paper in 1855, proposing that
species came into existence from earlier species. It was only then that
Darwin was persuaded to publish. Darwin’s friends made arrangements
for papers by both men to be read at the same scientific meeting in
1858. (Wallace, the working-class outsider, seems to have been deeply
grateful at the opportunity to be heard by the learned men of British
science, a profession generally reserved for members of the upper class
at the time.) The credit for the theory of natural selection rightly be-
longs to both Darwin and Wallace, but it was Darwin who published,
in 1859, the landmark book The Origin of Species, and Darwin whose
name became associated in popular parlance with evolution.

The Origin of Species was described by Darwin himself as “one long
argument.” The book marshals many facts and shows how simply they
fit the hypothesis of natural selection, but at the time no mechanism was
known that could account for the process of gradual change in species.
It was not until the beginning of the 20th century that the work carried
out by Gregor Mendel in his monastery garden was rediscovered and
replicated, leading to an understanding of heredity. The elucidation of
the biochemistry of inheritance began only in 1944, when it was estab-
lished that the unit of heredity, the gene, was composed of the molecule
deoxyribonucleic acid, or DNA. Though much remains to be learned
about genetics, the broad outlines are now well understood. Moreover,
evolution itself, in response to environmental pressures, has been directly
observed on small scales. The examples with the most ramifications for
human societies are the development of drug resistance in bacteria and
pesticide resistance in many insects. A dose of antibiotics may kill most,
but not all, of a population of bacteria. Those that survive carry a trait
that enables them to resist destruction by the drug. The resistant bac-
teria are able to reproduce extravagantly in the ecological space cleared
by the deaths of their erstwhile competitors, and the frequency of the
gene that endows the bacteria with resistance increases. Now, after fifty
years of routine treatment with antibiotics, many common bacteria are
resistant to drugs such as penicillin, and pharmaceutical companies must
engage in a constant search for new substances that are effective, at least
until new resistant strains arise.



If all creatures gradually changed through a process of natural se-
lection, then the Earth could not be young. The process of evolution
requires a great deal of time. Yet the geologists had already reached this
conclusion; their evidence pointed to a slowly evolving Earth, and an-
tiquity of the Earth provided time over which biological evolution could
occur. The obvious changes that had taken place in the crust of the
Earth itself made the idea of change of species tenable. The contro-
versy made an accurate estimate of the age of the Earth one of the most
important scientific problems of the late 19th and early 20th centuries.

Ironically, one of the first challenges to face the new theories came
from physics. Lord Kelvin (William Thomson) and Hermann Helmholtz
independently computed the age of the Sun to be only approximately
100 million years, a figure that contradicted the evidence from geology,
and which did not provide sufficient time for evolution to occur. With
perhaps the unfortunate tendency of some physicists toward arrogance,
Kelvin declared that the geologists were wrong, since the Earth cannot
be older than the Sun; he did, however, hedge by commenting parenthet-
ically that he had considered only the known laws of physics, and new
phenomena could alter his result. Kelvin’s mathematics were correct
but his assumptions were wrong; he had assumed that the Sun shone
by means of the release of its gravitational energy as it contracted, in
which case it would, indeed, be young. In fact the Sun, as well as all
other stars, is powered by nuclear reactions, a physical process unknown
in Kelvin’s time. The physics of the atomic nucleus was developed dur-
ing the first thirty years of the 20th century, and the notion occurred
to several scientists, including Arthur Eddington and George Gamow,
that nuclear reactions might play a role in stars. The fusion of protons
was proposed as early as the 1920s as an energy source for the Sun, but
nuclear physics was barely understood at that time, and the details were
not correctly worked out. It was not until 1938, after further progress
in the theory of quantum mechanics, that Hans Bethe elucidated some
of the reactions by which the stars shine.

The discovery of nuclear physics not only removed the apparent age
problem of the Sun, but also provided a means for directly measuring the
age of the Earth. By the 1920s the technology for radioactive dating
had become established. For the dating of rocks, one of the most useful
isotopes is uranium 238 (238U), which decays to lead 206 (*°°Pb) at a
known rate. By comparing the ratio of 233U to 2°6Pb, it is possible to
determine the time since the rock solidified into its present form. The
technique works best for igneous rocks, those brought up from the depths
of the Earth’s mantle by volcanic action, since such rocks contain the
greatest quantities of radioactive elements; however, the principle can
be applied to anything in which radioactive nuclei are present. The
results indicate that the oldest rocks on Earth are approximately 3.9
billion years old. Material from meteorites, whose surfaces were never
molten and are essentially unchanged from their origin, show ages of
approximately 4.5 billion years. The oldest of the Moon rocks returned
by the Apollo astronauts are about the same age as the meteorites.

T

Biological evolution requires time

Natural radioactivity provides a chro-
nometer
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Fig. 3.10 Radioactive dating. Half of
the atoms of a radioactive element in
a sample will decay after each half-life.
By measuring the ratio of the remain-
ing amount of radioactive element com-
pared to the quantity of its decay prod-
uct, the age of the sample can be deter-
mined.

The Copernican principle applied to
life in the universe

Various other dating techniques, as well as theoretical computations of
the age of the Sun, agree quite well that the solar system is 4.6 billion
years old. The most ancient established fossils, of bacteria, have been
found to be 3.5 billion years old, very nearly the same age as the oldest
surviving rocks.

The age of the solar system is estimated to be about 5 billion years.
The Galaxy must be older than the solar system; the best estimates of
its age come from determinations of the age of globular clusters, which
are thought to be the oldest objects in the Milky Way, and from the ages
of ancient white dwarf stars. These methods give an age for the Milky
Way of more than 10 billion years. The universe itself must be older
still. Indeed, the age of the universe is now calculated at just under 14
billion years. We shall discuss this in greater detail in later chapters.

Taking down the ladder

In the medieval Ptolemaic cosmology, the physical construction of the
cosmos was hierarchical. At the center was Hell, the basest and lowest
possible state. At the other extreme, outside the sphere of the stars, was
the realm of the spirits. Humanity lay in the middle, on the surface of the
Earth. Similarly, the great Ladder of Life placed humans at the peak of
the Earthly species, but falling short of the perfection of heavenly beings.
From Copernicus onward, the understanding has grown that the universe
is not static, not perfect and immutable, but dynamic and ever-changing.
The Earth, assumed through most of human history to be stationary and
central, is a small chunk of rock in orbit about a middling star. What
Copernicus did to the heavenly spheres, Darwin did to the Ladder of
Life. Humans sit at no pinnacle, either at a physical center of the cosmos
or at the peak of biological perfection. Throughout the history of the
Earth its life has always been, and always will be, dominated by bacteria.
Bacteria are found in every environment that can support life, and are
by far the most common organisms. For more than two billion years,
bacteria were the only life forms on Earth. Eukaryotes, cells with true
nuclei, first appear in the fossil record scarcely a billion and a half years
ago. Multicellular organisms have existed for only approximately 750
million years. The genus Homo, to which modern humans belong, arose
on the plains of Africa some two million years ago, while anatomically
modern humans go back at most a mere 250,000 years. In contrast,
the dinosaurs were the dominant vertebrates for over 100 million years.
Most of Earth’s history took place without the presence of humans. If
we disappeared, the Earth and its major life form, the bacteria, along
with whatever other organisms might exist at the time, would continue
unperturbed.

The Earth is but one small planet orbiting around one ordinary star;
should it be distinguished as the only place in which life occurs? A
straightforward adoption of the Copernican principle would argue that
we are not alone. Life may not be common in the universe, and it
may not exist anywhere else in the Milky Way. But if planets formed



around one unexceptional star by a process which, to the extent that it is
understood, does not require unusual conditions, then planetary systems
must be abundant, especially around stars that lack binary partners. It
is true that life is fairly sensitive, placing demands upon the conditions
it requires, at least for the carbon-based life with which we are familiar.
Life, as we understand it, requires reasonable stability of star and planet,
the presence of a good solvent such as liquid water, and protection from
disruptive radiation from the star, so that the weak chemical bonds that
hold together the complex molecules of life are not broken. But under
the right conditions, the great antiquity of life on Earth indicates that
it develops readily. Of the unknown trillions of stars in the uncounted
billions of galaxies, it is difficult to argue that there cannot be other
planets that support life. Whether intelligent life would exist on such
planets we cannot, as yet, say. The development of intelligent life, or at
least life forms that are capable of asking questions about the universe
in which they live, does not even seem to have been inevitable on Earth.

For many such cosmological questions, we have no definite answers.
But we have come far from the geocentric, anthropocentric world of
Aristotle. With the realization of our true place in the universe, hu-
mankind has been forced to accept humility. In exchange we have found
that the universe of which we are a part is far larger, grander, and more
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fascinating than could have been imagined even a century ago.

Chapter Summary

Isaac Newton formulated the laws of mechanics that de-
scribe most motions in the universe. Newton’s first law
defines inertial, or uniform, motion: a body at rest or in a
state of uniform motion will remain at rest or in uniform
motion unless acted upon by a net external force. New-
ton’s second law defines mass as the connection between
force and acceleration: F' = ma. The first law can be
understood in terms of the second: if the (net) applied
force is zero, the acceleration is zero, meaning that the
velocity does not change. Newton’s third law states that
for every action there is an equal and opposite reaction.

Newton’s law of universal gravitation states that the
gravitational force between two objects is proportional
to the product of their masses divided by the square of
the distance between them. The constant of proportion-
ality is one of the fundamental constants of nature, the
gravitational constant G. The gravitational constant was
first measured nearly a century after Newton’s death, and
even today its value is known less precisely than are the
values of other important physical constants.

Newton published his work, the Philosophiae Naturalis
Principia Mathematica, in 1687; it is one of the greatest
scientific treatises ever written. In addition to laying out
the laws of mechanics still used today, Newton was able to
derive Kepler’s laws and to show that gravitational orbits
would take the form of an ellipse.

After the publication of the Principia, understanding
of the universe increased dramatically; combined with
breakthroughs in technology, the new science led to the
era historians call the Enlightenment. One application
of Newtonian physics was computed by Edmund Halley,
who worked out the orbit for the famous comet that now
bears his name. Another was the prediction and subse-
quent discovery of Neptune. The Newtonian cosmos was
a majestic and deterministic clockwork. The clockwork
universe and the new understanding of natural law influ-
enced philosophy and theology.

Nearly two hundred years passed before another major
shift in cosmological thought took place. Just as Newto-
nian physics had made possible an understanding of the
true size of the solar system, geology and biology eventu-
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ally led to a new appreciation of the age of the Sun and
planets. Darwin and Wallace developed the theory of bi-
ological evolution late in the 19th century, before the age
of the Earth had been determined. By the 1920s, radioac-
tive decay had been employed to measure the age of the
Earth to be close to 4.5 billion years. This vast expanse
of geological history allowed time over which biological
evolution could occur.

The laws of physics provide the foundation for a partic-
ular cosmology. By the same token, discoveries about the

Key Term Definitions

Newton’s first law The law of motion which states
that an object in a state of uniform motion will
remain in that state unless acted upon by an ex-
ternal force.

uniform motion Motion at a constant velocity. The
state of rest is a special case of uniform motion.

force That which produces an acceleration.
acceleration A change of velocity with respect to time.

Newton’s second law The law of motion which states
that the net applied force on an object produces an
acceleration in proportion to the mass: F' = ma.

mass That property of an object which causes it to resist
changes in its state of motion; also, that property
which generates gravitational attraction.

conservation of momentum The principle that the
linear momentum of a system (in Newtonian me-
chanics, mass times velocity) remains the same as
long as no external force acts.

vector A mathematical entity that has direction as well
as magnitude. Important physical quantities rep-
resented by vectors include velocity, acceleration,

nature of the universe must be consistent with the laws
of physics. The heliocentric cosmology of Copernicus, as
clarified by Kepler, led to the need for a new theory of
motion. Newtonian mechanics, in turn, created a new vi-
sion for the cosmos. Discoveries made toward the end of
the 19th and the beginning of the 20th centuries led to
the new physics of Einstein and, in turn, to the modern
big bang cosmology.

and force. A vector changes whenever either its
direction or its magnitude changes.

Newton’s third law The law of motion which states
that if A exerts a force on B, then B will exert an
equal and oppositely directed force on A. For every
action, there is an equal and opposite reaction.

universal gravitation Newton’s mathematical formu-
lation of the law of attraction between two masses:
Fy = GM1 M2/ R?.

gravitational constant A fundamental constant of na-
ture, G, which determines the strength of the grav-
itational interaction.

weight The gravitational force experienced by an object.
It usually refers to the gravitational attraction due
to a large object, such as a planet, upon smaller
objects at or near its surface.

radioactive dating The determination of the age of a
sample by the measurement of the ratio of the de-
cay products to the precursor, for one or more ra-
dioactive isotopes. Radioactive dating is possible
because each unstable isotope has a well-defined
half-life.
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Review Questions

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

When fully loaded with fuel, a certain aircraft has
a mass 1.25 times greater than its mass when car-
rying minimal fuel. The acceleration of the aircraft
for takeoff must be the same in both cases, since
the length of the runway available, and the takeoff
speed required, are both fixed. How much more
thrust (force), relatively, must the engine exert to
accelerate the aircraft for takeoff when it is fully
loaded?

Airplanes, especially smaller ones, often “crab,”
that is, fly at an angle relative to the desired di-
rection of travel. What conditions might make this
necessary?

Why is circular motion not natural? Why does the
velocity of an object in circular motion change even
though its speed is constant?

If an identical force is applied to two separate
masses, object A and object B, and object B is
four times as massive as object A, how will object
B’s resulting acceleration compare with object A’s?
Next, consider two objects of equal mass separated
by a distance of 1 meter. They feel a mutual grav-
itational force. By what amount does that force
change if the distance between the two objects is
reduced by half?

You are an astronaut floating in space, while hold-
ing an object with a mass that is 1/100th of your
mass. You throw this object in some direction.
What happens to you? Is there a difference be-
tween how Newton’s laws work in space and how
they work on the Earth?

In a certain science fiction story written for young-
sters, an accident causes an untethered astronaut
to float away from his spaceship. Fortunately, he
manages to return safely to the ship by making
swimming motions with his arms. What is wrong
with this? What is the difference between swim-
ming in water and “swimming” in space?

(3.7)

(3.10)

(3.11)

(3.12)

(3.13)

Aristotle says “To keep your automobile moving
down the highway requires a steady force, hence
you must keep your foot on the accelerator pedal.”
What would Newton say in rebuttal?

The Moon orbits the Earth. State how Aristotle
and Newton each explained this phenomenon and
compare their explanations.

Zorlo has a mass that is 1.5 times that of the Earth,
and a radius 1.25 times greater. How large is the
acceleration due to gravity at the surface of Zorlo
compared to the acceleration at the surface of the
Earth? (Hint: you do not need to know the value
of the gravitational constant for this problem.)

Which of Kepler’s laws enables modern cosmolo-
gists to compute the mass of a distant cluster of
galaxies? How might such a measurement be per-
formed?

What is the principle of uniformitarianism? Can it
be applied to the universe as a whole as well as to
the Earth?

When Lord Kelvin computed the age of the Sun,
what critical assumption did he make? What was
his result, and what did he conclude about the age
of the Earth? What later discovery showed Kelvin’s
result to be incorrect, and why?

Astronomers sometimes try to estimate the num-
ber of planets on which technological beings might
live. Part of the process is to estimate (1) the
fraction of planets capable of supporting life on
which life actually appears, (2) the fraction of those
planets with life where some form of life achieves
intelligence, and (3) the fraction of those planets
where intelligent life develops the technological ca-
pabilities necessary to send radio signals. What do
you think these fractions might be? Discuss your
choices.
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Lighting the Worlds

It is a capital mistake to theorize
before one has data.

Arthur Conan Doyle, A Scandal in
Bohemia

Humanity contemplates the cosmos from the restricted vantage point of
a small planet near the edge of an out-of-the-way galaxy. How it is that
we can learn anything at all about so vast a thing as the universe? The
universe is more than its contents alone; the physical laws that govern
the interactions among objects tell us the properties of the cosmos. From
the smallest elementary particles to the largest galaxy cluster, the rules
of the universe leave their mark. The Copernican principle ensures that
by understanding how nature works here in our own backyard, we can
uncover the workings of the cosmos itself. In only 300 years, science
has made great progress in elucidating these rules, and may be close to
an understanding of how the universe operates at its most fundamental
level. Science builds upon what is known; since cosmology deals with the
overall principles of the universe, it draws upon knowledge from many
fields. This chapter provides a brief, and highly selective, overview of a
few topics relevant to our later studies: the basic properties of matter,
the fundamental forces of physics, and some properties of light. From
there we shall begin our detailed exploration of the grandest science.

The nature of matter

Humans have long searched for the fundamental basis of matter. Dur-
ing the Middle Ages, Europeans generally held the Aristotelian view
that Earthly matter consisted of four elements: earth, air, fire, and
water. The heavenly bodies were made of the celestial ether, an ill de-
fined, perfect, and immutable substance. The modern view of matter
began to take shape when chemistry developed into a science in the
18th century, distinguishing itself from the mystical pursuit of alchemy.
Antoine Lavoisier! and Joseph Priestley showed that it was possible
to attribute chemical behaviors to certain substances into which most

1Despite his support for the French Republic, Lavoisier was guillotined during
the aftermath of the French Revolution, apparently because he had once been a tax
collector. The judge at his trial is said to have remarked, “The Republic has no use
for savants.”

Key Terms:
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nuclear reaction
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exclusion principle
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heat

temperature
conservation of energy
conservation of matter
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The structure of matter is described by
atomic theory

Cosmic abundances

The discovery of the electron

chemicals could be broken down. These substances, which took many
forms, were themselves chemically irreducible; they are the elements.
By 1810, it was accepted that each element corresponded to a unique
type of particle, an atom, a theory first developed in its modern form
by John Dalton. The atom is the smallest subdivision of matter that
retains fixed chemical properties. The enormous variety of chemicals is
created by the chemical bonds between atoms. Combinations of two or
more atoms are called compounds; the behavior of a compound is, in
general, nothing like the behavior of any of the elements that make it
up, but depends in a fairly complicated way on the elements present and
how they are bonded.

For astronomy the most important elements are the first two in the
Periodic Table, hydrogen and helium. Hydrogen makes up about 75%,
and helium approximately 24%, of all the matter in the universe. The
rest of the elements, while far less abundant, play an obviously important
role: the Earth and everything on it, including humans, are made of
these elements. One of the great successes of modern astronomy and
cosmology is their explanation for the formation of the natural elements
and their relative abundances. As we shall see, the cosmic abundances
of the elements severely constrain the possible models of the universe.
The atoms themselves can tell us something about the history of the
€OSMOS.

In 1869, Dmitry Mendeleev and Lothar Meyer, working independently,
arranged the known elements into a table according to their atomic
weights. Remarkably, the elements were found to show regularities in
their behavior that repeated themselves nearly uniformly along a column
of the table. These regularities were so predictable that Mendeleev was
able to shift at least one element, indium, whose atomic weight had
been incorrectly determined. He left spaces for undiscovered elements,
predicting not only their atomic weights but also their general chemical
properties. When the first missing element, gallium, was discovered in
1875 it created great excitement, for it made clear that there was a
unifying principle to chemistry that could soon be understood. After
the development of atomic theory early in the 20th century, chemists
realized that another characteristic of atoms, the atomic number, was
the key to chemistry. When the elements are arranged in order not of
atomic weight but of atomic number, the regularities along the columns
of the modern Periodic Table are nearly exact.

The first discoveries of elementary particles soon clarified the Periodic
Table. Atoms, while they do indeed represent the smallest particle of
a particular element, are not indivisible. The electron, discovered by
J. J. Thomson in 1897, was the first elementary particle found. Thomson
was investigating cathode rays, charged beams propagating in evacuated
glass tubes, which were of great interest in the late 19th century. The
existence of electrical charge had been known since the ancients observed
that amber (Greek elektron) could, when rubbed with fur, attract small
bits of straw. In the 1700s Benjamin Franklin studied electricity and
proposed that it was of two varieties, which he dubbed “positive” and
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“negative.” It was also realized that like charges repel one another,
while opposite charges attract, but until Thomson’s work little more
than these few facts was known about the nature of charges and currents.
When Thomson discovered that the ratio of the charge to the mass of
the cathode rays was independent of the materials used to construct the
tube or the low-pressure gas that filled it, he made what amounted to a
leap of faith that he had discovered a new, subatomic particle; his insight
was later confirmed by more exacting experiments. The discovery of the
electron made it clear that charge could be associated with individual
particles. The charge, if any, controls the electrical behavior of the
particle. If a particle has a charge, it is either positive or negative; if
there is no charge, the particle is neutral. Currents, such as those that
power electrical devices, consist of charged particles in motion.

Even after the discovery of the electron, a great deal of confusion over
the structure of the atom persisted for quite a long time. Atoms were
known to be electrically neutral, but the atomic weight and number were
not understood. The “plum pudding” model proposed by J. J. Thomson
envisioned a structure with electrons embedded like raisins (plums, in
certain baking contexts) in a “cake” of positive charge. This model was
accepted for a while, but it never worked well. Ernest Rutherford set out
to test it; in a series of experiments performed between 1909 and 1911,
he shot beams of alpha particles (now known to be helium nuclei) at
an extremely thin gold foil. Most of the alpha particles passed through
the foil with only slight deflections, but there were a few that were de-
flected by large amounts, in some cases nearly reversing their directions.
Though very few such extreme scattering events occurred, the result
completely contradicted the predictions of the plum pudding model; at
the time, no known model of the atom could explain it. Rutherford later
said, “It was quite the most incredible event that has ever happened to
me in my life. It was almost as incredible as if you had fired a 15-inch
shell at a piece of tissue paper and it came back and hit you.”
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Fig. 4.1 The Periodic Table of the el-
ements. The number above each sym-
bol is the atomic number, the number
of protons in the nucleus. The two
lightest elements, hydrogen (H) and
helium (He), are most abundant in the
universe.

Fig. 4.2 The plum pudding model of
the atom. Individual electrons are em-
bedded in a general “cake” of positive
charge.

A model for atomic structure
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Fig. 4.3 Rutherford scattering by an
atomic nucleus. Most alpha parti-
cles (energetic helium nuclei) shot to-
ward gold foil are barely deflected,
but those passing very close to a nu-
cleus undergo large deflections. No
such extreme deflections would be ob-
served if the atom’s positive charge
were smoothly distributed; the ex-
treme deflections provide evidence for
compact nuclei within atoms.

e

Fig. 4.4 The solar system nuclear
model. Individual electrons orbit a
compact, positively charged nucleus.

The Bohr atom

@> @

In 1911, Rutherford developed a new model for the atom; it consisted
of a tightly packed positive nucleus surrounded by orbiting electrons.
This theory explained his data perfectly. Most of the bombarding alpha
particles, which are positively charged, passed far from the nucleus and
were scarcely affected, especially since the cloud of negatively charged
electrons partially cancels the positive charge from the nucleus. But
a very few alpha particles happened to penetrate the electron cloud
and pass very close to the nucleus, and for these particles the repulsive
force was very large. Based upon his model, Rutherford was even able
to predict mathematically the probability of such large deflections; the
predictions fitted the data extremely well. Further work eventually led
Rutherford to the realization that the atom with the smallest atomic
number, hydrogen, had a nucleus consisting of a single particle. The
new particle was christened the proton.

Almost immediately, theorists began to work out the details of this
new model of the atom. The first, and most obvious, model was based
on an analogy with the solar system. After all, the electrostatic force
between charges obeys an inverse square law, as does gravity, and the
nucleus is much more massive than the electrons, just as the Sun is
far more massive than any planet. Unfortunately, the analogy broke
down. By the time of Rutherford’s discoveries, it was known that accel-
erated charged particles radiate away some of their energy in the form of
light. The original solar system model of Rutherford and Arnold Som-
merfeld was thus untenable; the orbiting electrons should lose energy
and spiral into the nucleus, which would have had most unfortunate
consequences for chemistry! Clearly, a better model for the atom was
required. Niels Bohr, working on the hydrogen atom, hit upon a solution
in 1913. Bohr’s work was a major contribution to the nascent quantum
theory, as it showed that electron orbitals were quantized; they could
not be arbitrary. Unlike planets, electrons could occupy only discrete
orbits of fixed energy. As long as the electron occupied a permitted
orbital it did not radiate, but if it jumped from one orbital to another
it emitted or absorbed a single quantum, an indivisible unit, of light.
It was already known that light could be characterized, under certain
circumstances, as discrete particles called photons; according to the
Bohr model, each transition involved only that photon whose energy
equalled the difference in the electron energy levels. The new theory



explained many experimental results on light emission from hot gases
with elegance and simplicity.

By the mid-1920s, scientists had developed most of the modern picture
of the atom. Every atom has a fixed number of protons, which specifies
its atomic number, and this number uniquely determines which element
the atom represents. The protons reside in the nucleus of the atom,
while electrons orbit far away, on the scale of the atom. The swarm
of electrons is arranged in shells of increasing energy levels. Shells are
further subdivided into orbitals of slightly differing energies. Only two
electrons may occupy each orbital, but the total number of orbitals dif-
fers for each shell. The innermost shell, of lowest energy, has only one
orbital and can contain only two electrons, whereas outer shells can hold
more electrons, always in multiples of two. The chemical properties of
an atom are determined by the number and arrangement of its electrons.
Atoms that are electrically neutral rarely posses a set of fully occupied
shells. Atoms engage in chemical reactions in an attempt to fill shells
that have available orbitals. Only the inert gases (sometimes called the
noble gases) of helium, neon, argon, krypton, xenon, and radon have
filled orbitals; consequently, they participate in almost no chemical re-
actions. The strict regularity in the filling of electron shells accounts
for the patterns in the Periodic Table; atoms with similar numbers of
unpaired electrons have similar chemical properties.

An atom that literally gains or loses an electron, thereby acquiring a
net electrical charge, is called an ion. Two ions of opposite charge that
approach closely can be electrically attracted and thus can sometimes
adhere to form a chemical compound; such a bond is said to be ionic.
The most familiar example of a compound held together by an ionic bond
is sodium chloride, ordinary table salt. Most atoms cling fairly tightly
to their electrons, however, and the most common type of chemical bond
is the covalent bond, in which the atoms share electrons.

Many elements have an unfilled outer shell; under the right circum-
stances they are likely to lose an electron, becoming a positively charged
ion. One means by which this can happen is related to temperature; a
sufficiently large heating can provide enough energy to an outer electron
to liberate it completely from the nucleus. Since the temperature re-
quired for this to occur varies and is characteristic of each element, the
ionization state of a distant cloud of cosmic gas can provide clues to the
temperature of the gas. Another example of the importance of ioniza-
tion to astronomy is the early universe; during the very early history of
the universe most of the hydrogen was ionized. A positively ionized gas
is considerably more opaque to light than is a neutral gas, because the
free electrons interact with the light and scatter it. This phenomenon
places a fundamental limit on how far out, and hence back in time, that
we can see.
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Chemistry is understood in terms of
electron orbitals

ITonized gas consists of positively
charged ions and free electrons
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Atomic nuclei are composed of protons
and neutrons

The discovery of nuclear reactions

Nuclear physics

During the 1920s physicists concentrated on atomic theory, arriving,
with the help of the new quantum theory, at the model just described.
Not much attention was paid to the nucleus. The only elementary par-
ticles known were the electron and the proton; it was thus assumed that
electrons were present in the nucleus, as well as in the surrounding shells,
although all nuclei still had a net positive charge. This model of the nu-
cleus was probably the best that could have been devised at the time;
besides, it was aesthetically pleasing to most scientists to think that the
universe consisted of two particles of opposite charge. Unfortunately,
this simple picture met the fate of many others: new discoveries that
contradicted it. In 1932, a new elementary particle was discovered, the
neutron. The neutron is slightly more massive than the proton and, as
its name indicates, it has no net electric charge. It was quickly realized
that the neutron was the missing particle of atomic theory; it was the
true nuclear partner of the proton.

Neutrons and protons together make up the nucleus of atoms, and
are collectively known as nucleons. The electrical charge of the nucleus
determines the atom’s electron structure; hence the number of protons
determines the type of element. Two atoms with the same number of
protons but different numbers of neutrons are isotopes of the same
element. Atoms are denoted by a symbolism of the form ;"H’Z, where Z
stands for the one-or-two-letter symbol for the element, p indicates the
number of protons (often omitted, since that is always the same for a
given element), and n + p is the total number of neutrons and protons.
For example, the isotope of carbon that contains 6 protons (making it
carbon) and 6 neutrons, for a total of 12 nucleons, is symbolized as §>C.
Isotopes occur in different abundances; for most elements one isotope
dominates, while the others are relatively rare.

In retrospect, of course, there had long been clues that the universe
was not so simple as to consist of only two kinds of particle. In 1896
Henri Becquerel discovered that a crystal of a uranium compound rest-
ing atop a sealed, unexposed package of photographic film left an im-
age. Becquerel had discovered radioactivity, the first known nuclear
reaction. We have already seen that chemistry occurs only among
the electrons in the cloud surrounding the nucleus; the nucleus itself is
never affected by any chemical reaction. Nuclear reactions, on the other
hand, directly involve the nucleons. The nuclei of radioactive isotopes
are unstable and emit radiation of some form, which may transform the
nucleus. This radiation is of three types: alpha particles, which consist
of two protons and two neutrons, beta particles, which are electrons, and
gamma rays, which are essentially light rays of very high energy. When
a nucleus emits an alpha particle, it transmutes into another element,
that which has two fewer protons; it also drops in neutron number by

two. For example, 23*U (uranium 234) is an alpha-emitter; the result

is a nucleus of 33°Th (thorium 230). Emission of a beta particle also

causes transmutation, because when a beta particle is emitted a neu-



tron is converted into a proton; therefore the atom becomes an isotope
of another element, that which has one additional proton and one less
neutron. Beta decay causes 33°Pb (lead 210) to transmute to 33°Bi (bis-
muth 210). Emission of a gamma ray, on the other hand, does not
change the elemental identity of the atom. Gamma rays may be emitted
either on their own, or in conjunction with alpha or beta particles.

The decay of any particular radioactive nucleus is completely unpre-
dictable; however, if a sample of many nuclei is prepared, after a certain
time interval called the half-life, half the members of the original sample
will have decayed. In another half-life interval, another half will decay,
leaving only a quarter as many as were initially present; and so forth.
Radioactive decay provides an excellent means of dating samples. For
example, uranium decays into lead at a known rate; therefore, comparing
the ratio of the amount of lead to the remaining quantity of uranium pro-
vides an accurate estimate of the time elapsed since the original sample
of uranium accumulated. In the crust of the Earth, radioactive elements
are most abundant in igneous rocks, those formed by volcanic eruptions.
The oldest volcanic rocks on Earth are found in remote regions such as
Antarctica, Greenland, and parts of Canada; they provide a lower limit
to the age of the Earth, showing that the planet is at least 3.9 billion
years old. Similar principles can be applied to determine the age of the
Galaxy, but since there are more potential sources of error and observa-
tional difficulties in this case, radioactive dating is less reliable than for
the Earth. Nevertheless, estimates of the Galaxy’s age from radioactive
decay are at least consistent with other evidence.

A nuclear reaction even more extreme than radioactivity was identi-
fied shortly after the discovery of the neutron. In 1934 Enrico Fermi
was attempting to create heavy elements by bombarding uranium with
neutrons. He thought he had succeeded, but his interpretation of his
data was criticized by Walter Noddack, who suggested that the ura-
nium had, instead, actually split apart. This possibility was taken up
by Otto Hahn, Fritz Strassmann, Otto Frisch, and Lise Meitner, who
worked on the problem for five years. Frisch and Meitner developed the
theory of atomic fission, while the others searched for experimental evi-
dence. In 1939, Hahn and Strassmann succeeded in demonstrating that
235U would, upon absorbing a neutron, undergo fission, the spontaneous
splitting of the nucleus into two much lighter nuclei. Only a few very
heavy isotopes participate in fission reactions; the most important nat-
ural fissionable isotope is 23°U. It can split in a number of ways, with
the most common yielding barium, krypton, three neutrons, and a great
deal of energy.

Uranium, with 92 protons, is the heaviest naturally occurring element.
All of its isotopes are radioactive but their half-lives are mostly quite
long, up to several billion years; hence uranium is fairly abundant in the
Earth’s crust. The heavier elements, called transuranic elements, are
much more unstable, and occur only under very special conditions that
typically must be engineered by humans. Of the transuranic elements,
the most important is plutonium. Plutonium is very readily fissionable
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Fission

Fig. 4.5 Nuclear fission occurs when
a heavy nucleus splits into two lighter
nuclei.

Nuclear fusion is the combining of light
nuclei into a heavier nucleus

Discovery of the neutron

Fig. 4.6 Nuclear fusion occurs when
two light nuclei fuse to form a heav-
ier nucleus. Here two protons fuse to
become a deuterium nucleus, plus a
positron and a neutrino.

and liberates a great deal of energy when it splits. If it does not fission,
it decays by emitting alpha particles. Plutonium is the basis for fission
weapons, whereas most nuclear reactors for the production of electrical
power use uranium (some use plutonium). Plutonium can be created
from uranium 238 by neutron bombardment in a nuclear reactor.

Fission is one kind of nuclear reaction that involves the heaviest atoms.
Some of the lightest elements will take part in another kind of reaction,
fusion, in which two nuclei combine or fuse into a heavier element, with
the liberation of various particles as well as much energy. Fusion reac-
tions occur only at extremely high temperatures and densities, as the
two nuclei must be forced very close together before fusion will occur.
Nuclear fusion is an especially important process in the present universe,
as it is the source of energy of the stars. The Sun, and other stars like it,
shines by nuclear fusion operating deep within its core that converts four
hydrogen nuclei (protons) into two neutrons and two protons combined
into one nucleus of 3He. Humans have been clever enough to learn how
to initiate uncontrolled fusion reactions, in bombs, by first raising the
temperature and densities to the necessary levels via a fission explosion.
We have not yet learned to control fusion reactions as a power source,
however, primarily because such high temperatures and densities are ex-
traordinarily difficult to create and maintain on Earth. In the Sun and
other stars, fusion occurs in the innermost core, where the tremendous
pressure due to the weight of the overlying layers confines the nuclei and
creates the high temperatures and densities required.

Nuclear theory opened up grand new vistas in physics. In the 19th
century the only forces known were the electromagnetic force and grav-
ity. It quickly became apparent that neither of these could possibly have
anything to do with nuclear reactions. Beta decay was particularly enig-
matic, once it was realized that no electrons are present in the nucleus.
If that was the case, where did the electron, which was generally ejected
from the nucleus with a high energy, originate? Enrico Fermi developed
a theory of beta decay in 1934 that introduced the idea that a neutron
could be converted into a proton and an electron. In order to satisfy
the conservation of momentum, Fermi postulated the existence of a new
particle, the neutrino. (The neutrino had been suggested previously
by Wolfgang Pauli, but Fermi first developed the mathematical theory.)
“Neutrino” means “little neutral one”; Fermi gave it such a name be-
cause, in addition to being electrically neutral, it had, at most, a very
tiny mass. Later theories assumed that the neutrino was massless, but
evidence has recently grown that it does have a small mass; as we shall
see, this question has significant cosmological ramifications.

The world of modern physics

At the beginning of the 20th century, many of the era’s leading scientists
had refused even to accept that atoms existed; less than four decades
later, the structure of the nucleus was nearly established. FEven the



stars themselves had yielded their deepest secret, the source of their
energy. The nucleus itself soon seemed to represent only one aspect of
the interactions among particles; after the Second World War particle
physics began to emerge as one of the most active subfields of physics.
Although the proton, neutron, electron, and possibly the neutrino are
the most important of the elementary particles in the present universe,
there are many others. As physicists studied cosmic rays, which are high-
energy rays impinging upon the Earth from space, they found new kinds
of particles. With the construction of accelerators, even more particles
were discovered. Many of these less familiar particles are unstable; with
some very short half-life, they decay into other particle species. As more
and more elementary particles were found, physicists realized that there
had to be a classification scheme to make sense of them.

Quantum mechanics is the system of physical laws that governs the
behavior of the elementary particles, and of nuclei and atoms. It is a for-
mal, mathematical system that developed from the work of many of the
greatest scientists of the 20th century, such as Niels Bohr, Max Planck,
Albert Einstein, Werner Heisenberg, and Erwin Schrédinger. Quantum
mechanics made it possible to sort out the confusing extravagance of
particles and to understand their behaviors. The salient feature of any
quantum property is that it is quantized; it cannot occur in arbitrary
amounts, but only in multiples of a certain inherent value. Electric
charge is an example of a quantum property; any particular particle,
such as an electron, always has the same, specific quantum of electric
charge. Particles possess many quantum properties and may be clas-
sified in various ways, depending upon the problem at hand; for now
we shall be concerned with only one important property. According to
modern particle physics there are two fundamental classes of particle,
with the division based upon the spin of the particle. The spin of a
particle is similar to the spin of a macroscopic object such as a baseball,
but with the important difference that it is quantized. Remarkably, the
spin of a particle may take either integer or half-integer values; that is,
multiples of 0, 1, 2, etc. or 1/2,3/2, 5/2, and so forth, of a fundamental
quantum unit are permitted, but nothing else. A particle with integer
spin is a boson, while one with half-integer spin is a fermion. The
photon has a spin of 1; it is a boson. The electron has a spin of 1/2;
it is a fermion. Spin has a direction as well as a magnitude, and this is
also limited to discrete quantum amounts. The number of possible ori-
entations depends on the spin. An electron with spin 1/2, for example,
may be up or down, relative to any particular direction the experimenter
might choose. By convention, an up spin is positive, for example, 1/2
for an electron, while a down spin is negative, —1/2 for the electron.

There is a fundamental division of labor between bosons and fermions.
The primary duty of bosons is to carry force and energy. Fermions, on
the other hand, make up matter. In addition to their different jobs,
bosons and fermions have drastically different properties. The most
important of these is related to their sociability, in a loose manner of
speaking. Bosons are content with one another’s company and arbi-

93

Quantum mechanics is the theory of el-
ementary particles and their interac-
tions



94 Lighting the Worlds

The exclusion principle

Antimatter

The fundamental forces

trary numbers of them can crowd arbitrarily close together. Fermions,
in marked contrast, obey the Pauli exclusion principle, a property
worked out by Wolfgang Pauli. The exclusion principle is a limitation
upon the quantum state of fermions, where a state consists of a descrip-
tion of everything that quantum mechanics permits us to know. The
state of a particle might include its energy, its spin, whether the spin is
up or down, and so forth. According to the Pauli exclusion principle,
fermions of the same species that can interact with one another may not
simultaneously occupy the same quantum state. The exclusion principle
explains why only two electrons are permitted to occupy each orbital
around an atom; one has spin up, the other spin down, but otherwise
their states are the same. The exclusion principle also demands that
fermions cannot crowd together, since interacting fermions must have
distinct quantum states. No matter how bizarre it might seem, the ex-
clusion principle controls much of the behavior of matter at the scale
of atoms, nuclei, and particles. It is of fundamental importance in the
structure of white dwarf stars and of neutron stars, for example.

The first quantum theory was nonrelativistic, but soon quantum me-
chanics and special relativity were combined into relativistic quantum
mechanics. (Quantum theory has yet to be combined with general rela-
tivity theory.) This new theory contained a remarkable prediction: the
existence of antimatter. Every particle has a partner called an an-
tiparticle. The antiparticle is, in some respects, the mirror image of
the particle, as it has the identical mass; an antiparticle differs from its
partner by possessing the opposite sign of electrical charge as well as
opposite sign of some other quantum properties. (A neutral particle has
a neutral antiparticle.) Only the antiparticle of the electron has its own
name; it is called the positron. When a particle collides with its antipar-
ticle both are converted to pure energy, in the form of gamma rays. A
few particles, most importantly the photon, are their own antiparticles.
The universe today appears to be composed entirely of matter, although
early on both matter and antimatter were present in great abundance.

No 19th-century scientist would even have dreamed of the menagerie
of particles that were known by 1940. Although right now nature might
seem to be excessively complicated, there is an underlying simplicity,
which is partially understood. The myriad particles interact with one
another in various ways, but all of the known interactions can be ex-
plained as due to one of only four fundamental forces of nature. These
four forces are the strong interaction, which holds nucleons together
in the nucleus; the weak interaction, which mediates nuclear reac-
tions such as fission and beta decay; the electromagnetic force, and
gravity. According to modern theories of particle physics, these four
fundamental forces arise due to the exchange of carrier bosons called,
for rather obscure historical reasons, gauge bosons. The binding between
particles by a given force is thus much like the tie between two people
playing catch by tossing a ball back and forth between them: the ball
carries momentum and energy from one player to the other. The elec-
tromagnetic force is particularly well understood; its gauge boson is the



particle of light, the familiar photon. Just as the ballplayers can toss
a lighter ball farther, the range of a fundamental force is determined
by the mass of its gauge boson. The photon is massless; therefore the
range of the electromagnetic force is unlimited. Gravity is also carried
by a massless boson, the graviton, which has so far eluded detection.
The weak interaction is mediated by a massive particle; hence its range
is limited. The strong interaction has an unusual behavior: as the dis-
tance grows, the nuclear force increases. Within the nucleus, the strong
interaction has a massive carrier known as the pion. At higher energies,
in the strange world of quarks, the carrier boson is a massless particle
known as the gluon. Quarks are the fermions from which the nucleons, as
well as some other particles, are constructed; gluons hold them together
in the nuclei of atoms.

Of all the forces, the strong interaction is, as its name implies, the
strongest; its strength exceeds that of the electromagnetic force by about
a factor of 100. It would have to be so, or it could not accomplish the
job of holding the positively charged nucleus together in the face of elec-
tromagnetic repulsion. The weak nuclear force is much weaker than
the electromagnetic, by a factor of 10''. But even that huge difference
is dwarfed by the full range between the strong interaction and gravity:
about 104!, The two nuclear forces operate only over very small distance
scales of around 10! cm, comparable to the size of a nucleus. The elec-
tromagnetic and gravitational forces, in contrast, are long-range; both
diminish as the inverse square of the distance between two particles. We
shall not return to the nuclear forces until we study the early universe;
here we will describe the other two.

The electromagnetic force is the force that exists between charged
particles; it is ultimately responsible for many of the everyday forces we
experience. It directly holds ions together in ionic bonds, by the attrac-
tion of positive and negative charges. It also causes molecules to stick to
one another, because molecules almost always have some distribution of
charge even if they are neutral overall. It is the adherence of molecules,
through the relatively weak electromagnetic forces between them, which
holds together almost all everyday objects, including our bodies. Glues
work by causing various molecules to link together. The floor does not
collapse under a weight because its molecules are electrostatically bound
to one another. Friction is simply the very weak attraction of the sur-
face molecules on one object to the surface molecules on the other ob-
ject. The electromagnetic force is also responsible for the generation and
transmission of electromagnetic radiation, that is, light.

The last of the four fundamental forces is gravity. Although gravity
is an incredibly weak force compared to the others, it nevertheless is the
most important for the universe as a whole. This is because the nu-
clear forces are short-ranged, while the electromagnetic force is almost
always shielded, or reduced, because most things in nature are, overall,
electrically neutral. If this were not so there would be enormous forces,
as unshielded negative and positive charges attract one another very
strongly, much more strongly than they attract one another gravitation-
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Fig. 4.7 Lifting a bowling ball requires
the expenditure of a quantity of work
equal to the force applied times the dis-
tance the ball is lifted, W = Fd.

Types of energy

ally. Huge currents would result, as charges were pulled to one another,
until approximate neutrality would quickly prevail. No comparable ef-
fects occur for gravity because mass, which plays the role of gravitational
charge, is of only one type; there is no possibility for shielding or neutral-
ization by a charge of opposite type. Therefore, over scales larger than
approximately 1076 cm, the typical distance between molecules, grav-
ity dominates. It is gravity that shapes the universe we observe, and
through most of this book we will be concerned with the gravitational
force.

A convenient mathematical way of representing a force is by means of
a field. A field is a function that fills space and describes the strength of
the force at any point. Thus we may speak of the gravitational field, a
representation of the force of gravity at all points. Similarly, we speak of
the electromagnetic field, which can itself be broken into an electric field
and a magnetic field. More generally, the term field can describe any
physical entity that has an extension in space, such as the distribution
of temperatures in a solid.

Allied with the concept of force are work and energy. In physics, the
quantity work is defined very precisely, as the exertion of a force to pro-
duce a displacement. Though both force and displacement are vectors
(displacement is distance plus direction), work has only a magnitude,
not a direction. A quantity that is fully described by its magnitude is
called a scalar; thus force is a vector, but work is a scalar. Since both
the quantities that enter into computing the work are vectors but the
result is a scalar, there must exist ways of combining vectors to obtain
scalars. In fact, a number of methods can be defined to obtain a scalar
output from vector input; work is computed by one very useful method,
but it is beyond our scope in this text. In the special case that the force
and the displacement are parallel, then the work is just the magnitude
of the force multiplied by the distance.

A quantity related to work is energy. Energy can be defined as the
capacity to do work. Examples of energy include chemical energy, the
energy required to create or break a chemical bond, and energy of de-
formation, the energy required to change an object, such as the fender
of a car, into a deformed state. If work is done against gravity to lift
a ball to a certain height, the ball acquires potential energy. If it
fell, it could strike the fin of a turbine and turn it, causing work to be
done. The motion of the ball was the direct cause of the turning of the
turbine and therefore energy must be associated with motion; energy
of motion is called kinetic energy. As the ball falls, it loses potential
energy and gains kinetic energy. Its kinetic energy is (mostly) converted
into work when it hits the turbine. The recognition of the intimate
connection between work and energy, by James Joule, was a great step
forward in the understanding of thermodynamics, the science of en-
ergy in general, and heat in particular. Heat is a very important form
of energy. It is related to the aggregate energy of the random motions
of the individual molecules that make up an object, in contrast to what
we specifically call kinetic energy, which is a consequence of the bulk



motion of an object as a whole. Heat is used every day to produce work;
for example, heat expands the gas in the cylinders of an automobile en-
gine. Although heat and temperature are related, they are not the same
thing. Temperature is a function of the mean random kinetic energy
of molecules, whereas heat depends on such quantities as the individual
kinetic energies of the molecules as well as the density of the substance.
Thus it is possible for an object to have a very high temperature but
relatively little heat energy. The corona of the Sun is a tenuous halo of
ionized gas that surrounds the Sun and is visible during solar eclipses;
it has a temperature of millions of degrees, but is so thin that its heat
content is not extreme. As a general rule, however, higher temperature
is associated with a greater quantity of heat energy.

One of the most important laws of physics is the law of conservation
of energy, which states that energy is neither created nor destroyed, but
1s only converted from one form into another. In classical physics there
is a companion to this law, the law of conservation of matter, which
similarly states that matter is neither created nor destroyed. When we
study special relativity we shall learn that mass and energy are equiv-
alent, through Einstein’s famous equation E = mc?; mass itself is just
another form of energy. Special relativity shows that the separate laws
of matter and energy conservation must be superseded by a new prin-
ciple, that of the conservation of matter-plus-energy. Both the law of
conservation of matter and the law of conservation of energy can be
considered to be individually valid to a high degree under ordinary con-
ditions. However, in cosmology we shall often encounter circumstances
that are far from ordinary, so we must keep this grander principle in
mind.

The conservation of energy is also known as the first law of thermody-
namics. Since there is a first, there must also be a second. The second
law of thermodynamics is one of the most significant laws of physics, and
one of the least understood. Many equivalent statements of the second
law exist; for now let us give the version presented by Rudolf Clausius
in the middle of the 19th century: No cyclic process exists whose sole
effect is to transfer heat from a cooler to a warmer body. There are
many devices, such as refrigerators and heat pumps, which transfer heat
from cooler to warmer bodies, but this process is always accompanied
by the exhaust of waste heat. The second law denies the possibility of
perpetual-motion machines. Some energy is always dissipated into waste
heat in any real, macroscopic process and for this reason no machine,
no matter how clever or carefully designed, can ever run forever without
an input of energy. No perpetual-motion machine has ever been built.
Every one that has been claimed has been found wanting upon close
examination. Some have been outright frauds; others were so carefully
balanced that they could operate for a very long time, but not indefi-
nitely. A notorious device of recent years whose inventor claimed it to
produce more energy than it consumed was shown to be nothing but
a simple power converter, and an inefficient one at that. (A machine
of this kind would also violate the first law of thermodynamics.) The
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second law has always triumphed, no matter how ingeniously humans
have tried to circumvent it.

More modern versions of the second law connect this inevitable dis-
sipation of energy to an increase in entropy. Precise, mathematical
definitions of entropy exist but, loosely speaking, entropy is a measure
of the disorder of a system; the higher the entropy, the greater the dis-
order. The second law can be restated as in any process, the overall
entropy increases, or at best remains the same. Since an ordered system
has a greater potential to do work, an increase in entropy is accompa-
nied by a reduction in available energy. The second law does not deny
the possibility of the ezistence of order, however. Order can always be
created locally by the consumption of energy. As an example, biological
systems—Iliving creatures—represent highly ordered states, perhaps the
most highly ordered in our region of the universe. Nevertheless, their
mere presence is not a refutation of the second law; on the contrary,
modern research on the theory of ordered systems indicates that dissi-
pation is required for complex, ordered states to arise naturally. But
there is a price for order, and that price is the conversion of available
energy into waste heat whose capacity for useful work is greatly dimin-
ished. Biological entities obtain their energy ultimately from the Sun,
or in a few species from geothermal energy. Like any other macroscopic
process, life results in an overall increase in the entropy of the universe.
Neither are artificial processes immune to the second law; energy must
be expended to support manufacturing and transportation, with the in-
evitable consequence that entropy increases and the Earth’s supply of
utilizable energy is reduced.

It may seem that the second law exists only to frustrate human at-
tempts to get something for nothing. A consistent system of thermo-
dynamics could be developed without it; yet it is always confirmed, not
only in experiments but in the realities of engineering and everyday life.
The second law seems intimately related, in ways which we cannot yet
fully comprehend, to the earliest moments of the universe, as well as
to its ultimate fate. The second law appears to determine the arrow of
time, the relentless march of time in one direction only. The second law
of thermodynamics may be one of the deepest, most fundamental rules
of the universe.

The third law of thermodynamics essentially completes the foundation
of the system. (A fourth law, called the zeroth law, provides a statement
that thermal equilibrium is possible.) The third law is a consequence of
the observation that cooling to very low temperatures is difficult, and be-
comes more difficult as the temperature is lowered. The lowest possible
temperature is absolute zero. The third law of thermodynamics states
that absolute zero can never be attained, but only approached arbitrarily
closely.



Waves

The material world of particles and atoms seems concrete and familiar;
yet just as important to cosmology is the incorporeal world of waves. A
wave is a disturbance in some quantity that propagates in a regular way.
We are all familiar with water waves, ripples in a body of water that
move across the surface, leaving it undisturbed after they pass. Waves
carry energy with them as they travel, as anyone who has ever stood
in the surf should realize. Waves are characterized by maxima called
crests and minima called troughs.  The maximum displacement from
the undisturbed position is the amplitude of the wave. The number of
crests that pass an observer in a specified unit of time is the frequency of
the wave, while the distance from one crest to the next is the wavelength
of the wave. For a pure or monochromatic wave, the wavelength is
a well-defined constant. In general, however, an arbitrary wave is a
superposition of many pure waves, and the wavelength is not so easy to
define. The distribution of frequencies in a superposed wave is called
its spectrum. The energy carried by a wave is related to its frequencys;
generally, the higher the frequency, the greater the energy transmitted.

Important examples of waves include sound waves, which are oscil-
lations in the pressure of a gas or liquid, and water waves, which are
displacements of parcels of water. (Sound waves can travel in water,
but they differ from what is defined as a water wave.) Sound and water
waves are examples of waves that require a medium for their propaga-
tion. The particles of the medium move very little, whereas the wave
can move, and transmit energy, over great distances. Water waves easily
travel across the Pacific Ocean, while similar waves in the Earth’s at-
mosphere can circle the globe. For astronomy the most important type
of wave is the electromagnetic wave, that is, light. Light differs from
the other waves described here in that it does not require a medium for
its transmission, but otherwise its properties are similar to those of any
wave.

Waves have several unique behaviors. They can undergo reflection,
partially or completely, when they strike a surface; that is, part or all of
the wave train turns back and travels in the opposite direction. When a
wave passes from one type of medium to another, refraction, a change in
the wave’s speed and thus its direction of motion, occurs. An example
of refraction in water waves is the bending of the waves as they move
from deeper water into a shallow inlet. When a wave passes through
an opening that is comparable in size to its wavelength, it undergoes
diffraction, the bending around the obstacle. Diffraction of sound waves
enables voices to be heard through an open door even when the speaker
is not aligned with the doorway.

When two waves of similar type pass through one another, interfer-
ence can occur. Two crests or two troughs may meet and reinforce one
other, creating constructive interference and resulting in a greater dis-
placement at that point than is present in either individual wave. If a
crest and a trough meet, the result is destructive interference, in which

99

Properties of waves

Fig. 4.8 Schematic illustration of a
monochromatic wave. A is the ampli-
tude, while X is the wavelength. A pure
monochromatic wave would extend in
both directions indefinitely.
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Fig. 4.9 Wave reflection and refrac-
tion occur at the boundary between two
media through which the wave propa-
gates with different speeds. The angle
of refraction depends upon the change
of the wave’s speed as it enters the new
medium; the angle of reflection is equal
to the angle of incidence.
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Fig. 4.10 Wave interference. Two
waves that pass through one another
reinforce or cancel, partially or wholly.
The net wave (bold line) is the sum
of the amplitudes of the interfering
waves at any point in space. In the
first column, two waves of equal wave-
length and amplitude, but precisely
out of phase, cancel exactly. In the
second column, two waves of equal
wavelength and amplitude and of the
same phase add coherently. The third
column depicts a general case with
two waves of different wavelengths.
Interference is difficult to visualize,
but it can sometimes be directly ob-
served in water waves.

The Doppler effect

Fig. 4.11 The Doppler effect. When
the source is approaching the observer,
the wave crests bunch up, resulting in
a shorter observed wavelength. When
the source is receding from the observer
successive wave crests are stretched,
giving a longer observed wavelength.
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the net displacement is reduced, sometimes even exactly canceled. If
the waves are linear, the interference may be computed at each point
simply by summing the two amplitudes (positive for crests, negative for
troughs) at that point. For nonlinear waves, this simple law does not
hold, but interference still occurs. One important interference effect oc-
curs when two waves superpose to form a pattern of alternating light
and dark bands, called interference fringes. An example is provided by
monochromatic light passing through two closely spaced slits and pro-
jecting onto a screen. The wave crests from the two slits alternately
reinforce and cancel one other, creating a characteristic pattern. The
appearance of these interference fringes is a definite indicator of the
wave nature of light.

One of the most important consequences of wave properties, from
the point of view of astronomy, is the Doppler effect. The Doppler
effect is familiar to everyone when it affects sound waves. As a train
approaches a grade crossing, the driver waiting in his car hears the
pitch of the whistle rise. After the train passes, the pitch drops. If
the train and the driver were at rest with respect to one another, the
sound waves from the whistle of the train would move outward in a
roughly spherical pattern; the constant wavelength between successive
crests would determine the fundamental pitch of the whistle. ~ When
the train is approaching, however, it is moving in the same direction as
are the wave crests which reach the driver; thus each successive emitted
crest follows the previous one at a shorter interval than if the train
and driver were mutually at rest. Conversely, as the train recedes, it is
moving opposite to the direction of motion of the wave crests reaching
the driver’s ears, so successive waves arriving at the driver’s position are
spaced at longer intervals than they would be if the train and driver
were at rest.

We can illustrate this phenomenon more concretely. Suppose you de-
cided to learn to play tennis, but you could not find a human practice
partner patient enough to put up with your attempts to bat the ball




around. You might then use a device similar to a miniature cannon,
which shoots tennis balls at a constant rate, as seen by you when you
stand at rest near the rear of the court and watch the balls fly past. If
you ran toward the cannon, the interval between the balls you would
encounter would be shortened, because each successive ball would now
have less distance to cover before meeting you. Conversely, if you ran
away from the cannon, each ball would have to make up the extra dis-
tance caused by your recession before it could reach you, and thus the
interval between balls would, as seen by you, increase. The individual
tennis balls could correspond to the crests of a wave, the cannon to any
kind of source. In this situation, the receiver, you, is moving, but there
is still a Doppler effect, so clearly it cannot depend upon whether the
source or the observer is moving. This example also demonstrates that
the Doppler effect can occur for any kind of periodic phenomenon.

The Doppler effect is a consequence of the relative motion between
the source and the observer. The effect depends only upon the nature
of waves and upon the motion of the source relative to the receiver, and
thus this phenomenon affects light waves in exactly the same way as
sound waves. If the source is approaching the observer, relative to the
observer’s frame of reference, the light waves bunch up and are shifted
toward higher frequencies; this is a blueshift. If the source is receding
from the observer the light waves shift to lower frequencies, resulting in
a redshift. The formula for the Doppler shift of light is, for relative
speeds v much less than the speed of light c:

g dreedom U (4.1)
Aem c
where z is the shift, Aoy, is the wavelength in the frame of the emitter,
and Aec is the wavelength in the frame of the receiver. A negative value
of z indicates a blueshift; positive z gives a redshift.

On Earth, the Doppler effect has found numerous applications, includ-
ing the radar speed guns by which a highway patrolman may measure
the speed of approach of an automobile. (In a radar system, a trans-
mitter emits radio waves that reflect from a target and return to their
source.) Astronomy depends particularly heavily upon the Doppler ef-
fect. For stars, nebulae, and nearby galaxies, the Doppler shift can tell
us how fast the object is moving toward or away from the Earth. The
major shortcoming of this technique is that it cannot give us the ab-
solute velocity, but only its radial component. If an object is moving
transversely to the Earth, then it is neither approaching toward nor re-
ceding from us, and there is no Doppler shift.? Consequently, we cannot
detect the transverse component of the velocity by means of a Doppler
shift. Even with this limitation on our knowledge, however, considerable
useful information can be determined. For example, if we measure both

2There exists a transverse Doppler shift that is a consequence of time dilation at
relativistic speeds, a topic which will be covered in Chapter 7. But almost all objects
move at small speeds compared to ¢, and the relativistic transverse Doppler shift is
insignificant and usually unobservable.
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tronomical phenomenon
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Light: particle or wave?

The electromagnetic spectrum

a redshift and a blueshift from different regions of an object, we can
conclude that the object is rotating, and we can measure its rotational
speed.

The nature of light

The most important wave to astronomy is light. We spend our lives im-
mersed in light, but how many have wondered what it is? The nature of
light was argued and debated for centuries, but only during the past 300
years, since the development of experimental science, has any significant
progress occurred. Newton performed some of the most important early
experiments; it was Newton who showed that white light was a combi-
nation of all colors. Newton also studied a specific kind of interference
fringes, now called Newton’s rings, which occur when a glass plate with
a very slight curvature is placed over a flat plate, and the whole assem-
blage is illuminated from beneath. Oddly, although interference fringes
are an unmistakable signature of a wave, the rings were not recognized
as such. Newton believed quite firmly that light was corpuscular, con-
sisting of a stream of particles, since he could not accept that a wave
could account for the apparently straight and narrow propagation of a
beam of light. Other scientists of the time, most prominently Christian
Huygens, were equally convinced that light was some kind of wave, but
this faction held almost equal disregard for what experimental evidence
then existed. The matter seemed finally resolved in 1803, when Thomas
Young passed light through two very narrow slits in a solid plate and
obtained interference fringes. A century later, however, Einstein revived
the corpuscular theory of light, but in a form which Newton would not
have recognized, and which he probably would have disliked. Light can
show both particle and wave natures, though only one at a time. We
shall usually need only of its manifestation as a wave; but occasionally
the particle nature of light will be important, especially when we study
the early universe. For now let us concentrate on the wave properties of
light, with some allusions to its particle manifestation.

Visible light is a specific type of electromagnetic wave. Electromag-
netic waves are traveling disturbances in the electromagnetic field. Un-
like other kinds of wave, they do not require a medium for their prop-
agation, although this important fact was not understood until early
in the 20th century. All electromagnetic waves are of the same nature,
differing only by their wavelength. The full range of such waves is called
the electromagnetic spectrum. For the convenience of humans, the elec-
tromagnetic spectrum is divided into bands, or groups of frequencies.
At low frequencies, we call the waves radio waves. Progressing to higher
frequencies, we have microwaves, infrared radiation, visible light, ultra-
violet radiation, X-rays, and finally, at the shortest frequencies, gamma
radiation. The difference in names is due to the separate discoveries
of different portions of the electromagnetic spectrum before it was rec-
ognized that all these waves were of the same kind. The division into
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bands is also quite arbitrary, and has no particular physical significance.
The most obvious subdivision is visible light, which is defined as that
band that the human eye can detect. However, even here there is some
ambiguity, as different people can see slightly different ranges; in fact,
people who have had the lenses of their eyes removed can see into the
ultraviolet.? It is common to employ the word “light” as a generic term
for all of the electromagnetic waves, and we shall do so unless there is
some need to distinguish one band from another. However, visible light
is not qualitatively different from any other part of the electromagnetic
spectrum.
The relationship between wavelength and frequency for an electro-
magnetic wave traveling in a vacuum is very simple:
AV =c, (4.2)
where as usual )\ is the wavelength, and v is the conventional symbol for
frequency. In this formula, ¢ is a constant of proportionality between
the two quantities. It has units of speed and turns out to be the speed
of motion of the wave in the vacuum; it is called the speed of light.
All electromagnetic waves travel at this same speed in a vacuum. In a
medium, however, a group of electromagnetic waves initially traveling
together will traverse the medium at different speeds, always less than c;
this phenomenon is called dispersion. When white light, which consists
of a superposition of all the wavelengths in the visible band, is passed
through a prism, the different wavelengths travel through the glass with
slightly different speeds. This causes them to refract differently at each
of the two surfaces they cross. As a result, the prism breaks white light
into its monochromatic components. In the field of spectroscopy, the
analysis of spectra, the superposition of all wavelengths is called the
continuum.
The speed of light in a vacuum is enormous in comparison to almost
any other speed we can imagine; but it is finite, and that has important

3The lens absorbs ultraviolet rays and prevents them from striking the retina,
which might be damaged by the higher-energy light. Exposure to ultraviolet light
has been implicated in the development of cataracts.
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Fig. 4.12 The electromagnetic spec-
trum. The scales show the wavelength
in meters, and the wave frequency in
cycles per second. The high-energy,
short-wavelength region is the regime
of gamma rays and X-rays. The low-
energy, long-wavelength portion is the
radio region. Visible light, that part
of the spectrum to which our eyes re-
spond, is located between the ultra-
violet and the infrared. The division
into bands is conventional and some-
what arbitrary.



104 Lighting the Worlds

Thermal radiation is produced by all
dense substances

Blackbody radiation represents ideal
emission from a substance in thermal
equilibrium

implications for cosmology. When we look at a star, we see that star not
as it is now, but as it was when the light departed from it. Looking into
space is equivalent to looking back in time. The distance light travels
in a year is called one lightyear. In MKS units, the speed of light c is
2.998 x 10® m s~!; hence a lightyear is 9.5 x 10'? kilometers, or about
6 x 10'2 miles. Notice that the lightyear is a unit of distance, not of
time.

Radiation is the general term for the emission of energy from an ob-
ject, often in the form of a wave. The word is frequently applied to the
emitted wave or particle itself, as in the expression “ultraviolet radia-
tion.” Nuclear radiation, which we have already discussed, may consist
of particles, specifically helium nuclei (alpha) or electrons (beta); only
gamma rays are actually photons. Charged particles radiate electromag-
netic waves when some of the particles’ energy is converted into photons.
One example is a transmitting antenna, which converts current (moving
charge) into electromagnetic radiation. In this case, some of the kinetic
energy of the charged particles is transformed into radiation.

One of the most important sources of electromagnetic radiation in na-
ture is thermal radiation. In any substance with a temperature greater
than absolute zero, the constituent particles (atoms or molecules) vi-
brate, jiggle, and possibly rotate. Energy levels are associated with
those overall motions; macroscopically, the collective energy of these
random motions is what we experience as heat. A portion of this heat
energy is converted into photons and radiated away. The spectrum of
thermal radiation from an arbitrary object can be quite complex, de-
pending upon such variables as the composition of the object, its shape,
how much external energy it is capable of absorbing, and so forth. The
only general rule is that the hotter the object, the higher the energy of
the photons it emits. We all know this from everyday life. A heated iron
emits no visible light, but glows brightly when photographed with film
sensitive to the infrared. The coils of an electric stove set on high glow
with red light; red is the lowest-energy visible light. The stove also emits
a great deal of infrared radiation, which cooks the food, but it is hot
enough that some of its emission is in the visible. Hotter objects, such
as a very hot poker, emit more and more in the visible until they emit all
visible wavelengths, and thus appear white. Still hotter objects acquire
a bluish color, as their emission shifts into the higher-energy visible and
beyond to the ultraviolet.

There is one extremely important special case in which thermal radi-
ation is easily predictable. This is the thermal emission from a perfect
absorber, called a blackbody. By definition, a perfect absorber is also
a perfect emitter. Radiation from such an object is called blackbody
radiation. Of course, a perfect blackbody is an idealization, but close
approximations abound, even on Earth. One excellent approximation is
cavity radiation. An example of such a heated cavity is a pottery Kkiln.
As the kiln heats, its interior fills with thermal radiation emitted by
the walls. Since the temperature of the walls surrounding the cavity is
the same, the emission and absorption of energy within the cavity must
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come into balance, regardless of the nature of the kiln walls. This is the
key characteristic of blackbody radiation: it represents a state of equi-
librium, or balance, in the photons. If we drill a small hole in one wall
of the cavity and sample some of the radiation within, we will find that
the shape of its spectrum does not depend upon the configuration or
composition of the walls, but only upon the temperature. The spectrum
rises to a maximum intensity at a certain wavelength, then falls back
down toward zero emission. Moreover, the wavelength (or, equivalently,
the corresponding frequency) at which the peak of the spectrum occurs
is uniquely correlated with the temperature; from only this single da-
tum, we can determine the temperature of the radiation. Specifically,
the peak wavelength of the blackbody spectrum is inversely proportional
to the temperature of the emitter. The formula relating the peak of the
spectrum to the temperature is called the Wien displacement law, and
is given approximately by

0.29
/\pk ~ —— Cm,

- (4.3)

where the temperature 7" is on the kelvin temperature scale which sets
its zero point at absolute zero. The surface of the Sun is a close approx-
imation to a blackbody. Its surface temperature is about 5,800 K, and
its spectrum peaks in the visible range at a wavelength of approximately
5x 107° cm.

A very important property of blackbody radiation is that the shape
of the spectrum is always the same; it is simply shifted to shorter wave-
lengths (higher frequencies) at higher temperature. As the temperature
of a blackbody is increased, the quantity of energy radiated per unit
surface area goes up as the fourth power of the temperature, that is,

Eox T (4.4)
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Fig. 4.13 Representative spectra of
blackbody radiation for different tem-
peratures. The shape of each curve
is the same; only the magnitudes and
positions differ. The peak frequency
depends only upon the temperature
of the blackbody emitting the radia-
tion. Blackbodies emit significant vis-
ible light only when their tempera-
tures are greater than about 1000 K.
(Compare to Figure 4.12 to determine
where the peak wavelength lies in the
electromagnetic spectrum.)

The peak wavelength of a blackbody
spectrum is inversely related to temper-
ature
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Blackbody radiation fills the universe

Light is emitted as discrete bundles
called photons

Stars are approximately blackbodies, so a hot star with a surface tem-
perature twice that of the Sun would be radiating 16 times as much
energy per unit surface area. If that hot star had the same surface area
as the Sun, its total emitted energy would correspondingly be 16 times as
great. Because such hot stars are typically considerably larger than the
Sun, their total energy output is usually much greater than the Sun’s.

Blackbody radiation is especially important to cosmology. As we con-
tinue our study, we shall discover that the universe is filled with such
radiation, with an associated temperature of a mere 2.7 degrees above
absolute zero. The presence of this background radiation indicates that
the universe was once much hotter, providing direct evidence for what is
known as the big bang. How this background radiation originated, and
what it can tell us about the early universe, is a story to be developed
in later chapters.

At the end of the 19th century, the explanation for the spectrum of
blackbody radiation had stymied every great physicist who had worked
on it. The peaking and overturning at high energies could not be pre-
dicted by the classical laws of thermodynamics. The lower-energy por-
tions ascending up to the peak could be explained by the physics of
the era, but the resulting classical formula continued to rise indefinitely,
predicting infinite energy at the shortest wavelengths! Since this was
obviously impossible, it was called the wltraviolet catastrophe.

In 1900, Max Planck presented a formula that fit the data nearly per-
fectly. Planck had set out to find a theoretical explanation for blackbody
radiation. He tried many possibilities, but the breakthrough came when
he made the assumption that radiation could be emitted and absorbed
only in discrete units. The explanation of blackbody radiation was the
first hint of quantum mechanics, a theory that did not develop fully for
another twenty-five years. The earlier classical formula worked reason-
ably well for low energies, where the quantum nature of the light was not
very important, but failed at high energies, where only quantum effects
could explain the data.

Albert Einstein made another step forward in 1905 when, in an effort
to explain a puzzling experimental result on the emission of radiation
from metals, he postulated that light acts not only like a wave, but
sometimes like a particle; the photon is the quantum of light. This
completed the understanding of the blackbody spectrum, since it became
clear that Planck’s quantum of energy was the photon itself. Although
the photon is massless, it (and other massless particles) still transports
energy. Each photon carries an amount of energy given by the formula

E, = hv, (4.5)

where h is a constant called Planck’s constant, and v is the frequency
of the corresponding wave. A single photon carries one quantum of en-
ergy; hence it is associated only with a single wavelength and frequency,
that is, a monochromatic wave. According to the laws of quantum me-
chanics, light will reveal either its wave or its particle nature in a given
experiment, but never both at once.



Advances in the new quantum theory quickly led to another triumph
in the understanding of light. When light from a radiating sample of
tenuous gas is analyzed, it will be found to consist of bright, narrow lines;
such a spectrum is called an emission spectrum. Because it consists of
distinct spectral lines, this type of radiation is often called line radiation.
Bohr’s work on the quantization of electron orbitals in atoms provided
the explanation for this form of electromagnetic radiation; it originates
from the quantum transitions of the orbiting electrons. As we have
discussed, each electron bound to a nucleus must have a well-defined
energy, specified by the orbital it occupies. Under certain circumstances,
the electron may drop into an orbital of lower energy, emitting a photon
in the process. If we define F; as the energy of the initial orbital, and F¥
as the energy of the final orbital after the transition, then the frequency
of this photon is obtained from equation (4.5) above:

B¢ — B = hv. (4.6)

The orbitals cannot have arbitrary energies, and therefore this difference
is always some discrete amount, which depends upon the transition.
Obviously, the lower-energy state must be available or the transition
cannot occur; recall that only two electrons may occupy each orbital,
though several orbitals may make up a shell, and electrons can certainly
jump from one shell to another. Since the exact electron configuration
is specific to each particular element, the transitions permitted to the
electrons depend upon which type of nucleus they orbit. Moreover,
because of various rules of quantum mechanics, it may turn out that for a
given atom, some transitions are much more probable than others while
some are almost forbidden, even if those orbitals are available. Each
atom thus emits a unique spectrum of frequencies that is so characteristic
that every element may be identified from its spectrum alone.

The inverse process also occurs; an electron may absorb a photon and
be boosted from a lower-energy orbital into a higher-energy orbital. Be-
cause this can occur only if a photon of exactly the right energy happens
to be available, it is also highly specific and characteristic. The element
absorbs exactly those frequencies which it would emit in the opposite
process. If white light strikes a collection of atoms in the gaseous state,
each atom will absorb photons of precise frequencies, and when the light
that has passed through the gas is analyzed with a prism, the missing
frequencies will be unique to the specific element. Such a spectrum is
called an absorption spectrum.

The spectrum of the Sun shows a forest of absorption features called
Fraunhofer lines, after their discoverer Joseph von Fraunhofer. Atoms
in the relatively cool outer layers of the Sun absorb some of the pho-
tons generated from deeper, hotter layers. However, this was unknown
when the lines were first resolved. (The corresponding emission lines
are much more difficult to detect and were not found until two decades
after Fraunhofer’s death.) The realization came to Gustav Kirchoff and
Robert Bunsen, over the period between 1855 and 1863, that these lines
could be identified with laboratory spectra of Earthly gases. This stun-
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Electrons in atomic orbitals emit or ab-
sorb line radiation

A line spectrum provides a unique fin-
gerprint for an element
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Fig. 4.14 In the Bohr model of the
atom, electrons surround the central
nucleus in specific orbitals that corre-
spond to particular energy levels, la-
beled by number n. When an electron
makes a transition from a higher en-
ergy level to a lower level, a photon is
emitted with precisely the energy dif-
ference between the levels. Similarly,
an electron can jump from a lower to a
higher energy level if it absorbs a pho-
ton with exactly the required energy.

ning discovery made possible astronomical spectroscopy and paved the
way for modern cosmology. Until then, most astronomers had believed
that it would never be possible to determine the chemical composition
of heavenly objects. But by the 1920s, most of the time of all large
telescopes was devoted to spectroscopy, as is still the case today. The
demonstration that the Sun and the stars were made of the same ele-
ments as were found on Earth was a powerful vindication of the Coper-
nican principle.

Emission, absorption, and thermal radiation can coexist in the same
spectrum. When an astronomer photographs the spectrum of an object
such as a distant galaxy, she will find lines superimposed on a continuum.
Most of the continuum is thermal radiation from the object, while the
line radiation consists of discrete, resolvable transitions that are specific
to the particular elements present in the object. For example, a portion
of the atoms in a cloud of interstellar gas might be directly excited by
the light from a bright star embedded in the cloud. The spectrum of
such a cloud would show emission lines, which by their frequencies and
strengths would reveal the kinds and abundances of elements present.
The background due to the thermal radiation of the cloud as a whole
would provide an estimate of its temperature.

How brightly they shine

Almost all the information we can gather about the universe and its
contents comes from the photons we detect. Astronomy is an observa-
tional science, as opposed to an experimental science; we cannot arrange
controlled experiments to study the universe as a whole, but can only



observe it. It is worthwhile, therefore, to review briefly a few of the basic
quantities that arise when measuring the light from the sky.

Stars, and other astronomical objects, give off light. The total amount
of electromagnetic energy emitted per unit time (the power) by a source
is called the luminosity, generally symbolized as L, and in astronomy
often expressed in terms of the solar luminosity Ls. When an object
such as a star shines, light travels outward from all points on its surface.
The luminosity is never directly measured. At the Earth we intercept
only a portion of the total radiation emitted by an object; only that small
fraction of this energy that strikes a detector can be measured. Most
people are aware that the brightness of a source goes down with distance.
This can be made mathematically exact by imagining a spherical surface
surrounding the star, at some distance R from it. Energy must be
conserved; if we consider photons that are traveling through the nearly
empty space around the star, we can ignore absorption or other losses of
energy. From energy conservation, the total amount of luminous energy
crossing such an imaginary sphere is the same as that which was emitted
at the surface of the star. Since the surface area of a sphere increases as
the radius squared, the energy per unit time crossing such surfaces at
greater and greater distances from the star must decrease as the inverse
of the square of the distance from the star. This argument is succinctly
expressed mathematically as

brightness = (4.7

ArR2’
Brightness is also called the energy flux, and it specifies the power per
unit area. The distinction between luminosity L and energy flux is
that the former refers to the total power emitted over the entire source,
whereas the latter designates the power received per unit area at a de-
tector located anywhere outside the source.

The relationship between distance and brightness (flux) is very im-
portant to astronomy, and especially to cosmology. Astronomers can
measure the energy flux, but unless we know the distance to the star we
cannot compute its luminosity. Conversely, if we know from a study of
nearby stars that a certain type of star has a characteristic luminosity,
we can compute the distance to any star of that type by measuring the
flux of radiation we receive from it. Such a measurement of distance is
often called the luminosity distance, in order to emphasize how it was
obtained and to indicate the errors that might occur.

Of course, the assumption of no loss (or gain) of energy between us
and the source is a major restriction. Space is indeed quite empty,
but between us and even nearby stars there is a lot of it, so that even
a very small density of matter means that the light which reaches us
may have been diminished by more than just the geometrical factor in
equation (4.7). Any decrease of flux due to interactions with matter is
called extinction. The amount of extinction varies in complicated ways
with such factors as the quantity and type of intervening matter and the
frequency of the light. Because so many unknown factors play a role,
constructing a model for the dimming of light by extinction is often not
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The inverse square law relates apparent
brightness to intrinsic luminosity

— 2
A, = 4nR,

Fig. 4.15 Because the surface area of
a sphere increases as the square of its
radius, the power per unit area (flux) of
light emitted by a point source dimin-
ishes as the light travels into space.

The inverse square law provides a way
of obtaining distances to astronomical
objects
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Measuring stellar masses

A scale model of the solar system

all that easy, but if we are to be able to use luminosity distances with
any degree of confidence, it is necessary to account for extinction. This
adds considerably to the difficulty of measuring cosmic distances, but
the luminosity distance is nearly our only possibility for gauging the
farthest reaches of the universe, so we have no choice but to do our best
with it.

In addition to the luminosity, the mass of an object is another quantity
of great interest in astronomy. We cannot construct gigantic balances
to measure the mass of a star or galaxy directly, so how can it be deter-
mined? We know that the mass of an object determines the gravitational
force it exerts on other objects. For the Sun, we can easily measure its
gravitational influence to very high precision, and from this we learn
that the Sun has a mass of about 2 x 1030 kg. The mass of the Sun, in
whatever stated units, is called one solar mass, denoted by Mg. This
mass is so large that it may be difficult to comprehend; for comparison,
the mass of a typical human is roughly 3 x 10729 M. This is close to
the ratio of the mass of a human to that of a single proton.

We cannot readily determine the mass of an isolated, distant star, but
many, perhaps as many as half, of all known stars are members of binary
systems, a system of two stars that mutually orbit one another. From
Kepler’s third law, we can determine the sum of the mass of the two
objects; if we can also measure the force between them, we can calculate
the masses of the individual objects. By such means astronomers have
found that stars range in mass from approximately twenty percent of
the mass of the Sun to over fifty solar masses. In addition to binary
systems, stars also occur in large groups. It is difficult to apply Kepler’s
and Newton’s laws to such clusters, because the equations of Newtonian
gravitation can be exactly solved only for two bodies. All we can obtain
from star clusters are statistical properties but, again using Newton’s
laws, those statistics can provide a good estimate of the cluster’s ag-
gregate mass. If we can also observe how many, and what types, of
stars are present, we can estimate the mass in luminous objects (usually
mostly stars) of the cluster from our knowledge of the properties of other
stars of the same types. We shall return to this topic in detail in later
chapters.

Where are we?

The solar system consists of the Sun, a smallish star resident in the
suburbs of an average galaxy, and all the lesser objects that are gravi-
tationally bound to it. The Sun dominates its system completely; the
second-largest object, Jupiter, has only 0.096% the mass and 2% the
diameter of the Sun. There are nine planets and innumerable smaller
bodies. We can construct a scale model of the restricted solar system,
consisting only of the Sun and the nine planets, to make it easier to
grasp the scale of the system. We are going to need a great deal of room
to accomplish this, since the solar system is very large and very empty.



As a start, suppose that the Sun were the size of an orange. The Earth
would then be about the diameter of a small BB pellet (1 mm) at a dis-
tance of 11 meters from the orange. The Moon is 0.25 mm in diameter
and is located about an inch (2.5 cm) from the Earth. Jupiter is about
1 cm in diameter and resides 60 meters, over half the length of a football
field, from the orange. Tiny Pluto is only 0.2 mm in diameter, and its
mean distance from the orange is 430 meters, about four football fields.
Yet even these staggering distances are just down the street compared
to separations in interstellar space. The nearest star to the Sun, at a
distance of 4.3 lightyears, is Alpha Centauri, a star (more precisely, a
stellar system) visible only in the Southern Hemisphere. On our scale
model, Alpha Centauri is about 3000 km from the orange. Interstellar
distances are really too large to be comprehended by human intuition,
yet they are still small compared to the scale even of the Milky Way
Galaxy. It is only through the symbolism of mathematics that we are
able to understand the nature of the cosmos.

As far as we can tell, essentially all stars occur within galaxies.
Galaxies are large clusters of stars, gas, and dust that make up the
fundamental population of the universe. Galaxies are divided into three
major categories. Spiral galazies are great disks of stars, with grand pat-
terns of spiral arms threaded through them like the fins of a pinwheel.
The spirals themselves cannot be rigid objects or they would have long
since wound themselves up to a much greater degree than we observe;
they are thought to consist of density waves that drift through the stars
and gas like ripples on a pond. The spiral arms are delineated by their
overabundance of bright, young stars and glowing gas clouds, and may
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Fig. 4.16 A spiral galaxy, NGC 3370,
as observed with the Hubble Space
Telescope. (A. Riess, Hubble Heritage
team, STScI/NASA.)

Types of galazxies
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Fig. 4.17 The giant elliptical galaxy
MS87, located at the heart of the Virgo
Cluster. An elliptical galaxy is an
ellipsoidal mass of stars, showing no
overall rotation or structures such as
spiral arms. (Image copyright AURA
Inc./NOAO/NSF.)

be the major location for star formation. Spirals have a range of sizes,
containing from a few billion to several hundred billion stars.

The other major category of galaxy is the elliptical galazies. As their
name implies, these galaxies are ellipsoidal, that is, shaped roughly like
a football. Some are, or appear to be, nearly spherical, especially the
largest ones. Ellipticals cover an enormous range, from the dwarfs, with
as few as a million stars, up to the giants, which contain thousands of
billions of stars. In contrast to spirals, ellipticals seem to contain scant
gas or dust and show little evidence of recent star formation. The third
category is something of a catch-all for any galaxy that does not fit into
the previous two: the irreqular galaxies. Irregular galaxies show no par-
ticular structure, though many might be distorted by their interactions
with other galaxies. Some irregulars, especially the dwarf irrequlars,
might be prevented from pulling themselves into a spiral shape by the
gravitational dominance of large galaxies that they orbit. Others may
simply show no structure, or even a tendency toward structure, at all.
How galaxies formed, why they take the shapes they do, and why so
few types are observed, are some of the major outstanding puzzles of
cosmology and astronomy.

The galaxy in which the Sun and its solar system are located is called
the Milky Way Galaxy, or just the Galaxy. Though we cannot, of course,
observe it from the outside, the distribution of stars in our skies imme-
diately shows that the Milky Way consists of a flat disk. We cannot see
its center in visible light because thick clouds of obscuring dust inter-
vene between us and the core, but we know that the center of the Milky
Way lies in the constellation Sagittarius and is one of the brightest ra-
dio sources in the Galaxy. Our inability to see our own Galaxy from the
exterior inhibits detailed understanding of its structure. We can, how-
ever, estimate it to contain approximately 100 billion stars. The Sun is
about 30,000 lightyears from the center, roughly two-thirds of the way
to the visible edge of the Galaxy. (Galaxies have no strict cutoff, but at
some point become faint enough to define a boundary.) The solar sys-



tem completes one revolution around the Galactic center in 200 million
years.

Galaxies show a strong tendency to bunch into galaxy clusters. Our
own Local Group is a modest cluster of perhaps a few dozen galaxies,
dominated by the two large spirals called the Milky Way and the An-
dromeda Galaxy. This is a typical configuration for such loose clusters
and, like others observed, ours is asymmetrical; the Andromeda Galaxy
is about twice as massive as the Milky Way. Other galaxy clusters are
much richer and denser, containing anywhere from a few hundred up to
thousands of large galaxies, and unknown numbers of small, dim galax-
ies. Whereas the dominant galaxies of loose clusters are generally spirals,
rich clusters contain a mixture of galaxy types. Most ellipticals reside in
fairly dense clusters, and giant ellipticals are often found at the very cen-
ter of a large cluster. The spatial scale of galaxy clusters also varies, from
the 2 million lightyears of the Local Group to the 6 million lightyears
of a rich cluster such as the Virgo Cluster. Galaxy clusters are gravi-
tationally bound; that is, the galaxies orbit one another. Beyond this
scale is the suggestion of even larger structures, called superclusters.
The largest superclusters seem to be too large to be fully gravitationally
bound; their origin is a mystery. Perhaps the galaxies are merely par-
ticles in some great overarching structure of the universe. How big are
the largest structures, and how could they have originated? These are
some of the most important questions in cosmology.

We do not know how many galaxies inhabit the universe. Beyond the
reaches of the Milky Way itself, nearly every object we can see is a galaxy.
There are at least as many galaxies in the universe as there are stars in
the Milky Way. Galaxies may be the glowing tracers of the mass of the
universe, the visible spots in a great flow of matter; or they may contain
most or all the matter. Galaxies formed very early in the history of
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Fig. 4.18 The Large Magellanic
Cloud is an example of an irregular
galaxy. This small galaxy is a satel-
lite of the Milky Way and can be
seen from the Southern Hemisphere
of Earth. (Image copyright AURA
Inc./NOAO/NSF.)

Fig. 4.19 The center of the great

galaxy cluster in the constellation
Virgo. This irregular cluster contains
approximately 2,500 galaxies. (Image
copyright AURA Inc./NOAO/NSF.)

The largest structures in the universe
are superclusters of galazies
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the universe; but are galaxies fundamental, or did they condense from
the larger structures we observe? What creates and maintains spiral
patterns? Do ellipticals result from the merger of spirals, or are they of
different origin? Galaxies are the starry messengers which tell us of the
origin and structure of the universe itself, if only we could understand

their stories.

Chapter Summary

As chemistry and physics began to develop into their
modern forms in the late 18th and early 19th centuries,
scientists began to elucidate the nature of matter. The
elements were chemically irreducible substances; it was
soon realized that they corresponded to unique types
of atoms. The discovery of elementary particles clari-
fied chemical behavior; the number of protons defined
the elemental identification of the atom, while the elec-
trons accounted for its chemical properties. The struc-
ture of atoms was mysterious until experiments by Ernest
Rutherford proved that they consist of a compact nu-
cleus surrounded by a cloud of orbiting electrons. The
discovery of the neutron ushered in the era of nuclear
physics. The number of protons in the nucleus specifies
the element, while the number of neutrons fixes the iso-
tope. Nuclear reactions occur for certain isotopes that
can change the number of protons and neutrons in the
nucleus, thus altering the identity of the atom. Radioac-
tivity can cause the atom to shift several places on the
Periodic Table. Even more extreme nuclear reactions can
occur; fission splits a heavy atom into two or more daugh-
ter atoms, while fusion joins two or more light atoms into
a heavier element.

A full understanding of the atom required the develop-
ment of the theory of quantum mechanics. Observables
such as position, velocity, energy, and so forth are not
infinitely variable, but are multiples of irreducible quan-
tities called quanta. The spin of a particle can quan-
tize to a full-integer multiple of a base quantum or to
a half-integer multiple; this divides the elementary par-
ticles into two families, the bosons and fermions respec-
tively. Bosons carry forces, while fermions make up mat-
ter. Fermions obey the exclusion principle; two inter-
acting fermions cannot occupy the same overall quantum
state. Quantum mechanics was combined with special
relativity to predict the existence of antimatter, which
was confirmed with the discovery of the positron.

Quantum mechanics led to a greater understanding of
the forces of nature. All forces result from one of the

four fundamental forces. The strong and weak interac-
tions operate at nuclear length-scales and govern nuclear
reactions; the strong force also holds protons in nuclei to-
gether against their mutual electrostatic repulsion. The
electromagnetic force, which has an infinite range, oc-
curs between charged particles and accounts for the ma-
jority of everyday forces. The gravitational force occurs
between massive objects; it also has infinite range and,
since it is never shielded, or partially cancelled due to op-
posite charges, it governs the large-scale interactions of
the universe and its contents.

Work occurs when a force is exerted to produce a dis-
placement. Energy is that quantity which represents the
capacity to do work. Energy comes in many forms: chem-
ical energy, potential energy (energy due to location in a
potential field), kinetic energy (energy of motion), energy
of deformation, and so forth. An important form of en-
ergy is heat, which is the aggregate energy due to random
motions of the particles that make up a substance. The
law of conservation of energy states that energy is never
created or destroyed, but is only converted from one form
into another. In nonrelativistic physics, a companion law,
the law of conservation of mass, states that mass is not
created or destroyed. Thermodynamics is the science of
energy in general and heat in particular. The second law
of thermodynamics is one of the fundamental laws of the
universe; this law states that in a closed system the total
entropy, which is a measure of disorder, at best remains
the same and in general always increases.

Complementary to matter is the world of waves. A
wave is a propagating disturbance in some quantity. A
pure wave has a frequency and a wavelength and its
strength is given by its amplitude. When multiple waves
of different frequencies combine, the result is a spectrum.
Waves have unique behaviors; they can refract, reflect,
and diffract. When the source or receiver of a wave are
moving relative to one another, the wavelength and hence
the frequency of the wave is shifted; this is the Doppler
effect. If source and receiver are approaching, the wave-



length decreases; this is a blueshift. Conversely, if the
source and receiver are receding relative to one another,
the wavelength increases; this is a redshift. Wavelength
shifts due to the Doppler effect provide much of the in-
formation available to astronomers from distant objects.

Radiation is the emission of energy from an object,
often in the form of a wave. Every object with a temper-
ature above absolute zero emits thermal radiation; the
higher the temperature, the more energetic the radiation.
In general, the spectrum of thermal radiation is a compli-
cated function of the temperature, composition, shape,
and other properties of the object, but in one special
case, that of blackbody radiation, the spectrum depends
only upon the temperature of the emitter. A blackbody
is a perfect absorber (and hence also a perfect emitter);
blackbody radiation represents a state of equilibrium in
the emission. Many real objects can be approximated as
blackbodies, making blackbody radiation useful despite
its requirement of ideal conditions. Moreover, the study
of blackbody radiation led to the creation of quantum
mechanics.

The total quantity of radiated energy per unit time is
the luminosity of the object. Light from luminous ob-

Key Term Definitions

photon A boson which is the particle of electromagnetic
radiation (light). The photon is also the carrier
particle of the electromagnetic force.

nucleon Either of the two fermionic particles, the proton
and the neutron, which form the nuclei of atoms.

isotope One of the forms in which an element occurs.
One isotope differs from another by having a differ-
ent number of neutrons in its nucleus. The num-
ber of protons determines the elemental identity
of an atom, but the total number of nucleons af-
fects properties such as radioactivity or stability,
the types of nuclear reactions, if any, in which the
isotope will participate, and so forth.

nuclear reaction A reaction that occurs in and may
change the nucleus of at least one atom. Exam-
ples include radioactivity, fission, and fusion.

neutrino Any of three species of very weakly interacting
lepton with an extremely small mass.

boson A class of elementary particles whose spin is an
integer multiple of a fundamental quantized value.

115

jects is nearly our only source of information about the
universe outside our solar system. As the energy travels
into space, it is spread out over a sphere of ever-increasing
diameter. Consequently the brightness of the emitter di-
minishes inversely to the square of the distance. If all
other sources of energy loss can be ignored, the observed
brightness of an object of known luminosity would im-
mediately give its distance. Distance computed in this
manner is called the luminosity distance.

The most prominent inhabitants of the universe are
the galaxies. There are at least as many galaxies in the
observable universe as there are stars in the Milky Way
Galaxy. Galaxies are categorized by their structure as
spiral, elliptical, or irregular. Galaxies show a strong
tendency to bunch into galaxy clusters, gravitationally
bound agglomerations of galaxies whose size ranges from
a few dozen members, such as is the case for our own
Local Group, to enormous rich clusters containing thou-
sands of members. Beyond the clusters is evidence of
even larger structures, the superclusters. The mystery of
the origins of the largest superclusters remains one of the
most important questions in cosmology.

The major function of bosons is to mediate the fun-
damental forces. The best-known boson is the pho-
ton.

fermion A class of elementary particles whose spin is
a half-integer multiple of a fundamental quantized
value. Fermions make up matter. The best-known
fermions are protons, neutrons, electrons, and neu-
trinos. Fermions obey the exclusion principle.

exclusion principle The property that fermions of the
same type that are able to interact with each other
cannot simultaneously occupy the same quantum
state.

antimatter Particles with certain properties opposite to
those of matter. Each matter particle has a corre-
sponding antiparticle. The antiparticle has exactly
the same mass and electric charge as its partner.
When a particle combines with its antiparticle both
are annihilated and converted into photons.

strong interaction The fundamental force that binds
quarks into hadrons and holds nucleons together in
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atomic nuclei. Sometimes called the strong force or
the strong nuclear force.

weak interaction The fundamental force that accounts
for some particle interactions, such as beta decay,
the decay of free neutrons, neutrino interactions,
and so forth. Sometimes called the weak force or
the weak nuclear force.

electromagnetic force The force between charged par-
ticles that accounts for electricity and magnetism.
One of the four fundamental forces of nature, it
is carried by photons and is responsible for all ob-
served macroscopic forces except for gravitational
forces.

gravity The weakest of the four fundamental forces; that
force which creates the mutual attraction of masses.

energy The capacity to perform work, where work is
defined as the exertion of a force to produce a dis-
placement.

potential energy The energy possessed by something
by virtue of its location in a potential field, for ex-
ample, its position in a gravitational field.

kinetic energy The energy associated with macro-
scopic motion. In Newtonian mechanics, the ki-

. . 1 2
netic energy is equal to 3muv”.

thermodynamics The theory of heat and its relation-
ship to other forms of energy.

heat A form of energy related to the random motions of
the particles (atoms, molecules, etc.) that make up
an object.

temperature A measure of the average kinetic energy
of random motion of the constituents (for example,
molecules, atoms, or photons) of a system.

conservation of energy The principle that the total
energy of a closed system never changes, but en-
ergy is only converted from one form to another.
This principle must be enlarged under special rela-
tivity to include mass-energy.

conservation of matter The principle that matter is
neither created nor destroyed. This principle is

only approximately true, since it does not hold in
special relativity.

entropy A quantitative measure of the disorder of a sys-
tem. The greater the disorder, the higher the en-
tropy.

spectrum The components of emitted radiation, or a
collection of waves separated and arranged in the
order of some varying characteristic such as wave-
length, frequency, mass, or energy.

interference The interaction of two waves in which their
amplitudes are reinforced and/or cancelled.

Doppler effect The change in frequency of a wave
(light, sound, etc.) due to the relative motion of
source and receiver.

blueshift A shift in the frequency of a photon toward
higher energy.

redshift A shift in the frequency of a photon toward
lower energy.

lightyear (ly) A measure of distance equal to that trav-
eled by light in one year.

blackbody radiation A special case of thermal radia-
tion, emitted by a blackbody and characterized by
thermal equilibrium of the photons. A blackbody
spectrum is completely determined by the temper-
ature of the emitter.

equilibrium A balance in the rates of opposing pro-
cesses, such as emission and absorption of photons,
creation and destruction of matter, etc.

luminosity The total power output of an object in the
form of light. (Sometimes extended to include the
output of all forms of radiated energy.)

galaxy A large, gravitationally bound system of stars,
star clusters, and interstellar matter.

galaxy cluster A group of galaxies that are mutually
gravitationally bound.

supercluster A cluster of galaxy clusters.
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Review Questions

(4.1)

(4.2)

(4.6)

(4.7)

What is an isotope, and how is it related to an el-
ement? Why does atomic number determine the
chemical properties of an element?

287 (uranium) decays to 2°°Pb (lead) with a half-
life of 4.5 billion years. If the ratio of 233U /2°°Pb
in a meteor is equal to 1/3, how old is the sample?
If the meteor originally contained some 2°°Pb from
a source other than radioactive decay, how would
that affect your age estimate?

Describe and distinguish nuclear fission and fusion.
Which types of element are involved in each of these
processes?

Describe two differences between a boson and a
fermion. To which family does the electron, the
proton, and the photon belong?

Name the four fundamental forces of nature.
Which are the strongest? Which one creates most
everyday forces? Which one dominates the universe
at large scales? Why does only one force dominate
at large scales?

The wavelength of a particular hue of green light
is 5.0 x 10~ meter. What is the frequency of this
light? What is the energy of a photon of this light?
(Values of some important constants of physics and
astronomy are given in Appendix C.)

A man comes before a traffic court, charged with
going through a red light. He argues that the
Doppler shift made the light appear green to him.
If red has a wavelength of 7000 Angstroms (A; one
angstrom is equal to 1078 centimeters) and green
has a wavelength of 5500 A, then, from the Doppler

(4.9)

(4.10)

(4.11)

(4.12)

shift formula, what was his speed as a fraction of
the speed of light ¢?

The diameter of a telescope’s mirror determines
how much light it can gather. The amount of en-
ergy collected over the area of the mirror from the
light of a particular star can be measured with sen-
sitive instruments. How does the inverse square
law then tell you the total energy given off by that
star? At the Earth’s orbit the light of the Sun is
distributed evenly over a sphere with a radius equal
to that of the Earth’s orbit (about 10** m.) The
telescope has a 1-meter radius (2-meter diameter).
What fraction of the Sun’s light can the telescope
capture?

What is the unique characteristic of blackbody ra-
diation?

How does the surface temperature of a reddish star
compare with the surface temperature of a bluish-
white star? Does the diameter of the star matter
when determining the temperature? What is the
ratio of the peak wavelength emitted by Star 1 to
the peak wavelength emitted by Star 2 if the sur-
face temperature of Star 1 is twice that of Star 27

Explain the significance of luminosity distance.
What sort of errors can occur in the measurement
of this quantity? How can astronomers correct for
these complications?

The Andromeda Galaxy is about 2 million
lightyears away from us. To what distance would
that correspond in the scale model discussed in this
chapter, in which the Sun is the size of an orange?
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The Lives of the Stars

... the glorious sun
Stays in his course, and plays the
alchemist

William Shakespeare, King John

The stars change very little during the course of a human lifetime. In-
deed, they have hardly changed in appearance over the length of recorded
human history. In pre-Newtonian cosmologies, the stars were eternally
affixed to a single, unchanging celestial sphere. Even after the age of
Newton, they were the fixed stars, whose distribution coincided with
absolute space. The occasional appearance of a supernova indicated
that perhaps the heavens were not immutable, but it was only in the
20th century that these rare events were associated with the deaths of
stars. As for stellar birth, astronomy textbooks dated as recently as
the 1950s speculate that there might perhaps be places where we could
observe a new star being formed, as if such an event would be quite rare.

We know now that stars are not eternal; they come into existence, go
through a life cycle, and die. Through observations, and through the
careful construction of detailed models based on an understanding of the
laws of physics, astronomers have learned a good deal about the lives of
the stars. The type of existence a given star has, and the circumstances
of its death, depend upon the mass of the star, and to a lesser extent
upon its chemical composition. Less massive stars, such as the Sun, burn
their fuel slowly and live long; when they exhaust their fuel stores, they
flicker out as slowly cooling white dwarfs. More massive stars live fast
and die young, and end their existences in some spectacular cataclysm,
leaving behind a compact and enormously dense cinder called a neutron
star. The most massive stars have the most violent ends; they may blow
themselves to nothingness in a supernova or, if a core is left behind, they
may collapse until they cut themselves off from the rest of the universe.

In comparison to the grand galaxies that fill the huge volume of the
universe, individual stars might seem insignificant. Certainly, one small-
ish star is of great importance to life on one tiny planet, but what roles
might stars play in the cosmos at large? Most obviously, the stars make
it possible for us to be aware that anything else exists. If all matter other
than the Sun were dark, we would not even know, at least directly, of
our own Galaxy, much less of the billions of other galaxies that fill the
universe. Some light is emitted from very hot gas near the centers of
galaxies, but most of the visible light in the universe, and much of the
energy in other bands, originates directly or indirectly from stars. The

Key Terms:

interstellar medium
nebula

brown dwarf
hydrostatic equilibrium
ideal gas

deuterium
primordial element
main sequence
Population I, II, III
metal

globular cluster
turnoff mass

red giant

electron degeneracy
white dwarf
accretion disk

nova

Chandrasekhar limit
supernova

neutron degeneracy
neutron star

pulsar

conservation of angular
momentum

Stars are a fundamental component of
the cosmos
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Interstellar gas is the raw material
from which stars form

populations of stars make galaxies visible, but more than that, they en-
able us to measure the masses and compositions of the galaxies. Certain
kinds of bright stars provide a means to gauge the distances of galaxies;
furthermore, when a massive star collapses, the resulting explosion is so
brilliant that it can be seen across enormous expanses, providing a means
to measure the distance that the light has crossed. Humbler, lower-mass
stars have an equally important role to play in our cosmological investi-
gations. Such stars can have ages comparable to the age of the universe
itself. A star is a much simpler object, and much more amenable to
observation, than is the universe as a whole, so that stars provide us
with an independent estimate for the age of the cosmos. Finally, stars
play an active role in the evolving cosmos; their nuclear furnaces are the
sole source of all the elements beyond lithium. As arguably the most
important denizens of the universe, the stars are of great importance in
the study of cosmology.

A star is born

Between the stars lies interstellar space. By Earthly standards it is an
excellent vacuum, with an average density of about one atom of hydro-
gen per cubic centimeter. Nevertheless, within this space are enormous
clouds of gas, consisting mostly of hydrogen with a lesser quantity of
helium. Some clouds also contain considerable cosmic dust, which con-
sists primarily of tiny specks of minerals and soot, sometimes coated
with various ices. The matter between stars is collectively known as the
interstellar medium. Clouds of interstellar material, although very
tenuous, are so large that their masses can be quite significant, up to
thousands of solar masses. They are called nebulae (singular nebula),
from the Latin word for cloud. One important effect of the nebulae
is their influence on starlight. They absorb some of the photons and
scatter, that is, send in all directions, others. Looking at stars through
interstellar clouds is much like trying to see the headlights of vehicles
through a fog. How much light is transmitted depends upon the thick-
ness of the fog, as well as on the types of particles that make it up. Some
nebulae, mainly those that are very cold and contain much dust, are al-
most completely opaque. Other nebulae contain bright stars embedded
within them, and glow themselves due to their re-emission of the energy
they absorb from the star. In any case, their presence complicates our
measurements of the luminosity distances to stars that are partially ob-
scured by them. The resultant dimming of the stars’ light makes them
seem farther than they really are.

But obscuration is far from the only role these great clouds play in
the universe; their most important function is to be the birthplace of
stars. A star is born when a cloud of gas contracts under its own grav-
ity. Today such a statement may seem obvious, but it was a daring
hypothesis when it was first put forward late in the 18th century. The
philosopher Immanuel Kant, among others, had arrived at inklings of



this model, but it was first introduced in a developed form by Pierre
Simon de Laplace. Laplace proposed that a rotating cloud of gas would
flatten into a disk as it pulled itself together. The central portion of
the disk would gather itself into a ball to form a star, while the outly-
ing regions serenely coalesced into planets. The disk hypothesis neatly
explained why all the planets known to Laplace obediently orbit nearly
in a single plane. Regardless of how appealing the picture, however, for
it to be a scientific model it must be developed quantitatively. During
his lifetime the mathematical tools barely existed to study his proposal
carefully; indeed, Laplace himself invented many analytical techniques
for working with gravitating systems. It should not be surprising, then,
that the details of his model did not quite work out. Nevertheless,
Laplace’s insight is still a useful conceptualization today, and it gives a
good qualitative description of the process that creates new stars.

Star formation is still understood only in outline; the details remain
elusive and are a subject of active research. The basic ideas are simple,
however. The Galaxy is filled today with clouds of gas, as must have
been even more true in the past. The most likely stellar nurseries are
gigantic molecular clouds, huge aggregations of cold gas, mainly hydro-
gen. Whenever possible, hydrogen forms a molecule consisting of two
atoms. In the near vacuum of interstellar space a lone hydrogen atom
has little opportunity to encounter another one, and most of the hydro-
gen is atomic. A molecular cloud, however, has a sufficient density that
about half its gas takes the molecular form. In the present-day Galaxy,
these clouds generally also contain many other kinds of relatively sim-
ple molecules such as carbon monoxide, water, formaldehyde, ethanol,
and ammonia. The molecular clouds also have an abundance of dust
grains. Dust grains are very efficient at radiating away energy, which is
an important reason that these clouds are likely progenitors of stars; the
dust cools the cloud and helps to shield the molecules from high-energy
photons, leaving the clouds with temperatures ranging from 10 K to
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Fig. 5.1 The Horsehead Nebula, a
dark cloud of gas and dust silhouet-
ted against glowing gas in the constel-
lation Orion. The bright gas visible
at the top left edge has been heated
by a young star still embedded in the
dark nebula. (NASA/NOAO/ESA,
and the Hubble Heritage Team.)

Molecular clouds are the birthplaces of
stars
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100 K. Dust is also particularly opaque to most visible light, scattering
it away so that it never reaches our telescopes; thus clouds containing
dust grains are dark, and the dustier the cloud, the blacker it appears
through a telescope.

Gravity will, as always, try to pull dense regions into collapse; the
cloud resists this through gas pressure. Variations in pressure in a fluid

Stars form when gravity overcomes are transmitted by means of sound waves. If sound waves can cross the

pressure condensing region faster than it contracts, then the waves will be able to
restore a balance between gravity and the pressure of the gas. The speed
of sound decreases with temperature; therefore, the colder the gas, the
greater its chance of collapsing before pressure can build up. Under the
right conditions the cloud, or a portion of it, will be unable to maintain
itself and will begin to contract. The same gravitational instability that
initiates the contraction will probably also cause the condensing region
to fragment into many smaller clumps; thus most stars likely form as
members of clusters. There are many known clusters of young stars,
such as the famous Pleiades, and most stars that are known to be young
reside in groups. Many older stars, however, travel solo through space,
or perhaps in the company of one or a few other stars. An isolated star,
such as the Sun, probably escaped in its youth from its nursery mates due
to gravitational interactions among the young stars, and with external
objects.

As each would-be star collapses due to its self-gravity, the gas retains
its spin, or angular momentum, and forms a disk much like that imag-
ined by Laplace. The collapse compresses the gas, causing it to heat
up. Some of the rotation of the gas is carried away by magnetic fields
threading the cloud, allowing further collapse and compression at the
center. Eventually most of the matter accumulates at the center, while
the rest remains in an encircling disk. The central sphere, now a proto-
star, continues to contract and heat. As its temperature rises, more and

Gravitational — contraction produces more of its hydrogen ionizes, that is, the atom loses its single electron.

heat Free electrons scatter and absorb photons very effectively, so the more
electrons that are liberated, the more opaque the protostar becomes. If
photons cannot escape from the gas, their energy is trapped within the
protostar, causing the temperature to rise even further. If the temper-
ature within the core rises to a sufficient level to ignite nuclear fusion,
the energy generated from this process provides the newborn star with
the pressure required to prevent further collapse.

Meanwhile, the protostellar disk is undergoing changes of its own.
The heat and pressure from the particles and photons streaming from
the surface of the infant star blow the lightest and most volatile elements,
such as hydrogen and helium, away from a region immediately surround-
ing the star. Hence the clumps, or planetesimals, that are able to form
near the star are likely to be rocky, composed of mostly nonvolatile
substances. Farther away, planetesimals form with large quantities of
lighter matter such as ices. As the young stellar system develops, these
planetesimals collide and clump together; the largest clumps sweep up
the smaller particles they encounter, becoming larger planetoids in the



process. Planetoids in the outer, cooler part of the disk can attract and
retain hydrogen and helium, becoming gas giant planets. A new solar
system has formed.

To create a star, the core temperature in the collapsing protostar
must rise high enough to ignite nuclear reactions. It is likely that many
globules of gas that begin to contract are too small for this ever to oc-
cur. Calculations show that the minimum mass for star formation is in
the neighborhood of 0.08 M.! Condensed objects below this mass limit
cannot produce a sufficiently high temperature at their cores to initiate
nuclear fusion. The fraction of stars that form with a given mass seems
to be mostly determined by the mechanisms of star formation; when we
consider all such fractions for all masses, we obtain a function called
the initial mass function (IMF). Unfortunately, the IMF is only par-
tially known; the uncertainties for low-mass stars are substantial. The
observations suggest that there may be differences in the star-formation
process for low- and high-mass stars, with the division point at about a
solar mass. The IMF also seems to indicate a diminished efficiency of
star formation for masses below approximately 0.2 M, which is consid-
erably greater than the theoretical minimum mass for a star. It may be
that some factor other than mass alone restricts the number of stars at
the lowest mass range.

Humble objects are the most abundant in nature, and this is a sim-
ple fact, not an anthropomorphism; massive stars are rare, while the
majority of stars are smaller than the Sun. At the low end of the mass
range the stars are cool, glowing only with a faint red light; these stars
are called red dwarfs. Those objects that are just below the mass re-
quired for stellar ignition have been dubbed brown dwarfs. But just
how many such failed stars exist? They might be scattered throughout
the Galaxy and could, if they exist in large numbers, make a significant
contribution to the total mass of the Galaxy. Brown dwarfs might still
radiate heat as they slowly contract, converting some of their gravita-
tional energy into infrared radiation; in principle, this infrared signal
could be detected. They are extremely dim even in the infrared, how-
ever, making them very difficult to see. Nevertheless, new technology
has made it possible to look for brown dwarfs, and the dimmest of the red
dwarfs. Deeper searches have found evidence for very dim red dwarfs,
although not in the numbers originally expected. One of the first candi-
dates for a brown dwarf was found late in 1995; it is the tiny companion
to a star known as Gliese 229. More recent surveys have found more
brown dwarfs; their numbers, however, are such as to make up no more
than about one quarter the total number of stars in the Milky Way.
Moreover, because each brown dwarf’s mass is so low, their total makes
an insignificant contribution to the mass of the Milky Way. It seems
likely that this conclusion is general, and that brown dwarfs are not an
important component in the total mass density of the universe.

1The symbol Mg represents the mass of the Sun.
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Nuclear reactions in the core define a
star

Low-massed stars are most abundant
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Fig. 5.2 Hubble Space Telescope im-
age of the faint brown dwarf com-
panion of the cool red star Gliese
229. The brown dwarf is located 19
lightyears from Earth in the constel-
lation Lepus. Estimated to be 20—
50 times the mass of Jupiter, it is
too massive and hot to be a planet
but too small and cool for a star.
(T. Nakajima and S. Kulkarni, Cal-
tech; S. Durrance and D. Golimowski,
JHU; STScI/NASA.)

Stellar systems

We have given only the barest sketch of the formation of stars; there
are sure to be many variations on this theme. Many effects are still
poorly understood, such as the role that might be played by magnetic
fields. Moreover, our qualitative description might seem to apply only to
solitary stars; yet many, perhaps half or more, of all stars are members of
binary systems, two stars that orbit one another. Some stellar systems
of three or even four stars exist nearby. For example, Mizar, a star in
the handle of the Big Dipper (Ursa Major), is a doublet; those with
good eyes can easily make out the companion, Mizar B, on a dark night.
Many such optical doubles are coincidental, the two stars being at vastly
different distances, but Mizar A and B are, in fact, a pair; they comprise
a visual binary. It turns out that both Mizar and Mizar B are themselves
double stars, making the system a quadruple star! Yet the broad outline
we have sketched surely still applies to such stars. Whether each star
within a system might have an associated disk, at least near the time
of its birth, is uncertain. The disks may be disrupted if the companion
is too close, or they might survive but be unable to produce planets, or
there may be planets around the members of some binary systems. It is
difficult enough to understand thoroughly the formation of one star and
its disk; multiple-star systems are another step upward in complexity.

Astronomers cannot even be certain that a planetary system, or even a
protoplanetary disk, forms around all single stars. Theory indicates that
it should, although the subsequent formation of planets may well not be
inevitable. Even if they form, they may not survive; the wind of high-
energy particles and the intense radiation from a very massive, bright
star might sweep away all of its disk, not just carve out a small region
depleted in light elements. On the other hand, there is direct evidence
that the solar system is not unique in the Galaxy, much less in the
universe. One nearby, young star, Beta Pictoris, has yielded photographs
of a disk of dust. Disks are difficult to detect even for close stars; the
glare from Beta Pictoris ordinarily overwhelms the weak emissions from



its disk, most of which are in the infrared, and the star’s image must
be artificially covered for the disk to become visible. Unfortunately, no
planets at this distance could possibly be directly resolved in the disk,
even if they might be present or forming. Hence all we can conclude with
certainty from Beta Pictoris is that it provides a wonderful example of
a star that does possess a dusty disk during the early stages of its life.

Astronomers have gone even further in their observations of stellar
systems. Late in 1995, the first extrasolar planet orbiting an ordinary
star was found around 51 Pegasus, a star similar to the Sun. Discovered
by astronomers at the Geneva Observatory and confirmed by observa-
tions at the Lick Observatory, the planet has at least half the mass of
Jupiter. This planet cannot be seen directly even with powerful tele-
scopes; its presence was inferred from the wobble in the star’s motion
produced by the planet’s gravity. Since then, astronomers have detected
many additional planets using this technique. By now well over a 100 of
these extrasolar planets have been discovered, all associated with stars
that are near to the Sun. These findings suggest that planetary sys-
tems must be relatively common. All of the planets discovered so far
have been large, comparable in mass to Jupiter; a planet as small as
the Earth would be extremely difficult to detect even with improving
technology, though eventually it may become possible. In any case,
there is now unequivocal proof that some other stars do have planetary
companions, though as yet no firm evidence exists of extrasolar planets
suitable for the formation of life as we know it. Most astronomers were
always confident that other planetary systems would be found, though
they were still quite excited by these discoveries; at last, there is more
than one such system to study, so that theories of planet formation may
begin to be tested.
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Fig. 5.3 Beta Pictoris, a young star in
the constellation Pictor, is surrounded
by a disk of gas and dust that may be
the progenitor of a planetary system.
(Copyright ESA/ESO; prepared by G.
Blake, Caltech.)

The discovery of extrasolar planets
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Stars remain in a balance between
inward-directed gravity and outward-
directed pressure

Nuclear reactions make possible the
long lives of the stars

Holding its own

What, then, is a star? All stars are huge balls of gas, mostly hydrogen,
held together by gravity. Throughout the life of a star, two opposing
forces determine its structure: gravity and pressure. Gravity works to
pull the gas toward the center of the star; as the gas is compressed under
its own weight, its pressure rises until a balance is reached. This state of
balance between two competing forces is known as hydrostatic equi-
librium, and it holds for most of the lifetime of a star. To understand
stars, we must understand how they generate and radiate the energy that
offsets the omnipresent pull of gravity. This much was long understood,
but at the beginning of the 20th century the mystery was the mecha-
nism of energy generation. One possibility, ordinary chemical reactions,
is certainly insufficient to keep the stars burning for very long. If the Sun
were made entirely of coal, and some source of oxygen allowed the coal to
burn, a star’s entire life would last only a few hundred thousand years.
But geologists had plenty of evidence that the Earth was much older
than this. In the late 19th century, the physicists Hermann Helmholtz
and Lord Kelvin (William Thomson) independently suggested an alter-
native power source: gravity itself. Energy is released when a body is
dropped in a gravitational field; for example, water falling over a water
wheel performs work. Perhaps, Kelvin and Helmholtz conjectured, the
balance provided by hydrostatic equilibrium was not quite perfect. Per-
haps the star continued to contract under its own gravity at a very slow
rate. As it did so, its gas would be compressed and heated, so that some
of its gravitational energy would be converted into heat and light.

The belief that gravity powered the stars held sway for many years,
although there were hints that this was not correct. Calculations in-
dicated that gravity could keep the Sun shining for many millions of
years, but mounting terrestrial evidence suggested that the age of the
Earth was in the billions of years. The discovery of radioactivity near
the end of the 19th century provided a possible solution to this conun-
drum. Here was a previously unknown energy source, clearly neither
chemical nor gravitational. As more and more came to be known about
the atom, physicists realized that the nuclei of atoms could be broken
apart or fused together and that in many cases this would release energy,
possibly in enormous quantities. Einstein’s famous formula E = mc?,
which in essence states that energy and mass are equivalent, shows just
how much energy nuclear reactions can release. Multiplying the mass
of the Sun by the speed of light squared, ¢?, and dividing by the solar
luminosity, the energy radiated per second, shows that the upper limit
for the Sun’s lifetime would be
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= 14,000, 000,000,000 years. (5.1)

Thus only a small percentage of the total mass of the Sun need be
converted to energy to enable it to burn for tens of billions of years.
Nuclear reactions could easily provide more than enough time for the



Earth and its inhabitants to form and evolve. It was first suggested
in the 1920s that protons might fuse to form helium in the cores of
stars, liberating energy. However, further progress in nuclear theory was
required before scientists had the definitive answers. By 1938, enough
was known about nuclear physics for physicists to work out the details
of one particular sequence of fusion reactions by which the stars shine.

The stars we see in the sky, and our own Sun, are furnaces burning
nuclear fuel. The heat generated by those nuclear reactions provides the
gas pressure to keep the star from collapsing under its own weight. How
can a gas accomplish such a Herculean task? The gases inside the Sun
consist of the nuclei of atoms, and the electrons that have been stripped
from those nuclei, all moving about at high speed and colliding with one
other. Is there any way to make sense of this chaos? Fortunately, there
is. The number of particles is so huge, and the way they interact suffi-
ciently simple, that the behavior of the gas as a whole can be described
in an averaged, statistical way. Any particular particle will have some
mass m, and will be moving at some velocity v, until it collides with some
other particle and changes its velocity. Velocity and particle mass can
be combined to yield an energy due to motion, that is, a kinetic energy.
The Newtonian formula for this energy is Ey = %va; this holds for
any particle as long as Newtonian physics is valid, which is mostly true
even in the interior of the Sun. Because the collection of particles is con-
stantly interacting, the gas comes into an equilibrium characterized by
some average particle kinetic energy. The quantity we call temperature
is defined by this average energy per particle. The higher the average
kinetic energy of the particles, the higher the temperature. Moreover,
two gases that have the same temperature but different particle masses
must differ in their average particle velocities; the gas with the lower-
mass particles would necessarily have a higher average velocity.

If a gas at temperature T is confined within a rigid box, the particles
will collide not only with each other, but also with the walls of the
box. Since each collision changes the velocity of the incident particle,
a force must be exerted upon the particle; but by Newton’s third law,
the particle must also exert a force upon the wall. Multitudes of such
collisions by the constituent particles of the gas can be averaged to yield a
macroscopic force per unit area upon the wall, resulting in gas pressure.
Working through the units, we find that force per unit area has the
same dimensions as energy per unit volume; indeed, pressure can also
be characterized by the average energy in a gas per unit volume. But we
have just argued that for a gas in equilibrium, the temperature specifies
the average kinetic energy per particle. A higher average kinetic energy
(2mw?) should result in a larger change in momentum (mv) when gas
particles strike their surroundings. We conclude that temperature and
pressure ought to be related. For many gases, including stellar gas, the
pressure and temperature are related by the ideal gas law

P = nkgT. (5.2)
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Fig. 5.4 Gas particles move about with
an average speed that increases with
the temperature of the gas. Collisions
with the walls of the box exert a force
per unit area, or pressure, on those
walls.

Pressure from an ideal gas
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ﬁ(r + Ar)

Fig. 5.5 Forces on a spherical shell of
gas in a star. The gravitational attrac-
tion of the mass interior to the shell cre-
ates a downward force. The pressure
from gas above the shell pushes down-
ward, while the pressure from gas be-
low exerts an upward force. The up-
ward pressure force is greater than the
downward, and this difference balances
the gravitational force.

Elements of stellar structure theory

This equation states that pressure P equals the number of gas particles
per unit volume n, multiplied by the average energy, kg7, of those
particles. The quantity kg is called the Boltzmann constant; it provides
the connection between temperature and energy. The temperature T'
must be measured on a scale that sets its zero point at absolute zero.
The ideal gas law shows that the higher the temperature, the more
rapid the motions, the larger the kinetic energies, and the greater the
pressure; specifically, the temperature and pressure are proportional for
a fixed amount of gas held to a fixed volume. Of course, a star is not
a rigid container; its gas has some freedom to expand or contract, and
such changes in volume affect the pressure and temperature through the
number density n. However, under most circumstances during a star’s
life in equilibrium, the changes in volume are quite small relative to the
size of the star.

A star must be supported by the pressure of its gas. The deeper into
a star, the greater the weight of the overlying layers, and the higher
the pressure and temperature must be. Consider a thin shell of gas
located at a radius r from the center of the star. If the star is to remain
stable, the net inward force on any such shell must equal the net force
outward. The net force inward is the force of gravity at that location,
plus the inward-directed force due to the pressure from the gas lying
beyond r. The only available outward force is provided by pressure
from the gas beneath the shell. Setting the outward force equal to the
total inward force leads to the conclusion that pressure must increase
deeper into the star. A similar argument could be made to show why
water pressure must increase at greater depths in the ocean; the higher
pressure supports the overlying layers.

In a careful treatment of stellar structure we would consider each
infinitesimal shell of gas, calculating the pressure needed to provide
support down through the star. Such calculations show that the larger
the total mass of the star, the greater the central pressure. We are also
interested in the temperature structure of a star, since this determines
nuclear reaction rates, the interactions of photons with the star’s ion-
ized gas, and so forth. For normal stars, the ideal gas law provides the
relationship between pressure and temperature that we need. We might
be concerned that this simple law would fail for the extreme conditions
in the deep interior of a star, but real gases actually obey the law to an
excellent degree even at very high temperatures. Applying the ideal gas
law tells us that the more massive the star, and hence the higher the
central pressure, the hotter it must be at its core.

Although it plays by far the major role, the mass is not the only
quantity important to a star. It is slightly less straightforward to vi-
sualize, but the elemental composition also affects a star’s structure,
through the average mass per gas particle. When the average particle
mass is higher, then fewer particles are present for a given total stellar
mass. This means the number density n is lower, which in turn implies
that the temperature must be higher to produce a given central pres-
sure. Most stars have similar compositions, consisting of approximately



three-quarters hydrogen and one-quarter helium, by mass, with other
elements present in small quantities. However, the compositional varia-
tions from star to star, even though relatively small, can produce subtle
differences. A careful analysis of the equations of stellar structure shows
that the nature of a star is almost entirely controlled by its mass and its
composition.

Up to this point we have concerned ourselves with the implications
of hydrostatic equilibrium. If this were the whole story, the star would
exist indefinitely in a static state. But stars radiate heat and light into
space; were it not for nuclear reactions that replenish the lost energy,
the stars would cool and go out of equilibrium. The high temperature
in the stellar core is just what is needed to drive those reactions.

Twinkle, twinkle, little star

Why is the temperature so important in nuclear fusion? The core of
a star is composed predominantly of free protons and electrons whip-
ping around at very high speeds. Under conditions even close to what
we Farthlings might regard as ordinary, two protons repel one another,
since both have positive electrical charge. The closer the protons ap-
proach, the more strongly they repel one another, because the electro-
static force follows an inverse square law. This mutual repulsion creates
the Coulomb barrier, which ordinarily keeps the protons apart. In an
atomic nucleus, however, protons manage to stick together despite the
electrostatic repulsion. This is possible because the protons are bound
together by another force, the strong nuclear force, and this force is
much stronger than the electrostatic force. But the nuclear force has a
very short range, comparable to the diameter of the nucleus. The trick,
then, is to force the protons sufficiently close together that the nuclear
interaction can take over. The higher the temperature, the closer the
protons can approach. In the core of the star, the protons have very high
energies (temperature), and are forced extremely close together. Under
such conditions, occasionally a purely quantum effect called tunneling
can occur; the protons pass through the Coulomb barrier and merge.
The product of this fusion is not two protons stuck together, but is a
deuteron, the nucleus of the deuterium, or heavy hydrogen, atom; the
deuteron consists of one proton and one neutron. When the protons fuse
one proton is converted to a neutron, and a positron and a neutrino are
ejected from the new nucleus.? The positron immediately annihilates
with an electron, releasing energy; the neutrino also carries away some
energy. Neutrinos interact so little with ordinary matter that the en-
ergy they carry is essentially lost immediately from the star. Overall, an
amount of energy equal to the binding energy of the deuterium nucleus

2Technically, this reaction also involves the weak interaction; the weak interaction
is distinct from the strong interaction but also operates only at the scale of the atomic
nucleus. For the present purposes, however, the general picture we have developed
here is adequate.

Nuclear fusion
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The proton—proton process

The CNO cycle

is liberated. The binding energy is the amount of energy required to
break apart the nucleus; hence when such a nucleus forms, the same
amount of energy must be released.

Deuterium is only too happy to fuse with another proton to form 3He,
releasing a high-energy photon (7). The new ®He nucleus quickly reacts
with another to create He, a very stable nucleus; two protons are also
produced, which may then re-enter the cycle. The net result is the fusion
of four protons into one nucleus of *He, the creation of two neutrinos,
and the liberation of the binding energy of the helium nucleus. The
total mass-energy released by fusing hydrogen to helium is about 0.7%
of the rest mass-energy of the reactants. Schematically, we can write the
reactions involved in the proton-proton process as

pt+pt— D+4+et +v
D+ p* — °He + v
3He + *He — ‘He + p™ +p™.

There are additional reaction routes that convert the 3He into *He, but
the final result is largely the same.

To give a specific example, let us calculate how much hydrogen burn-
ing is required to account for the energy emitted by the Sun. The Sun
has a luminosity of 3.9 x 1026 J s~!. Dividing this luminosity by the frac-
tion of its rest mass that is converted to energy, 0.007¢c2, yields 6 x 10*!
kg of hydrogen per second, or about 600 million metric tonnes. The
energy thereby released slowly makes its way in the form of photons
to the outer layers of the star. The way is difficult, for the hot inner
layers are opaque, and photons are constantly scattered, absorbed, and
re-emitted. In the Sun, a star of average density, a photon generated
in the core takes hundreds of thousands of years to work its way to the
transparent outer layers; from there it can at last stream into space.
The light falling on us today was generated in nuclear reactions in the
Sun’s core that occurred before our kind walked the Earth.

There is another process, the CNO cycle, in which carbon-12 goes
through reactions with protons, passing through nitrogen (13, 14, and
15) and oxygen-15 before the last step, in which nitrogen-15 fuses with
a proton and emits an alpha particle, that is, a nucleus of *He, thereby
reverting to carbon-12. Although it is much more complicated than the
proton—proton process, the net result of the CNO cycle is the combina-
tion of four protons to create one nucleus of *He, along with the emission
of two positrons and two neutrinos. The carbon-12 re-emerges at the
end unchanged; it thus functions as a catalyst, a substance that partici-
pates in and assists a reaction, but itself is unaffected overall. The rate
at which the CNO cycle proceeds is highly temperature sensitive, and it
is rare in stars like the Sun; it is important only for stars more massive,
and thus hotter, than the Sun. The CNO cycle also, obviously, depends
upon the presence of carbon atoms. We shall eventually learn that only
hydrogen and helium, and a small fraction of the light element lithium,
are primordial elements, those elements that were created near the



beginning of the universe, before the first stars formed. With a very few
exceptions all other elements are manufactured in stars. The CNO cycle
thus depends upon the existence of earlier generations of stars that made
carbon; it was not available to the first stellar generation. Most elements
heavier than helium are manufactured by stars over the course of their
lifetimes, as they fuse one nuclear fuel after another in an attempt to
maintain their structures against the pull of gravity. The newly created
elements within a star return to interstellar space when the star sheds
most of its gas at the end of its life. There the enriched gas may join
other clouds of gas to bring forth later-generation stars, such as our own
Sun. The oxygen we breathe, the carbon and nitrogen and sulphur and
phosphorus that make up much of our bodies, the iron and aluminum
and the silicon upon which our industries and economies are based, in-
deed, almost all of the matter on Earth, and in our own bodies, was
created within ancient, massive stars that lived and died before the Sun
was born.

The details of the nuclear processes are not as important as is the
realization that they provide the energy to keep the star in hydrostatic
equilibrium. We can make some further progress in understanding stars
without any knowledge of nuclear reaction rates. The mass of a star is
the most important factor in establishing its core temperature. Temper-
ature, in turn, determines the rate at which nuclear reactions proceed
in the star’s core. The energy released in the core must work its way
through the star to be released at its surface, thus ultimately determin-
ing the star’s luminosity. It follows that there must be a relationship
between the mass of a star and its luminosity. The ingredient needed
to complete that relationship is an approximate relationship between
temperature, luminosity, and stellar radius. This in turn depends upon
the rate at which energy can be transported through the star. A very
simple physical argument, which assumes that photons diffuse through
the dense gas deep within the star till they reach the thin outer layers,
yields an approximate relationship between luminosity and mass of

L o< M. (5.3)

For example, a star of ten solar masses, 10 M, would have a luminosity
not 10 times, but 1000 times that of the Sun. The luminosity, and hence
the energy consumption, of a star thus goes up quite rapidly with its
mass.

So far, we have discussed only theory; what about observations? There
is a straightforward relationship between the luminosity of a star and
its surface temperature, Ty. Stars are nearly blackbodies, so the energy
per unit area they radiate is proportional to the fourth power of the
surface temperature, Ty*. The total luminosity will be the energy per
unit area times the total surface area, which is proportional to R?; hence
L < R?T?. Luminosity cannot be observed directly, but surface tem-
perature is relatively easy to measure. It is only necessary to observe
the continuum spectrum of the star, determining where that spectrum
peaks; the blackbody relationship then gives the surface temperature.
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The mass of a star determines its lu-
minosity

Stellar temperatures can be measured
by observing a star’s color
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Fig. 5.6 Composite Hertzsprung—
Russell diagram for some of the stars
of the Pleiades, a young stellar clus-
ter. The vertical axis is the loga-
rithm of the brightness of the star;
for stars at a fixed distance the ob-
served brightness will be proportional
to the luminosity. The color is a mea-
sure of the temperature of the star.
The points do not appear randomly,
but lie along a curve called the main
sequence. Stars on the main sequence
fuse hydrogen to helium in their cores.

The HR diagram reveals relationships
between stellar temperature and lumi-
nosity
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(If that is not sufficiently accurate, known corrections can be applied
to make a better model of the radiation of the star, and an improved
value for the temperature can then be computed.) The color of a star
is related to its surface temperature. The redder the star, the cooler its
surface. Bluer stars are hotter. If the distance to the star can be mea-
sured by independent means, then the observed flux can be converted
into total luminosity. Another approach is to study a group of stars at
the same distance, such as a star cluster. In either case, it is possible to
measure the luminosity and the temperature for a number of stars and
make a plot. The plot should reflect the underlying stellar physics we
have described with our simple physical stellar models.

If the surface temperature of the star is plotted as a function of its
luminosity, we obtain a graph called the Hertzsprung—Russell diagram
(generally shortened to the HR diagram). The points are not scattered
about, but fall into very narrow and well-defined curves. Most stars
lie on the main sequence. Along the middle portion of the main se-
quence, the luminosity is related to the mass by L oc M3'!, very close to
the value obtained by a simple physical argument. Thus, the observed
main sequence seen in the HR diagram indicates that the processes oc-
curring in stars are controlled primarily by the conditions required for
hydrostatic equilibrium, the balance between gravity and the pressure
supplied by the heat from nuclear reactions. For as long as the fusion of
hydrogen to helium dominates, the star resides, usually quietly, on the
main sequence of the Hertzsprung—Russell diagram.

If we wished to develop a realistic stellar model, we would have to
write down the differential equation of hydrostatic equilibrium. Then
we would be obliged to include rate equations for the nuclear reactions
in the core, and we would be required to solve the difficult equations of



radiative transfer. A realistic model of a star is sufficiently complicated
that it is necessary to solve the resulting equations with a computer using
numerical techniques. Although not all of the phenomena are perfectly
understood, especially those having to do with the transport of energy
within the star, stellar models are still good enough to reproduce the
main sequence to a high degree of accuracy; stars are probably among
the best-understood structures in the universe. They are very important
to cosmology, because their lives are uniform and predictable. And their
ages, and their deaths, have significant ramifications for the universe and
its contents.

Stellar ages

Astrophysicists like to joke that “we understand every star except the
Sun.” The problem with the Sun, of course, is that we have an over-
whelming amount of data on every detail of its existence, including its
every magnetic outburst and minor shudder. We cannot forecast, or
sometimes even explain, the day-to-day workings of the Sun. Even so,
we do understand the fundamentals of the construction of the stars, and
the grand outlines of their lives. We can exploit this knowledge to de-
termine the ages of stars, by comparing observations to the predictions
of our models.

The stringent physical constraints that govern the evolution of a star
result in a predictable life history. Stars wage a constant battle against
their tendency to collapse under their own weight. The nuclear reactions
deep within the interior provide the energy that is radiated away by the
star; as long as the lost energy is constantly replenished by fusion, the
temperature at the core can be maintained high enough to fight the
inexorable pull of gravity. The great majority of a star’s existence is
spent on the main sequence as a hydrogen-burning star; for all practical
purposes, we can define the lifetime of a star to be its time on the
main sequence. Recall that main sequence stars have a luminosity-to-
mass dependency of roughly L ~ M?3. The life expectancy of a star is
determined by the amount of fuel available to it, divided by the rate at
which it consumes that fuel. Hence the stellar lifetime is proportional
to its mass (fuel) divided by its luminosity (burn rate), that is, ¢, ~
M/ L. Together, these relationships imply that stellar lifetimes decrease
with the square of increasing mass, t, ~ M 2. This is just a rough
calculation, but it indicates that massive stars live much shorter lives
in comparison to low-mass stars. Very massive stars burn their candles
at all ends, blazing gloriously for a few million years before exhausting
their supplies. Less massive stars, such as the Sun, burn their fuel more
frugally and exist in a stable state for many billions of years. This fact
can be used to set a limit on an important cosmological measurement:
the age of the universe.

Studies of stellar ages have determined that the stars of the Milky
Way Galaxy fall into two broad categories, called Population I and
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Stellar lifetimes are determined by
mass
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Primordial stars

Determining a star cluster’s age

Population II. Population II (or just Pop II) stars are very old, proba-
bly nearly as old as the Galaxy itself, whereas Population I (Pop I) stars
like the Sun are much younger, and continue to form today. The major
difference between the stellar populations, other than their ages, is their
composition. Old stars have far fewer metals, which to astronomers
means any element heavier than helium, whether chemically a metal
or not. This is consistent with the formation of heavy elements within
stars; the early generations of stars must have formed from gas that
had little metal content, since there were few earlier stars to create the
metals. Population I stars condensed from the debris of older, massive
stars that exhausted themselves quickly, and they and presumably their
environs are considerably enhanced with metals.

There is speculation that there exists a primordial population of an-
cient pre-galactic stars, called Population ITI. These stars would be the
very first formed in the cosmos. There is currently no definitive evidence
for their continued presence today, and there are theoretical arguments
that most such objects would have been sufficiently massive that they
would have long since exhausted their fuel and died. However, one ob-
ject that might belong to this mysterious population was found in 2002
in the Galactic halo. Its metallicity was a minuscule 1/200,000th that of
the Sun, but, even so, its surface was slightly enriched with carbon and
nitrogen that probably came from a long-ago companion. However, even
with this discovery, Population III stars are still largely hypothetical.

While most Population I stars are found in the spiral disk of the Milky
Way, most Population II stars are found in the Galactic bulge toward the
center of the Galaxy, or in the halo surrounding the disk of the Galaxy.
In the halo they are often found in globular clusters, huge, nearly
spherical clusters of about 100,000 stars each. The globular clusters orbit
the Galactic center within a roughly spherical volume. They are found
not only around the Milky Way, but are also seen around every other
galaxy close enough for objects of their size to be resolved. Globular
clusters are thought to be the oldest objects in the Galaxy; thus the
age of their most ancient stars provides a lower limit to the age of the
Galaxy, and hence of the universe itself.

Consider such a cluster of stars, whether a globular cluster or a younger
open cluster. As discussed previously, the cluster stars formed at about
the same time, from the same nebula. Thus the stars should all have
about the same initial composition. Stars of all masses were created,
in accordance with the initial mass function. An HR diagram of the
cluster would reveal a full main sequence distribution of these stars. As
time goes by, the most massive stars use up their hydrogen and evolve
off the main sequence. Slowly, the main sequence disappears, starting
at the high-mass end and moving toward the low. Of course, we can
observe only a snapshot of a star cluster at one particular time in its
evolution; if we plot an HR diagram of all the stars that are members
of the cluster, we will find many dots spread along the main sequence,
with an abrupt cutoff corresponding to those stars that are on the verge
of ending their main sequence lives. (Stars more massive than this have
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already left the main sequence.) The cutoff point represents a specific
mass, the turnoff mass. If the main sequence lifetime of stars of that
mass is known, then the age of the cluster is determined.

There are, of course, many uncertainties in age determinations. Vari-
ations in composition, mass loss, and the effects of turbulent mixing in
stellar layers are examples of potential sources of error. Much of the un-
certainty lies with unknown stellar compositions; there are also difficul-
ties in determining precise main sequence turnoff points, and matching
those points with theoretical models. Even so, experts in stellar ages
have reached a consensus. The oldest globular clusters in the Milky
Way Galaxy and its neighbors have been determined to be from 12 to
15 billion years old. At the present time, it appears to be quite difficult
to find a reasonable combination of error and uncertainty that would
produce stellar ages in the oldest globular clusters of less than about 12
billion years.

White dwarfs to black holes

For stars in the early and middle stages of their lives, the most important
nuclear reaction is the fusion of hydrogen into helium. But all such things
must end, and every star eventually runs out of usable hydrogen fuel.
For example, if the Sun began its life entirely composed of hydrogen
and gradually converted all this hydrogen to helium, it could live for
100 billion years. However, nuclear reactions take place only where the
temperature and density are high enough, and in the Sun this is the case
only deep within its core. At best, the Sun can convert no more than
about 10% of its hydrogen to helium. When hydrogen can no longer be
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Fig. 5.7 Composite Hertzsprung—
Russell diagram for some of the stars
of M3, an old globular cluster, plot-
ted in units of brightness versus color.
Only the stars in the lower center of
the plot lie along the main sequence.
Stars that have left the main sequence
lie above, on the horizontal branch,
and to the right, on the giant branch.
(Compare with Figure 5.6.) The point
at which the stars leave the main se-
quence is the turnoff point. A com-
parison of the observed main-sequence
turnoff with the predictions of stellar
theory gives the age of the cluster.

The end of a star’s life
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The red giant phase

Formation of a white dwarf

fused, the pressure in the core drops, allowing gravity again to compress
the gas. The core contracts and the star changes its structure. As it
contracts, the temperature in the core rises. This increase in the core
temperature is important, because the next nuclear fuel to be burned,
helium, does not fuse at the lower temperatures found during the star’s
main sequence life. When the core becomes sufficiently hot, helium will
begin to fuse into carbon in the deep interior, while hydrogen continues
to burn in a relatively thin shell surrounding the core. The new fusion
reaction is called the triple-alpha process, because three nuclei of “He
fuse to 12C, with the unstable nucleus ®Be (beryllium-8) created as an
intermediate product. This new energy source stops the gravitational
contraction and stabilizes the star, allowing it to continue to shine, once
again in equilibrium. The star exits the main sequence for the horizontal
branch, the region above and to the right of the main sequence on the
Hertzsprung—Russell diagram that is occupied by stable helium-burning
stars. The increase in temperature causes the outer regions of the star
to expand, increasing its luminosity, and the expansion cools the surface
layers, which shifts the radiation to lower energies. The star balloons to
enormous size, creating a red giant. When the Sun reaches the red giant
phase, perhaps five billion years into the future, its surface will extend
to near the orbit of the Earth. The intense radiation falling upon the
Earth will destroy any life that might remain, and the planet itself will
spiral into the bloated Sun, vaporizing in its hotter inner layers. The
Sun will reclaim its innermost planets.

But this stage can only last so long, for the helium is consumed even
more quickly than the hydrogen before it. What happens next depends
upon the mass of the star. For stars of modest mass, such as the Sun,
the end is quiet. The heavier the nucleus, in general, the higher the
temperature and density required to force it to participate in fusion
reactions. Stars up to about 6 times the mass of the Sun are not suffi-
ciently massive for gravity to be able to raise the core temperature to a
high enough level for further fusion reactions to occur. Once the usable
helium fuel has been converted to carbon in such stars, nuclear reactions
cease and the core once again contracts under its own gravity. The con-
traction continues until the matter in the core becomes so compact that
electrons cannot be squeezed together further. This state is called elec-
tron degeneracy, and it is a quantum mechanical consequence of the
Pauli exclusion principle. Electrons are fermions and thus, by the exclu-
sion principle, no two can occupy the same quantum state. In electron
degeneracy, all low-energy quantum states are occupied, forcing many
electrons into high-energy states. It would take considerable energy to
squeeze the electrons even closer together, so the electrons provide a
new source of pressure that does not depend on temperature. This is
quite different from the ideal-gas law; it is somewhat analogous to the
intermolecular electrostatic forces that give a crystal such as quartz or
diamond its great rigidity. Most significantly, it means that the star
can now resist gravity with no further generation of heat. As the core
settles down to its degenerate state, nuclear burning can continue in the



surrounding stellar envelope. This eventually causes the star to eject its
swollen outer layers; if we happen to observe the expanding shell of gas,
it might take the form of a lovely object called, for historical reasons, a
planetary nebula. Eventually, only the degenerate core is left behind as
a stellar ember known as a white dwarf. A white dwarf star no longer
burns nuclear fuel, and shines only because it takes many millions of
years for light to percolate out to the surface from deep within its core.
Eventually the star will cool, and the white dwarf fades away. This is
the eventual fate of our Sun.

White dwarfs have sufficiently low luminosity that the only ones we
can observe directly are in our solar neighborhood. The bright star Sir-
ius is actually a binary; the tiny companion, invisible without a good
telescope, is a white dwarf, the first discovered. All white dwarfs are
very small and very dense. (A white dwarf with the mass of the Sun
would be packed into a volume the size of the Earth.) This immediately
tells us that their gravitational fields are relatively strong. The chemical
composition of white dwarfs probably varies somewhat, but observations
are consistent with the theory that they should consist predominantly
of carbon, with some oxygen, the final products of helium burning. The
unusual state of the matter in a white dwarf has some interesting con-
sequences. For one thing, the greater the mass of a degenerate white
dwarf, the smaller its radius. For another, as the white dwarf cools, it
can actually crystallize; its nuclei, long separated from their electrons,
behave much more like a solid than like the gaseous plasma of which the
star was previously composed.

Since a white dwarf is no longer generating energy, it cools at a rate
determined mainly by only a few quantities: its surface temperature and
area, which control the rate at which energy is radiated into space, and
the length of time required for a photon to work its way from the interior
to the surface. White dwarfs have extremely high surface temperatures,
as much as tens of thousands of degrees, but not a lot of surface area,
so overall they radiate rather slowly. Moreover, they are so dense that
it takes a very long time for photons to diffuse outward. As photons
slowly trickle to the surface of the white dwarf and stream away, the
star loses energy and cools; with time, a white dwarf will shift its color
from blue-white to yellow to red, and then will finally cease to emit in
the visible at all. White dwarfs cool so slowly, however, that the universe
is probably still too young for a significant number to have disappeared
from visibility.

If we could compute the rate of cooling of a white dwarf, we could
deduce the time elapsed since it formed. In principle, this is quite pos-
sible; in practice, there are many difficulties. Since we cannot fetch any
samples of white-dwarf matter, nor can we recreate it in the laboratory,
we must rely upon theory to construct models of the characteristics of
the material of which the dwarfs are composed, then attempt to compare
the predictions of the model with observations of real white dwarfs. An-
other unfortunate limitation is that our sample of white dwarfs is small.
They are dim and tiny—the brightest have a luminosity of approximately
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Interacting binary systems
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Fig. 5.8 The Roche lobe (dashed line)
surrounding binary stars is the surface
that marks the region within which a
particle is bound to one star or the
other. The crossing point in the figure-
eight is the point at which the two stars’
gravitational attractions are equal but
oppositely directed. If one star fills up
its portion of the Roche lobe, gas can
overflow and transfer to the other star,
creating an accretion disk around the
companion.

0.1 Lo—and we can see only those in our Galactic neighborhood, even
with the best of modern telescopes. Most of those we can find are the
binary companions of normal stars. Nevertheless, many efforts have
been made to estimate the age of the oldest white dwarfs in the Galaxy,
since such a datum would obviously set a lower limit to the age of the
Galaxy itself. The best estimates obtain an age of approximately 12
billion years for the most ancient white dwarfs, consistent with the ages
of the globular clusters.

Occasionally, a white dwarf can revive if it has a companion. When
two stars orbit, their gravitational fields overlap, since gravity’s range is
infinite. Each of the stars is surrounded by a region, called the Roche
lobe, within which its gravity dominates that of its partner. The Roche
lobes of the members of a binary touch at a point known as the Lagrange
point; this is where the gravitational tug of each star is equal in mag-
nitude. In a typical binary system, each star is much smaller than its
Roche lobe. If the separation between the two is large, both stars will
spend their lives well within the confines of their Roche lobes. However,
as stars age and leave the main sequence, they swell to giant size. In a
close binary system, when one of the stars reaches the red giant phase it
can overflow its Roche lobe, and some of the distended star’s outer layers
can be transferred onto the smaller companion. Since the members of
a binary star system are in mutual orbit around one another, any gas
flowing from one star must partake of this rotation. Thus we encounter a
situation reminiscent of the formation of a protostellar disk; as gas flows
from one star to the other, it falls inward along an orbital trajectory. If
the star toward which the gas is falling is small enough, and this will
certainly be true for a white dwarf, the inflowing gas stream misses the
star’s surface and goes into orbit. In this case, the inflowing gas creates
an accretion disk. Dissipation in the gas through turbulence in the
disk means that a parcel of gas cannot orbit its new primary at a fixed
radius. Rather, it spirals toward the star. The fall of the gas in the
gravitational field releases energy; the gas in the disk is compressed and
heated. The accretion disk may emit high-energy radiation, even X-rays,
which can be detected from the Earth. Eventually, the gas crashes onto
the surface of the star, emitting a burst of energetic radiation.

If the accreting star happens to be a white dwarf, the transfer of mass
can have some other interesting consequences. A white dwarf cannot
incorporate the new material in a smooth manner, as would a normal
star, since a dwarf’s pressure support comes not from ordinary gas pres-
sure but from degeneracy pressure. Whereas ordinary pressure can ad-
just with changes in temperature and density, degeneracy pressure is
independent of temperature, and no adjustment occurs when new gas
impinges upon the white dwarf. The infalling gas is thus compressed
and heated as it strikes the unyielding surface of the white dwarf. When
enough gas has piled up, it can reach the 107 K required to trigger
hydrogen fusion. The white dwarf suddenly flares in brightness and be-
comes a nova. After this thermonuclear explosion from its surface, it
once again fades away. Often, the cycle is repeated, when enough gas



again accumulates to reach the ignition point. At their peak brightness,
novae seem to have fairly uniform luminosities, which means it might
be possible to use them to determine distances. Unfortunately they are
not perfectly standard; work continues to determine whether novae can
help to calibrate the cosmic distance scale.

What is the fate of stars that cannot settle down to a quiet retire-
ment as a white dwarf? Stars more massive than a few solar masses
experience more phases at the ends of their lives, going through one nu-
clear fuel after another to battle the crush of gravity. After the star’s
helium is exhausted, the core contracts and heats again and the outer
layers expand, sending the star up the asymptotic giant branch of the
Hertzsprung—Russell diagram. In very massive stars, carbon may first
ignite; for sufficiently massive stars, increasingly heavy elements are sub-
sequently burned, fusing all the way to iron. The star becomes a gigantic
cosmic onion, consisting of concentric shells in which increasingly heav-
ier elements are fused. The final fusion product is iron. Unlike the
lighter elements, iron demands an input of energy to be forced to fuse
into heavier elements. Iron cannot provide the energy the star needs in
order to support its weight, since further fusion would actually consume
the star’s precious energy. Once the available matter has been fused to
iron, the star is out of usable fuel; iron is the end of the nuclear road.

A star with an iron core must seek an equilibrium with gravity that
does not require further expenditure of energy. Smaller stars could find
their final state in electron degeneracy. However, Subramaynyan Chan-
drasekhar realized in 1930 that in order to provide the incredible pres-
sures required to maintain stars more massive than 1.4 Mg, the degener-
ate electrons would have to move at greater than the speed of light. This
was known from the special theory of relativity to be an impossibility;
thus, special relativity demands an upper limit to the mass of a white
dwarf. This bound is called the Chandrasekhar limit. For masses
above this limit, the pressure from even electron degeneracy is not suffi-
cient to support the star against its own weight. If the dying star fails to
eject enough of its matter to allow its collapsing core to drop below this
limit, the electrons cannot supply the necessary pressure. But if electron
degeneracy pressure falls short, the star does not just slowly contract. It
collapses catastrophically, sending a shock wave into its outer layers and
blowing them off in a single cataclysmic explosion called a supernova.
A supernova is so bright that for a brief interval of a few weeks, it may
outshine the galaxy in which it occurred, a blazing beacon visible across
enormous distances. The explosion is so powerful that most of the star’s
matter is blasted away and dispersed into space. This may seem to be
a cruel finale for a star, but the supernova plays a vital role in the his-
tory of the cosmos. It is in supernovae that the heavier elements, forged
near the center of the star during its last stages of existence, can find
their way into space, and thence into later stars and planets. Indeed,
so much energy is liberated in the blast that elements heavier than iron
can be created, even though, as remarked above, these reactions con-
sume energy rather than releasing it. The gold and silver with which we
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Type I and Type II supernovae

The importance of Type la supernovae
for cosmology

The formation of a neutron star

ornament ourselves, and which we hoard and covet, came into abrupt
being in the final moments of the life of a massive star. Cobalt and
nickel and zinc, and the uranium of our nuclear-power plants and of our
weapons—all these heavy elements are the ashes of massive stars.

A supernova that arises from the collapse of a massive star is designated
by astronomers as Type II. This suggests that there must be another type
of supernova, the Type I supernova. The Type la supernova represents
the explosion of a white dwarf in a binary system.? As we have seen,
the accretion of matter from a binary companion onto a white dwarf can
lead to a nova explosion. A nova outburst probably blasts away much
of the gas accumulating on the surface of the dwarf, but not all of it.
After each cycle of nova activity, the mass of the white dwarf may in-
crease slightly; eventually, it may acquire more gas than it can support.
It is constrained by the Chandrasekhar limit throughout its existence.
Should its mass rise above that limit for any reason, including mass
transfer from a binary companion, electron degeneracy pressure cannot
continue to support it. The star collapses violently. The sudden increase
in temperature detonates the carbon; because of the degeneracy of the
matter, all the matter in the white dwarf fuses almost simultaneously.
The resulting explosion rivals the death of the supermassive star in its
brilliance.

Type Ta supernovae have a property that is of particular interest to
the cosmologist. In a Type la supernova, the progenitor was very near
to the Chandrasekhar limit, else it would not have collapsed in the first
place. Therefore, Type Ia supernovae tend to peak in energy output at
very similar luminosities. In fact, there exists a relationship between
the peak luminosity and the rate at which the light from the explosion
fades away. This means that by studying the light from a Type Ia
supernova as it brightens and fades, astronomers can determine their
intrinsic luminosity and use them as distance indicators. Since we need
reliable standards by which to calibrate the distance scale, a supernova’s
utility is greatly enhanced by its brilliance. They can be seen easily in
very remote galaxies. Observations of such distant supernovae have had
remarkable implications for our understanding of the universe.

Although a great deal of the star is blown out into interstellar space
by a Type II supernova, some fraction is probably left behind in a core
remnant. If the mass of the remnant still exceeds the Chandrasekhar
limit, what can the star do? It cannot settle down as a white dwarf
star; so what remains? As the star collapses to greater and greater com-
paction, the electrons are squeezed into the atomic nuclei themselves,
where they are forced to merge into the protons, forming neutrons. The
neutrons, which are much more massive than electrons, can themselves
exert a degeneracy pressure known as neutron degeneracy pressure.
The entire star is compressed essentially to the density of an atomic nu-

3What distinguishes a Type I from a Type II observationally is the absence of
hydrogen lines in the supernova’s spectrum. There are other, rarer, kinds of Type I
supernovae that are not due to white dwarf explosions. For the present purposes we
can ignore those other varieties.



cleus, but composed only of neutrons. This massive neutron nucleus is
known as a neutron star. These objects are astonishingly compact; a
neutron star with the mass of the Sun would have a radius of only about
10 kilometers, roughly the size of a typical large city on Earth. The
neutron star is a remarkable object. Its existence was predicted as early
as 1934 by Fritz Zwicky and Walter Baade, who proposed that neutron
stars could be created in supernovae. The first detailed calculations of
neutron star structure were performed by J. Robert Oppenheimer and
George Volkoff in 1939. The work of Baade, Zwicky, Oppenheimer, and
Volkoff was largely ignored for decades; such a star seemed too bizarre
to consider. This attitude changed in 1967 when the first pulsar was
detected. A pulsar emits highly regular, energetic bursts of electromag-
netic radiation, generally as radio waves. The pulses from the first pulsar
were so regular that the discoverers, Jocelyn Bell and Anthony Hewish,
first thought they had received signals from another civilization! No fa-
miliar astronomical process was known at the time that could produce
electromagnetic bursts of such sharpness and regularity, at such a rapid
rate. Ordinary oscillations would be inadequate to explain the signal.
As more and more pulsars were observed, however, the mystery slowly
yielded. Thomas Gold first suggested that pulsars might be associated
with the exotic neutron star. Subsequent observations have borne this
idea out; no other mechanism is remotely plausible to explain the prop-
erties of pulsars.

Astronomers have learned much about neutron stars, but their struc-
ture is still somewhat mysterious. The matter in a neutron star is
compressed into an even stranger state than that of a white dwarf.
A white dwarf is somewhat like a very dense solid; unusual, but not
mind-boggling. A neutron star is much weirder, more like a huge atomic
nucleus than it is like anything familiar. The interior of the neutron star
is probably in a fluid state, meaning that the neutrons move around
freely. They move so freely, in fact, that the interior is said to be a su-
perfluid, a fluid in which no friction is present. The fluid of degenerate
neutrons is surrounded by a thin crust of fairly normal matter, consist-
ing of crystalline iron nuclei, free electrons, and free neutrons. The tiny
radius and the large mass of a neutron star imply an enormous, almost
incomprehensible, gravitational field near its surface. Occasionally, the
intense gravitational field causes a defect in the crystalline structure of
the crust to crack, resulting in a starquake as the crust readjusts. The
starquake causes a glitch in the pulsar, a small but very sudden drop in
the period of its pulsation. These starquakes provide valuable informa-
tion into the nature of neutron star matter.

A neutron star is no longer generating energy from fusion; how might
it send pulses of energy into space? Suppose a hot spot is present on
the surface of a rotating star. The light emissions from such a spot
would sweep through space like the beacon from a rotating lighthouse
lamp. Just as a sailor sees the beam from the lighthouse only when
it points at him, so we see the radiation from the pulsar at intervals
equal to the rotation period of the star. But what kind of star could
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Fig. 5.9 Images of the Crab Neb-
ula. On the left is a ground-based
wide-field view of the entire nebula,
showing the shocked filaments. On
the right is a photograph of the in-
nermost region by the Hubble Space
Telescope. The central pulsar, one of
the few visible in optical wavelengths,
is visible at the center of the nebula.
(The bright star just to its right is
not associated with the nebula.) Due
to its proximity and young age, the
Crab Nebula has provided much im-
portant information about supernovae
and their remnants. (J. Hester and
P. Scowen, Arizona State University;
NASA/STScl.)
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rotate once per second? If it were a white dwarf, about the size of the
Earth, such rapid rotation would tear it apart. A neutron star, on the
other hand, would have only about the diameter of a typical city, and
could easily rotate at such a speed without breaking up. The case was
clinched in 1968 by the discovery of a pulsar in the center of the famous
Crab Nebula, an untidy blob of gas in the constellation Taurus. The
Crab Nebula is well identified with a supernova observed in AD 1054
by Chinese astronomers; it is the shocked, disordered remnant of the
outer layers of the star. Thus, the association between a pulsar in the
Crab Nebula and the known supernova that had occurred there made
the identification of pulsars with neutron stars all the more certain. The
Crab pulsar emits approximately 30 pulses per second, one of the most
rapid rates of any pulsar. It pulses in optical wavelengths as well as
radio, also unusual. Since the date of the supernova is known, we can
conclude that the Crab pulsar is young. Fast pulse rates and high energy
output are associated with recently formed pulsars. As they age, they
lose rotational energy and the period of their pulsations increases.

If a neutron star is such a dense, exotic object, how could it be set into
such rapid spinning? It is a consequence of an important law of physics,
the conservation of angular momentum. Angular momentum is a
measure of the resistance of a body to changes in its rotation, and is
defined as

L=Iw, (5.4)

where w is the rotation rate of the body, in angle per unit time, while
I is a quantity called the moment of inertia. The moment of inertia
describes the matter distribution of the object; the farther the mass
from the axis of rotation, the greater the moment of inertia. Conversely,
the more concentrated the matter near the axis of rotation, the smaller
the moment of inertia. The law of conservation of angular momentum
states that if no outside torque, or twisting, acts upon the body, its
angular momentum does not change. Therefore, if the moment of inertia



changes, the rate of rotation must change in such a way that the angular
momentum remains the same. Perhaps the most familiar illustration of
the conservation of angular momentum is the figure skater executing
a spin. The skater usually begins with arms outstretched, spinning at
a certain rate. As he draws his arms toward his body, his moment of
inertia decreases; to conserve the total angular momentum, there must
be an increase in his rate of spin. Occasionally the skater even crouches,
pulling all parts of his body close to the axis of rotation to increase his
rate of spin even further. As he unfolds, his moment of inertia increases
and his spin decreases, until he is spinning slowly enough to stop easily by
exerting a small torque with the skate blade. Another everyday example
is the ability of cats to land on their feet most of the time. Even a falling
cat must obey the law of angular momentum as it rights itself. High-
speed photography of cats dropped from safe distances clearly shows
them to twist their front legs in one direction, while their hind legs twist
oppositely. The cat is still able to turn its body to land feet downward,
but at each motion its angular momentum must be conserved as it falls.
It is no accident that the moment of inertia is reminiscent of the
inertial mass; its role for rotational motions is analogous to the function
of inertial mass for linear motions. Since the moment of inertia of a
star depends upon its mass distribution, the gravitational collapse will
change the moment of inertia drastically. The radius of the core of the
dying star can shrink abruptly by a factor of perhaps a thousand or
more. For a sphere, the moment of inertia is given by the formula

2
I, = MR, (5.5)

Thus, if little mass is lost, the newly formed neutron star must spin
approximately a million times faster than its precursor. Typical pulsars
rotate with periods of one second to approximately a quarter second.
For the idealized example of a neutron star executing one rotation per
second, conservation of angular momentum would imply that the precur-
sor rotated about once per month, which is comparable to the rotation
rate of the Sun.

Along with rotation, the neutron star must possess a hot spot in
order to emit the beamed radiation. A lighthouse mirror may turn, but
unless the lamp is lit, there will be no beam. How does the hot spot
generate such radiation? As far as we know, all stars possess magnetic
fields; the field is tightly coupled with the ionized gas of which the star
consists. When the core of a massive star collapses, its magnetic field is
pulled along with it, greatly concentrating the field and producing huge
magnetic forces. Most astronomical objects, including the Sun, have
overall magnetic fields that look somewhat similar to, though they are
stronger than, the field of a bar magnet; there is a north and a south
pole, and the field lines run continuously from one pole to the other. The
collapse probably does not change the basic configuration of this field,
although it does greatly amplify it, since the magnetic field is tied to
the matter and becomes stronger as the radius decreases and the density
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Fig. 5.10 A pulsar has a hot spot
that is carried around by the pul-
sar’s spin. The location of the hot
spot corresponds to the star’s mag-
netic axis. Because the magnetic axis
is not aligned with the rotational axis,
as the neutron star rotates the hot
spot beams radiation into space like
a searchlight, producing the observed
pulses of radiation.
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increases. A neutron star is thus like a bar magnet, of extreme strength,
in space.

The details of how a fraction of the rotational energy of the star is
converted into narrow pulses, as opposed to more diffuse radiation from
around the star, are not very well understood, but some general state-
ments can be made. Associated with the powerful magnetic field should
be a strong electric field, which rips charged particles from the crust of
the star. These particles are trapped in the magnetic field and forced
to accelerate to high, perhaps relativistic, velocities. The photons that
we receive as pulses are likely emitted from the regions around the mag-
netic poles of the neutron star. In general, the magnetic poles need not
be aligned with the rotation axis of the neutron star. (This is hardly
unusual; the magnetic axis of the Earth is misaligned with its rotation
axis.) If the magnetic and rotation axes were coincident, we would re-
ceive a constant beam of radiation, and that only if our line of sight
happened to look along the axis. However, if the emission comes from
the magnetic poles, and these poles do not line up with the rotational
poles, then the rotation will carry the beam around, sweeping it into
our line of sight once per rotation. Only if the searchlight is pointed at
an angle to its rotation axis can the lighthouse send a beam around the
cape.

Many neutron stars seem to be solitary. This is not surprising, as we
might expect that the violence of a supernova explosion would tear apart
a binary, liberating, or perhaps even destroying, any companion the pro-
genitor might have had. But some of the most interesting neutron stars



are not alone. For example, two known pulsars apparently have planets.
It seems unlikely that primordial planets would survive a supernova, so
it may be that a stellar companion was obliterated in the blast, then
recondensed into a disk and assembled itself into one or more planets
around the neutron star. If this is what happens, such a system must be
very bizarre—a former star reincarnated as a planet, orbiting the corpse
of its erstwhile companion. Other neutron stars are members of normal
binary systems. The dynamics of such a system are quite similar to that
of a white-dwarf binary, with some interesting twists due to the presence
of the neutron star. The accretion disk around a neutron star would be
much hotter and more energetic than that around a white dwarf. Gas
piling up on the surface of a neutron star would find the crust to be
even more unyielding than that of a white dwarf, and repeated episodes
of sudden thermonuclear fusion might occur. Such a model explains the
X-ray bursters, sources that emit spurts of X-rays at irregular intervals.
Most such bursters are located near the center of the Galaxy or deep
within dense clusters, environments where the density of stars is fairly
high and thus where a significant population of neutron stars could be
expected to have formed.

An even more bizarre effect can occur in the vicinity of a neutron
star. Gas spiraling toward the rapidly rotating neutron star could be
flung out at relativistic velocities in two jets collimated along the axis
of rotation. The enigmatic object SS433, a star system located approx-
imately 16,000 light-years from Earth, might be an example of such a
system. The spectrum of SS433 reveals a mixture of approaching and
receding gas with unusually large Doppler shifts; the spectra also show
a smaller, regular shifting with a period of 164 days. The Doppler shifts
indicate that gas flows at up to a quarter of the speed of light. The best
explanation for this object is that it is a binary, one of whose members
is a star that has overflowed its Roche lobe; the invisible companion is
probably a neutron star. The strong emission lines emanate from a pair
of relativistic jets emerging from the neutron star, one directed toward
our line of sight (approaching) and the other away from it (receding).
The regular shifting occurs because of precession, a wobbling of the axis
of rotation due to gravitational torques upon the neutron star. SS433
exhibits on a small scale behavior similar to that seen in the cores of
a fraction of galaxies, and especially in the cosmological objects known
as quasars. Accretion around a neutron star, or around an even more
dense object at the center of a galaxy, may be a common phenomenon
throughout the universe.

Interactions with other stars can affect neutron stars in other ways.
Although most pulsars have periods of a few tenths of a second, in the
1980s a new class of pulsars that spin with a mind-boggling period of a
few thousandths of a second was discovered. These millisecond pulsars
are thought to be the product of mass transfer from a companion. The
accreting matter would be rotating, so as it struck the surface of the
neutron star it could add angular momentum to it, thus increasing the
neutron star’s rotation rate. Neutron stars are so small and so rigid that
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they can spin with amazing periods, but even so the millisecond pulsars
are probably near the breakup limit. We currently know of over 100
millisecond pulsars, roughly half of which are in globular clusters and
half in the main part of the Galaxy. Many of these are in binary systems,
but some are solitary. A solitary millisecond pulsar was probably ejected
from the binary by an encounter with another object.

Even stranger are the double pulsars. If it is unlikely that a binary
system could survive one supernova, it seems nearly impossible for it to
survive two. Yet a handful of binary neutron star systems have been
discovered. Perhaps both progenitor stars lost quite a lot of mass prior
to exploding, so their supernovae were not excessively violent. Alterna-
tively, perhaps the two pulsars did not form together. A solitary pulsar
might have interacted with an existing binary, displacing the normal
star. Whatever the formation mechanism, the binary pulsar is a fasci-
nating and important object. The first binary pulsar discovered provided
the first firm, albeit indirect, evidence for the existence of gravitational
radiation, waves in the fabric of space-time itself. Just as the emission
of electromagnetic waves causes the emitter to lose energy, so do gravi-
tational waves carry away energy, causing the objects’ mutual orbit to
decay gradually. Pulsars are highly accurate clocks, making it possible
to measure with great precision the slow decrease in the orbital period
as the system radiates gravitational waves.

The white dwarf is supported by electron degeneracy pressure and has
an upper limit on its mass. The neutron star is supported by neutron

Black holes: the end point for the most ~ degeneracy pressure, and it too has an upper limit to the mass that

massive stars can be so supported. Astrophysicists are not entirely certain what that
upper bound is; the physical state of matter at these extreme densities
and pressures is not as well understood as we would like. However, the
limit almost certainly lies between two and three times the mass of the
Sun. If an imploding stellar remnant finds itself with more than this
mass, this unfortunate star cannot halt its collapse as a neutron star.
Modern physics knows of no force sufficient to prevail against gravity,
and the star collapses to a black hole. The black hole has properties
so strange that we cannot appreciate them until we have made a more
careful study of the structure of the universe.

Chapter Summary

Stars play several important roles in cosmology. Stars
make up the majority of the luminous matter in the uni-
verse, and many cosmological questions are related to the
lives of the stars. How many stars are there? What are
their masses? How much of the mass of the universe is
made up of stars, including those too dim to see? How
are stars born? How do they die?

Stars are born in huge clouds of interstellar gas and
dust. In the hearts of these molecular clouds, gravita-
tional forces overwhelm regions of cold gas, drawing these
cold clumps into dense cores. From such cores stars will
form. Once formed, stars fuse hydrogen in their cores.
Stars that burn hydrogen are called main sequence stars,
from their locations on the Hertzsprung—Russell diagram,



and this phase occupies the majority of a star’s life. A
star’s luminosity increases as the third power of its mass.
Since a star’s lifetime will be affected mainly by its mass
divided by its luminosity, it follows that the more massive
stars die earlier. The main sequence can be used to deter-
mine the ages of the oldest stars in a cluster. The most
ancient star clusters are the globular clusters. Determin-
ing the ages of stars in such clusters provides a lower limit
to the age of the universe. Currently the best data and
calculations imply that the oldest clusters are 12 to 15
billion years old.

Astronomers know that there is a great deal of mass
in the universe that is not in ordinary stars. This unseen
material is often called the missing mass or dark matter.
Among the possible candidates for this dark matter are
small star-like objects that have too little mass for nuclear
fusion to occur in their cores. These objects are called
brown dwarfs. Other candidates include the remnants
left after stellar death. A star begins to die when it runs
out of usable hydrogen fuel in its core. The next most
easily fused element is helium. When the star begins to
burn helium at its core, its outer layers swell drastically,
causing the star’s size to expand enormously and creating
a red giant. The helium-burning red giant phase of the

Key Term Definitions

interstellar medium Gas, dust, bits of ice, etc. that
fill the space between the stars. Nearly all of the
interstellar medium is hydrogen and helium gas,
with hydrogen most abundant.

nebula A cloud of gas in space.

brown dwarf A substellar object that is near, but be-
low the minimum mass for nuclear fusion reactions
to occur in its core.

hydrostatic equilibrium The balance between gravity
and gas pressure in an object such as a star.

ideal gas A gas in which the mutual interactions of the
gas particles are negligible, except for their momen-
tary collisions. The pressure is determined by the
ideal gas law, which is the formula that relates tem-
perature, pressure, and volume for an ideal gas.

deuterium An isotope of hydrogen whose nucleus con-
tains one proton and one neutron.

primordial element Those elements and isotopes
formed in the big bang; specifically, hydrogen,
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star’s existence is relatively brief. Stars with masses of up
to about 6 times that of the Sun expel their outer layers;
the remnant core collapses until the electrons of its atoms
can no longer be squeezed any closer. This phenomenon,
called electron degeneracy, is a consequence of the Pauli
exclusion principle of quantum mechanics. The core, now
a white dwarf, continues to shine feebly as light diffuses
through it, cooling over billions of years until finally it
leaves behind a dead, compact, black dwarf.

More massive stars are able to fuse elements heavier
than helium, up to iron; at this point, no more energy
production is possible. If the star was able to shed enough
mass during its giant phase, it might fade away as a white
dwarf. If not, it collapses catastrophically, blowing its
outer layers into space in a supernova. The core left be-
hind is too massive even for electron degeneracy to sup-
port it; instead the electrons and protons are squeezed
together into neutrons, and the core becomes a neutron
star. Neutron stars are visible only when they beam ra-
diation as they rotate, in which case we detect them as
pulsars. If the core is too massive for neutron degeneracy
to support it, however, it ends in the ultimate product of
gravitational collapse, a black hole.

helium (both helium-3 and helium-4), most deu-
terium and tritium, and some lithium-7.

main sequence The curve on a Hertzsprung—Russell di-
agram along which stable hydrogen-fusing stars lie.

Population I, II, III Labels for the generations of
stars, determined by the proportion of heavy el-
ements contained in their members. Population I
stars are youngest, while Population III represents
the primordial stars.

metal In astronomy, all elements heavier than helium,
regardless of whether they are chemically “metals”
or not.

globular cluster An aggregation of approximately
100,000 stars. Halos of globular clusters orbit many
galaxies. Some globular clusters are thought to be
among the oldest structures in the universe.

turnoff mass The mass of the largest star in a cluster
that is still on the main sequence. The age at which
a star moves from the main sequence to the red
giant phase depends almost entirely upon its mass
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and chemical composition, with more massive stars
leaving the main sequence earlier. The stars in a
cluster all formed at essentially the same time and
have similar chemical composition, so the turnoff
mass can be used to determine the age of the clus-
ter.

red giant A star near the end of its life; it fuses heav-

ier elements in its core and has a greatly expanded
outer layer.

electron degeneracy A condition of matter in which

all quantum states available to the electrons are
filled.

white dwarf A compact stellar remnant supported by

electron degeneracy pressure and shining only by
the diffusion of light from its interior. White dwarfs
cool slowly; if the universe exists long enough they
will all cool into nonluminous black dwarfs.

accretion disk A disk of gas that accumulates around

nova

a center of gravitational attraction, such as a white
dwarf, neutron star, or black hole. As the gas spi-
rals in, it becomes hot and emits light or even X-
radiation.

An abrupt, very bright flare-up of a star. Most
likely due to the accumulation of hydrogen from a
companion star upon the surface of a white dwarf.
The pressure and temperature grow in the de-
posited matter until a thermonuclear explosion is
generated.

Chandrasekhar limit The maximum mass, approxi-

mately 1.4 M, above which an object cannot sup-
port itself by electron degeneracy pressure; hence
it is the maximum mass of a white dwarf.

supernova The explosive death of a star. Type Ia su-

pernovae probably occur when a white dwarf ac-
cumulates upon its surface too much gas from a
companion, causing the white dwarf to exceed the
Chandrasekhar limit. Type II supernovae occur
when a massive star has reached the end point of
nuclear fusion and can no longer support itself. In
both cases, the result is a catastrophic gravitational
collapse and an explosion so violent that elements
heavier than iron are created. Any remaining core
becomes a neutron star or a black hole.

neutron degeneracy A condition of matter in which

electrons and protons are crushed together to form
neutrons, and all quantum states available to the
neutrons are filled.

neutron star A dead “star” supported by neutron de-

generacy pressure.

pulsar A rotating neutron star that emits regular, peri-

odic bursts of radio emissions.

conservation of angular momentum The principle

that the angular momentum of a system, the mo-
mentum of rotation about a point, remains the
same as long as no external torque acts.

Review Questions

(5.1)

(5.2)

What objects in the Galaxy are the most likely stel-
lar nurseries? What properties make them good
locations for star formation?

Distinguish between brown dwarfs and red dwarfs.
Are brown dwarfs common? What would be the
significance of a huge number of brown dwarf stars?

What is hydrostatic equilibrium, and why is it im-
portant to the existence of stars?

What are the main physical characteristics that
control the life of a star?

What is the main sequence? What is the signifi-
cance of the main sequence turnoff point in a clus-
ter of stars, and how can this turnoff mass be used
to obtain an estimate of the cluster’s age?

(5.6)

(5.7)

(5.8)

(5.9)

What happens in a nova? How does it differ from a
supernova? Some science fiction stories have used
plots in which the Sun threatens to explode as a
nova or a supernova. Is this a possible scenario?

Why is there an upper limit to the mass that can
be supported by electron degeneracy pressure?

Explain why a Type Ia supernova makes a bet-
ter indicator of distance than a Type II supernova.
Why does a supernova make a good distance indi-
cator for cosmology as compared to ordinary stars?

Describe three ways in which the study of stars can
provide important cosmological information.



(5.10) Suppose a stellar core with a radius of 30,000 km
rotates once, that is, 27 radians, every 5.2 x 107
seconds (about 25 days). Let the mass of the core
itself be M.. The star undergoes a supernova and
the core collapses to a neutron star. Assume that
no mass is lost from the core (an unrealistic as-
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sumption, but adequate for this example), but the
radius decreases to 30 km. Assume that both the
progenitor and the neutron star are approximately
spherical. What is the new rotation rate of the
star?
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Infinite Space and
Absolute Time

Nothing exists except atoms and
empty space; everything else is
opinion.

Democritus (460-370 BCE)

Creating the universe

What is the universe? If the universe is everything, can there be any-
thing beyond it? Where do we fit into the universe? How was the
universe created? What will be its eventual fate? With all the complex-
ity that we see immediately around us, how can we hope to understand
something so intricate on even larger scales? Such questions have been
asked for as long as we have any traces of human thoughts. The an-
swers that have been imagined have been profound, or philosophical,
or fanciful, or stern; but until the development of modern science, the
explanations offered had less to do with the way the universe was, than
the way humans imagined it might be. The universe remained mysteri-
ous and ineffable. This slowly began to change with the ancient Greeks,
who saw a universe built on geometry, a universe that was just as beau-
tiful in its mathematical harmony as any mythological cosmology. With
the development of Newtonian mechanics, the universe began to seem
comprehensible to the human mind. Modern science has brought about
the development of models of the universe that can be compared with
and tested against observation. These models incorporate the inferred
natural laws that give coherence to our observations, and enable us to
predict previously unobserved phenomena. We may comprehend no rea-
son that the real universe must obey any laws at all, particularly those
of human construction, but we can say with confidence that our rules
describe something about the real universe.

The universe that is accessible to science is the physical universe; the
universe of material objects, of energy, of space, and of time. This uni-
verse contains all that is physical, including all things that are observed,
anything that affects or influences other observables, all that is affected
by physical things, and hence everything that is subject to experiment
and scientific proof, or disproof. Atoms, particles, energy, forces, the
laws of nature, even space and time, are physical. Everything composed

Key Terms:

anthropic principle
Copernican principle
isotropy
homogeneity
cosmological principle
perfect cosmological
principle

coordinates

velocity

speed

acceleration

inertia

mass

inertial motion
frame of reference

inertial reference frame

inertial force
inertial observer
invariance
relativity

Galilean relativity
luminiferous ether
interferometer

The physical universe
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What is time?

of matter, or subject to the laws of nature, must also be physical and
hence part of the universe. Anything that is not part of the universe
cannot, by definition, have any physical properties. This definition keeps
our cosmological considerations meaningful and consistent.

It might seem obvious to regard matter, energy, physical laws, forces,
and the like, as physical things, but the inclusion of space and time in
this list requires further justification. Time as a physical quantity seems
especially troubling to some, since it appears to be at odds with much
human experience. The rate of the passage of time can seem to vary
depending upon one’s mood; a pleasant day may fly past, while an un-
pleasant hour may seem to last forever. Time might even seem to be a
human artifice. Yet this clearly cannot be true. Human perceptions of
a quantity are distinct from that quantity. The human brain is capable
of keeping track of short time intervals with impressive accuracy, but it
can be easily fooled if distracted or bored. This is actually just as true
of space as of time. Many well-known illusions depend upon tricking the
systems in the brain that estimate distance intervals or relative sizes;
yet space often seems more concrete than time. Moreover, the conceit
of time as a human construction smacks of anthropocentrism. There is
clear evidence that the universe has changed, that it has a history; but
most of this history, not only of the universe but even of the Earth, has
passed without the presence of humans. Thus time must have existed
before humans came into being. Furthermore, the universe is very much
larger than the sphere of human influence, yet periodic physical pro-
cesses clearly occur in all parts of the universe, so time must exist where
there are no humans. Time and space play a role in the laws of nature
independent of humans. The issue that has faced scientists is how time
and space enter into the construction of the universe.

Philosophers have debated through the centuries whether or not space
and time can be said to exist in their own right, or whether they are
only relations between physical things, where “things” can make the sole
claim to existence. The modern theories of special and general relativity
make it quite clear that space and time are physical; they can influ-
ence matter and energy and, in turn, be affected by matter and energy.
They are active participants in the history of the universe. However,
the inclusion of space and time as physical components of the universe
has certain consequences. Any model of the universe must include and
explain space and time along with every other physical phenomenon.
Indeed, it is possible to create models of the universe that contain space
and time alone, yet still change and evolve. Thus it is not permissible to
invoke a pre-existing space and time in which to construct the universe.
For example, it is not meaningful to ask “what happened before the
universe existed?” or “what is outside of the universe?” because both of
these questions assume the existence of attributes (“before” and “out-
side”) that must posit space and time as properties distinct from the
universe itself. Yet time did not exist before the universe, and space
does not exist outside it. The big bang did not happen “somewhere.”



The universe is not expanding into space nor even into space-time. Do
not think of the universe as embedded in something larger.

The confusion over the physical nature of space and time carries over
into one of the thorniest cosmological questions: the creation of the
universe. When humans ponder the creation of the universe, generally
the question they ask is, “Why does something exist rather than noth-
ing?” Why is there a universe at all? In framing that question, the
state of nothingness might be imagined as a great emptiness, extending
in all directions and lasting an exceedingly long time. The flaw in this
image is that time and space are physical entities, so empty space mov-
ing forward in time already describes something. How, then, were space
and time created? Since we cannot help but imagine an act of creation,
or, for that matter, any action, in terms of space and time, how can
we contemplate some unknown metastate in which this ultimate act of
creation occurred? This issue is sufficiently disturbing to some cosmol-
ogists that they attempt to sidestep it by extending the history of the
universe into an indefinite, infinite past. If there is no point at which
t = 0, the reasoning goes, there is no need for creation. However, the
question of existence is not answered by supposing that the universe
is infinitely old. Time is physical, and an infinite time would be just
another physical attribute of the universe. Indeed, whether or not the
universe has infinite extent in time is a question not much different from
the superficially less disturbing issue of whether or not the universe is
spatially infinite or finite. An infinitely old universe is not nothing, so it
must have been created; it was simply created with time that extended
infinitely, in the same way that the universe may have been created with
infinite spatial extent.

Some relativists and cosmologists, most prominently Stephen Hawk-
ing, have pointed out that in general relativity, finite space and finite
time can form a completely self-contained, finite space-time with no
boundary or edge at all. The point we call ¢ = 0 only appears to be a
boundary in time because of the way in which we have divided space-
time into space and time. Such a universe can be contemplated with
the help of an analogy to the Earth. On the Earth, the North Pole
is the limit to how far it is possible to travel in the direction we call
north, but it is nevertheless just a point on a continuous, boundaryless
globe. Similarly, the point ¢ = 0 in a spherical big bang model of the
universe represents merely an arbitrary demarcation in time. Without
boundaries (spatial or temporal), there is no need to imagine the uni-
verse to be contained within some meta-universe. Like the infinitely
old universe, the spherical universe attempts to avoid the question of
creation by eliminating ¢ = 0 as a special point in time. There may
be any number of reasons to prefer a universe of infinite or finite time,
infinite or finite space; there are certainly detectable differences among
these types of models. But the presence (or absence) of a ¢ = 0 point
in time provides no answer to the mystery of creation, nor does it have
implications for the existence of a creator, beyond those provided by the
mere fact of existence. There is little, if anything, that can be said about

The ultimate question of creation
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The initial conditions of a universe

the metaphysical creation of the universe. Since our observations are of
physical attributes, and science deals with physical things, the issue of
creation, which must necessarily be metaphysical, cannot be addressed.
The universe might be here because of the action of some creator, or
maybe it “just so happened.” At present, it is not possible to ask this
question in a way that is scientifically testable.

In scientific cosmology, we confine our attention to well-posed ques-
tions, those we might be able to answer. We can ask questions such as:
what is the universe like right now? How did it arrive at this state?
Traditionally, we would answer such questions with a description of the
observed universe and a statement of the laws of physics, laws that we
believe describe the time history of the universe. If we trace the evolu-
tion of the universe backwards in time, we can ask whether or not there
was a point ¢ = 0. If there was, our exploration must eventually arrive
at the question of initial conditions, the description of how things were
at the earliest possible moment that we can contemplate. The science
of cosmology aims to describe those initial conditions and to answer the
question of how the universe evolved from them. There are many pos-
sible sets of initial conditions, and we must adopt criteria for what we
shall hold as good initial conditions. As an example, suppose we were
to assert that the universe was created at 7:20 this morning. In such a
case, everything we know must have been created from nothing at that
moment, including the stores of memories in our minds, light arriving
from distant stars at the Earth, fossil bones in the ground, and history
books describing a past. This is clearly a very complicated set of initial
conditions. Moreover, such a model cannot be disproved, because any
condition one might propose as a test could simply be lumped into the
initial state that was created at 7:20 am. This lack of testability means
that such a model fails as a scientific theory. If we compare the initial
conditions in the “7:20” model with the big bang initial conditions, we
find that in the big bang model, the universe began in a much simpler
state. There was a certain amount of energy and matter, certain phys-
ical laws, and certain fundamental constants. The complexity of the
universe we observe existed as a potentiality, and developed naturally in
the subsequent evolution. The big bang model is testable and falsifiable
because the initial conditions are constrained by the laws of physics. The
theory makes specific predictions as to what the early universe should
look like and how it should subsequently evolve.

In formulating our cosmological models, we would like to be able to
describe the initial state of the universe in as few terms as possible. In
science we generally adhere to the principle of Occam’s Razor; in the ab-
sence of compelling evidence to the contrary, the simplest of competing
explanations is preferred. The big bang universe has the virtue of rela-
tive simplicity of its initial conditions. As our understanding advances
and theory approaches ever nearer to t = 0, the initial conditions of the
big bang seem to become even simpler. Yet even with the comparatively
simple set of initial conditions afforded by the big bang model, there are
interesting and challenging questions to consider. For example, the fun-



damental constants of nature, such as the gravitational constant G, the
speed of light ¢, and Planck’s constant h, are held by current physi-
cal theories to be constant in space and time, and hence part of the
initial conditions. The particular values of the fundamental constants,
along with the basic laws of physics, determine what is permitted in the
universe. If any of these conditions were changed, even slightly, then
the universe that would result might be quite different from the one
we observe. What if nuclear reactions were not possible at the densi-
ties and temperatures prevailing in the cores of gravitationally bound
conglomerations of gas? Would there still be stars? What if chemical
constants were sufficiently altered that carbon could not form the long
chains found in organic molecules? In either such hypothetical situation,
or in many others, life, as we understand it, might not develop.

We do not know why the fundamental constants have the values they
do, or whether they could have taken other values. But we can imagine
that all things were possible and, out of all potential universes, ours is
special by dint of our presence in it. The fact that our existence carries
implications for the nature of the universe is known as the anthropic
principle. Its most basic form, the weak anthropic principle, states that
the conditions we observe in the universe must be compatible with our
own existence. The weak anthropic principle sifts out all conceivable
universe models that do not admit the possibility of the development
of life. The cosmologist Fred Hoyle is said to have invoked the weak
anthropic principle to predict the existence of an excited state of the
carbon atom, since such a state allows the triple-alpha nuclear reaction
to create carbon in stars.! Since Earthly life depends on the existence of
carbon atoms, we can infer that the necessary excited state must exist.
Many find the anthropic principle appealing because it appears to give a
special role to our existence, but in fact it says nothing inherently more
profound about life per se than it says about atoms, or stars, or galaxies.
In the example above, the mere existence of carbon is sufficient; the
carbon has no compunction to form a basis for life. In a universe with
different physical conditions, carbon may still have been able to form
by some other means, or else life might be based on another atom. By
itself, the weak anthropic principle is not even really a testable scientific
hypothesis; it is merely a restatement of the requirement that our models
be consistent with observation.

A more stringent, and controversial, form of the anthropic principle,
the strong anthropic principle, states that the initial conditions occurred
because we are here; that is, our presence here and now somehow affected
the initial conditions such that we could eventually arise. Thus accord-
ing to the strong anthropic principle, the conditions necessarily existed
so that we can exist; the purpose of the universe is to create life. The
strong anthropic principle does not explicate how this backwards influ-
ence might have been exerted, but does seem to require forethought on

LChapter 5 discusses this stage of stellar evolution.

The anthropic principle
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The apparent specialness of the uni-
verse

the part of the universe. This takes it beyond the bounds of science and
into teleology, the attribution of intent to the universe as a whole.?

Some people are drawn to the strong anthropic principle because it as-
serts a meaning to the universe, and that meaning is us. To the student
of history, however, this is very familiar. As we have seen, most myths
included a central role for humans. In the absence of any scientific basis
for the strong anthropic principle, we again enter the realm of mythology.
It is sometimes argued that even though we do not have any basis for the
strong principle, the fact that we are here, and the apparent specialness
of the universe, must be telling us something. This is possible, but there
is a weakness in this position: we have no grounds for concluding that
this universe is really so special. We have but one example; we have no
way of knowing what might be possible, or what the alternatives might
mean. As an illustrative example, consider what might have happened
if your father had been killed in a war before you were conceived. If
that had occurred, the you that exists here and now would not exist to
ask such a question. Hence your very existence necessarily (and tau-
tologically) implies that your father lived at least long enough for you
to be conceived. But it does not imply that the purpose of your father
was to produce you, and hence the war’s outcome was pre-ordained. In
this case it was a matter of chance. Things happened as they happened.
Each of us is here by a happy accident of conditions.

Throughout the history of cosmological thought, humanity has strug-
gled to realize that our planet, our star, and our galaxy were not unique,
but merely individual members of a far greater collection of planets,
stars, and galaxies. The wonderful appropriateness of the conditions on
the Earth to sustain us, and the suitability of the Sun to warm us to just
the right temperature, and to contain sufficient nuclear fuel to last long
enough for us to evolve and come into being, might seem to be condi-
tions that would be extraordinarily rare. Yet the discovery of myriads of
other stars and galaxies, and recently of extrasolar planets, implies that
there must be many other planets throughout space: some too large, too
small, too hot, or too cold for life to develop. Similarly, there are many
stars too bright or too dim, or whose lives were too brief, to nurture
life. Could this principle be extended to the universe itself? Perhaps
this universe that seems so special is not the only one of its kind. As we
ponder a universe that provides the conditions necessary to bring us into
existence, we might conclude that there are other universes, perhaps in
infinite numbers, that are less hospitable. From contemplation of the
weak anthropic principle arises the possibility of multiple universes.

There may be multiple universes. It may be that the one and only
universe must contain life, and that the initial conditions had to be what
they were. It is equally conceivable that it “just so happened.” For the
moment we have no scientific basis for any conclusions. The whys of

2If the intent of the universe is to create life, then it has done so in a very inefficient
manner. For example, Aristotle’s cosmos would satisfy the strong anthropic principle,
and would give a much greater amount of life per cubic centimeter to boot!



creation remain a mystery. But describing the subsequent unfolding of
that creation will prove challenge enough.

The cosmological principle

The nature of time and space have always been at the heart of human-
ity’s cosmological musings. Early anthropocentric cosmologies placed
humans at the center of the All, creating in the process a very special
attribute of space: a center. Similarly, creation stories tended to place
specific restrictions on time, such that the history of the universe co-
incided more or less exactly with that of humankind. The geocentric
universe of Aristotle was more physical than the earlier anthropomor-
phic mythologies, but it still placed the Earth, the home of humankind,
at the spatial center. Aristarchus, and later Copernicus, moved the cen-
ter of the universe from the Earth to the Sun, the first significant loss of
status for humanity. The Sun-centered, or heliocentric, view is correct
for our solar system; the Sun is at the center of motion of the planets.
But what about the universe as a whole? Is there a center to the uni-
verse? The center of the universe, if it exists, must be a special place,
if for no other reason than that it is unique. But the universe is, in
virtually every model since Newton, a very large place. What are the
chances that the solar system would occupy such a special location? Es-
sentially zero, of course. Observations have progressively demonstrated
that the Earth is not the center of the solar system, that the Sun is
not the center of the Milky Way Galaxy, and that our galaxy is not the
biggest we can see, nor is it even at the center of its modest cluster of
galaxies. While we cannot decisively prove that we do not lie near some
center of the universe, the history of human cosmological thought sug-
gests that a certain humility is in order. The principle that the Earth
or the solar system does not occupy any special place in the universe
is usually called the Copernican principle. This principle does not
claim that no center exists; only that we are not located there. Even
if we accept that we are not at the center of the universe, might there
yet be a center somewhere? Since we cannot see all of the universe, we
are unable to answer this question from direct knowledge. Instead, we
must bring to bear certain concepts that will aid us in understanding
the overall structure of the cosmos. Two very important such concepts
are isotropy and homogeneity.

Isotropy is the property of uniformity in all directions. No single
direction is special or distinct from any other. One example could be a
forest of indefinite size, with identical trees and level terrain as far as
the eye can see, regardless of direction; nothing enables any particular
direction to be distinguished from any other. Such a forest is isotropic.
Now suppose a trail cuts through this forest. The forest is no longer
isotropic; the trail selects a preferred direction. The surface of an un-
marked sphere provides another example. All directions are equivalent;
the sphere is isotropic. Contrast this with the surface of a cylinder. A

Does the universe have a center?

The Copernican principle

The isotropic universe
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Fig. 6.1 (top) An isotropic and homo-
geneous forest looks the same in all di-
rections. (bottom) A homogeneous but
anisotropic forest has preferred direc-
tions selected by a system of trails, but
on sufficiently large scales looks more
or less the same everywhere.

The homogeneous universe

cylinder has a long direction parallel to the axis, and a short direction
around the axis. The cylinder is not isotropic.

To a certain extent, we can test the universe for isotropy. We need
merely make observations in all spatial directions and determine whether
there is any systematic trend, or dependence upon direction, for any
measurable property. We can define special directions in space, such
as the directions toward the Sun or the Galactic center, but these are
strictly local properties, rather than universal attributes. To test for
isotropy, or anisotropy, of the universe as a whole we must examine the
largest scales, such as the overall distribution of all observable galaxies,
or the distribution of quasars throughout the sky. As far as we can
tell from the observations, the universe is indeed isotropic at the largest
scales.  Such measurements are prone to various observational errors,
however, not the least of which is the fact that the most distant galax-
ies are the most difficult to see. Thus we cannot unequivocally declare
from these indications that our universe is isotropic, although isotropy
remains the most viable, as well as the simplest, interpretation of the
distribution data. The strongest evidence for the large-scale isotropy of
the universe is the cosmic background radiation. This background radi-
ation consists of microwave energy that is present at every point in the
sky and has the spectral distribution of a blackbody, at a temperature
of 2.725 K. The best explanation for this radiation is that it is the after-
glow of the big bang. It is observed to have very nearly equal strength
and temperature in all directions, after we account for the motion of
the Earth. The uniformity of this cosmic relict constitutes an important
testimony for the isotropy of the universe.

The second concept that will aid us in our quest for the structure of
the universe is homogeneity, the property of similarity of all locations.
The surface of an unmarked sphere is homogeneous: every point is the
same as every other point. The surface of a cube is not homogeneous:
the edge points are different from the points on the cube faces. A dense
forest can seem quite homogeneous, with few detectable differences on
the average, over many square miles. If the universe is homogeneous,
then all points throughout all space are more or less equivalent, and
everywhere the same physical laws are obeyed. It is difficult, perhaps
even impossible, to test the universe for homogeneity. We cannot visit,
or even see, all possible points in the universe. But from what we can
see, it looks fairly homogeneous. Distant stars and galaxies resemble
nearby stars and galaxies. The same elements we find on Earth are
present in the farthest quasars.

It is possible for a universe to be isotropic but not homogeneous;
however, this occurs only in the special, and rather contrived, case that
some central point exists, and isotropy holds only at that single point.
An example of an isotropic, but inhomogeneous, situation would be the
pinnacle of the only hill in a huge forest. From this point the scenery
would look the same in every direction. But the observed isotropy holds
only at the peak of the hill. Away from the peak there would always
be a special direction: upward to the summit of the hill. Hence if the



universe seems to be isotropic, that is, the same in all directions, then
either it really is the same everywhere, or else we live at a unique point
where the universe gives the appearance of isotropy. Therefore, despite
our inability to examine all of space, we can infer that the universe is
probably homogeneous by noting that it appears to be isotropic on the
largest scales. If we apply the Copernican principle to state that we
are not at a special location, then the universe must look more or less
isotropic to all observers and must, therefore, be homogeneous. Isotropy
plus the Copernican principle implies homogeneity.

It must be emphasized that while isotropy can imply homogeneity, the
converse is not true. Any universe that is isotropic and has no special
point must be homogeneous; whereas the universe could be homogeneous
but not isotropic. Isotropy demands that there be no preferred direction,
whereas homogeneity merely requires that the universe have the same
appearance everywhere. A forest with a trail cannot be isotropic, since
the trail clearly defines a special direction. If there is only one trail,
then it would also delineate a set of special locations, so neither would
this forest be homogeneous. But suppose that there is a network of
trails running north and south, cut through the forest every kilometer.
This forest would be homogeneous on large scales, but not isotropic.
Geometrical figures provide other examples: the surface of an infinitely
long, uniform cylinder is homogeneous but not isotropic, because there
are distinguishable directions, along the axis and around it. A spherical
surface, on the other hand, is both homogeneous and isotropic.

Figure 6.2 shows sections of two-dimensional universes. These sections
are simply representative, and the universes actually extend indefinitely.
For example, the section that is a bland, uniform gray is both homoge-
neous and isotropic; every point is the same, and every direction looks
the same. The checkerboard can be considered homogeneous on a suf-
ficiently large scale. While there are local variations (black and white
squares), these same patterns appear everywhere. There is a sense of
direction, however. On the checkerboard it is possible to proceed along
the alternating colors of the squares or in a diagonal direction along
squares of one color. These directions are quite distinct.
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Fig. 6.2 Which representative sam-
ples of two-dimensional universes are
homogeneous, isotropic, or both?

Isotropy + Copernican principle = ho-
mogeneity

Fig. 6.3 The surface of a uniform cylin-
der is homogeneous but not isotropic.
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The cosmological principle states that
the wuniverse 1is homogeneous and
isotropic

The same physical laws apply through-
out the universe

The concepts of isotropy and homogeneity of the universe are com-
bined into one overall principle, the cosmological principle, which as-
serts that all points and directions in the universe are more or less equiv-
alent, and thus that the universe is both homogeneous and isotropic.
Given the cosmological principle, we conclude that there is no center of
the universe. All points in space are basically equivalent; there is no
single point that is central, or in any other way special. The adoption
of the cosmological principle completes the process begun by Coperni-
cus. Not only is the Earth not the center of the universe, there is no
center at all. It is not surprising that the cosmological principle came
rather late in the history of humanity’s thinking. Seen from the surface
of the Earth, the universe appears to be anything but isotropic. The
stars are not distributed evenly, but are concentrated in a broad band,
the Milky Way, which stretches across the sky, delineating a direction.
The uniformity of brightness in this band led astronomers at first to
conclude, incorrectly, that the Sun was near the center of a great disk.
Only later was it realized that appearances are deceiving, and we are
actually closer to the edge of the disk of the Galaxy. Astronomers for-
merly assumed that the Milky Way constituted the bulk of the universe,
but improvements in telescope technology laid that fallacy to rest. In
our universe we see galaxies, and clusters of galaxies, and clusters of
clusters of galaxies, all containing galaxies of different sizes and shapes,
for as far as we can detect their light. The Milky Way is nothing unique,
after all. On what scale does the universe become truly homogeneous?
Even now that question is as yet unanswered, but it does appear that
on the largest scales, those most suitable for cosmology, the universe is
isotropic, and, by implication, homogeneous.

The cosmological principle goes far beyond a simple assertion that
the universe has the same appearance everywhere, to include all physi-
cal properties. Only by an appeal to the cosmological principle can we
posit that the same laws of physics discovered on Earth also apply to
distant galaxies, and that all objects, no matter how far from us, are
composed of the same fundamental substances as we find on the Earth
and in its vicinity. This is clearly a sweeping generalization that might
seem to reach beyond our capabilities; but without something like the
cosmological principle, how could we ever hope to understand anything
about our universe? In fact, it can be argued that the most important
aspects of the cosmological principle relate to the uniformity of physical
laws. We might easily imagine a universe that was not isotropic in its
distribution of matter, even at very large scales; such models have been
advanced, even quite recently. But we could not hope to understand
a universe in which physical laws varied willy-nilly from one region to
another. If the same spectrum originated from different elements, or
indeed if the elements themselves had different properties elsewhere, we
could say precious little about distant galaxies or quasars. The cosmo-
logical principle is an assumption about the nature of the universe. Like
all scientific postulates, it is unprovable. It is, however, disprovable;



its continued justification depends on the coherence and success of the
models that utilize it.

If there are no special directions or locations to space, what about
time? The cosmological principle asserts that the universe is homoge-
neous, but such a universe need not be static or unchanging; it requires
only that at a given time, all points must appear the same. Using the
forest analogy again, we might begin with an empty clearcut onto which
Douglas-fir seedlings are planted uniformly. The trees grow at roughly
equal rates, and at any given time the forest looks the same, but it still
changes with time. There is a more restrictive principle that holds that
there is no special point in time, as well as in space. This is known as
the perfect cosmological principle, and it states that the universe
is the same at every point in space and at every point in ¢time. Contin-
uing with the forest analogy, an old-growth mixed forest would not be
homogeneous in the same way as a stand of Douglas fir, but it would
be difficult to distinguish one location from another over a fairly large
scale. One patch of forest would have about the same number of red-
wood trees, fir, spruce, pine, etc., as would any other patch. One of
the properties of old-growth forests is that once established, they reach
an equilibrium in which new trees grow at exactly the rate needed to
replace those that die; the age of the forest would be as indeterminate
as a location within it. By the same type of argument, any universe that
obeys the perfect cosmological principle must appear to be the same, on
the average, everywhere and for all times. Such a principle is extremely
restrictive. Indeed, the perfect cosmological principle goes too far, and
has been disproved. Observations indicate that the universe does have
many special points in time, and does evolve with time.

Cosmological models are intimately linked to the philosophy behind
the physical laws held to govern the universe. The cosmological principle
is one possible paradigm. Before the advent of the modern model, other
physical theories informed other cosmologies. The interdependence of
cosmology and physical philosophy is sufficiently great that the failure
of one could bring down the other as well. From the age of the Greek
philosophers until the present, cosmology and physics have advanced,
or declined, hand in hand. The Aristotelian universe is an example
that is clearly neither homogeneous nor isotropic in space, not only in
its appearance but also in its physical laws. According to Aristotelian
physics, Earthly objects moved through space linearly, toward the loca-
tion that was appropriate to their percentages of earth, fire, water, and
air, while celestial motions were perfect circles executed forever. The
Aristotelian cosmology was in accord with Aristotelian physics. Special
points and directions were inherent to the model. Space was defined
only in terms of the objects it contained; Aristotle could not conceive
of the vacuum of space, and stuffed his model with tangible physical
entities. Not only the Earth and heavenly bodies were physical, but also
the spheres that bore the planets and stars on their daily travels had
real physical existences. Aristotle would have denied any possibility of
travel to the Moon, for the traveler would be unable to continue with
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The perfect cosmological principle pre-
dicts a steady state universe
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T O]
Big Bang Cosmology

General Relativity

Cosmological Principle

Fig. 6.4 Modern big bang cosmology is
built on the foundation of general rela-
tivity and the cosmological principle.

linear motion in the celestial realm, and would probably smash into the
Moon’s crystalline sphere as well. On the other hand, the Aristotelian
model was, more or less, unchanging in time. Aristotle’s concept of time
seems to have been rather ill defined, but it functioned as a marker of
occurrences. Even here, however, the inhomogeneity in space played a
role; change occurred only on Earth, not in the heavens.

Newtonian physics, in contrast, makes no special distinctions in space
or in time. Newton’s laws of motion contain no preferred directions,
nor does location have any inherent effect upon mechanics. Newtonian
physics depends implicitly upon the existence of an absolute space and
time to which motion is referred. Whether an acceleration is present
can be determined by measuring the change in velocity with respect to
markers laid down in absolute space and time. The markers themselves,
which might consist of the background of fixed stars, or any other appro-
priate standard, are merely convenient references that have no intrinsic
significance of their own. Space and time have an independent existence,
regardless of how we choose to measure them. Newton’s cosmology re-
flected his mechanics. The universe consisted of stars scattered about
uniformly everywhere in space; the stars either lived forever, or died and
were recreated. This grand machine was set into motion at some specific
point in time, but throughout its existence, the universe looked the same
for all locations and all times. Newtonian physics was everywhere valid,
and a knowledge of the initial conditions would, in principle, enable a
perfect computer to calculate the entire destiny of the universe.

Just as the claustrophobic and rather judgemental Aristotelian-medi-
eval universe troubled some thinkers of its time, so did Newton’s ag-
gressively deterministic cosmos create doubts among many philosophers
of the Enlightenment. Not only did it seem to preclude any free will
on the part of humans, but it made some strangely rigid assumptions.
One difficulty was that Newton’s law of gravity required a force to act
instantaneously across empty space. What conducts that force? Abso-
lute space and time, which affected everything but which were affected
by nothing, were also particularly repugnant to some scientists of the
day. Moreover, it was recognized even then, and by Newton himself,
that the Newtonian universe depended on a very delicate balance; since
gravity is strictly attractive, its force would inexorably pull lumps of
matter together. The only way to prevent the Newtonian clockwork
from collapsing onto itself was to assume an infinite, perfectly uniform
distribution of matter. Despite these background rumblings, however,
Newtonian mechanics was an indisputable success, and the weaknesses
of the corresponding cosmological model were swept under the rug for
two centuries. After all, it had no compelling competitors at the time.



Taking measurements

Either this man is dead, or my watch
has stopped.

Groucho Marx

The modern viewpoint that arose during the 20th century flows from
and around the cosmological principle; to understand modern cosmol-
ogy, we must explore its relation to the form of modern physical theory.
This journey will take us from grand galaxies to the elementary parti-
cles, but underlying all of it will be the meaning of space and time. Let
us begin, then, by contemplating how we can quantify the relationships
among space, time, and our observations of the universe. The scientific
revolution introduced the importance of measurements into our con-
ceptions of the universe. Pure thought alone cannot reveal the nature
of the universe any more than it can manufacture gold. Lord Kelvin
expressed the issue quite succinctly when he remarked that we cannot
truly understand anything we cannot measure. Careful measurement is
fundamental to the attainment of scientific knowledge through scientific
observations. We must measure physical properties in a repeatable man-
ner that is unaffected by the observer or by the instrument. We all may
feel intuitively that spatial and temporal relationships exist between ob-
jects and events, but vague impressions are of little use to science. In
order to form precise conclusions, these relationships must be described
objectively, but this demands that we describe the process of measuring.
We must learn to distinguish between those things that are physically
significant, and those that are relative to how they are measured.

The most obvious datum is position. Any object in the universe has a
location in space at each instant of time; these points in space and time
are labeled with coordinates. The customary notation for coordinate
locations is (z,y, 2,t), where x, y, and z represent the spatial quantities,
and t represents time. (If we simplify matters by working with only one
spatial dimension, we shall refer to its coordinate as x.) Coordinates are
merely convenient labels, not physical attributes of space or time, so the
symbols and units chosen are arbitrary. The coordinates of a point have
no intrinsic significance; their only importance lies in the relationships
between two sets of coordinate values, such as relative locations. We
measure space by means of a standard, which we shall generically call
a ruler, regardless of what it might actually be. We measure time by
means of clocks, where a clock could be any standard periodic physical
process and need not literally refer to a wristwatch. Distance and time
intervals have physical significance, but whether we measure a distance
interval in inches, yards, or meters is not important. A measurement in
meters is merely an expression relative to an arbitrary standard, but the
distance itself represents a real, reproducible, quantifiable measurement.

Since measurements of separations in space and time are among the
most important, we will concentrate initially on understanding the mean-
ing of these quantities. As a specific example, if we wish to know the

Coordinate system defined
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The Pythagorean rule computes dis-
tance from coordinate separations

YA
Y2
A2 + Ax2
b (x2.1)
I ' > X

X1 X2

Fig. 6.5 The Pythagorean rule. The
distance between points (z1,y1) and
(z2,y2) is given by the square root of
the sum of the squares of the coordi-
nate separations, Az and Ay.

velocity

acceleration

distance between two points in space, we may begin by laying down
coordinate lines that run at right angles to one another, constructing
a grid in x and y. Next we assign spatial coordinate locations to each
point, say (x1,y1) for point 1, and (x2,y2) for point 2; then we de-
termine the difference® between those coordinates, Ax = x5 — 21 and
Ay = y2 — y1. The Pythagorean theorem enables us to find the desired
distance by summing the squares of the two sides to obtain the square
of the distance between points 1 and 2; specifically:

52 = Az? + Ay?, (6.1)

where we have used the symbol s to indicate distance. The Pythagorean
theorem has an obvious generalization to three dimensions—the diagonal
of a cube rather than of a square—but for the present illustration, the
familiar two-dimensional version is sufficient.

Quite often we want to know the length of time required to travel a
specified distance. The quantity that describes the change of position
with time is velocity. Velocity is a vector, meaning that it has a di-
rection as well as a magnitude associated with it; the magnitude of the
velocity is the speed. For example, if you travel 20 kilometers in half
an hour, you can say that your speed is 40 kilometers per hour. If you
further state that you traveled from east to west, then your velocity is
specified as 40 kilometers per hour toward the west. If you drive on a
winding road at a constant speed of 40 kilometers per hour, your ve-
locity changes with each turn of the wheel. The distinction between
speed and velocity can be very important, and should be kept firmly in
mind. In general, velocity is defined as a derivative, that is, the rate of
change, of the three-dimensional position vector. However, by confining
our attention to motion along one specific direction (z) we can write
this as v = Ax/At, simplifying the mathematics without much loss of
qualitative content. Velocity is the change in space position, divided by
the accompanying change in time.

A change of velocity with time is an acceleration, and is written
Av/At. Since acceleration is defined in terms of velocity, it too carries
directional information. An object may have both an acceleration and a
velocity, and they need not be in the same direction at all. If you jump
from the ground, your velocity is initially in the upward direction; but
the gravitational acceleration is directed down toward the Earth, which
is why you eventually reverse your motion and fall back to the surface.
Orbits provide another example. The velocity of an orbiting planet is
nearly perpendicular to the line between the planet and the Sun, whereas
the gravitational acceleration is directed from the planet toward the Sun.
In the case of purely circular motion of any kind, the velocity and the
acceleration are exactly perpendicular to one another. Moreover, since
acceleration is the change in velocity, there may exist an acceleration

3The symbol A is the standard mathematical notation for the concept of change
in a quantity. Thus the expression Az indicates “the change in the spatial coordinate
2”; the A and the z are inseparable in this context.



even if the speed never changes. Riding along that winding road at a
very steady speed of 40 kilometers per hour, you will nevertheless feel
an acceleration at each curve.

It may seem that velocity and acceleration are very similar quantities,
both being descriptions of how something changes with respect to time,
but there are important physical distinctions between the two. New-
ton’s second law, F' = ma, tells us that a force is required to produce an
acceleration. By Newton’s first law, in the absence of a force a body in
a state of uniform motion will continue in that same state indefinitely.
Stated simply, uniform motion means constant velocity. (Rest is a spe-
cial case for which the velocity is zero.) Uniform motion is the natural
state and will last indefinitely; only a force can cause an acceleration.
This means that there is some attribute of a body, its inertia, which
causes it to resist changes in its velocity. How do we quantify inertia?
We do so through a property we call mass. Inertial mass is defined by
Newton’s second law; we measure mass by applying a known force and
observing the resulting acceleration. We refer to unaccelerated motion
as inertial motion. Thus any uniform motion is an inertial motion.

There is a real, physical difference between inertial motion and accel-
erated motion. But if our units are arbitrary, how may we determine
whether a motion is accelerated or inertial? Suppose we had a measur-
ing device that changed its length-scale, or a clock whose mechanism
made it run at different rates. With this ruler and clock, it would seem
that velocity is continually changing. How could we distinguish a mea-
surement made with such odd measuring devices from true accelerated
motion? There are two ways to answer this. First, we can note that
mathematically, the properties of true accelerated motion are expressed
by Newton’s second law, and this relationship does not depend upon
our measuring units. As a more trivial example, if someone tells you to
time your heartbeat but hands you a defective watch, you should not
conclude that your heart is malfunctioning. Second, we can appeal to
experience: the difference between inertial motion and accelerated mo-
tion is palpable. Acceleration requires a force, and this has consequences
for objects such as the human body. Sometimes acceleration is mea-
sured in units of g, the gravitational acceleration at the surface of the
Earth. Therefore, accelerations are often called, loosely, g-forces. Pilots
of fighter planes must wear special g-suits because they may experience
very high accelerations in a tight turn or dive. (Circular motion, even
in the case that only part of the circle is traversed or the radius of the
circle is changing, means that there is an acceleration and hence a force.)
Such large forces can cause humans to pass out, or can even be fatal if
strong enough.

To clarify the distinction between acceleration and distorted units of
measure, we must introduce the concept of a frame of reference. The
frame of reference is a system of coordinates attached to an observer
whose viewpoint we are considering. Suppose you define the origin of an
(x,y, z) coordinate system coincident with your navel, and time coinci-
dent with the watch on your wrist. These specifications define a frame
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Newton’s first and second laws hold in
an inertial reference frame

The Rotor: an example of an acceler-
ated frame

Fig. 6.6 (top) As seen in the Rotor ref-
erence frame, the ball appears to curve
as if it were accelerated. (bottom) In
the frame of an external observer, the
ball moves in a straight line, consis-
tent with unaccelerated motion, while
the riders rotate from their original lo-
cations (solid circles) to new locations
(dashed circles).

of reference. With respect to the coordinates attached to your body,
you are always at rest, since your coordinates move with you; thus this
frame is defined to be your rest frame. How is your rest frame related
to other frames, such as the frame defined by the distant fixed stars? In
particular, what is your state of motion relative to the fixed stars? Are
you at rest, moving with a constant velocity, or undergoing acceleration?
This has implications for your frame of reference. As a specific example,
suppose you and your coordinate system are in deep space; you are un-
accelerated. What does this imply? Your accelerometer reads zero, and
you feel no forces acting on your body. You float along at a constant
velocity, in inertial motion. In such a case, you reside within a very spe-
cial reference frame, called an inertial reference frame. An inertial
reference frame is any frame in which a free particle executes uniform
motion, that is, moves at a constant velocity, as specified by Newton’s
first law. In an inertial frame, a particle set into motion at constant
velocity would continue in such uniform motion indefinitely.

A noninertial reference frame is thus any frame that is not inertial,
but what are the physical implications of such a frame? Most obviously,
this means that forces are acting upon all objects within the frame; but
how do forces affect the reference frame itself? An example might clarify
these issues. Many amusement parks and fairs feature a ride known as
the “Rotor” or some similar name. The Rotor consists of a tube whose
inner walls are covered with a rough material, such as burlap. The riders
stand against the walls of the cylinder, and it begins to rotate. When
it reaches a certain angular speed, the floor drops about a meter, and
the riders adhere to the walls. It is the friction between clothing and
the burlap that prevents the riders from sliding down, but the force
that presses them against the burlap comes from the acceleration they
experience due to the circular motion. What happens to the motion of
free particles within such a reference frame? Suppose that while you are
riding the Rotor, you decide to play catch with a friend directly across
from you; you toss a ball toward your friend. What happens? The ball
does not travel toward your friend, but veers off to the side. But suppose
another friend watches from above, outside the Rotor, as you throw the
ball. Your overhead friend insists later that the ball, once released from
your hand, flew in a straight line, as Newton’s first law predicts. In this
example, in your frame of reference, the ball curved. In your friend’s
frame, the ball traveled in a straight line.

The rotating frame within the Rotor is, clearly, not an inertial refer-
ence frame; the ball, traveling with constant horizontal velocity once it
left your hand, appeared to curve with respect to your frame of refer-
ence. Moreover, you feel forces; you are pressed against the walls of the
cylinder, and if you carried an accelerometer with you, it would show
a nonzero reading. The Earth, like the Rotor, is rotating, and hence it
is not an inertial reference frame, although for many purposes, such as
measurements on the scale of a laboratory, it is approximately so, since
its rotation is relatively slow. But what about physical phenomena for
which the rotation creates a significant effect? Is there any way to make



sense of measurements within a noninertial frame? If we insist upon us-
ing a rotating frame of reference such as the Earth, we may write New-
ton’s second law with various modifications that take the rotation into
account; the resulting equation brings in two so-called fictitious forces,
the centrifugal force and the Coriolis force. Forces such as these two are
called fictitious because they exist only due to our use of the wrong, that
is, a noninertial, frame of reference; they are also called inertial forces
because they arise from the acceleration of the frame of reference. They
are perfectly valid within the accelerated frame, however, and it is often
easiest to use such noninertial frames. For example, the inertial forces
appear in the equations used in meteorology and oceanography; no one
in those disciplines would even think of trying to use a reference frame
fixed to the distant stars.

Centrifugal force is directed away from the center of rotation. In the
Rotor example, the riders feel a centrifugal force pushing them against
the wall. The Coriolis force causes a moving object to curve in the ro-
tating frame; it causes the ball to be deflected from a straight line in
the Rotor frame. On the Earth it causes storms to form cyclones, which
are clearly evident by their cloud patterns in satellite photographs. Air
parcels moving toward a center of low pressure are deflected by the Cori-
olis force, causing them to swirl around the low; in the Northern Hemi-
sphere this induced rotation is counterclockwise, while in the Southern
Hemisphere it is clockwise.* It is possible to detect the Earth’s rotation

4 Although the Coriolis force affects all motion on the Earth, it is, despite many
urban legends, nearly impossible to observe in an ordinary bathtub or bucket. On
those scales the force is much too small to see, for practical purposes. Water drain-
ing from a tub swirls mainly because of effects that are far more significant than the
Coriolis force at that scale; it would be as likely for water to drain from a kitchen
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Fig. 6.7 Coriolis forces affect the mo-
tions of storms upon Earth. In this
photograph, taken by the astronauts
of Apollo 17, Africa and the Mid-
dle East are visible, with the island
of Madagascar near the center of the
view. The curving motions of the
winds are made visible by clouds; a
particularly well developed storm sys-
tem can be seen at the upper right, off
the horn of Africa. (NASA.)

Inertial forces arise from an accelerated
reference frame



170 Infinite Space and Absolute Time

Our everyday reference frame is non-
inertial due to gravity

Freefall as inertial motion

directly by measuring the Coriolis force. The magnitude of the Corio-
lis force is proportional to the rotation rate of the frame of reference,
multiplied by the speed of the moving object. The rotation rate of the
Earth is small, so that Coriolis forces are also small, and are not easily
observable on everyday length-scales. The Foucault pendulum, often a
prominent fixture in science museums, is one exception. This pendulum
consists of a heavy bob suspended from a bearing that allows it to turn
in any direction. Within the Earth-bound (noninertial) reference frame,
the pendulum bob is deflected by the Coriolis force, so that it appears
to rotate; the precise rate of rotation depends upon the latitude on the
Earth at which the bob is located. A visit to a well-equipped science
museum can provide a first-hand demonstration of the Earth’s rotation.

Gravity is another effect that prevents our frame of reference on the
surface of the Earth from being inertial. We are so accustomed to living
in a gravitational field that we may have difficulty in visualizing a true
inertial frame, but from our definitions it is clear that the presence of
gravity creates a noninertial frame. Any object moving near the Earth
will be affected by a gravitational acceleration. Like the centrifugal and
Coriolis forces, we are aware of gravity and can account for it when we
write our equations of motion for objects moving near the surface of
the Earth. Gravity also acts only vertically, so that horizontal motions
and forces are unaffected by it. (In fact, the direction of gravity defines
the vertical.) If a reference frame is moving at constant velocity in a
gravitational field, then motions occur within that frame of reference
exactly as they would at rest, with the effects of gravity included. An
airplane can approximate such a frame of reference if the air is smooth.
Suppose you are riding in a jet at cruising speed and altitude, with no
atmospheric turbulence in your path. The flight attendant hands you
a can of soft drink and a cup; you pour the soda into the cup exactly
as you would if you were sitting at rest in your kitchen at home. The
cup and the stream of liquid share the same constant horizontal velocity,
so no effect of that velocity can be detected within your frame. If the
airplane accelerates, however, either by speeding up or by changing its
direction, you are likely to spill the soda as you attempt to pour it. This
is similar to the arguments used by Galileo and others to demonstrate
that motion is not always detectable from within the moving frame of
reference.

Since gravity is ubiquitous throughout the universe, what, then, would
constitute a truly inertial reference frame? One example would be a
spaceship traveling at constant velocity in deep space, where gravity is,
locally, negligibly small. Another example of an inertial frame is one that

sink in a clockwise sense in the Northern Hemisphere, as in a counterclockwise sense.
However, the Coriolis force does significantly affect the trajectories of long-distance
artillery shells, as some British naval gunners found to their embarrassment in a
conflict in the Southern Hemisphere; they used Northern Hemisphere tables of the
Coriolis force for their targeting corrections, but this force acts in the opposite direc-
tion in the Southern Hemisphere. Long-range shells fired with the incorrect aiming
missed their targets by miles.



is freely falling in a gravitational field. What is special about freefall in
a gravitational field? Recall that mass appears both in Newton’s second
law and in Newton’s law of universal gravitation. We have even written
these two masses with the same symbol m, but they are really two
distinct concepts. In the second law, mass is a measure of the inertia, or
the resistance to acceleration. In the law of gravity, mass is a measure
of gravitational charge, analogous to the role of electric charge in the
theory of electromagnetism. If the gravitational mass is the same as the
inertial mass, then we may combine these two equations and cancel the
mass of the test object. For any object falling in the gravitational field
of the Earth, we may write

_ GMg
-

which does not depend on the mass of the body. This is the mathemati-
cal expression of the experimental result that all objects fall at the same
rate in a gravitational field. In the absence of any nongravitational force
such as air resistance, a feather and a cannonball dropped from the same
height at the same time will hit the ground together. Apollo astronaut
David Scott performed exactly such an experiment on the airless Moon
during the Apollo 15 mission in 1971, dropping a feather and a hammer
at the same instant. Both fell with the same acceleration and struck the
surface simultaneously.

The independence of gravitational acceleration from the inertial mass
provides the solution to a famous trick question of physics. A hunter
aims at a monkey who is holding the branch of a tree. Just as the
hunter fires, the monkey lets go of the branch in an attempt to evade
the bullet. Does the bullet hit him? The answer is yes, if the hunter’s aim
is accurate, because both the bullet and the monkey fall in the vertical
direction at exactly the same rate, despite their large difference in mass.
Because in freefall everything falls together at exactly the same rate,
gravity is effectively canceled out; all motions relative to the freefalling
frame will be consistent with Newton’s laws. This seemingly innocent
and obvious equivalence of inertial and gravitational mass will be shown
to have some amazing and profound consequences through the general
theory of relativity.

(6.2)

The relativity of space and time

Given that inertial frames of reference exist, why are such frames im-
portant? When making measurements using a coordinate system, it
must be possible to distinguish those things that are physically signif-
icant from those that are related only to the specific reference system
by which they are measured. We have suggested such a distinction by
emphasizing that acceleration has physical consequences, independent
of the coordinate system used to measure it. We can clarify matters
even further by means of some definitions, beginning with an inertial
observer. An inertial observer is simply an observer whose rest frame
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Fig. 6.8 Two balls of different masses
accelerate at the same rate when
dropped.

Invariance and relativity: agreement
and disagreement in measurement
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Fig. 6.9 Path of a dropped ball, as
seen (top) in the frame of a train mov-
ing at constant velocity and (bottom)
in the frame at rest with respect to
the Earth. Relativity describes how to
relate measurements made in one in-
ertial frame to those made in another.
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is inertial. Next comes the concept of invariance. A quantity is said to
be invariant if all inertial observers would obtain the same result from
a measurement of this quantity. On the other hand, a quantity is said
to be relative if different inertial observers obtain different results from
their measurements. Relativity, which is a general term and does not
apply only to Einstein’s theory, tells us how to relate observations made
in one inertial frame of reference to observations in another such frame.

As a first example, let us consider the frame of a train moving at
constant velocity. One of the passengers drops a ball onto the aisle.
Another passenger who observes the fall of the ball will see exactly what
she would see if the ball were dropped on the surface of the Earth;
the ball lands at the feet of the person who dropped it. Suppose that
another observer, who is at rest with respect to the Earth, watches the
same ball as the train goes by. The Earth-based observer measures the
path of the ball, relative to his own frame, to be a parabola, since the
ball shares the horizontal velocity of the train. Both observers agree
that the ball accelerated downward due to the force of gravity. Both
agree on the magnitude of that force, on the mass of the ball, on the
value of the acceleration, and on the length of time required for the ball
to fall. Both observers can apply Newton’s laws of motion to compute
the theoretical path of the ball. However, they disagree on the velocity
of the ball, the path it took while falling, and its final position. These
differences are all attributable to the motion of the train. The quantities
acceleration, mass, force, and time interval are invariant. The observers
disagree on the coordinates, because they are using different coordinate
frames; they also obtain different results for the position and the net
velocity of the ball at any given time. Quantities such as coordinates,
position, and velocity are relative.



Inherent in this example is the assumption that space and time are
absolute. All observers agree on space and time intervals; that is, one
second of time and one meter of distance are the same in all inertial
frames. Moreover, all inertial frames are equivalent. There is no abso-
lute motion per se, no one correct inertial frame that is better than any
other. Since all inertial frames are equally valid, we need only find the
procedure for relating measurements in one frame to the measurements
in another, thereby accounting for the relative quantities. The equa-
tions that relate measurements made in one Newtonian inertial frame
to those made in another are called, collectively, the Galilean transfor-
mation. They are very simple and intuitive; basically, the equations of
the Galilean transformation simply adjust the observed velocities by the
relative velocity between the two frames. In our example above, if the
train is moving with speed viain toward the west, as measured by the
observer on the ground, and the passenger throws the ball down the aisle
toward the west with horizontal speed vpa)1, as measured by an observer
on the train, then the horizontal velocity of the ball, as measured by the
observer on the ground, is

Vground = Utrain + Upall (63)

toward the west. On the other hand, if the thrower faces the back of
the train and tosses the ball toward the east with horizontal speed vpa,
then the horizontal velocity of the ball measured by the ground-based
observer is

Vground = Utrain — Uball (64)

toward the west.

Since physical laws are intended to describe some objective proper-
ties of the universe, we can see that they must be invariant under the
transformation from one inertial observer to another; otherwise they
would depend upon the coordinate system used to make measurements,
and coordinate systems, as we have emphasized, are purely arbitrary.
Galilean relativity is the formal statement that Newton’s laws of mo-
tion are invariant under the Galilean transformation. That is, Newton’s
laws work equally well, and in the same manner, in all inertial refer-
ence frames, if those frames are related by the Galilean transformation.
Thus, if Galilean relativity gives the correct relationship between iner-
tial frames, Newton’s laws provide an accurate description of the laws of
mechanics, since they do not change their form under a Galilean trans-
formation. Note too that since Newton’s laws operate precisely the same
in all inertial reference frames, no experiment can distinguish one such
frame from another; this implies that you can never tell if you are “really
moving” or “really at rest,” as long as your motion is unaccelerated. Per-
haps there could be some absolute cosmic frame of rest, although there
is nothing in the Newtonian universe to suggest such a thing, and the
introduction of any special frame of reference would tend to vitiate the
spirit of relativity.
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All inertial reference frames are equally
valid

Measurements can be transformed from
one frame to another

Galilean relativity
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The theory of electromagnetism

The ether hypothesis

A fly in the ointment

During the middle part of the 19th century, scientists were fairly certain
that all of physics must be invariant under the Galilean transformation.
However, the laws of physics were still being uncovered; one area of es-
pecially active research was electricity and magnetism. In the 1860s,
James Clerk Maxwell developed a theory of electricity and magnetism
that showed that these two forces were actually manifestations of one
electromagnetic force. A consequence of Maxwell’s equations was that
fluctuating, time-varying electromagnetic fields traveled through space
at the speed of light. It soon became clear that this electromagnetic radi-
ation was light itself. Maxwell’s equations, which describe the evolution
of electric and magnetic fields, depend specifically upon a speed: the
speed of light. Yet speed is a quantity that is relative under Galilean
transformations, so Maxwell’s equations are also relative under these
transformations. When the equations were developed, however, this lack
of Galilean invariance was not immediately troubling to most physicists.
Scientists of the time understood waves in matter, such as elastic waves
or sound waves. All such waves require a medium in which to propagate,
and the speeds that describe these waves, such as the speed of sound,
are specified with respect to the medium through which the wave trav-
els. The net velocity of the wave, as seen by an observer not moving
with the medium, is the vector sum of the velocity of propagation plus
the velocity, if nonzero, of the medium. Since all the waves familiar in
the middle 19th century were of this nature, the reasoning of the day
concluded that light too traveled through a medium, which was called
the luminiferous ether, or just the ether. This ether has nothing to
do with the volatile chemical substance of the same name, nor is it the
same as the celestial ether of Aristotle; the luminiferous ether had no
other reason for its existence than to provide the expected medium for
the propagation of light. It had no particular tangible properties of
its own; it was massless and invisible. This seems rather peculiar; why
should the universe contain this strange substance with such a special-
ized function? After all, air does not exist solely to carry sound waves.
But so strong was the mechanical picture of waves in the minds of 19th-
century scientists that no other alternative was seriously entertained.
It was thus assumed that Maxwell’s equations were valid only in the
frame of the ether. Many physicists of the time even concluded that the
rest frame of the ether could be identified with the Newtonian absolute
space. But if the ether has a frame, then that must be some kind of
preferred frame of reference, which presumably fills all space. As such,
it must be possible to detect the ether through its special frame of ref-
erence; in particular, a carefully designed experiment should be able to
measure the motion of the Earth through the luminiferous ether. Once
the ether was observed, it was thought, the theory of electromagnetism

5A similar ether had been proposed earlier to account for the transmission of
gravity over distance.
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would be complete; together with Newton’s laws, the description of the
fundamental properties of nature would also then be finished. In 1887
Albert Michelson and Edward W. Morley set out to measure the motion
of the Earth with respect to this frame. Michelson and Morley set up an
experiment in which a beam splitter broke a beam of light into two. One
half of the original beam was sent in one direction, struck a mirror, and
was reflected back to another, angled mirror. The other half of the beam
traveled precisely the same distance perpendicular to the first direction,
where it was also reflected and returned. The experiment asked whether
the transit time was equal for the two perpendicular round trips. If
light behaved like a mechanical wave, the experimental setup would be
analogous to two swimmers in a river, one traveling across the current
and back, and the other swimming the same distance downstream and
then returning upstream. The swimmer who had only to cross the cur-
rent twice would complete the trip faster than the swimmer who had to
battle the current on the way back. The difference in swimming time
could be used to derive the flow speed of the river.

Michelson and Morley measured the transit time for the light by re-
combining the light beams upon their arrival, thus superposing the two
light waves. If the light beams had different round trip times, they would
be out of phase when recombined. Adding light waves with different
phases results in alternating constructive and destructive interference,
producing a pattern of light and dark known as interference fringes.® A
device to observe such fringes is called an interferometer; this partic-
ular experimental setup is known as a Michelson—Morley interferometer.
The apparatus was constructed so that it could be rotated, turning one

SWave properties such as interference are described in Chapter 4.
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Fig. 6.10 Schematic illustration of a
Michelson—Morley interferometer ex-
periment. Light from a source trav-
els to a half-glazed mirror (A) that
splits the light beam into two, send-
ing light down both arms of the ap-
paratus to mirrors (B) and (C). If
the round-trip time along AB differed
from that of AC due to differences in
the speed of light with direction, the
observer would see interference fringes
when the beams recombined.

Measuring motion with respect to the
ether

Luminiferous

Fig. 6.11 At different times of the year
the Earth would move in different direc-
tions with respect to the ether.
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The “failure” of the Michelson—Morley
experiment

arm and then the other toward the direction of motion of the Earth.
Since the speed of light plus ether was expected to differ for the two
arms in a predictable way as the device was rotated, the change in the
interference fringes would provide the difference in the travel time of
the light along the two paths, and hence the velocity of the Earth with
respect to the ether. That, at least, was the idea. To their great surprise,
however, no difference in light travel times was observed. Michelson and
Morley repeated their experiment numerous times and at different times
of the year. In the end, they determined that the velocity of light was
the same, to less than 5 kilometers per second, in the two mutually
perpendicular directions. This result was well within their experimental
error; therefore, the outcome of their experiment was the declaration
that the speed of light was equal in both directions. While this might
seem at first glance to be an experimental failure, their null result was
one of the most important experimental observations of the late 19th
century.

By the last quarter of the 19th century, the universe had expanded
dramatically, both in space and in time. The distance from the Earth to
the Sun had been accurately measured about a century before, in 1769,
finally setting the absolute scale of the solar system; the solar system
alone was discovered to be much larger than the size of the entire uni-
verse in the Aristotelian cosmos. Evidence was mounting that the Earth
was several billions of years old. Change and evolution throughout the
universe were becoming an accepted paradigm. Newtonian mechanics
seemed to give humanity a glimpse of the architecture of the universe
itself. Physicists felt they had every reason to feel proud, perhaps even
a little smug. And yet, a few pieces of the electromagnetic theory still
could not be made to fit. The Michelson—Morley experiment left physi-
cists in some disarray for nearly twenty years. Except for a few small
difficulties such as the minor confusion about the ether, physics had
seemed to be more or less wrapped up.” Yet this seemingly small incon-
sistency led directly to the development of a new and startling theory,
and a new way of looking at space and time that will form the founda-
tion for our modern cosmological theories. We turn now to Einstein’s
theory of relativity.

Einstein

Albert Einstein was born in Ulm, Germany, the son of a less-than-
successful businessman. An unspectacular, though not untalented, stu-
dent, he left Germany in his teens and traveled through Italy. Eventually
he settled in Switzerland, where he attended the Swiss Federal Institute
of Technology, finally obtaining his doctorate in 1900. Unable to find
employment as a scientist, he accepted a position as a patent examiner
with the Swiss Patent Office in Bern. In his later life he reminisced

7Another “minor” problem was explaining the blackbody spectrum. The resolu-
tion of that problem led to the creation of quantum mechanics.



nostalgically about his days as a patent clerk. He enjoyed the work of
evaluating patent applications, and his life as a scientific outsider seems,
if anything, to have stimulated his creativity. In 1905 he published three
epochal papers. One was a work on Brownian motion, the jiggling of
tiny particles due to the many impacts of molecules of air or water upon
them. Another was his explanation of the photoelectric effect, a then-
mysterious phenomenon that occurs when light strikes the surface of a
metal. This paper employed and elaborated upon the quantum theory of
radiation developed a few years previously by Max Planck to explain the
blackbody spectrum. Einstein’s grand hypothesis was that light itself
was quantized; we now refer to a quantum of light as a photon. The ex-
planation of the photoelectric effect was one of the earliest applications
of quantum mechanics, and eventually won Einstein the Nobel Prize in
physics. The third paper, Zur Elektrodynamik bewegter Kérper (On the
electrodynamics of moving bodies), published in the German scientific
journal Annalen der Physik, laid out the special theory of relativity.
The special theory of relativity wrought dramatic changes in our view
of the universe. No longer could we imagine the absolute, pristine space
and time of Newton. Space and time were not the stage upon which the
drama of dynamics unfolded; they became actors in the play. The special
theory showed that the electromagnetics of Clerk Maxwell was, in fact,
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Fig. 6.12 Albert Einstein (1879-
1955). Best known for formulating the
special and general theories of relativ-
ity, Einstein made many fundamental
contributions to the development of
quantum mechanics as well. (Cour-
tesy of Yerkes Observatory.)

The life of Einstein

The special theory of relativity
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more accurate than the mechanics of Newton. It does not denigrate
Newton’s great achievements in the least to discover that his physics
was not quite right; he could not have arrived at the correct formula-
tion even with his intimidating genius, as the necessary understanding
of electromagnetics was lacking in his day. Newton’s mechanics is an ap-
proximation, valid only in the limit of speeds that are very small relative
to the speed of light. Since essentially all Earthly motions occur at such
speeds, certainly for all macroscopic objects, Newton’s theory seemed
completely adequate. The need for the special theory of relativity was
not perceived until a contradiction was discovered with what seemed, at
first glance, to be a completely separate arena of physics.

After his triumph with mechanics, Einstein turned to gravitation.
This proved a tougher nut to crack, and occupied Einstein for the next

Einstein’s search for a general theory ten years. By then, he had become a member of the scientific establish-

of relativity ment, securing prestigious positions at universities in Prague, Zurich,
and finally Berlin. Although he arrived quickly at the physical founda-
tions of what became the general theory of relativity, the mathematical
representation of the ideas was far from obvious, and Einstein reached
many dead ends. Finally, around the time of the First World War, his
friend Marcel Grossman introduced him to a branch of mathematics
known as Riemannian geometry. Einstein found his answer there; the
equations of general relativity were published late in 1916. Almost im-
mediately, they were applied to cosmology, first by Einstein himself, in
1917, and later by scientists such as Alexander Friedmann, Willem de
Sitter, and Georges Lemaitre.

It is unfortunate that both special and general relativity have ac-
quired such an intimidating reputation. The special theory requires no
more than algebra for a basic understanding of its workings, although
details of its application demand somewhat higher mathematics. The
general theory is, of course, more complex, and cannot be fully under-
stood without higher mathematics; the fundamental ideas, however, are
not intrinsically difficult. The real impediment to the understanding of
both theories is not the mathematics, but the new way of thinking they
demand. Our intuitions often mislead us in our attempts to understand
even Newtonian mechanics. The theories of relativity require a mental
flexibility that the complacent of mind may not be willing to attempt.
Yet a little effort can provide a basic understanding of these great ideas
that so significantly shaped physics in the 20th century.

Chapter Summary

A model of the universe deals with the physical universe and time. Because science must deal with physical enti-
and its contents. In modern physics and cosmology, space ties, the issue of the creation of the universe is necessarily
and time are themselves physical and are part of the uni- metaphysical. Our existence, and the special properties
verse; the big bang did not occur in a pre-existing space that the universe must possess in order to permit this ex-



istence, is an intriguing mystery. The anthropic principle
has been used to argue that the presence of life constrains
the universe or determines why the universe is as it is, but
at the present this remains only speculation.

Modern cosmological models are founded on the cos-
mological principle, which asserts that the universe is ho-
mogeneous, that is, has the same average properties ev-
erywhere, and isotropic, meaning there are no special di-
rections in space. We observe that on the largest scales
the universe appears the same in all directions; hence it
is isotropic. Unless we are at the center of the universe, it
follows that the universe must also be homogeneous. The
universe has neither a center nor an edge.

Observations require a precise system of coordinates
and units to standardize measurements. A given set of
coordinates is a reference frame, and a reference frame
whose origin is unaccelerated is an inertial reference
frame. Unforced velocities measured in an inertial frame
obey Newton’s laws. Measured in an accelerated frame,

Key Term Definitions

anthropic principle The observation that, since we ex-
ist, the conditions of the universe must be such as
to permit life to exist.

Copernican principle The principle that the Earth is
not the center of the universe.

isotropy The property of sameness in all directions, as
in an isotropic geometry.

homogeneity The property of a geometry that all
points are equivalent.

cosmological principle The principle that there is no
center to the universe, that is, that the universe is
isotropic on the largest scales, from which it follows
that it is also homogeneous.

perfect cosmological principle The principle that
the universe is unchanging, that it is homogeneous
in time as well as in space. Refuted by the direct
observation that the oldest objects in the universe
are not like those in our immediate surroundings.

coordinates Quantities that provide references for loca-
tions in space and time.

velocity The rate of change of displacement with time.
Velocity includes both the speed of motion and the
direction of motion.

speed The magnitude of velocity.
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such motions appear to be accelerated; we say that they
are influenced by frame-dependent inertial forces, such as
the centrifugal or Coriolis forces. Gravity acts like an in-
ertial force, as the acceleration produced by gravity on an
object is independent of its mass.

Galileo realized that if everything on the Earth shared
the same overall motion, then that motion would be un-
detectable. This leads to the conclusion that there is no
absolute frame of rest, a condition that is required for
Newton’s first law of motion. Galilean relativity states
that one inertial frame is completely equivalent to an-
other; reality should not depend on the arbitrary frame
in which it is studied. Newton’s laws must be the same
in any inertial frame. However, Maxwell’s theory of elec-
tromagnetism could not be made to conform to Galilean
relativity. This inconsistency led Einstein to a new ver-
sion of relativity that maintains the underlying concept,
the complete equivalence of all inertial frames, but re-
places Newton’s laws with more general laws of motion.

acceleration The rate of change of velocity with time.

inertia That property of an object which resists changes
in its state of motion.

mass That property of an object which causes it to resist
changes in its state of motion; also, that property
which generates gravitational attraction.

inertial motion Motion free of any force, that is, mo-
tion at constant velocity.

frame of reference The coordinate system to which a
particular observer refers measurements.

inertial reference frame A reference frame in which a
free particle experiences no force.

inertial force A force arising from the acceleration of
an observer’s frame of reference.

inertial observer An observer occupying an inertial
frame of reference.

invariance The property of remaining unchanged under
a transformation of the frame of reference or the
coordinate system.

relativity The rules relating observations in one iner-
tial frame of reference to the observations of the
same phenomenon in another inertial frame of ref-

erence. Casually applied only to the Einsteinian
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special theory of relativity, but actually a more gen-
eral term.

Galilean relativity The transformation from one iner-

tial frame of reference to another in the limit of
very small velocities and very weak gravitational
fields.

luminiferous ether A supposed medium for the trans-

mission of light. The concept was rendered super-
fluous by the special theory of relativity early in
the 20th century.

interferometer A device that carries out some measure-

ment by detecting wave interference.

Review Questions

(6.1)

(6.2)

(6.3)

(6.4)

Describe the weak and strong anthropic principles.
What philosophical assertion does each make about
the universe? What do you think about them?

Why is it not a scientifically valid question to ask
what happened before the universe came into exis-
tence?

Flatlanders live in a two-dimensional universe.
Suppose such a universe were described by the fig-
ure, such that all matter is confined to the indicated
rings. Does this universe appear isotropic to an
observer at point A7 To an observer at B? Is this
universe homogeneous for either observer? What
would the observer at A conclude from applying the
Copernican principle? Explain your answer. Draw
an example of a universe that is homogeneous but
nowhere isotropic.

B

Is the cosmological principle consistent with the ex-
istence of a center or an edge to the universe? Ex-
plain.

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

(6.10)

Explain the distinction between the cosmological
principle and the perfect cosmological principle.

‘We have mentioned that galaxies are grouped into
clusters. How can the existence of such clusters be
consistent with a homogeneous universe?

Explain the distinction between invariant and rel-
ative quantities.

An airplane is traveling at 300 mph toward the
west. A rambunctious child seated in front of you
throws a ball toward the tail of the aircraft, that is,
toward the east, at 6 mph. According to Galilean
relativity, what is the speed of the ball relative to
an observer in the airplane? Relative to an observer
at rest on the surface of the Earth?

You wake to find yourself in an airplane with all its
windows covered. Is there any experiment you can
perform to determine whether you are flying with a
uniform velocity, or at rest on the runway? (Ignore
external effects such as engine noises, which could
be simulated as a diabolical plot to trick you.) If
the airplane changed its velocity, could an experi-
ment show this? If so, give an example of an ex-
periment you might perform that could detect an
acceleration of the airplane.

Why did the appearance of the speed of light in
Maxwell’s equations create a problem for Galilean
relativity theory?



The Special Theory of
Relativity

The grand aim of all science is to
cover the greatest number of empirical
facts by logical deduction from the
smallest number of hypotheses or
axioms.

Albert Einstein

Einstein’s relativity

In some faraway galaxy, an advanced civilization has mastered space
travel. The crew of one of their starships discovers an asteroid on a
collision course with one of their world’s space outposts, which would
surely be destroyed if the asteroid collides with it. The asteroid is at a
distance of 3,000,000 km, as measured by the sensors on the starship.
The starship is flying toward the asteroid at nearly the speed of light
as seen from the space station. The ship fires its laser cannon at the
asteroid. What would the captain of the ship observe? What would the
officer on duty at the station see? When will the laser light beam reach
its target?

If light were analogous to sound waves, we could use Galilean relativity
to find the correct answers. Sound waves are waves of pressure moving
through a fluid, such as the air. Because they are waves in a medium,
they move at a specific velocity (the speed of sound) relative to the
medium. Wind carries sound along with it, and the total speed of the
sound relative to the ground is the speed of the waves relative to the air,
plus the speed of the wind, taking directions of motion into account. If
we regard light as moving through some medium, which was historically
called the luminiferous ether, then the light waves will always move at
the speed of light, relative to the ether. We are now in a position to
deduce what will happen in the spaceship problem posed above; we
need only know how fast the spaceship is moving with respect to the
ether, just as we might compute how rapidly sound waves would travel
if emitted by a speaker mounted atop a moving vehicle.

In Newtonian cosmology, space and time are absolute, and the same
for all observers. If the ship and the laser beam are traveling in the same
direction, Galilean relativity tells us that we should simply add the speed

Key Terms:

Lorentz transformation

length contraction
relativity principle
event

simultaneity

time dilation
proper time

boost factor

principle of reciprocity

proper length

rest energy
space-time
Minkowskian
space-time
space-time diagram
worldline
space-time interval
timelike

spacelike

lightlike

lightcone

past

future

elsewhere

principle of causality

)

Fig. 7.1 An asteroid on a collision
course with a space station.
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of the ship to the speed of light, which is about 300,000 km s™* in the
vacuum, to obtain the net speed of the laser cannon beam. Assuming
that the ship is traveling at 99.99% of the speed of light relative to the
ether, we would compute that the laser beam will hit the asteroid 5.0025
seconds after firing. Is this the correct answer? What would happen if
the asteroid were behind the starship, so that the ship and the laser
beam were traveling in opposite directions as the cannon was fired? In
that case, we must subtract the ship’s velocity from that of the laser
beam. Does that mean that the officer at the station would see the laser
beam crawl through space at 0.01% of the usual velocity of light? What
if the ship were traveling at exactly the speed of light while moving away
from the direction in which it fired the beam? Would the light then have
zero velocity in the frame of the space station? Can we even define a
light beam with zero velocity?

Prior to 1887, nearly every scientist in the world would have proceeded
in this manner. In Galilean relativity there is no absolute frame of rest,
and all inertial frames are equivalent. The Galilean transformations were
accepted at the time as the way to link observations made in one inertial
frame with those made in another such frame. It was also known that
Newton’s laws of motion are invariant under Galilean transformations.

Mazwell’s  equations do not obey However, the laws of electromagnetism, the Maxwell equations, are not

Galilean relativity invariant under the Galilean transformation. The Maxwell equations de-
scribe the behavior of fluctuating electric and magnetic fields, and those
fluctuations depend specifically upon the speed of light. Hence a speed,
the speed of light ¢, enters into Maxwell’s equations in a fundamental
way, and speed is not a quantity that is Galilean invariant. Maxwell
himself believed that there should exist some special frame of reference
in which his equations were correct as written; this would correspond to
the frame in which the ether is at rest.

After 1887, the universe no longer seemed so simple. This was the
year of the Michelson—Morley experiment, one of the crucial experiments
that once in a great while turn our science upside down. The orbital
speed of the Earth is large enough that Michelson and Morley’s careful
measurements should have easily determined the Earth’s speed relative
to the ether frame. Yet Michelson and Morley were unable to detect any
evidence for motion with respect to this purported ether. In the absence
of an ether to establish a frame for the speed of light, physicists were
left with two unpalatable alternatives. The first possibility was that
Maxwell’s equations were incorrect, or perhaps that the physics of light
was simply not the same in all inertial frames. The other alternative
was that the Galilean transformation is invalid; but this would imply
that something was amiss with Newton’s mechanics. Yet Newtonian
mechanics works so well for computing orbits; how could it possibly
be wrong? On the other hand, the Maxwell equations were just as
successful at explaining electromagnetism as the Newtonian equations
were at explaining mechanics. How can we reconcile the invariance of
one set of physical laws with the noninvariance of another?



One of the first attempts to account for the null result of the Michelson—
Morley experiment was made in 1889 by George F. FitzGerald, who sug-
gested that objects moving through the ether at velocity v were physi-
cally contracted in length according to

L(v) = Lo/ 1 —v2/c2. (7.1)

That is, a moving object would literally shrink by this amount in the
direction of the motion through the ether. Such a contraction of the
arm of the Michelson-Morley interferometer, in the direction parallel to
the motion of the Earth, would shorten the travel distance for the light
moving in that direction by precisely the amount needed to compensate
for the change in the light propagation speed. Thus the round trip
time would be equal for both arms of the apparatus, and no interference
fringes would be seen. There was no fundamental theory to explain
why objects would so contract; this was simply an ad hoc suggestion
that reconciled the null result of the Michelson—Morley experiment with
the existence of an ether. A hypothesis was put forward based on the
recognition that intermolecular forces are electromagnetic in nature, so
perhaps the very structure of matter was affected by motion through the
ether. Yet this hypothesis seems very strange. How would an object be
compressed? What if a living creature were to travel at a speed, relative
to the ether, that was very close to that of light; would it be squeezed
to death as v approached c¢?

Many scientists rejected the FitzGerald contraction, clinging instead
to a more conservative interpretation. They struggled to explain the
null result of the Michelson—Morley experiment as a consequence of a
phenomenon called ether drag. If moving bodies dragged the ether along
with them, then near the surface of the Earth no relative motion of
Earth and ether could be detected. There was even, apparently, some
experimental evidence for this; it had been known since the 1830s that
the speed of light propagating through a moving fluid was different from
its speed in a fluid at rest. When light travels through a medium, its
speed is always less than its speed in wvacuo, and depends upon the
properties of the medium. For light traveling through a fluid such as
water, some of the velocity of the fluid seemed to be imparted to the
light, a phenomenon attributed to a partial entrainment of the ether
by the fluid. This explanation preserved the old mechanical view of
light, but at the expense of attributing to the ether even more strange
properties, such as some kind of viscosity. If the Earth were dragging the
ether, should it not lose energy, slow down in its orbit, and eventually
fall into the Sun? This certainly had not occurred, nor was there any
evidence for a systematic shrinking of the Earth’s orbit. Moreover, the
ether-drag hypothesis predicted an effect on starlight as it entered the
ether surrounding, and dragged by, the Earth; but no such effect was
observed.

A bolder proposal was put forward by Ernst Mach. No motion rela-
tive to the ether was observed because there was no ether. An elegant
experiment had been carried out that tested whether the ether existed.

183

The FitzGerald contraction hypothesis

Ether drag

The ether rejected



184 The Special Theory of Relativity

The Lorentz transformation

The postulates of relativity

The ether was not found; hence the ether theory was disproved. Ac-
cepting Mach’s viewpoint still required the development of a new theory
to replace the discredited ether theory. Several scientists took up the
idea of the FitzGerald contraction, most prominently Hendrik Lorentz,
and later Henri Poincaré and Joseph Larmor. They demonstrated that
the Maxwell equations were invariant under a new kind of transforma-
tion law that makes use of this contraction. The new law, now known
as the Lorentz transformation, contains a dilation, or slowing, of
time, in addition to the length contraction proposed by FitzGerald.
Thus it appeared that the Maxwell equations were invariant under the
Lorentz transformation, while Newton’s equations were invariant under
the Galilean transformation. But neither of these transformations is
arbitrary; they derive from basic ideas about the nature of space and
time, so both cannot be correct. The Lorentz transformation, with its
dilation of time and contraction of space, stands in direct opposition to
something that was still regarded as more fundamental than Maxwell’s
equations: Newton’s absolute time and space. Consequently, even the
most eminent scientists of the day were reluctant to accept such a radical
idea.

This unsatisfactory state persisted for several years. Equation (7.1),
which is now most commonly called the Lorentz contraction!, was ade-
quate to explain the situation mathematically, but provided no physical
insights. Poincaré seems to have been on the verge of realizing that
the contraction was not absolute, but only, as we shall see, relative, yet
he never developed a full theory. The new theory was brought forth
in 1905 by a patent examiner in Bern, Switzerland, named Albert Ein-
stein. The fact that Maxwell’s equations did not seem to predict the
same physics for observers in different inertial frames was disturbing to
many scientists. What distinguished Einstein was that he found this
more disturbing than the loss of Newtonian absolute space and time.
Einstein had the audacity and courage to abandon Galilean relativity
completely, and with it Newtonian mechanics, in order to preserve a
property that he felt was most important. This property is embodied in
his first relativity postulate:

(1) The laws of nature are the same in all inertial frames of reference.

This is called the relativity principle. In other words, there is no spe-
cial frame of reference that is at rest with respect to some absolute space.
All inertial frames of reference are completely equivalent. The relativity
principle is also embodied in the earlier principles of Galilean relativity
for Newtonian mechanics. Since Maxwell’s equations do not preserve the
relativity principle within Galilean relativity, Einstein chose to discard
the latter rather than the former. To preserve the relativity principle
for Maxwell’s equations, we must adopt the second relativity postulate,
which explains why the Michelson—Morley experiment produces a null
result:

ISometimes it is called the Lorentz—FitzGerald contraction, in recognition of the
scientist who first proposed it.



(2) The speed of light in the vacuum is the same in all inertial frames
of reference.

If the speed of light is the same for all inertial observers, then Maxwell’s
equations will be identical for all inertial observers, and no motion
through the ether could ever be detected. Furthermore, if the ether
is unobservable and has no detectable consequences, then we might as
well consign the entire concept to the scientific junkheap. Light waves
are not transmitted by a medium.?

Time dilation and length contraction

Despite their simplicity, the two relativity postulates contain remark-
able, even incredible, consequences. Let us begin to explore some of
the implications of these postulates, in particular the second. Our goal
is to discover how the second relativity postulate implies the Lorentz
transformation, and with it a change in the way we must view space and
time. To do this, we will perform a “Gedankenexperiment,” or thought
experiment.® Relativity took hold during the days of train travel and
has long been illustrated within that context; we shall hold to this tradi-
tion even though starships might really be more appropriate. As a first
example, let us suppose that a train is traveling at a constant speed v,
where we may consider v to be very close to the speed of light c. Inside
the train, at the very center of one of the cars, a passenger switches on a
light bulb at a certain time. We call such a discrete occurrence in space
and time an event. To the passenger on the train, the light rays move
at the speed of light and hit the front and rear of the car at the same
time. There is nothing unusual about this.

Now consider the point of view of a train robber who is sitting on his
motionless horse, just beyond the track, when the event of illuminating
the bulb occurs. By the second postulate of relativity, light must move
at the same speed c for the robber, even if that light is emitted from a
moving bulb. The speed of the train is not added to or subtracted from
the speed of the light the robber observes. Since the train is moving,
however, the robber will observe the light to strike the rear of the car
before it hits the front. The passenger judges the two events, the light’s
striking of the rear of the car and the striking of the front of the car, to
be simultaneous; but for the robber, these two events occur at different
times. Thus the property of simultaneity is not preserved for the two
different observers. The difference in the passenger’s and the robber’s

2Nevertheless, the word “ether” survives to this day in colloquial use. References
to radio and TV signals moving through the ether are still common, and the Ethernet
links computers.

3The term “thought experiment” can lead to confusion among those unfamiliar
with the concept. A thought experiment refers to the deductive process of predicting
the outcome of a specific experiment using the general principles of a theory such as
special relativity. While these experiments may be difficult to carry out in practice,
there is nothing in principle that prevents it. Many such relativity experiments have
actually been performed.
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Fig. 7.2 A light flash goes off in the
center of a moving train. In the train’s
frame, the light hits the front and
back of the car simultaneously. In
the ground frame, the train is mov-
ing with velocity v, so the light strikes
the rear of the car before reaching the
front. Two events that are simultane-
ous in one frame are not simultaneous
in another frame.

Measured time intervals are different
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descriptions of what happens is not due to light delay effects. Any delay
due to the time required for light to travel some specified distance to
an observer can be, and is, accounted for in describing what happens.
Instead, time itself is somehow different for the two observers.

Now suppose that the passenger and the robber agree to perform
another experiment, in which the passenger sets off a flashbulb on the
floor of the train. The light travels to the ceiling and hits a mirror,
which reflects it back to the bulb. Both observers measure the time for
the light to make the round trip from the bulb to the mirror and back.
For the passenger, this is straightforward; the height of the car is H, so
the round trip travel time is simply Atp = 2H/c. It is simple for the
robber as well, but for him the entire train moves some distance in the
time it takes for the light to reach the ceiling and to return. Let the
length of this angled path, from the floor to the ceiling, be denoted by d.
By the second relativity postulate, the speed of light is the same in the
robber’s frame as in the passenger’s,* so the travel time he will measure
is Atg = 2d/c. Since d is greater than H, Atg must be greater than
Atp. We can regard this apparatus, in which light bounces from the
ceiling and returns to its source, as a clock. One round trip is one tick of
the clock. Our experiment shows that each tick of the clock takes longer,
that is, time runs slower, for a clock located in an inertial frame that
is moving with respect to some specified observer. This phenomenon is
called time dilation.

How much slower is each tick of the clock, as measured in the frame
relative to which it is moving? The robber remembers his geometry and

4Note that the constancy of the speed of light is the crucial assumption in special
relativity. If Galilean relativity were applicable, the velocity of the light along the
trajectory d would be the vector sum of its vertical and horizontal velocity compo-
nents, and its speed would be the magnitude of whatever vector was thus obtained.
But the second relativity postulate requires that the speed of light be the same for
all observers.
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uses the Pythagorean theorem to compute the distance d traveled by
the light in his frame of reference:

1 2
d* = H* + <§UAtR> . (7.2)
Recall that in the robber’s frame, Atg = 2d/c, and in the passenger’s
frame Atp = 2H/c, so we can eliminate d and H to obtain a quadratic
equation

1 1 1
Z(CAtR)2 = Z(CAtP)2 + Z’U2(AtR)2. (73)
Working through the algebra leads us to the result
At
Aty = " (7.4)

(1—v2/2)1/2

Since we have assumed that v is less than c, it follows that 1—v?/c? is less
than 1, and therefore Aty is greater than Atp. This is the mathematical
expression of the assertion that the light travel time measured by the
robber is larger than the light travel time measured by the passenger.
Thus, one tick of our bulb-and-mirror clock will be longer for a moving
clock than the same tick will be for a clock at rest.

Does this result follow only because we have constructed an unusual
clock with mirrors and light beams? What if we used an ordinary clock
that did not involve light? But what is an “ordinary” clock? Suppose we
used an atomic clock to measure the time interval between the departure
and the return of the flash; would that make a difference? A clock is just
a physical process with a regular periodic behavior. The details of the
clock’s construction are irrelevant; no matter how we choose to measure
the time interval, we shall always find that an observer moving with
respect to the clock will observe that the interval for one tick is longer
than it is for one tick in the clock’s own rest frame. Thus a given
inertial observer will observe that any clock at rest with respect to his
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Fig. 7.3 Relativistic time dilation.
The path of a flash of light travel-
ing from a bulb to a mirror and back,
as seen in (a) the rest frame of the
train and (b) the rest frame of an ob-
server on the ground who is watch-
ing the train pass by. In the ground
frame the train moves to the right a
distance vAtg during the round trip
of the light. The resulting light path is
longer for the observer in the ground
frame than for the observer in the
train frame, but since the speed of
light is the