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A Note to the Student

From Mike and Dana

We are excited that you are taking an as-
tronomy course and using our book. You
are going to see some amazing things,
from the icy rings of Saturn to monster
black holes. We are proud to be your
guides as you explore.

We have developed this book to help
you expand your knowledge of astron-
omy, from recognizing the moon and a
few stars in the evening sky, to a deeper
understanding of the extent, power, and
diversity of the universe. You will meet
worlds where it rains methane, stars so
dense their atoms are crushed, colliding
galaxies that are ripping each other apart,
and a universe that is expanding faster
and faster.

This book is designed to help you answer
two important questions:

What are we?

How do we know?

By the question What are we? we
mean: How do we fit into the universe
and its history? The atoms you are made
of had their first birthday in the big bang
when the universe began, but those atoms
were cooked and remade inside stars, and
now they are inside you. Where will they
be in a billion years? Astronomy is the
only course on campus that can tell you
that story, and it is a story that everyone
should know.

By the question How do we know? we
mean: How does science work? What is
the evidence, and how do you know it is

true? For instance, how can anyone know
there was a big bang? In today’s world,
you need to think carefully about the
things so-called experts say. You should
demand explanations. Scientists have a
special way of knowing based on evidence
that makes scientific knowledge much
more powerful than just opinion, policy,
marketing, or public relations. It is the
human race’s best understanding of na-
ture. To comprehend the world around
you, you need to understand how science
works. Throughout this book, you will
find boxes called How Do We Know?
They will help you understand how sci-
entists use the methods of science to
know what the universe is like.

One reason astronomy is exciting is that
astronomers discover new things every
day. Astronomers expect to be astonished.
You can share in the excitement because
we have worked hard to include new im-
ages, new discoveries, and new insights
that will take you, in an introductory
course, to the frontier of human knowl-
edge. Huge telescopes on remote moun-
taintops and in space provide a daily dose
of excitement that goes far beyond enter-
tainment. These new discoveries in as-
tronomy are exciting because they are
about us. They tell us more and more
about what we are.

As you read this book, notice that it
is not organized as lists of facts for you to
memorize. That could make even astron-

omy boring. Rather, this book is orga-
nized to show you how scientists use evi-
dence and theory to create logical
arguments that show how nature works.
Look at the list of special features that
follows this note. Those features were
carefully designed to help you understand
astronomy as evidence and theory. Once
you see science as logical arguments, you
hold the key to the universe.

As teachers, our quest is simple. We want
you to understand your place in the
universe—not just your location in space,
but your location in the unfolding history
of the physical universe. Not only do we
want you to know where you are and
what you are in the universe, but we want
you to understand how scientists know.
By the end of this book, we want you to
know that the universe is very big, but
that it is described and governed by a
small set of rules and that we humans
have found a way to figure out the rules—
a method called science.

To appreciate your role in this beau-
tiful universe, you must learn more than
just the facts of astronomy. You must un-
derstand what we are and how we know.
Every page of this book reflects that
ideal.

Mike Seeds
mseeds@fandm.edu
Dana Backman

dbackman@sofia.usra.edu
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Key Content and
Pedagogical Changes for
the Eleventh Edition

Every chapter has been reorganized to focus on the two main
themes of the book. The What Are We? boxes at the end of
each chapter provide a personal link between human life
and the astronomy in that chapter, including, for example,
the origin of the elements, the future of exploration in
the solar system, and the astronomically short span of our
civilization.

The How Do We Know? boxes have been rewritten to be
more focused on helping you understand how science works
and how scientists think about nature.

Every chapter has been rewritten to place the “new terms” in
context for you rather than as a vocabulary list. New terms
are boldfaced where they are first defined in the text of the
chapter and reappear in context as boldface terms in each
chapter summary. Those new terms that appear in Concept
Art portfolios are boldfaced in the art and are previewed in
italics as the portfolios are introduced.

Guideposts have been rewritten, shortened, and focused on
a short list of essential questions that guide you to the key
objectives of the chapter.

Every chapter has been updated to include new research,
images, and the latest understanding, ranging from discover-
ies of how planets form in dust disks around young stars to
the latest insights into the nature of dark energy.

Special Features

What Are We? items are short summaries at the end of each
chapter to help you see how you fit in to the cosmos.

How Do We Know? items are short boxes that help you
understand how science works. For example, the How Do
We Know? boxes discuss the difference between a hypothesis
and a theory, the use of statistical evidence, and the con-
struction of scientific models.

Concept Art Portfolios cover topics that are strongly
graphic and provide an opportunity for you to create your
own understanding and share in the satisfaction that scien-

A NOTE TO THE STUDENT

tists feel as they uncover the secrets of nature. Color and
numerical keys in the introduction to the portfolios guide
you to the main concepts.

Guideposts on the opening page of each chapter help you
see the organization of the book. The Guidepost connects
the chapter with the preceding and following chapters and
provides you with a short list of essential questions as guides
to the objectives of the chapter.

Scientific Arguments at the end of many text sections are
carefully designed questions to help you review and synthe-
size concepts from the section. An initial question and a
short answer show how scientists construct scientific argu-
ments from observations, evidence, theories, and natural
laws that lead to a conclusion. A further question then gives
you a chance to construct your own argument on a related
issue.

Celestial Profiles of objects in our solar system directly
compare and contrast planets with each other. This is
the way planetary scientists understand the planets, not as
isolated unrelated bodies but as siblings with noticeable dif-
ferences but many characteristics and a family history in
common.

End-of-Chapter Review Questions are designed to help
you review and test your understanding of the material.
End-of-Chapter Discussion Questions go beyond the text
and invite you to think critically and creatively about scien-
tific questions.

This book also offers the following online study aids as op-

tional bundle items or for separate purchase:

Enhanced WebAssign. Assign, collect, grade, and record
homework via the Web with this proven system, using more
than 1,000 questions both from the text and written spe-
cifically for WebAssign. Questions include animated activi-
ties, ranking tasks, multiple-choice, and fill-in-the-blank
exercises.

Virtual Astronomy Labs. These online labs give you an
exciting, interactive way to learn, putting some of astrono-
my’s most useful instruments into your hands—precise
telescope controls to measure angular size, a photometer
to measure light intensity, and a spectrograph to measure
Doppler-shifted spectral lines.
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Here and Now

= Guidepost :
As you study astronomy, you will learn about yourself. You are a planetwalker, and this
chapter will give you a preview of what it means to live on a planet that whirls around a star
that drifts through a universe of other stars and galaxies. You owe it to yourself to know
where you are. That is the first step to knowing what you are.
In this chapter, you will meet three essential questions about astronomy:

—— Where are you in the universe?
—— How does human history fit on the time scale of the universe?
—— Why should you study astronomy?

As you study astronomy, you will see how science gives you a way to know how nature
works. In this chapter, you can begin by thinking about science in a general way. Later chap-
ters will give you more specific insights into how scientists work and think and know about
nature.

This chapter is just a jumping-off place. From here onward you will be exploring deep

space and deep time. The next chapter begins your journey by looking at the night sky as
seen from Earth.

This bar denotes active figures that may be found at academic.cengage.com/astronomy/seeds.

Guided by detailed

observations and
calculations, an artist
interprets the birth of a
cluster of stars deep inside
the nebula known as the
Lynx Arc. Light from these
stars traveled through
space for 12 billion years

before reaching Earth.
(ESA/Space Telescope—European
Coordinating Facility, Germany)



The longest journey begins with a single step.

LAO TSE

@ Where Are We?

As YOU STUDY astronomy, you are learning about yourself, and
knowing where you are in space and time is a critical part of the
story of astronomy. To find yourself among the stars, you can
take a cosmic zoom, a ride out through the universe to preview
the kinds of objects you are about to study.

You can begin with something familiar. m Figure 1-1 shows
a region about 50 feet across occupied by a human being, a side-
walk, and a few trees—all objects whose size you can under-
stand. Each successive picture in this cosmic zoom will show you
a region of the uni- mFigure 1-2
verse that is 100 times
wider than the pre-
ceding picture. That
is, each
widen your field of
view, the region you

step  will

can see in the image,
by a factor of 100.
Widening  your
field of view by a fac-
tor of 100 allows you
to see an area 1 mile
in diameter (m Figure
1-2). Deople, trees,
and sidewalks
become too small to

have

m Figure 1-1
Michael A. Seeds

PART 1

THE SKY

This box m represents the relative size of the previous frame. (USGS)

u Figure 1-3
NASA

_Infrared image

see, but now you see a college campus and surround-
ing streets and houses. The dimensions of houses and
streets are familiar. This is still the world you know.

Before leaving this familiar territory, you should
make a change in the units you use to measure sizes.
Astronomers, as do all scientists, use the metric sys-
tem of units because it is well understood worldwide
and, more importantly, because it simplifies calcula-
tions. If you are not already familiar with the metric
system, or if you need a review, study Appendix A
before reading on.

The photo in Figure 1-2 is 1 mile across, which
equals 1.609 kilometers. You can see that a kilometer
(abbreviated km) is a bit under two-thirds of a mile—
a short walk across a neighborhood. But when you expand your
field of view by a factor of 100, the neighborhood you saw in the
previous photo has vanished (m Figure 1-3). Now your field of
view is 160 km wide, and you see cities and towns as patches of
gray. Wilmington, Delaware, is visible at the lower right. At this
scale, you can see the natural features of Earth’s surface. The Al-
legheny Mountains of southern Pennsylvania cross the image in
the upper left, and the Susquehanna River flows southeast into
Chesapeake Bay. What look like white bumps are a few puffs of
clouds.

Figure 1-3 is an infrared photograph, which is why healthy
green leaves and crops show up as red. Human eyes are sensitive
to only a narrow range of colors. As you explore the universe, you
will learn to use a wide range of other “colors,” from X-rays to
radio waves, to reveal sights invisible to unaided human eyes. You
will learn much more about infrared, X-rays, and radio energy in
later chapters.
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At the next step in your journey, you can see your
entire planet, which is nearly 13,000 km in diameter
(m Figure 1-4). The photo shows most of the daylight
side of the planet. Earth rotates on its axis once a day,
exposing half of its surface to daylight at any particular
moment. It is the rotation of the planet that causes the
cycle of day and night. The rotation of Earth carries you
eastward, and as you cross into darkness, you see the sun
set in the west. The blurriness you see at the extreme
right of the photo is the boundary between day and
night— the sunset line. This is a good example of how
a photo can give you visual clues to understanding a
concept. Special questions called “Learning to Look” at
the end of each chapter give you a chance to use your
own imagination to connect images with the theories that describe
astronomical objects.

Enlarge your field of view by a factor of 100, and you see a
region 1,600,000 km wide (m Figure 1-5). Earth is the small blue
dot in the center, and the moon, whose diameter is only one-
fourth that of Earth, is an even smaller dot along its orbit
380,000 km away.

These numbers are so large that it is inconvenient to write
them out. Astronomy is sometimes known as the science of big
numbers, and soon you will use numbers much larger than these
to discuss the universe. Rather than writing out these numbers as
in the previous paragraph, it is convenient to write them in sci-
entific notation. This is nothing more than a simple way to
write very big or very small numbers without using lots of zeros.
In scientific notation, 380,000 becomes 3.8 X 10°. If you are not
familiar with scientific notation, read the section on powers of 10
notation in the Appendix. The universe is too big to discuss
without using scientific notation.

m Figure 1-5

When you once again enlarge your field of view by a factor
of 100, Earth, the moon, and the moon’s orbit all lie in the small
red box at lower left of m Figure 1-6. Now you can see the sun
and two other planets that are part of our solar system. Our solar
system consists of the sun, its family of planets, and some smaller
bodies such as moons and comets.

Like Earth, Venus and Mercury are planets, small, spherical,
nonluminous bodies that orbit a star and shine by reflected light.
Venus is about the size of Earth, and Mercury is just over a third
of Earth’s diameter. On this diagram, they are both too small to be
seen as anything but tiny dots. The sun is a star, a self-luminous
ball of hot gas that generates its own energy. Even though the sun
is 109 times larger in diameter than Earth (inset), it too is nothing
more than a dot in
this diagram.

This

represents

diagram
an area
with a diameter of
1.6 X 108 km. One
way  astronomers
simplify calculations
using large numbers
is to define larger
units of measure-
ment. The average
distance from Earth
to the sun is a unit
of distance called the
astronomical unit
(AU), a distance of
1.5 X 108 km. Now
you can see that the

Enlarged to show
relative size

m Figure 1-6
NOAO

Enlarged to show
relative size
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average distance from Venus to the sun is about 0.72 AU, and the
average distance from Mercury to the sun is about 0.39 AU.

These distances are averages because the orbits of the planets
are not perfect circles. This is particularly apparent in the case of
Mercury. Its orbit carries it as close to the sun as 0.307 AU and as
far away as 0.467 AU. You can sece the variation in the distance
from Mercury to the sun in Figure 1-6. Earth’s orbit is more cir-
cular, and its distance from the sun varies by only a few percent.

Enlarge your field of view again, and you can see the entire
solar system (m Figure 1-7). The details of the preceding figure are
now lost in the red square at the center of this diagram. You see only
the brighter, more widely separated objects. The sun, Mercury,
Venus, and Earth lie so close together that you cannot see them
separately at this scale. Mars, the next planet outward, lies only
1.5 AU from the sun. In contrast, Jupiter, Saturn, Uranus, and
Neptune are farther

Figure 1-8

away and so are easier
to place in this dia-
gram. They are cold
worlds far from the
suns warmth. Light
from the sun reaches
Earth in only 8 min-
utes, but it takes over
4 hours to reach Nep-
tune.

When you again
enlarge your field of
view by a factor of 100,
the solar system van-
ishes (m Figure 1-8).
The sun is only a
point of light, and all

Figure 1-7
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Figure 1-9

the planets and their orbits are now crowded into the
small red square at the center. The planets are too
small and too faint to be visible so near the brilliance
of the sun.

Nor are any stars visible except for the sun. The
sun is a fairly typical star, and it seems to be located in
a fairly average neighborhood in the universe. Al-
though there are many billions of stars like the sun,
none are close enough to be visible in this diagram,
which shows a region only 11,000 AU in diameter.
The stars are typically separated by distances about
10 times larger than the distance represented by the
diameter of this diagram.

In m Figure 1-9, your field of view has expanded to
a diameter of a bit over 1 million AU. The sun is at the
center, and at this scale you can see a few of the nearest stars. These
stars are so distant that it is not reasonable to give their distances
in astronomical units. To express distances so large, astronomers
define a new unit of distance, the light-year. One light-year (ly) is
the distance that light travels in one year, roughly 10" km or
63,000 AU. It is a Common Misconception that a light-year is a
unit of time, and you can sometimes hear the term misused in
science fiction movies and TV shows. The next time you hear
someone say, “It will take me light-years to finish my history pa-
per,” you can tell that person that a light-year is a distance, not a
time. The diameter of your field of view in Figure 1-9 is 17 ly.

Another Common Misconception is that stars look like disks
when seen through a telescope. Although stars are roughly the same
size as the sun, they are so far away that astronomers cannot see
them as anything but points of light. Even the closest star to the
sun— Alpha Centauri, only 4.2 ly from Earth—looks like a point
of light through even the biggest telescopes on Earth. Furthermore,
any planets that might circle other stars are much too small, too
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faint, and too close to the glare of their star to be visible
directly. Astronomers have used indirect methods to de-
tect over 200 planets orbiting other stars, but you cant
see them by just looking through a telescope.

In Figure 1-9, the sizes of the dots represent not
the sizes of the stars but their brightnesses. This is the
custom in astronomical diagrams, and it is also how
star images are recorded on photographs. Bright stars
make larger spots on a photograph than faint stars, so
the size of a star image in a photograph tells you not
how big the star is but only how bright it looks.

In m Figure 1-10, you expand your field of view by
another factor of 100, and the sun and its neighboring stars van-
ish into the background of thousands of other stars. The field of
view is now 1700 ly in diameter. Of course, no one has ever
journeyed thousands of light-years from Earth to look back and
photograph the solar neighborhood, so this is a representative
photograph of the sky. The sun is a relatively faint star that
would not be easily located in a photo at this scale.

If you again expand your field of view by a factor of 100, you
see our galaxy, a disk of stars about 80,000 ly in diameter (m Figure
1-11). A galaxy is a great cloud of stars, gas, and dust held together
by the combined gravity of all the matter. Galaxies range
from 1500 to over 300,000 ly in diameter and can contain over 100
billion stars. In the night sky, you see our galaxy as a great, cloudy
wheel of stars ringing the sky. This band of stars is known as the
Milky Way, and our galaxy is called the Milky Way Galaxy.

How does anyone know what our galaxy looks like if no one
can leave it and look back? Astronomers use evidence and theory as
guides and can imagine what the Milky Way looks like, and then
artists can use those scientific conceptions to create a painting. Many
images in this book are artists’ renderings of objects and events that

Figure 1-11

© Mark Garlick/space-art.com

are too big or too dim to see clearly, emit energy your eyes cannot
detect, or happen too slowly or too rapidly for humans to sense.
These images are not just guesses; they are guided by the best infor-
mation astronomers can gather. As you explore, notice how astrono-
mers use their scientific imaginations understand cosmic events.

The artist’s conception of the Milky Way reproduced in Fig-
ure 1-11 shows that our galaxy, like many others, has graceful
spiral arms winding outward through its disk. In a later chapter,
you will learn that stars are born in great clouds of gas and dust
when they pass through the spiral arms. Our own sun was born
in one of these spiral arms, and if you could see it in this picture,
it would be in the disk of the galaxy about two-thirds of the way
out from the center.

Ours is a fairly
large galaxy. Only a
century ago astrono-
mers thought it was
the entire universe—
an island cloud of
stars in an otherwise
empty vastness. Now
they know that our
galaxy is not unique;
itis only one of many
billions of galaxies
scattered throughout
the universe.

When you ex-
pand your field of
view by another fac-
tor of 100, our gal-
axy appears as a tiny
luminous speck surrounded by other specks (m Figure 1-12).

Figure 1-12

Milky Way Galaxy
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This diagram includes a region 17 million ly in diameter, and
cach of the dots represents a galaxy. Notice that our galaxy is part
of a cluster of a few dozen galaxies. Galaxies are commonly
grouped together in such clusters. Some galaxies have beautiful
spiral patterns like our own galaxy, but others do not. Some are
strangely distorted. One of the mysteries of modern astronomy
is what produces these differences among the galaxies.

Now is a chance for you to correct another Common Mis-
conception. People often say “galaxy” when they mean “solar
system,” and they sometimes confuse those terms with “uni-
verse.” Your cosmic zoom has shown you the difference. The
solar system is the sun and its planets. Our galaxy contains our
solar system plus billions of other stars and whatever planets or-
bit around them. The universe includes everything, all of the
galaxies, stars, and planets, including our own galaxy and our
solar system.

If you again expand your field of view, you can see that gal-
axies tend to occur in clusters and that the clusters of galaxies
are connected in a vast network (m Figure 1-13). Clusters are
grouped into superclusters— clusters of clusters—and the su-
perclusters are linked to form long filaments and walls oudining
nearly empty voids. These filaments and walls appear to be the
largest structures in the universe. Were you to expand your field
of view another time, you would probably see a uniform fog of
filaments and walls. When you puzzle over the origin of these
structures, you are at the frontier of human knowledge.

m Figure 1-13

(Based on data from M. Seldner, B. L. Siebers, E. J. Groth, and P. J. E. Peebles, Astro-
nomical Journal 82 [1977].)
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@ When Is Now?

ONCE YOU HAVE an idea where you are in space, you need to
know where you are in time. The stars have shone for billions of
years before the first human looked up and wondered what they
were. To get a sense of your place in time, all you need is a long
red ribbon.

Imagine stretching a ribbon from goal line to goal line down
the center of a football field as shown on the inside front cover
of this book. Imagine that one end of the ribbon is 7oday and
that the other end represents the beginning of the universe — the
moment of beginning that astronomers call the big bang. In the
chapter “Modern Cosmology,” you will learn all about the big
bang, and you will see evidence that the universe is about 14 bil-
lion years old. Your long red ribbon represents 14 billion years,
the entire history of the universe.

Imagine beginning at the goal line labeled Big Bang. You
could replay the entire history of the universe by walking along
your ribbon toward the goal line labeled 7oday. Observations tell
astronomers that the big bang filled the entire universe with hot,
dense gas, but as the gas cooled the universe went dark. All that
happened in the first half inch on the ribbon. There was no light
for the first 400 million years, until gravity was able to pull some
of the gas together to form the first stars. That seems like a lot of
years, but if you stick a little flag beside the ribbon to mark the
birth of the first stars it would be not quite 3 yards from the goal
line where the universe began.

You would go only about 5 yards before galaxies formed in
large numbers. Our home galaxy would be one of those taking
shape. By the time you crossed the 50-yard line, the universe
would be full of galaxies, but the sun and Earth would not have
formed yet. You would have to walk past the 50-yard line down
to the 35-yard line before you could finally stick a flag to mark
the formation of the sun and planets— our solar system.

You would have to carry your flags a few yards further to the
29-yard line to mark the appearance of the first life on Earth—
microscopic creatures in the oceans. You would have to walk all the
way to the 3-yard line before you could mark the emergence of life
on land, and your dinosaur flag would go just inside the 2-yard line.
Dinosaurs would go extinct as you passed the one-half-yard line.

What about people? You could put a little flag for the first
humanlike creatures only about an inch from the goal line la-
beled 7oday. Civilization, the building of cities, began about
10,000 years ago. You have to try to fit that flag in only 0.0026
inches from the goal line. That’s half the thickness of a sheet of
paper. Compare the history of human civilization with the his-
tory of the universe. Every war you have ever heard of, every
person whose name is recorded, every structure ever built from
Stonehenge to the building you are in right now fits into that
0.0026 inches.

Humanity is very new to the universe. Our civilization on

Earth has existed for only a flicker of an eyeblink in the history



of the universe. As you will discover in the chapters that follow,
only in the last hundred years or so have astronomers began to
understand where we are in space and in time.

O Why Study Astronomy?

YOUR EXPLORATION OF the universe will help you answer two
fundamental questions:

What are we?

How do we know?

What are we? That is the first organizing theme of this book.
Astronomy is important to you because it will tell you what you
are. Notice that the question is not “Who are we?” If you want to
know who we are, you may want to talk to a sociologist, theolo-
gian, paleontologist, artist, or poet. “Whar are we?” is a funda-
mentally different question.

As you study astronomy, you will learn how you fit into the
history of the universe. You will learn that the atoms in your body
had their first birthday in the big bang when the universe began.
Those atoms have been cooked and remade inside stars, and now,
after billions of years, they are inside you. Where will they be in

another billion years? This is a story everyone should know, and as-

tronomy is the only course on campus that can tell you that story.

The So-Called Scientific Method

Every chapter in this book ends with a short segment titled
“What Are We?” This summary shows how the astronomy in the
chapter relates to your role in the story of the universe.

“How do we know?” That is the second organizing theme of
this book. It is a question you should ask yourself whenever you
encounter statements made by so-called experts in any field.
Should you swallow a diet supplement recommended by a TV
star? Should you vote for a candidate who warns of a climate
crisis? To understand the world around you and to make wise
decisions for yourself, for your family, and for your nation, you
need to understand how science works.

You can use astronomy as a case study in science. In every
chapter of this book, you will find short essays titled “How Do
We Know?” They are designed to help you think not about whar
is known but about how it is known. That is, they will explain
different aspects of scientific reasoning and in that way help you
understand how scientists know about the natural world.

Over the last four centuries, scientists have developed a way
to understand nature that is called the scientific method (m How
Do We Know? 1-1). You will see this process applied over and
over as you read about exploding stars, colliding galaxies, and
whirling planets. The universe is very big, but it is described by
a small set of rules, and we humans have found a way to figure
out the rules—a method called science.

How do scientists learn about nature? You
have probably heard of the scientific method as
the process by which scientists form hypotheses
and test them against evidence gathered by ex-
periment or observation. Scientists use the sci-
entific method all the time, and it is critically
important, but they rarely think of it. It is such
an ingrained way of thinking about nature that
it is almost invisible.

Scientists try to form hypotheses that explain
how nature works. If a hypothesis is contradicted
by experiments or observations, it must be revised
or discarded. If a hypothesis is confirmed, it must
be tested further. In that very general way, the
scientific method is a way of testing and refining
ideas to better describe how nature works.

For example, Gregor Mendel (1822-1884) was
an Austrian abbot who liked plants. He formed a
hypothesis that offspring usually inherited traits
from their parents not as a smooth blend, as most
scientists of the time believed, but according to

strict mathematical rules. Mendel cultivated and
tested over 28,000 pea plants, noting which pro-
duced smooth peas and which wrinkled peas and
how that trait was inherited by successive genera-
tions. His study of pea plants and others con-
firmed his hypothesis and allowed the develop-
ment of a series of laws of inheritance. Although
the importance of his work was not recognized in
his lifetime, it was combined with the discovery of
chromosomes in 1915, and Mendel is now called
the “father of modern genetics.”

The scientific method is not a simple, me-
chanical way of grinding facts into understand-
ing. It is, in fact, a combination of many ways of
analyzing information, finding relationships, and
creating new ideas. A scientist needs insight and
ingenuity to form and test a good hypothesis.
Scientists use the scientific method almost auto-
matically, forming, testing, revising, and dis-
carding hypotheses almost minute by minute as
they discuss a new idea. Sometimes, however, a

scientist will spend years studying a single im-
portant hypothesis. The so-called scientific
method is a way of thinking and a way of know-
ing about nature. The “How Do We Know?” es-
says in the chapters that follow will introduce
you to some of those methods.

Whether peas are wrinkled or smooth is an inherited
trait. (Inspirestock/jupiterimages)
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What Are We? Part of the Story

Astronomy will give you perspective on what it
means to be here on Earth. This chapter used
astronomy to locate you in space and time. Once
you realize how vast our universe is, Earth
seems quite small. People on the other side of
the world seem like neighbors. And in the entire
history of the universe, the human story is only

the blink of an eye. This may seem humbling at
first, but you can be proud of how much we hu-
mans have understood in such a short time.
Not only does astronomy locate you in space
and time, it places you in the physical processes
that govern the universe. Gravity and atoms
work together to make stars, light the universe,

generate energy, and create the chemical ele-
ments in your body. Astronomy locates you in
that cosmic process.

Although you are very small and your kind
have existed in the universe for only a short
time, you are an important part of something
very large and very beautiful.

Summary

>

You surveyed the universe by taking a cosmic zoom in which each field of
view (p. 2) was 100 times wider than the previous field of view.

Astronomers use the metric system because it simplifies calculations and
use scientific notation (p. 3) for very large or very small numbers.

You live on a planet (p. 3), Earth, which orbits our star (p. 3), the sun,
once a year. As Earth rotates once a day, you see the sun rise and set.

The moon is only one-fourth the diameter of Earth, but the sun is 109
times larger in diameter than Earth —a typical size for a star.

The solar system (p. 3) includes the sun at the center and all of the
planets that orbit around it— Mercury, Venus, Mars, Jupiter, Saturn, Ura-
nus, and Neptune.

The astronomical unit (AU) (p. 3) is the average distance from Earth to
the sun. Mars, for example, orbits 1.5 AU from the sun. The light-year
(ly) (p. 4) is the distance light can travel in one year. The nearest star is
4.2 ly from the sun.

Many stars seem to have planets, but such small, distant worlds are diffi-
cult to detect. Only a few hundred have been found so far, but planets
seem to be common, so you can probably trust that there are lots of plan-
ets in the universe including some like Earth.

The Milky Way (p. 5), the hazy band of light that encircles the sky, is the
Milky Way Galaxy (p. 5) seen from inside. The sun is just one out of the
billions of stars that fill the Milky Way Galaxy.

Galaxies (p. 5) contain many billions of stars. Our galaxy is about 80,000
ly in diameter and contains over 100 billion stars.

Some galaxies, including our own, have graceful spiral arms (p. 5) bright
with stars, but some galaxies are plain clouds of stars.

Our galaxy is just one of billions of galaxies that fill the universe in great
clusters, clouds, filaments, and walls —the largest things in the universe.

The universe began about 14 billion years ago in an event called the big
bang, which filled the universe with hot gas.

The hot gas cooled, the first galaxies began to form, and stars began to
shine only about 400 million years after the big bang.

PART 1 THE SKY

The sun and planets of our solar system formed about 4.6 billion years
ago.

Life began in Earth’s oceans soon after Earth formed but did not emerge
onto land until only 400 million years ago. Dinosaurs evolved not long
ago and went extinct only 65 million years ago.

Human-Like creatures appeared on Earth only about 4 million years ago,
and human civilizations developed only about 10,000 years ago.

Although astronomy seems to be about stars and planets, it describes the
universe in which you live, so it is really about you. Astronomy helps you
answer the question, “What are we?”

As you study astronomy, you should ask “How do we know?” and that will
help you understand how science gives us a way to understand nature.

In its simplest outline, science follows the scientific method (p. 7), in
which scientists expect statements to be supported by evidence compared
with theory. In fact, science is a complex and powerful way to think about
nature.

Review Questions

To assess your understanding of this chapter’s topics with additional quiz-
zing and animations, go to academic.cengage.com/astronomy/seeds.

il

SN

What is the largest dimension of which you have personal knowledge?
Have you run a mile? Hiked 10 miles? Run a marathon?

What is the difference between our solar system, our galaxy, and the uni-
verse?

Why are light-years more convenient than miles, kilometers, or astronomi-
cal units for measuring certain distances?

Why is it difficult to detect planets orbiting other stars?

What does the size of the star image in a photograph tell you?

What is the difference between the Milky Way and the Milky Way Galaxy?
What are the largest known structures in the universe?

How does astronomy help answer the question, “What are we?”

How Do We Know? How does the scientific method give scientists a way

to know about nature?



Discussion Questions

il,

Do you think you have a right to know the astronomy described in this
chapter? Do you think you have a duty to know it? Can you think of ways
this knowledge helps you enjoy a richer life and be a better citizen?

. How is a statement in a political campaign speech different from a state-

ment in a scientific discussion? Find examples in newspapers, magazines,
and this book.

Problems

il

10.

The diameter of Earth is 7928 miles. What is its diameter in inches? In
yards? If the diameter of Earth is expressed as 12,756 km, what is its di-
ameter in meters? In centimeters?

If a mile equals 1.609 km and the moon is 2160 miles in diameter, what
is its diameter in kilometers?

One astronomical unit is about 1.5 X 108 km. Explain why this is the
same as 150 X 10° km.

Venus orbits 0.72 AU from the sun. What is that distance in kilometers?

. Light from the sun takes 8 minutes to reach Earth. How long does it take

to reach Mars?

. The sun is almost 400 times farther from Earth than is the moon. How

long does light from the moon take to reach Earth?

If the speed of light is 3 X 10° km/s, how many kilometers are in a light-
year? How many meters?

How long does it take light to cross the diameter of our Milky Way Galaxy?

. The nearest galaxy to our own is about 2 million light-years away. How

many meters is that?

How many galaxies like our own would it take laid edge-to-edge to reach
the nearest galaxy? (Hint: See Problem 9.)

Learning to Look

il

. Of the objects listed here, which would

In Figure 1-4, the division between daylight and darkness is at the right
on the globe of Earth. How do you know this is the sunset line and not
the sunrise line?

Look at Figure 1-6. How can you tell that Mercury follows an elliptical or-
bit?

be contained inside the object shown in
the photograph at the right? Which would
contain the object in the photo?

stars

planets

galaxy clusters
filaments
spiral arms

In the photograph shown here, which
stars are brightest, and which are faint-
est? How can you tell? Why can’t you tell
which stars in this photograph are big-
gest or which have planets?

CHAPTER 1 HERE AND NOW
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The Sky

Visual-wavelength image

GUIdePOSt . ) The sky above mountaintop
The previous chapter took your on a cosmic zoom through space and time. That quick observatories far from city
preview only sets the stage for the drama to come. Now it is time to look closely at the sky, lights is the same sky you
and answer three essential questions: see from your window. The
How do astronomers refer to stars? stars above you are other
How can you compare the brightness of the stars? ZL;;';;esrgzttered fiough the
How does the sky appear to move as Earth rotates? (Kris Koenig/Coast Learning
As you study the sky and its motions, you will be learning to think of Earth as a planet "
rotating on its axis. The next chapter will introduce you to the orbital motion of Earth and to

a family of objects in the sky that move against the background of stars.

10 This bar denotes active figures that may be found at academic.cengage.com/astronomy/seeds. |



The Southern Cross I saw
every night abeam. The sun
every morning came up
astern; every evening it
went down ahead. I wished
for no other compass to
guide me, for these were
true.

CAPTAIN JOSHUA SLOCUM
SAILING ALONE AROUND THE WORLD

HE NIGHT SKY is the rest of the uni-
verse as seen from our planet. When
you look up at the stars, you are
looking out through a layer of air only a
little more than a hundred kilometers deep.
Beyond that, space is nearly empty, and the

u Figure 2-1

stars are spread light-years apart.

As you read this chapter, keep in mind that you live on a
planet in the midst of these scattered stars. Because our planet
rotates on its axis once a day, the sky appears to revolve around
you in a daily cycle. Not only does the sun rise in the east and set
in the west, but so do the stars.

@ The Stars

ON a DARK night far from city lights, you can see a few thousand
stars in the sky. The ancients organized what they saw by naming
stars and groups of stars. Some of those names survive today.

Constellations

All around the world, ancient cultures celebrated heroes, gods,
and mythical beasts by naming groups of stars— constellations
(m Figure 2-1). You should not be surprised that the star patterns
do not look like the creatures they represent any more than Co-
lumbus, Ohio, looks like Christopher Columbus. The constella-
tions simply celebrate the most important mythical figures in
each culture. The constellations named by Western cultures
originated in Mesopotamia over 5000 years ago, with other con-
stellations added by Babylonian, Egyptian, and Greek astrono-
mers during the classical age. Of these ancient constellations, 48
are still used today.

To the ancients, a constellation was a loose grouping of stars.
Many of the fainter stars were not included in any constellation,
and the stars of the southern sky not visible to the ancient as-
tronomers of northern latitudes were not grouped into constella-
tions. Constellation boundaries, when they were defined at all,
were only approximate (m Figure 2-2a), so a star like Alpheratz

The constellations are an ancient heritage handed down for thousands of years as celebrations of great
heroes and mythical creatures. Here Sagittarius and Scorpius hang above the southern horizon.

could be thought of as part of Pegasus or part of Andromeda. To
correct these gaps and ambiguities, astronomers have added 40
modern constellations, and in 1928 the International Astro-
nomical Union established 88 official constellations with clearly
defined boundaries (Figure 2-2b). Consequently, a constellation
now represents not a group of stars but an area of the sky, and
any star within the region belongs to one and only one constel-
lation. Alpheratz belongs to Andromeda.

In addition to the 88 official constellations, the sky contains
a number of less formally defined groupings called asterisms.
The Big Dipper, for example, is a well-known asterism that is
part of the constellation Ursa Major (the Great Bear). Another
asterism is the Great Square of Pegasus (Figure 2-2b), which in-
cludes three stars from Pegasus plus Alpheratz from Andromeda.
The star charts at the end of this book will introduce you to the
brighter constellations and asterisms.

Although constellations and asterisms refer to stars grouped
together in the sky, it is important to remember that most are
made up of stars that are not physically associated with one an-
other. Some stars may be many times farther away than others
and moving through space in different directions. The only thing
they have in common is that they lie in approximately the same
direction from Earth (m Figure 2-3).

The Names of the Stars

In addition to naming groups of stars, ancient astronomers gave
individual names to the brighter stars. Modern astronomers still
use many of those names. The constellation names come from
Greek translated into Latin— the language of science from the
fall of Rome to the 19th century—but most star names come

CHAPTER 2 THE SKY ( 11
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from ancient Arabic, though much altered by the passing centu-
ries. The name of Betelgeuse, the bright red star in Orion, for
example, comes from the Arabic yad al jawza, meaning “shoulder
of Jawza [Orion].” Names such as Sirius (the Scorched One), and
Aldebaran (the Follower of the Pleiades) are beautiful additions
to the mythology of the sky.

Naming individual stars is not very helpful because you can
see thousands of them. How many names could you remember?
A more useful way to identify stars is to assign Greek letters to
the bright stars in a constellation in approximate order of bright-
ness. Thus the brightest star is usually designated alpha, the sec-
ond brightest beta, and so on. Often the name of the Greek letter
is spelled out, as in “alpha,” but sometimes the actual Greek let-
ter is used. You will find the Greek alphabet in Appendix A. For
many constellations, the letters follow the order of brightness,
but some constellations, by tradition, mistake, or the personal
preferences of early chart makers, are exceptions (m Figure 2-4).

To identify a star by its Greek-letter designation, you give
the Greek letter followed by the possessive (genitive) form of the
constellation name; for example, the brightest star in the constel-
lation Canis Major is alpha Canis Majoris, which can also be
written o Canis Majoris. This both identifies the star and the
constellation and gives a clue to the relative brightness of the star.
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(a) In antiquity, constellation boundaries were poorly defined, as
shown on this map by the curving dotted lines that separate Pegasus
from Andromeda. (From Duncan Bradford, Wonders of the Heavens, Boston:
John B. Russell, 1837.)

(b) Modern constellation boundaries are precisely defined by interna-
tional agreement.

Figure 2-3

You see the Big Dipper in the sky because you are looking through a group of
stars scattered through space at different distances from Earth. You see them
as if they were projected on a screen, and they form the shape of the Dipper.

Nearest

Actual distribution
of stars in space



The brighter stars in a constellation are usually given
Greek letters in order of decreasing brightness.

o, Orionis is
i also known as
Betelgeuse.

In Orion f is brighter than o, * . = = -
and «is brighter than n. Fainter + .~ «
stars do not have Greek letters  «

or names, but if they are located

inside the constellation boundarie_s';‘,'
they arepart of the constellation.. -

m Figure 2-4

Stars in a constellation can be identified by Greek letters and by names derived from Arabic. The spikes on the star
images in the photograph were produced by the optics in the camera. (William Hartmann)

Compare this with the ancient name for this star, Sirius, which
tells you nothing about location or brightness.

It is fun to know the names of the brighter stars, but they are
more than points of light in the sky. They are glowing spheres
of gas much like the sun, each with its unique characteristics.
m Figure 2-5 idendifies eight bright stars that you can adopt as
Favorite Stars. As you study astronomy you will discover their
peculiar personalities and enjoy finding them in the evening sky.

You can use the star charts at the end of this book to help
locate these Favorite Stars. You can see Polaris year round, but
Sirius, Betelgeuse, Rigel, and Aldebaran are in the winter sky.
Spica is a summer star, and Vega is visible evenings in later sum-
mer or fall. Alpha Centauri is a special star, and you will have to
travel as far south as southern Florida to glimpse it above the
southern horizon.

Naming stars is helpful, but to discuss the sky with preci-
sion, you must have an accurate way of referring to the bright-
ness of stars, and for that you must consult two of the first great
astronomers.

B Orionis is also
known as Rigel.

The Brightness
of Stars

Astronomers measure the brightness
of stars using the magnitude scale, a
system that first appeared in the writ-
ings of the ancient astronomer
Claudius Prolemy about ad 140.
The system probably originated ear-
lier than Prolemy, and most astrono-
mers attribute it to the Greek as-
tronomer  Hipparchus  (about
190-120 bc). Hipparchus compiled
the first known star catalog, and he
may have used the magnitude system
in that catalog. Almost 300 years
later, Prolemy used the magnitude
system in his own catalog, and suc-
cessive generations of astronomers
have continued to use the system.
The ancient astronomers di-

vided the stars into six classes.
The brightest were called first-
magnitude stars and those that
were fainter, second-magnitude.

The scale continued downward to
sixth-magnitude stars, the faintest
visible to the human eye. Thus, the
larger the magnitude number, the
fainter the star. This makes sense if
you think of the bright stars as
first-class stars and the faintest stars visible as sixth-class stars.
Modern astronomers can measure the brightness of stars to
high precision, so they have made adjustments to the ancient
scale of magnitudes. Instead of saying that the star known by the
charming name Chort (Theta Leonis) is third magnitude, they
can say its magnitude is 3.34. Accurate measurements show that
some stars are brighter than magnitude 1.0. For example, Favor-
ite Star Vega (alpha Lyrae) is so bright that its magnitude, 0.04,
is almost zero. A few are so bright the magnitude scale must ex-
tend into negative numbers (m Figure 2-6). On this scale, our
Favorite Star Sirius, the brightest star in the sky, has a magnitude
of —1.47. Modern astronomers have had to extend the faint end
of the magnitude scale as well. The faintest stars you can see with
your unaided eyes are about sixth magnitude, but if you use a
telescope, you will see stars much fainter. Astronomers must use
magnitude numbers larger than 6 to describe these faint stars.
These numbers are known as apparent visual magnitudes
(mv), and they describe how the stars look to human eyes observ-
ing from Earth. Although some stars emit large amounts of in-
frared or ultraviolet light, human eyes can’t see it, and it is not
included in the apparent visual magnitude. The subscript “V”
stands for “visual” and reminds you that you are including only
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Aldebaran

Betelgeuse o

Orion

Rigel

Sirius Brightest star in the sky Winter
Betelgeuse Bright red star in Orion Winter

Rigel Bright blue star in Orion Winter
Aldebaran Red eye of Taurus the Bull  Winter

Polaris The North Star Year round

Vega Bright star overhead Summer

Spica Bright southern star Summer

Alpha Centauri ~ Nearest star to the sun Spring, far south

Cygnus

Virgo

Alpha
Centauri

Figure 2-5

Favorite Stars: Locate these bright stars in the sky and learn why they are inter-
esting.

Venus at
brightest

Hubble
Space

light you can see. Apparent visual magnitude also does not take
into account the distance to the stars. Very distant stars look
fainter, and nearby stars look brighter. Apparent visual magni-
tude ignores the effect of distance and tells you only how bright
the star looks as seen from Earth.

Your interpretation of brightness is quite subjective, depend-
ing on both the physiology of human eyes and the psychology of
perception. To be accurate you should refer to flux—a measure
of the light energy from a star that hits one square meter in one
second. Such measurements precisely define the intensity of star-
light, and a simple relationship connects apparent visual magni-
tudes and intensity (m Reasoning with Numbers 2-1). In this way,
modern astronomers can measure the brightness of stars to high
precision while still making comparisons to observations of appar-
ent visual magnitude that go back to the time of Hipparchus.

O The Sky and Its Motion

THE SKY ABOVE seems to be a great blue dome in the daytime and
a sparkling ceiling at night.

Ancient astronomers believed the sky was a great sphere sur-
rounding Earth with the stars stuck on the inside like thumb-
tacks in a ceiling. Modern astronomers know that the stars are
scattered through space at different distances, but it is still con-
venient to think of the sky as a great starry sphere enclosing
Earth.

The Concept Art Portfolio m The Sky Around You on pages
16-17 takes you on an illustrated tour of the sky. Throughout
this book, these two-page art spreads introduce new concepts
and new terms through photos and diagrams. These concepts
and new terms are not discussed elsewhere, so examine the art
spreads carefully. Notice that The Sky Around You in-
troduces you to three important principles and 16 new
terms that will help you understand the sky:

Telescope

Siriu

Polaris
Naked

‘eye*Iimit

-30 25 20 -15 -10 -5 0 5 10 15 20 25

Apparent magnitude (m,)

Brighter

Figure 2-6

limit oThe sky appears to rotate westward around Earth

each day, but that is a consequence of the eastward
rotation of Earth. That rotation produces day and
night. Notice how reference points on the celestial
sphere such as the zenith, nadir, horizon, celestial equa-
tor, and north and south celestial poles define the four
30 directions, north point, south point, east point, and
west point.

. Fainter oAstronomers measure angular distance across the sky

as angles and express them as degrees, minutes, and
seconds of arc. The same units are used to measure the
angular diameter of an object.

The scale of apparent visual magnitudes extends into negative numbers to represent the

brightest objects and to positive numbers larger than 6 to represent objects fainter than the

human eye can see.
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What you can see of the sky depends on where you
are on Earth. If you lived in Australia, you would see



Geasoning with Numbers | 2-1 )

Magnitudes

Astronomers use a simple formula to convert between magni-
tudes and intensities. If two stars have intensities /, and /i, then
the ratio of their intensities is /4//3. Modern astronomers have
defined the magnitude scale so that two stars that differ by five
magnitudes have an intensity ratio of exactly 100. Then two stars
that differ by one magnitude must have an intensity ratio that
equals the fifth root of 100, Y100, which equals 2.512 . . . That
is, the light of one star must be 2.512 times more intense. Two
stars that differ by two magnitudes will have an intensity ratio of
2.512 X 2.512, or about 6.3, and so on (m Table 2-1).

Example A: Suppose star C is third magnitude, and star D is
ninth magnitude. What is the intensity ratio?

Solution: The magnitude difference is six magnitudes, and
the table shows the intensity ratio is 250. Therefore light from
star C is 250 times more intense than light from star D.

A table is convenient, but for more precision you can express
the relationship as a simple formula. The intensity ratio /4//p is
equal to 2.512 raised to the power of the magnitude difference
mp — M

I
[—A = (2.512)0m — my

Example B: If the mBagnitude difference is 6.32 magnitudes,
what is the intensity ratio?

Solution: The intensity ratio must be 2.512%32. A pocket
calculator tells you the answer: 337.

When you know the intensity ratio and want to find the mag-
nitude difference, it is convenient to solve the formula for the
magnitude difference:

many constellations and asterisms invisible from
North America, but you would never see the Big
Dipper. How many circumpolar constellations you see
depends on where you are. Remember your Favorite
Star Alpha Centauri? It is in the southern sky and
isn’t visible from most of the United States. You
could just glimpse it above the southern horizon if
you were in Miami, but you could see it easily from
Australia.

Pay special attention to the new terms on pages 16-17. You
need to know these terms to describe the sky and its motions, but
don’t fall into the trap of memorizing new terms. The goal of
science is to understand nature, not to memorize definitions.
Study the diagrams and see how the geometry of the celestial
sphere and its motions produce the sky you see above you.

C Table 2-1 | Magnitude and Intensity ) ‘

Intensity Ratio

Magnitude Difference

1
2.5
6.3
16
40
100
250
630
1600
4000
10,000

O© 00 N O U1 N W N L O

=
o

15 1,000,000
20 100,000,000
25 10,000,000,000

v

mp — ma = 2.5 log(la/1p)

Example C: The light from Sirius is 24.2 times more intense
than light from Polaris. What is the magnitude difference?

Solution: The magnitude difference is 2.5 log(24.2). Your
pocket calculator tells you the logarithm of 24.2 is 1.38, so the
magnitude difference is 2.5 X 1.38, which equals 3.4 magni-
tudes.

The celestial sphere is an example of a scientific model, a
common feature of scientific thought (= How Do We Know?
2-1). Notice that a scientific model does not have to be true to
be useful. You will encounter many scientific models in the chap-
ters that follow, and you will discover that some of the most
useful models are highly simplified descriptions of the true
facts.

This is a good time to eliminate a couple of Common Mis-
conceptions. Lots of people, without thinking about it much,
assume that the stars are not in the sky during the daytime. The
stars are actually there day and night; they are just invisible dur-
ing the day because the sky is lit up by sunlight. Also, many
people insist that Favorite Star Polaris is the brightest star in the
sky. You now know that Polaris is important because of its posi-
tion, not because of its brightness.

CHAPTER 2 THE SKY ( 15



1 The eastward rotation of Edrth causes Ke 3{, moon, and

stars to move westward in the sky as if the celestial sphere
were rotating westward around Earth. From any location on Eart
you see only half of the celestial sphere, the half above the
horizon. The zenith marks the top of the sky above your head,
and the nadir marks the bottom of the sky directly under your feet.
The drawing at right shows the view for.an observer in North
America. An observer in South America would have a dramatically
different horizon, zenith, and nadir.

The apparent pivot points are the north celestial pole and the
south celestial pole located directly above Earth’s north and
south poles. Halfway between the celestial poles lies the celestial
equator. Earth’s rotation defines the directions you use every day.

South
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The north point and south point are the points on the horizon \_
Py fclosest to the celestial poles. The east point and the west poin
/ J'lie halfway between the north and south’points. The celestial
/ equator always meets the horizon at the east and west point
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2
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This time exposure of about 30 minutes shows stars as streaks,

called star trails, rising behind an observatory dome. The camera

was facing northeast to take this photo. The motion you see in the sky
depends on which direction you look, as shown at right. Looking north, you
see the Favorite Star Polaris, the North Star, located near the north celestial
pole. As the sky appears to rotate westward, Polaris hardly moves, but
other stars circle the celestial pole. Looking south from a location in North
America, you can see stars circling the south celestial pole, which is
invisible below the southern horizon.

1a

pa Sign in at www.academic.cengage.com
[@3\[e7XeJ1N el and go to CENGAGENOW™ to see Active
— Figure “Celestial Sphere.” Notice how each

location on Earth has its unique horizon.
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Sign in at www.academic.cengage.com
and go to CENGAGENOW'" to see Active
Figure “Rotation of the Sky.” Look in
different directions and compare the

motions of the stars.
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2 > Astronomers might say, “The star was only 2 degrees from S— —N
the moon.” Of course, the stars are much farther away than the ]
moon, but when you think of the celestial sphere, you can measure \_Latitude 60°  E / \ Y,
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directly overhead. As you walk southward, the celestial pole moves toward the horizon, and | Nlortth |
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celestial pole always equals your latitude (L)—the basis for celestial navigation. As you cross
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Minor Circumpolar constellations are those that never rise

or set. From mid-northern latitudes, as shown at left,

you see a number of familiar constellations circling Polaris
and never dipping below the horizon. As the sky rotates, the
pointer stars at the front of the Big Dipper always point

Ursa toward Polaris. Circumpolar constellations near the south

Major celestial pole never rise as seen from mid-northern
latitudes. From a high latitude such as Norway, you would
have more circumpolar constellations, and from Quito,
Ecuador, located on Earth’s equator, you would have no
circumpolar constellations at all.

P Sign in at www.academic.cengage.com and
[@3\[e7Xe]:\ ()l o to CENGAGENOW" to see Active Figure
— “Constellations from Different Latitudes.”
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Scientific Models

How can a scientific model be useful if it isn't
entirely true? A scientific model is a carefully
devised conception of how something works, a
framework that helps scientists think about
some aspect of nature, just as the celestial
sphere helps astronomers think about the mo-
tions of the sky.

Chemists, for example, use colored balls to
represent atoms and sticks to represent the bonds
between them, kind of like Tinkertoys. Using
these molecular models, chemists can see the
three-dimensional shape of molecules and under-
stand how the atoms interconnect. The molecular
model of DNA proposed by Watson and Crick in
1953 led to our modern understanding of the
mechanisms of genetics. You have probably seen
elaborate ball-and-stick models of DNA, but does
the molecule really look like Tinkertoys? No, but

A

A scientific model is not a statement of truth;
it does not have to be precisely true to be use-
ful. In an idealized model, some complex aspects
of nature can be simplified or omitted. The ball-
and-stick model of a molecule doesn’t show the
relative strength of the chemical bonds, for in-
stance. A model gives scientists a way to think
about some aspect of nature but need not be
true in every detail.

When you use a scientific model, it is impor-
tant to remember the limitations of that model.
If you begin to think of a model as true, it can
be misleading instead of helpful. The celestial
sphere, for instance, can help you think about
the sky, but you must remember that it is only a
model. The universe is much larger and much
more interesting than this ancient scientific
model of the heavens.

\

How Do We\K#fow.?

J|

the model is both simple enough and accurate
enough help scientists think about their theories.

Balls represent atoms and rods represent chemical
bonds in this model of a DNA molecule. (Digital

Vision/Getty Images)

In addition to the obvious daily motion of the sky, Earth’s
daily rotation conceals a very slow celestial motion that can be
detected only over centuries.

Precession

Over 2000 years ago, Hipparchus compared a few of his star
positions with those recorded nearly two centuries earlier and
realized that the celestial poles and equator were slowly moving
across the sky. Later astronomers understood that this motion is
caused by the toplike motion of Earth.

If you have ever played with a gyroscope or top, you have
seen how the spinning mass resists any sudden change in the
direction of its axis of rotation. The more massive the top and the
more rapidly it spins, the more it resists your efforts to twist it
out of position. But you probably recall that even the most rap-
idly spinning top slowly sweeps its axis around in a conical mo-
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tion. That is, the axis of the top pivots so the axis sweeps out the
surface of a cone. The weight of the top tends to make it tip, and
this combines with its rapid rotation to make its axis sweep
around in a conical motion called precession (m Figure 2-7a).

Earth spins like a giant top, but it does not spin upright in
its orbit; it is tipped 23.5° from vertical. Earth’s large mass and
rapid rotation keep its axis of rotation pointed toward a spot near
the star Polaris, and the axis would not wander if Earth were a
perfect sphere. However, because of its rotation, Earth has a
slight bulge around its middle. The gravity of the sun and moon
pull on this bulge, tending to twist Earth upright in its orbit. The
combination of these forces and Earth’s rotation causes Earth’s
axis to precess in a conical motion, taking about 26,000 years for
one cycle (Figure 2-7b).

Because the locations of the celestial poles and equator are
defined by Earth’s rotational axis, precession slowly moves these
reference marks. You would notice no change at all from night to
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Precession. (a) A spinning top precesses in a conical motion around the perpendicular to the floor because its weight tends to make it fall over. (b) Earth precesses
around the perpendicular to its orbit because the gravity of the sun and moon tend to twist it upright. (c) Precession causes the north celestial pole to move slowly

among the stars, completing a circle in 26,000 years.

night or year to year, but precise measurements can reveal the
slow precession of the celestial poles and equator.

Over centuries, precession has dramatic effects. Egyptian
records show that 4800 years ago the north celestial pole was
near the star Thuban (alpha Draconis). The pole is now ap-
proaching Polaris and will be closest to it in about 2100. In about

12,000 years, the pole will have moved to within 5° of Vega (al-
pha Lyrae). Next time you glance at Favorite Star Vega, remind
yourself that it will someday be a very impressive north star.
Figure 2-7c¢ shows the path followed by the north celestial pole.
You will discover in later chapters that precession is common
among rotating astronomical bodies.

What Are We? Along for the Ride

We humans are planetwalkers. We live on the
surface of a whirling planet, and as we look out
into the depths of the universe we see the scat-
tered stars near us. Because our planet spins,
the stars appear to move westward across the
sky in continuous procession.

The sky is a symbol of remoteness, order,
and power, and that may be why so many cul-
tures worship the sky in one way or another.
Every culture divides the star patterns up to

represent their heroes, gods, and symbolic
creatures. Hercules looked down on the ancient
Greeks, and the same stars represent the pro-
tector Baakkaataxpitchee (Bear Above) to the
Crow people of North America. Among the hun-
dreds of religions around the world, nearly all
locate their gods and goddesses in the heavens.
The gods watch over us from their remote and
powerful thrones among the stars.

Our days are filled with necessary trivia, but

astronomy enriches our lives by fitting us into
the continuity of life on Earth. As you rush to
an evening meeting, a glance at the sky will
remind you that the sky carries our human
heritage. Jesus, Moses, and Muhammad saw the
same stars that you see. Aristotle watched the
stars of Hercules rise in the east and set in the
west just as you do. Astronomy helps us under-
stand what we are by linking us to the past of
human experience on this planet.

CHAPTER 2 THE SKY
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Summary

» Astronomers divide the sky into 88 constellations (p. 11). Although the
constellations originated in Greek and Middle Eastern mythology, the
names are Latin. Even the modern constellations, added to fill in the
spaces between the ancient figures, have Latin names.

» Named groups of stars that are not constellations are called asterisms
(p. 11).

» The names of stars usually come from ancient Arabic, though modern as-
tronomers often refer to a star by its constellation and a Greek letter as-
signed according to its brightness within the constellation.

» Astronomers refer to the brightness of stars using the magnitude scale
(p. 13). First-magnitude stars are brighter than second-magnitude stars,
which are brighter than third-magnitude stars, and so on. The magnitude
you see when you look at a star in the sky is its apparent visual magni-
tude (p. 13), which does not take into account its distance from Earth.

» Flux (p. 14) is a measure of light energy related to intensity. The magni-
tude of a star can be related directly to the flux of light received on Earth
and so to its intensity.

» The celestial sphere (p. 16) is a scientific model (p. 15) of the sky, to
which the stars appear to be attached. Because Earth rotates eastward,
the celestial sphere appears to rotate westward on its axis.

» The north and south celestial poles (p. 16) are the pivots on which the
sky appears to rotate, and they define the four directions around the ho-
rizon (p. 16): the north, south, east, and west points (p. 16). The
point directly over head is the zenith (p. 16), and the point on the sky
directly underfoot is the nadir (p. 16).

» The celestial equator (p. 16), an imaginary line around the sky above
Earth’s equator, divides the sky in half.

» Astronomers often refer to distances “on” the sky as if the stars, sun,
moon, and planets were equivalent to spots painted on a plaster ceiling.
These angular distances (p. 17), measured in degrees, minutes of arc
(p. 17), and seconds of arc (p. 17), are unrelated to the true distance
between the objects in light-years. The angular distance across an object
is its angular diameter (p. 17).

» What you see of the celestial sphere depends on your latitude. Much of
the southern hemisphere of the sky is not visible from northern latitudes.
To see that part of the sky, you would have to travel southward over
Earth’s surface. Circumpolar constellations (p. 17) are those close
enough to a celestial pole that they do not rise or set.

» The angular distance from the horizon to the north celestial pole always
equals your latitude. This is the basis for celestial navigation.

» Precession (p. 18) is caused by the gravitational forces of the moon and
sun acting on the spinning Earth and causing its axis to sweep around
like that of a top. Earth’s axis of rotation precesses with a period of
26,000 years, and consequently the celestial poles and celestial equator
move slowly against the background of the stars.

Review Questions

To assess your understanding of this chapter’s topics with additional quiz-

zing and animations, go to academic.cengage.com/astronomy/seeds
1. Why have astronomers added modern constellations to the sky?

2. What is the difference between an asterism and a constellation? Give
some examples.

3. What characteristic do stars in a constellation or asterism share?
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10.

11.

12.
13.

14.

15.

16.

Do people from other cultures on Earth see the same stars, constellations,
and asterisms that you see?

How does the Greek-letter designation of a star give you a clue to its
brightness?

How did the magnitude system originate in a classification of stars by
brightness?

What does the word apparent mean in apparent visual magnitude?
In what ways is the celestial sphere a scientific model?

Why do astronomers use the word on to describe angles on the sky rather
than angles in the sky?

If Earth did not rotate, could you define the celestial poles and celestial
equator?

Where would you go on Earth if you wanted to be able to see both the
north celestial pole and the south celestial pole at the same time?

Where would you go on Earth to place a celestial pole at your zenith?
Explain how to make a simple astronomical observation that would deter-
mine your latitude.

Why does the number of circumpolar constellations depend on the lati-
tude of the observer?

How could you detect Earth’s precession by examining star charts from
ancient Egypt?

How Do We Know? How can a scientific model be useful if it isn't a cor-
rect description of nature?

Discussion Questions

il

All cultures on Earth named constellations. Why do you suppose this was
such a common practice?

If you were lost at sea, you could find your approximate latitude by mea-
suring the altitude of Polaris. But Polaris isn't exactly at the celestial
pole. What else would you need to know to measure your latitude more
accurately?

Problems

i

Learning to Look

il

2

If light from one star is 40 times more intense than light from another
star, what is their difference in magnitudes?

If two stars differ by 8.6 magnitudes, what is their intensity ratio?

Star A has a magnitude of 2.5; Star B, 5.5; and Star C, 9.5. Which is
brightest? Which are visible to the unaided eye? Which pair of stars has
an intensity ratio of 16?

By what factor is sunlight more intense than moonlight? (Hint: See Figure
2-6)

If you are at a latitude of 35 degrees north of Earth’s equator, what is the
angular distance from the northern horizon up to the north celestial
pole? From the southern horizon down to the south celestial pole?

Find Sagittarius and Scorpius in the photo-
graph that opens this chapter.

The stamp at right shows the constellation
Orion. Explain why this looks odd to residents
of the northern hemisphere.




Guidepost

In the previous chapter you looked at the sky and saw how its motion is produced by the
daily rotation of Earth. In this chapter, you will discover that the sun, moon, and planets
move against the background of stars. Some of those motions have direct influences on your
life and produce dramatic sights in the sky. As you explore, you will find answers to four es-
sential questions:

What causes the seasons?

How can astronomical cycles affect Earth’s climate?
Why does the moon go through phases?

What causes lunar and solar eclipses?

The cycles of the sky are elegant and dramatic, and you can understand them because you
understand that Earth is a moving planet. That was not always so. How humanity first under-
stood that Earth is a planet is the subject of the next chapter.

This bar denotes active figures that may be found at academic.cengage.com/astronomy/seeds.

Cycles of the Sky

Enhanced visual image

A total solar eclipse occurs
when the moon crosses in
front of the sun and hides
its brilliant surface. Then
you can see the sun’s

extended atmosphere.
(©2001 F. Espenak,
www.MrEclipse.com)
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Even a man who is pure in heart and says
his prayers by night

May become a wolf when the wolfbane
blooms

and the moon shines full and bright.

PROVERB FROM OLD WOLFMAN MOVIES

OUR ALARM CLOCK and your calendar are astronomical

instruments that track the motion of the sun in the sky.

Furthermore, your calendar is divided into months, and
that recognizes the monthly orbital motion of the moon. Your
life is regulated by the cycles of the sky, and the most obvious
cycle is that of the sun.

O Cycles of the Sun

THE sun Rises and sets because Earth rotates on its axis, and that
defines the day. In addition, Earth revolves around the sun in its
orbit, and that defines the year. Notice an important distinction.
Rotation is the turning of a body on its axis, but revolution
means the motion of a body around a point outside the body.
Consequently, astronomers are careful to say Earth rotates once
a day on its axis and revolves once a year around the sun.

Figure 3-1

Even in the daytime, the sky is filled with stars, but the glare of
sunlight fills Earth’s atmosphere with scattered light, and you can
see only the brilliant sun. If the sun were fainter, you would be
able to see it rise in the morning in front of the stars. During the
day, you would see the sun and the stars moving westward, and
the sun would eventually set in front of the same stars. If you
watched carefully as the day passed, you would notice that the
sun was creeping slowly eastward against the background of stars.
It would move a distance roughly equal to its own diameter be-
tween sunrise and sunset. This motion is caused by the motion
of Earth in its nearly circular orbit around the sun.

For example, in January, you would see the sun in front of
the constellation Sagittarius (m Figure 3-1). As Earth moves along
its circular orbit, the sun appears to move eastward among the
stars. By March, you would see it in front of Aquarius.

The apparent path of the sun against the background of stars
is called the ecliptic. If the sky were a great screen, the ecliptic
would be the shadow cast by Earth’s orbit. That is why the eclip-
tic is often called the projection of Earth’s orbit on the sky.

Earth circles the sun in 365.25 days, and consequently the
sun appears to circle the sky in the same period. That means the
sun, traveling 360° around the ecliptic in 365.25 days, travels
about 1° eastward in 24 hours, about twice its angular diameter.
You don’t notice this apparent motion of the sun because you

Earth’s orbit is a nearly perfect circle, but it is inclined in this diagram. Earth’s motion around the sun makes the sun appear to move against the background
of the stars. Earth’s circular orbit is thus projected on the sky as the circular path of the sun, the ecliptic. If you could see the stars in the daytime, you would
notice the sun crossing in front of the distant constellations as Earth moves along its orbit.

Earth’s;orbit

\ ‘; —’1‘~ (=

January 1

View from Earth
on January 1
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cannot see the stars in the daytime, but it does have an important
consequence that you do notice— the seasons.

The Seasons

The seasons arise because of a simple fact: Earth’s axis of rotation
is tipped 23.5° from the perpendicular to its orbit. As you study
u The Cycle of the Seasons on pages 2425, notice two impor-
tant principles and six new terms:

OBecause Earth’s axis of rotation is inclined 23.5°, the sun
moves into the northern sky in the spring and into the
southern sky in the fall. That causes the cycle of the seasons.
Notice how the vernal equinox, the summer solstice, the au-
tumnal equinox, and the winter solstice mark the beginning
of the seasons. Further, notice the very minor effects of
Earth’s slightly elliptical orbit as marked by the two terms
perihelion and aphelion.

eEarth goes through a cycle of seasons because of the changes
in solar energy that Earth’s northern and southern hemi-
spheres receive at different times of the year. Because of cir-
culation patterns in Earth’s atmosphere, the northern and
southern hemispheres are mostly isolated from each other
and exchange littde heat. When one hemisphere receives
more solar energy than the other, it grows rapidly warmer.

Now you can set your friends straight if they mention two of
the most Common Misconceptions about the seasons. First, the
seasons dont occur because Earth moves closer to or farther from
the sun. Farth’s orbit is nearly circular. Its distance from the sun
varies by less than 4 percent, and that doesn’t cause the seasons.
Second, it is not easier to stand a raw egg on end on the day of the
vernal equinox! Have you heard that one? Radio and TV personali-
ties love to talk about it, but it just isnt true. It is one of the silliest
misconceptions in science. You can stand a raw egg on end any day
of the year if you have steady hands. (Hinz: It helps to shake the egg
really hard to break the yolk inside so it can settle to the bottom.)

Go to academic.cengage.com/astronomy/seeds to see the Astronomy
Exercises “Sunrise through the Seasons” and “The Seasons.”

The Motion of the Planets

The planets of our solar system produce no visible light of their
own; they are visible only by reflected sunlight. Mercury, Venus,
Mars, Jupiter, and Saturn are all easily visible to the naked eye
and look like stars, but Uranus is usually too faint to be seen, and
Neptune is never bright enough.

All the planets of the solar system move in nearly circular or-
bits around the sun. If you were looking down on the
solar system from the north celestial pole, you would see the plan-
ets moving in the same counterclockwise direction around their
orbits, with the planets farthest from the sun moving the slowest.

When you look for planets in the sky, you always find them
near the ecliptic because their orbits lie in nearly the same plane as

Earth’s orbit. The planets whose orbits lie outside Earth’s orbit move
slowly eastward along the ecliptic as they orbit the sun.* Mars
moves completely around the ecliptic in slightly less than 2 years,
but Saturn, being farther from the sun, takes nearly 30 years.
Mercury and Venus also stay near the ecliptic, but they move
differently from the other planets. They have orbits inside Earth’s
orbit, and that means they can never move far from the sun in
the sky. As seen from Earth, they move eastward away from the
sun and then back toward the sun, crossing the near part of their
orbit. Then they continue moving westward away from the sun
and then move back crossing the far part of their orbit before
they move out east of the sun again. To find one of these planets,
you need to look above the western horizon just after sunset or
above the eastern horizon just before sunrise. Venus is easier to
locate because it is brighter and because its larger orbit carries it
higher above the horizon than does Mercury’s (m Figure 3-2).

*You will discover occasional exceptions to this eastward motion in Chapter 4.

Sunrise, looking east

m Figure 3-2

Mercury and Venus follow orbits that keep them near the sun, and they are vis-
ible only soon after sunset or before sunrise when the brilliance of the sun is
hidden below the horizon. Venus takes 584 days to move from the morning sky
to the evening sky and back again, but Mercury zips around in only 116 days.

CHAPTER 3 CYCLES OF THE SKY



North celestial pole

] ) Celestial
You can use the celestial sphere to help you think equator

about the seasons. The celestial equator is the projection
of Earth’s equator on the sky, and the ecliptic is the projection of
Earth’s orbit on the sky. Because Earth is tipped in its orbit, the Winter
ecliptic and equator are inclined to each other by 23.5° as solstice
shown at right. As the sun moves eastward around the sky; it
spends half the year in the southern half of the sky and half of
the year in the northern half. That causes the seasons.

Autumnal equinox

-

Summer

Eclipty B solstice

The sun crosses the celestial equator going northward at
the point called the vernal equinox. The sun is at its farthest
north at the point called the summer solstice. It crosses the
celestial equator going southward at the autumnal equinox
and reaches its most southern point at the winter solstice.

Vernal equinox

South celestial pole

Event Date* Season
The seasons are defined by the dates when the sun Vernal equinox March 20 Spring begins
crosses these four points, as shown in the table at the Summer solstice June 22 Summer begins
right. Equinox comes from the word for “equal’; the day of an Autumnal equinox  September 22 Autumn begins
equinox has equal amounts of daylight and darkness. Solstice Winter solstice December22  Winter begins

comes from the words meaning “sun” and “stationary.” Vernal

.~
comes from the word for “green.” The “green” equinox marks Give or take a day due to leap year and other factors.

the beginning of spring. c@g
4
G Sign in at www.academic.cengage.com and
23.5° ' go to CENGAGENOW" to see Active Figure
—\ R “Seasons” and watch Earth orbiting the sun.

1b On the day of the summer solstice in
late June, Earth’s northern
hemisphere is inclined toward the
sun, and sunlight shines almost
straight down at northern
latitudes. At southern
latitudes, sunlight strikes
the ground at an angle
and spreads out. North
America has warm
weather, and South
America has cool
weather.

Sunlight nearly direct
on northern latitudes

Earth’s axis of rotation
points toward Polaris,

and, like a top, the

spinning Earth holds its
axis fixed as it orbits the
sun. On one side of the
sun, Earth’s northern
hemisphere leans toward
the sun; on the other side of
its orbit, it leans away. However,
the direction of the axis of rotation
does not change.

Sunlight spread out
on southern latitudes

Earth at summer solstice
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Summer solstice
light

J

Light striking the ground at a

steep angle spreads out less than
light striking the ground at a shallow
angle. Light from the summer-solstice
sun strikes northern latitudes from
nearly overhead and is concentrated.

Winter solstice light

2

Light from the winter-solstice sun
strikes northern latitudes at a much
shallower angle and spreads out. The
same amount of energy is spread over
a larger area, so the ground receives
less energy from the winter sun.

Sunlight spread out
on northern latitudes

Sunlight nearly direct
on southern latitudes

‘ The two causes of the
seasons are shown at right
for someone in the northern
hemisphere. First, the noon
summer sun is higher in the sky
and the winter sun is lower, as
shown by the longer winter
shadows. Thus winter sunlight is
more spread out. Second, the
summer sun rises in the
northeast and sets in the
northwest, spending more than
12 hours in the sky. The winter
sun rises in the southeast and
sets in the southwest, spending
less than 12 hours in the sky.
Both of these effects mean that
northern latitudes receive more
energy from the summer sun,
and summer days are warmer
than winter days.

&
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~Q

Earth at winter solstice

Noon sun

South North
East Sunrise
At summer solstice
Noon sun £ -
L%
Sunset
South North

Sunrise

East

At winter solstice
CENGAGE

Sign in at www.academic.cengage.com
and go to CENGAGENOW-" to see
Active Figure “Path of the Sun” and
see this figure from the inside.

On the day of the winter
solstice in late December,
Earth’s northern hemisphere is
inclined away from the sun, and
sunlight strikes the ground at
an angle and spreads out. At
southern latitudes, sunlight
shines almost straight

down and does not spread
out. North America has

cool weather and South
America has warm

weather.

Earth’s orbit is only very
slightly elliptical. About
January 3, Earth is at
perihelion, its closest

point to the sun, when it

is only 1.7 percent closer
than average. About July 5,
Earth is at aphelion, its most
distant point from the sun,
when it is only 1.7 percent
farther than average. This small
variation does not significantly affect
the seasons.
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Pseudoscience

What is the difference between a science and

a pseudoscience? Astronomers have a low opin-
ion of beliefs such as astrology, not so much be-
cause they are groundless but because they pre-
tend to be a sciences. They are pseudosciences,
from the Greek pseudo, meaning false.

A pseudoscience is a set of beliefs that ap-
pear to be based on scientific ideas but that fail
to obey the most basic rules of science. For ex-
ample, in the 1970s a claim was made that pyra-
midal shapes focus cosmic forces on anything
underneath and might even have healing proper-
ties. For example, it was claimed that a pyramid
made of paper, plastic, or other materials would
preserve fruit, sharpen razor blades, and do
other miraculous things. Many books promoted
the idea of the special power of pyramids, and
this idea led to a popular fad.

A key characteristic of science is that its
claims can be tested and verified. In this case,
simple experiments showed that any shape, not
just a pyramid, protects a piece of fruit from air-
borne spores and allows it to dry without rot-

ting. Likewise, any shape allows oxidation to im-
prove the cutting edge of a razor blade. Because
experimental evidence contradicted the claim
and because supporters of the theory declined to
abandon or revise their claims, you can recog-
nize pyramid power as a pseudoscience. Disre-
gard of contradictory evidence and alternate
theories is a sure sign of a pseudoscience.
Pseudoscientific claims can be self-fulfilling.
For example, some believers in pyramid power
slept under pyramidal tents to improve their rest.
There is no logical mechanism by which such a
tent could affect a sleeper, but because people
wanted and expected the claim to be true they re-
ported that they slept more soundly. Vague claims
based on personal testimony that cannot be
tested are another sign of a pseudoscience.
Astrology is a pseudoscience. It has been
tested over and over for centuries, and it doesn’t
work. Nevertheless, many people believe in as-
trology despite contradictory evidence. Many
pseudosciences appeal to our need to under-
stand and control the world around us. Some

such claims involve medical cures, ranging from
using magnetic bracelets and crystals to focus
mystical power to astonishingly expensive, ille-
gal, and dangerous treatments for cancer. Logic
is a stranger to pseudoscience, but human fears
and needs are not.

Astrology may be the oldest pseudoscience.

Mercury’s orbit is so small that it can never get farther than
28° from the sun. Consequently, it is hard to see against the
sun’s glare and is often hidden in the clouds and haze near the
horizon.

By tradition, any planet visible in the evening sky is called
an evening star, even though planets are not stars. Similarly, any
planet visible in the sky shortly before sunrise is called 2 morning
star. Perhaps the most beautiful is Venus, which can become as
bright as magnitude —4.7. As Venus moves around its orbi, it
can dominate the western sky each evening for many weeks, but
eventually its orbit carries it back toward the sun, and it is lost in
the haze near the horizon. In a few weeks, it reappears in the
dawn sky, a brilliant morning star.

The cycles of the sky are so impressive that it is not surpris-
ing that people have strong feelings about them. Ancient peoples
saw the motion of the sun around the ecliptic as a powerful influ-
ence on their daily lives, and the motion of the planets along the
ecliptic seemed similarly meaningful. The ancient superstition of
astrology is based on the cycle of the sun and planets around the
sky. You have probably heard of the zodiac, a band around the
sky extending 9 degrees above and below the ecliptic. The signs
of the zodiac take their names from the 12 principal constella-
tions along the ecliptic. Centuries ago astrology was an impor-
tant part of astronomy, but the two are now almost exact
opposites—astronomy is a science that depends on evidence,
and astrology is a superstition that survives in spite of evidence
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(m How Do We Know? 3-1). The signs of the zodiac are no lon-

ger important in astronomy.

Astronomical Influences
on Earth’s Climate

THE sEasoNs ARE produced by the annual motion of Earth around
the sun, but subtle changes in that motion can have dramatic effects
on climate. You don't notice these changes during your lifetime, but
over thousands of years, they can bury continents under glaciers.

Earth has gone through ice ages, when the worldwide climate
was cooler and dryer and thick layers of ice covered northern lati-
tudes. One major ice age occurred about 570 million years ago,
and the next about 280 million years ago. The most recent ice age
began only about 3 million years ago and is still going on. You are
living during one of the periodic episodes during an ice age when
the glaciers melt back and Earth grows slightly warmer. The cur-
rent warm period began about 12,000 years ago.

Ice ages seem to occur with a period of roughly 250 to 300
million years, and cycles of glaciation within ice ages occur with
periods of 40,000 to 100,000 years. (These cycles have no con-
nection with global warming, which can produce changes in
Earth’s climate over just a few decades. Global warming is dis-
cussed in Chapter 17.) Evidence shows that these slow cycles of
the ice ages have an astronomical origin.



Sometimes a theory or hypothesis is proposed long before
scientists can find the critical evidence to test it. That happened
in 1920 when Yugoslavian meteorologist Milutin Milankovitch
proposed what became known as the Milankovitch hypothesis—
that small changes in Earth’s orbit, precession, and inclination
affect Earth’s climate and can trigger ice ages. You should exam-
ine each of these motions separately.

First, Earth’s orbit is only very slightly elliptical, but astrono-
mers know that the elliptical shape varies slightly over a period of
about 100,000 years. At present, Earth’s orbit carries it 1.7 per-
cent closer than average to the sun during northern hemisphere
winters and 1.7 percent farther away in northern hemisphere
summers. This makes the northern climate very slightly warmer,
and that is critical —most of the landmass where ice can accu-
mulate is in the northern hemisphere. If Earth’s orbit became
more elliptical, for example, northern summers might be too
cool to melt all of the snow and ice from the previous winter.
That would make glaciers grow larger.

A second factor is also at work. Precession causes Earth’s axis
to sweep around a cone with a period of about 26,000 years, and

Earth temperatures predicted
from the Milankovitch effect

25,000 years ago

that gradually changes the points in Earth’s orbit where a given
hemisphere experiences the seasons. Northern hemisphere sum-
mers now occur when Earth is 1.7 percent farther from the sun,
but in 13,000 years northern summers will occur on the other side
of Earth’s orbit where Earth is 1.7 percent closer to the sun. North-
ern summers will be warmer, which could melt all of the previous
winter’s snow and ice and prevent the growth of glaciers.

The third factor is the inclination of Earth’s equator to its
orbit. Currently at 23.5°, this angle varies from 22° to 24°, with
a period of roughly 41,000 years. When the inclination is greater,
seasons are more severe.

In 1920, Milankovitch proposed that these three factors cycle
against each other to produce complex periodic variations in Earth’s
climate and the advance and retreat of glaciers (m Figure 3-3a). But
no evidence was available to test the theory in 1920, and scientists
treated it with skepticism. Many thought it was laughable.

By the middle 1970s, Earth scientists could collect the data that
Milankovitch had lacked. Oceanographers could drill deep into
the seafloor and collect long cores of sediment. In the laboratory,

10,000 years ago
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(a) Mathematical models of the Milankovitch effect can be used to predict temperatures on Earth over time. In these Earth globes, cool temperatures are represented
by violet and blue and warm temperatures by yellow and red. These globes show the warming that occurred beginning 25,000 years ago, which ended the last ice
age. (Courtesy Arizona State University, Computer Science and Geography Departments) (b) Over the last 400,000 years, changes in ocean temperatures measured from fossils
found in sediment layers from the seabed match calculated changes in solar heating. (Adapted from Cesare Emiliani)
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Why is evidence critical in science? From col-
liding galaxies to the inner workings of atoms,
scientists love to speculate and devise theories,
but all scientific knowledge is ultimately based
on evidence from observations and experiments.
Evidence is reality, and scientists constantly
check their ideas against reality.

When you think of evidence, you probably
think of criminal investigations in which detec-
tives collect fingerprints and eyewitness ac-
counts. In court, that evidence is used to try to
understand the crime, but there is a key differ-
ence in how lawyers and scientists use evidence.
A defense attorney can call a witness and inten-
tionally fail to ask a question that would reveal
evidence harmful to the defendant. In contrast,
the scientist must be objective and not ignore
any known evidence. The attorney is presenting

It is a characteristic of scien-
tific knowledge that it is sup-
ported by evidence. A scientific
statement is more than an opin-
ion or a speculation because it
has been tested objectively
against reality.

As you read about any sci-
ence, look for the evidence in
the form of observations and ex-
periments. Every theory or con-
clusion should have supporting
evidence. If you can find and un-
derstand the evidence, the sci-
ence will make sense. All scien-
tists, from astronomers to
zoologists, demand evidence. You
should, too.

only one side of the case, but the scientist is
searching for the truth. In a sense, the scientist
must deal with the evidence as both the prose-
cution and the defense.

Fingerprints are evidence to past
events. (Dorling Kindersley/Getty

Images)

geologists could take samples from different depths in the cores
and determine the age of the samples and the temperature of the
oceans when they were deposited on the sea floor. From this,
scientists constructed a history of ocean temperatures that con-
vincingly matched the predictions of the Milankovitch hypoth-
esis (Figure 3-3b).

The evidence seemed very strong, and by the 1980s the
Milankovitch hypothesis was widely considered the leading hy-
pothesis. But science follows a mostly unstated set of rules that
holds that a hypothesis must be tested over and over against all
available evidence (m How Do We Know? 3-2). In 1988, scien-
tists discovered contradictory evidence.

For 500,000 years rainwater has collected in a deep crack in
Nevada called Devil’s Hole. That water has deposited the mineral
calcite in layer on layer on the walls of the crack. It isnt easy to
get to, and scientists had to dive with scuba gear to drill out
samples of the calcite, but it was worth the effort. Back in the
laboratory, they could determine the age of each layer in their
core samples and the temperature of the rainwater that had
formed the calcite in each layer. That gave them a history of
temperatures at Devil’s Hole that spanned many thousands of
years, and the results were a surprise. The evidence seemed to
show that Earth had begun warming up thousands of years too
early for the last ice age to have been caused by the Milankovitch
cycles.
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These contradictory findings are irritating because we hu-
mans naturally prefer certainty, but such circumstances are com-
mon in science. The disagreement between ocean floor samples
and Devil’s Hole samples triggered a scramble to understand the
problem. Were the ages of one or the other set of samples wrong?
Were the ancient temperatures wrong? Or were scientists misun-
derstanding the significance of the evidence?

In 1997, a new study of the ages of the samples confirmed
that those from the ocean floor are correctly dated. But the same
study found that the ages of the Devil’s Hole samples are also
correct. Evidently the temperatures at Devil’s Hole record local
climate changes in the region that became the southwestern
United States. The ocean floor samples record global climate
changes, and they fit well with the Milankovitch hypothesis. This
gave scientists renewed confidence in the Milankovitch hypoth-
esis, and although it is widely accepted today, it is still being
tested whenever scientists can find more evidence.

As you review this section, notice that it is a scientific argu-
ment, a careful presentation of theory and evidence in a logical
discussion. m How Do We Know? 3-3 expands on the ways sci-
entists organize their ideas in logical arguments. Throughout this
book, many chapter sections end with short reviews called “Sci-
entific Argument.” These feature a review question, which is
then analyzed in a scientific argument. A second question gives
you a chance to build your own scientific argument. You can use



How Do

Scientific Arguments

How is a scientific argument different from an
advertisement? Advertisements sometimes
sound scientific, but they are fundamentally dif-
ferent from scientific arguments. An advertise-
ment is designed to convince you to buy a prod-
uct. “Our shampoo promises 85 percent shinier
hair.” The statement may sound like science, but
it isn't a complete, honest discussion. “Shinier
than what?” you might ask. An advertiser’s only
goal is a sale.

Scientists construct arguments because they
want to test their own ideas and give an accu-
rate explanation of some aspect of nature. For
example, in the 1960s, biologist E. 0. Wilson
presented a scientific argument to show that
ants communicate by smells. The argument in-
cluded a description of his careful observations
and the ingenious experiments he had conducted
to test his theory. He also considered other evi-
dence and other theories for ant communication.

Scientists can include any evidence or theory
that supports their claim, but they must observe
one fundamental rule of science: They must be
totally honest—they must include all of the evi-
dence and all of the theories.

Scientists publish their work in scientific ar-
guments, but they also think in scientific argu-
ments. If, in thinking through his argument,
Wilson had found a contradiction, he would have
known he was on the wrong track. That is why
scientific arguments must be complete and hon-
est. Scientists who ignore inconvenient evidence
or brush aside other theories are only fooling
themselves.

A good scientific argument gives you all the
information you need to decide for yourself
whether the argument is correct. Wilson’s study
of ant communication is now widely understood
and is being applied to other fields such as pest
control and telecommunications networks.

Scientists have discovered that ants communicate
with a large vocabulary of smells. (Eye of Science/Photo

these “Scientific Argument” features to review chapter material
ut also to practice thinking like a scientist.
but also t tice thinking lik tist

< SCIENTIFIC ARGUMENT »

Why should precession affect Earth’s climate?
Here exaggeration is a useful analytical tool in your argument. If you
exaggerate the elliptical shape of Earth’s orbit, you can see dramatically the
influence of precession. At present, Earth reaches perihelion (closest to the
sun) during winter in the northern hemisphere and aphelion (farthest from
the sun) during summer. The variation in distance is only 1.7 percent, and
that difference doesn’t cause much change in the severity of the seasons.
But if Earth’s orbit were much more elliptical, then winter in the northern
hemisphere would be much warmer, and summer would be much cooler.

Now you can see the importance of precession. As Earth’s axis precesses,
the seasons occur at different places around Earth’s orbit. In 13,000 years,
northern winter will occur at aphelion, and, if Earth’s orbit were highly
elliptical, northern winter would be terribly cold. Similarly, summer would
occur at perihelion, and the heat would be awful. Such extremes might
deposit large amounts of ice in the winter but then melt it away in the hot
summer, thus preventing the accumulation of glaciers.

Continue this analysis by modifying in your scientific argument further.
What effect would precession have if Earth’s orbit were more circular?

< |

OThe Cycles of the Moon

You HaVE NO doubt seen the moon in the sky and noticed that its
shape changes from night to night. The cycle of the moon is one
of the most obvious phenomena in the sky, and that cycle has been
a natural timekeeper since before the dawn of human civilization.

Researchers, Inc.)

Just as the planets revolve counterclockwise around the sun, the
moon revolves counterclockwise around Earth. Because the
moon’s orbit is tipped a few degrees from the plane of Earth’s
orbit, the moon’s path takes it slightly north and then slightly
south of the ecliptic, but it is always somewhere along the band
of the zodiac.

The moon moves rapidly against the background of the
constellations. If you watch the moon for just an hour, you can
see it move eastward by slightly more than its angular diameter.
In the previous chapter, you learned that the moon is about 0.5°
in angular diameter, so it moves eastward a bit more than 0.5°
per hour. In 24 hours, it moves 13°. Each night you see the
moon about 13° eastward of its location the night before.

As the moon orbits around Earth, its shape changes from
night to night in a month-long cycle.

The changing shape of the moon as it revolves around Earth is
one of the most easily observed phenomena in astronomy. Study

The Phases of the Moon on pages 32-33 and notice three
important points and two new terms:

OThe moon always keeps the same side facing Earch. “The
man in the moon” is produced by the familiar features on
the moon’s near side, but you never see the far side of the
moon.
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The changing shape of the moon as it passes through its
cycle of phases is produced by sunlight illuminating differ-
ent parts of the side of the moon you can see.

eNotice the difference between the orbital period of the
moon around Earth (sidereal period) and the length of the
lunar phase cycle (synodic period). That difference is a good
illustration of how your view from Earth is produced by the
combined motions of Earth and other heavenly bodies such
as the sun and moon.

You can make a moon-phase dial from the middle diagram
on page 32 by covering the lower half of the moon’s orbit with a
sheet of paper and aligning the edge of the paper to pass through
the word “Full” at the left and the word “New” at the right. Push
a pin through the edge of the paper at Earth’s North Pole to make
a pivot and, under the word “Full,” write on the paper “Eastern
Horizon.” Under the word “New,” write “Western Horizon.”
The paper now represents the horizon you see when you stand
facing south. You can set your moon-phase dial for a given time
by rotating the diagram behind the horizon-paper. For example,
set the dial to sunset by turning the diagram until the human
figure labeled “sunset” is standing at the top of the Earth globe;
the dial shows, for example, that the full moon at sunset would
be at the eastern horizon.

The phases of the moon are dramatic, and they have at-
tracted a number of peculiar ideas. You have probably heard a
number of Common Misconceptions about the moon. Some-
times people are surprised to see the moon in the daytime sky,
and they think something has gone wrong! No, the gibbous
moon is often visible in the daytime, although quarter moons
and especially crescent moons are harder to see when the sun is
above the horizon. You may hear people mention “the dark side
of the moon,” but you will be able to assure them that there is
no dark side. Any location on the moon is sunlit for two weeks
and is in darkness for two weeks as the moon rotates in sunlight.
Also, you may have heard people say the moon is larger when it

Waxing crescent

First quarter

u Figure 3-4

Waxing gibbous

is on the horizon. Certainly the rising full moon looks big when
you see it on the horizon, but that is an optical illusion. In reality,
the moon is the same angular diameter on the horizon as when
it is high overhead. Finally, you have probably heard one of the
strangest misconceptions about the moon: that people tend to
act up at full moon. Actual statistical studies of records from
schools, prisons, hospitals, and so on show that it isnt true.
There are always a few people who misbehave; the moon has
nothing to do with it.

For billions of years, the man in the moon has looked down
on Earth. Ancient civilizations saw the same cycle of phases that
you see (m Figure 3-4), and even the dinosaurs may have noticed
the changing phases of the moon. Occasionally, however, the
moon displays more complicated moods when it turns copper-
red in a lunar eclipse.

Go to academic.cengage.com/astronomy/seeds to see the Astronomy
Exercises “Phases of the Moon” and “Moon Calendar.”

Lunar Eclipses

A lunar eclipse can occur at full moon if the moon moves
through the shadow of Earth. Because the moon shines only by
reflected sunlight, the moon grows dark while it is crossing
through the shadow.

Earth’s shadow consists of two parts (m Figure 3-5). The
umbra is the region of total shadow. If you were drifting in your
spacesuit in the umbra of Earth’s shadow, the sun would be com-
pletely hidden behind Earth, and you would see no portion of
the sun’s bright disk. If you drifted into the penumbra, however,
you would see part of the sun peeking around the edge of Earth,
so you would be in partial shadow. In the penumbra, sunlight is
dimmed but not extinguished.

Once or twice a year, the orbit of the moon carries it through
the umbra of Earth’s shadow, and you see a total lunar eclipse
(m Figure 3-6). As you watch the eclipse begin, the moon first
moves into the penumbra and dims slightly; the deeper it moves

Full moon

In this sequence of the waxing moon, you see the same face of the moon, the same mountains, craters, and plains, but the changing direction of

sunlight produces the lunar phases. (©UC Regents/Lick Observatory)
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Light source

m Figure 3-5

Penumbra

Screen far
from tack

Screen close
to tack

The shadows cast by a map tack resemble those of Earth and the moon. The umbra is the region of total shadow; the penumbra is the region of

partial shadow.

into the penumbra, the more it dims. After about an hour, the
moon reaches the umbra, and you see the umbral shadow darken
part of the moon. It takes about an hour for the moon to enter
the umbra completely and become totally eclipsed. Totality, the
period of total eclipse, may last as long as 1 hour 45 minutes,
though the length of totality depends on where the moon crosses
the shadow.

When the moon is totally eclipsed, it does not disappear
completely. Although it receives no direct sunlight, the moon in
the umbra does receive some sunlight that is refracted (bent)
through Earth’s atmosphere. If you were on the moon during
totality, you would not see any part of the sun because it would
be entirely hidden behind Earth. However, you would see Earth’s

Motion of moon

During a total lunar eclipse,
the moon takes a number

of hours to move through
Earth’s shadow.

A cross section of
Earth’s shadow shows
the umbra and penumbra.

Orbit of

4 mooﬁ___‘ ______

Umbra Penumbra

(Not to scale)

atmosphere illuminated from behind by the sun. The red glow
from this ring of “sunsets” and “sunrises” illuminates the
moon during totality and makes it glow coppery red, as shown
in Figure 3-6.

Lunar eclipses are not always total. If the moon passes a bit
too far north or south, it may only partially enter the umbra, and
you see a partial lunar eclipse. The part of the moon that remains
in the penumbra receives some direct sunlight, and the glare is
usually great enough to prevent your seeing the faint coppery
glow of the part of the moon in the umbra.

A penumbral lunar eclipse occurs when the moon passes
through the penumbra but misses the umbra entirely. Because
the penumbra is a region of partial shadow, the moon is only
partially dimmed. A
penumbral eclipse s
not very impressive.

Although there are
usually no more than
one or two lunar
eclipses each year, it is
not difficult to see one.
You need only be on
the dark side of Earth
when the moon passes
through Earth’s shadow.
That is, the eclipse

occur between

Sunlight scattered from Earth’'s
atmosphere bathes the totally

eclipsed moon in a coppery glow. must

sunset and sunrise at

u Figure 3-6

During a total lunar eclipse, the moon passes through
Earth’s shadow, as shown in this multiple-exposure photo-
graph. A longer exposure was used to record the moon
while it was totally eclipsed. The moon’s path appears
curved in the photo because of photographic effects.
(©1982 Dr. Jack B. Marling)
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41  Asthe moon orbits Earth, it rotates to keep the same side

facing Earth as shown at right. Consequently you always see
the same features on the moon, and you never see the far side of
the moon. A mountain on the moon that points at Earth will always
point at Earth as the moon revolves and rotates.

(Not to scale

P Sign in at www.academic.cengage.com and ._.,
CENGAGE go to CENGAGENOW" to see Active Figure
“Lunar Phases” and take control of this diagram.
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‘ As seen at left, sunlight always
illuminates half of the moon. Because
you see different amounts of this sunlit side,
you see the moon cycle through phases. At
the phase called “new moon,” sunlight
illuminates the far side of the moon, and the
side you see is in darkness. At new moon
you see no moon at all. At full moon, the
side you see is fully lit, and the far side is in
darkness. How much you see depends on
where the moon is in its orbit.
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( A
New moon S
Ecliptic

‘The moon orbits eastward

around Earth in 27.32 days,
its sidereal period. This is how
long the moon takes to circle the Sagittarius
sky once and return to the same The sun and moon are near Scorpius
position among the stars. L each other at new moon. )
A complete cycle of lunar phases
takes 29.53 days, the moon’s fone sidereal period R
synodic period. (Synodic comes after new moon -
from the Greek words for “together” Ecliptic
and “path.”)

Sun
To see why the synodic period is . One sidereal period after new moon,
longer than the sidereal period, Sagittarius the moon has returned to the same _
study the star charts at the right. place among the stars, but the sun Scorpius
has moved on along the ecliptic.
Although you think of the lunar \ ~
cycle as being about 4 weeks long, ~
it is actually 1.53 days longer than One synodic period
4 weeks. The calendar divides the after new moon —
year into 30-day periods called M & B
months (literally “moonths”) in ____——__—- —
recognition of the 29.53 day oL N,
synodic cycle of the moon. /\ mt?on One synodic period after new moon,
Sagittarius the moon has caught up with the Scorpius
sun and is again at new moon.

g

You can use the diagram on the opposite page to
determine when the moon rises and sets at different phases.
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New Dawn Sunset
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Full Sunset Dawn
Third quarter Midnight Noon
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Table 3-1 will allow you to determine which
upcoming total and partial lunar eclipses will be visible from

your location.

your location.

From Earth you can see a phenomenon that is not visible from
most planets. It happens that the sun is 400 times larger than our
moon but, on the average, nearly 400 times farther away, so the
sun and moon have nearly equal angular diameters of about 0.5°.
(See m Reasoning with Numbers 3-1.) This means that the moon
is just the right size to cover the bright disk of the sun and cause
a solar eclipse. If the moon covers the entire disk of the sun, you
see a total eclipse. If it covers only part of the sun, you see a par-
tial eclipse.

Every new moon, the shadow of the moon points toward
Earth, but it usually misses. When the moon’s shadow does
sweep over Earth, the umbra barely reaches Earth and produces
a small spot of darkness. The penumbra produces a larger circle
of dimmed sunlight (= Figure 3-8). What you sce of the resulting
eclipse depends on where you are in those shadows. Standing in
that umbral spot, you would be in total shadow, unable to see
any part of the sun’s bright surface, and the eclipse would be
total. But if you were located outside the umbra, in the penum-
bra, you would see part of the sun peeking around the edge of
the moon, and the eclipse would be partial. Of course, if you are
outside the penumbra, you would see no eclipse at all.

Because of the orbital motion of the moon and the rotation
of Earth, the moon’s shadow sweeps rapidly across Earth in a

Table 3-1 Total and Partial Eclipses
of the Moon, 2009—-2017*

Time** of Length of Length of

Mideclipse Totality Eclipse
Date (GMT) (Min) (Hr:Min)
2009 Dec. 31 19:24 Partial 1:00
2010 June 26 11:40 Partial 2:42
2010 Dec. 21 8:18 72 3:28
2011 June 15 20:13 100 3:38
2011 Dec. 10 14:33 50 3:32
2012 June 4 11:04 Partial 2:06
2013 April 25 20:07 Partial 0:32
2014 April 15 7:46 78 3:38
2014 Oct. 8 10:55 60 3:20
2015 April 4 12:02 Partial 3:28
2015 Sept. 28 2:48 72 3:20
2017 Aug. 7 18:22 Partial 1:54

*There are no total or partial lunar eclipses during 2016.

**Times are Greenwich Mean Time. Subtract 5 hours for Eastern Standard Time, 6 hours
for Central Standard Time, 7 hours for Mountain Standard Time, and 8 hours for Pacific
Standard Time. For your time zone, lunar eclipses that occur between sunset and sunrise
will be visible, and those at midnight will be best placed.
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CReasoning with Numbers | 3-1 )

The Small-Angle Formula

Figure 3-7 shows the angular diameter of an object, its linear
diameter, and its distance. Linear diameter is the distance be-
tween an object’s opposite sides. The linear diameter of the
moon, for instance, is 3476 km. Recall that the angular diameter
of an object is the angle formed by two lines extending from op-
posite sides of the object and meeting at your eye. Clearly, the
farther away an object is, the smaller its angular diameter. The
small-angle formula allows you to find any of these three quanti-
ties if you know the other two.

In the small-angle formula, you always express angular diam-
eter in seconds of arc,* and you always use the same units for
distance and linear diameter:

angular diameter _ linear diameter
206,265

distance

Example: The moon has a linear diameter of 3476 km and is
about 384,000 km away. What is its angular diameter?
Solution: You can leave linear diameter and distance in kilo-
meters and find the angular diameter in seconds of arc:
3476 km
" 384,000 km

angular diameter _
206,265

The angular diameter is 1870 seconds, which equals 31 minutes,
of arc—about 0.5°.

*The number 206,265 is the number of seconds of arc in a radian. When you
divide by 206,265, you convert the angle from seconds of arc into radians.

Linear

e

Yiameter
/

Angular
diameter

Figure 3-7

The three quantities related by the small-angle formula. Angular diameter is
given in seconds of arc in the formula. Distance and linear diameter must be
expressed in the same units —both in meters, both in light-years, and so on.
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Path of total eclipse

b Visual

m Figure 3-8

(a) The umbra of the moon’s shadow sweeps from west to east across Earth, and
observers in the path of totality see a total solar eclipse. Those outside the umbra
but inside the penumbra see a partial eclipse. (b) Eight photos made by a
weather satellite have been combined to show the moon’s shadow moving across
Mexico, Central America, and Brazil. (NASA GOES images courtesy of MrEclipse.com)

long, narrow path of totality. If you want to see a total solar
eclipse, you must be in the path of totality. When the umbra of
the moon’s shadow sweeps over you, you see one of the most
dramatic sights in the sky—a total eclipse of the sun.

The eclipse begins as the moon slowly crosses in front of the
sun. It takes about an hour for the moon to cover the solar disk,
but as the last sliver of sun disappears behind the moon, only the
glow of the sun’s outer atmosphere is visible (m Figure 3-9) and
darkness falls in a few seconds. Automatic streetlights come on,
drivers of cars turn on their headlights, and birds go to roost. The
sky becomes so dark you can even see the brighter stars.

The darkness lasts only a few minutes because the umbra is
never more than 270 km (168 miles) in diameter and sweeps
across Earth’s surface at over 1600 km/hr (1000 mph). The sun
cannot remain totally eclipsed for more than 7.5 minutes, and
the average period of totality lasts only 2 or 3 minutes.

The brilliant surface of the sun is called the photosphere,
and when the moon covers the photosphere, you can see the

A Total Solar Eclipse

The moon moving
from the right just
begins to cross in
front of the sun.

The disk of the
moon gradually

covers the disk of
the sun.

Sunlight begins
to dim as more of
the sun’s disk is
covered.

During totality,
pink prominences
are often visible.

A longer-exposure
photograph during
totality shows the
fainter corona.

m Figure 3-9

This sequence of photos shows the first half of a total solar eclipse. (Daniel
Good)

fainter chromosphere, the higher layers of the sun’s atmosphere,
glowing a bright pink. Above the chromosphere you see the co-
rona, the sun’s outer atmosphere. The corona is a low-density,
hot gas that glows with a pale white color. Streamers caused by
the solar magnetic field streak the corona, as may be seen in the
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last frame of Figure 3-9. The chromosphere is often marked by
eruptions on the solar surface called prominences (m Figure
3-10a). The corona, chromosphere, and prominences are visible
only when the brilliant photosphere is covered. As soon as part
of the photosphere reappears, the fainter corona, chromosphere,
and prominences vanish in the glare, and totality is over. The
moon moves on in its orbit, and in an hour the sun is completely
visible again.

Just as totality begins or ends, a small part of the photo-
sphere can peek out from behind the moon through a valley at
the edge of the lunar disk. Although it is intensely bright, such a
tiny bit of the photosphere does not completely drown out the
fainter corona, which forms a silvery ring of light with the bril-
liant spot of photosphere gleaming like a diamond (Figure
3-10b). This diamond-ring effect is one of the most spectacular
of astronomical sights, but it is not visible during every solar
eclipse. Its occurrence depends on the exact orientation and mo-
tion of the moon.

Figure 3-10

(a) During a total solar eclipse, the moon covers the photosphere, and the ruby-
red chromosphere and prominences are visible. Only the lower corona is visible
in this image. (©2005 Fred Espenak, www.MrEclipse.com) (b) The diamond ring ef-
fect can sometimes occur momentarily at the beginning or end of totality if a
small segment of the photosphere peeks out through a valley at the edge of the
lunar disk. (National Optical Astronomy Observatory)
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The moon’s angular diameter changes depending on where
it is around its slightly elliptical orbit. When it is near perigee,
its point of closest approach to Earth, it looks a little bit larger
than when it is near apogee, the most distant point in its orbit.
Furthermore, Earth’s orbit is also slightly elliptical, so the Earth—
sun distance varies, and that changes the angular diameter of the
solar disk by a few percent (m Figure 3-11). If the moon is in the
farther part of its orbit during totality, its angular diameter will
be less than the angular diameter of the sun, and when that hap-
pens, you see an annular eclipse, a solar eclipse in which a ring
(or annulus) of the photosphere is visible around the disk of the
moon. Because a portion of the brilliant photosphere remains
visible, it never quite gets dark, and you can't see the promi-
nences, chromosphere, and corona (Figure 3-11).

A list of future total and annular eclipses of the sun is given
in m Table 3-2. If you plan to observe a solar eclipse, remember
that the sun is bright enough to burn your eyes and cause perma-
nent damage if you look at it directly. It is a Common Miscon-
ception that sunlight during an eclipse is somehow extra danger-
ous. Sunlight is bright enough to burn your eyes any day,
whether there is an eclipse or not. Only during totality, while the
brilliant photosphere is entirely hidden, is it safe to look directly
at the eclipse. See m Figure 3-12 for a safe way to observe the
partially eclipsed sun.

Predicting lunar or solar eclipses is quite complex, and if you
wanted to make precise predictions, you would have to do some
sophisticated calculations. But you can make general eclipse pre-
dictions by thinking about the geometry of an eclipse and the
cyclic motions of the sun and moon.

Solar eclipses occur when the moon passes between Earth
and the sun, that is, when the lunar phase is new moon. Lunar
eclipses occur at full moon. However, you don’t see eclipses at
every new moon or full moon. Why not? That’s the key question.
The answer is that the moon’s orbit is tipped a few degrees to the
plane of Earth’s orbit, so at most new or full moons, the shadows
miss as you can see in the lower part of m Figure 3-13. If the
shadows miss, there are no eclipses.

For an eclipse to occur, the moon must be passing through
the plane of Earth’s orbit. The points where it passes through the
plane of Earth’s orbit are called the nodes of the moon’s orbit,
and the line connecting these is called the line of nodes. In other
words, the planes of the two orbits intersect along the line of
nodes. The moon crosses its nodes every month, but eclipses can
occur only if the moon is also new or full. That can happen twice
a year when the line of nodes points toward the sun, and for a
few weeks eclipses are possible at new moons and full moons
(Figure 3-13). These intervals when eclipses are possible are
called eclipse seasons, and they occur about six months apart.

If the moon’s orbit were fixed in space, the eclipse seasons
would always occur at the same times each year. The moon’s orbit


www.MrEclipse.com

Angular size of moon Angular size of sun

Annular eclipse of 1994
Disk of sun

Closest Farthest Closest Farthest
= Disk of moon centerd

in front of the sun

The angular diameters of the moon and
sun vary slightly because the orbits of the
moon and Earth are slightly eliptical.

If the moon is too far from Earth
during a solar eclipse, the umbra
does not reach Earth’s surface.

Figure 3-11

\

Path of annular eclipse

An annular eclipse occurs when the moon is far enough from Earth that its umbral shadow does not reach Earth’s surface. From Earth, you see an
annular eclipse because the moon’s angular diameter is smaller than the angular diameter of the sun. In the photograph of the annular eclipse of
1994, the dark disk of the moon is almost exactly centered on the bright disk of the sun. (Daniel Good)

Table 3-2 Total and Annular Eclipses of the Sun, 2009—-2019*

Maximum Length of

Total/Annular Time of Mideclipse* Total or Annular Phase
Date (T/A) (GMT) (Min:Sec) Area of Visibility
2009 Jan. 26 A 8h 7:56 S. Atlantic, Indian Oc
2009 July 22 T 3h 6:40 Asia, Pacific
2010 Jan. 15 A 7 11:10 Africa, Indian Ocean
2010 July 11 T 20" 5:20 Pacific, S. America
2012 May 20 A 23N 5:46 Japan, N. Pacific, W. US
2012 Nov. 13 T 22h 4:02 Australia, S. Pacific
2013 May 10 A on 6:04 Australia, Pacific
2013 Nov. 3 AT 13" 1:40 Atlantic, Africa
2015 March 20 T 10" 2:47 N. Atlantic, Arctic
2016 March 9 T 2h 4:10 Borneo, Pacific
2016 Sept. 1 A gh 3:06 Atlantic, Africa, Indian Oc
2017 Feb 26 A 15" 1:22 S. Pacific to Africa
2017 Aug 21 T 18" 2:40 United States
2019 July 2 T 19" 4:32 Pacific, S. America
2019 Dec. 26 A 5h 3:40 S. E. Asia, Pacific

The next major total solar eclipse visible from the United States will occur on August 21, 2017, when the path of totality will cross the United States from Oregon to South Carolina.

*There are no total or partial solar eclipses in 2011, 2014, or 2018.

Times are Greenwich Mean Time. Subtract 5 hours for Eastern Standard Time, 6 hours for Central Standard Time, 7 hours for Mountain Standard Time, and 8 hours for Pacific Standard Time.

"hours.



m Figure 3-12

A safe way to view the partial phases of a solar eclipse. Use a pinhole in a card to Sunlieiy

project an image of the sun on a second card. The greater the distance between

the cards, the larger (and fainter) the image will be. _
Pinhole

u Figure 3-13

The moon’s orbit is tipped about 5° to Earth’s orbit. The nodes N and N” are
the points where the moon passes through the plane of Earth’s orbit. If the
line of nodes does not point at the sun, the long narrow shadows miss, and
there are no eclipses at new moon and full moon. At those parts of Earth’s
orbit where the line of nodes points toward the sun, eclipses are possible at
new moon and full moon.

Plane of moon’s orbit

Favorable for eclipse Plane of Earth’s orbit Unfavorable for eclipse

ull

—5° inclination of

plane of moon’s orbit .
Line of nodes

Line of nodes

Full

Unfavorable for eclipse

New moon shadow
passes north of Earth;
no eclipse

Full moon passes south
of Earth’s shadow;
L no eclipse

Earth, moon, and shadows drawn to scale
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precesses, however, because of the gravitational pull of the sun on
the moon, and the precession slowly changes the direction of the
line of nodes. The line turns gradually westward, making one
complete rotation in 18.61 years. As a result, the eclipse seasons
occur about three weeks earlier each year. Many ancient peoples
noticed this pattern and could guess which full and new moons
were likely to produce eclipses.

Another way the ancients predicted eclipses was to notice
that the pattern of eclipses repeats every 6585.3 days— the Saros
cycle. After one Saros, the sun, moon, and nodes have circled the
sky many times and finally returned to the same arrangement
they occupied when the Saros began. Then the cycle of eclipses
begins to repeat. One Saros equals 18 years 11'/; days. Because
of the extra third of a day, an eclipse visible in North America
will recur after one Saros, but it will be visible one-third of the
way around the world in the North Pacific. Once ancient as-
tronomers recognized the Saros cycle, they could predict eclipses
from records of previous eclipses.

< SCIENTIFIC ARGUMENT »

What would astronauts on the moon observe while people on Earth were
seeing a total lunar eclipse?
This scientific argument requires that you change your point of view and
imagine seeing an event from a new location. Remember that when you see
a total lunar eclipse, the full moon is passing through Earth’s shadow.
Astronauts standing on the moon would look up and see Earth crossing in
front of the brilliant sun. The lunar day would begin to grow dim as the
moon entered Earth’s penumbra. The visible part of the sun would grow
narrower and narrower until it vanished entirely behind Earth, and the
astronauts would be left standing in the dark as the moon carried them
through the umbra of Earth’s shadow. Except for faint starlight, their only
light would come from the glow of Earth’s atmosphere lit from behind, a red
ring around the dark disk of Earth made up of every sunset and sunrise. The
red light from Earth’s atmosphere would bathe the dusty plains and
mountains of the moon in a copper-red glow. The astronauts would have a
cold and tedious wait for the sun to reemerge from behind Earth, but they
would see a lunar eclipse from a new and dramatic vantage point.
Imagining the same event from different points of view can help you
sort out complex geometries. Now change your argument slightly and
imagine the eclipse once again. If Earth had no atmosphere, how would
this eclipse look different as viewed from Earth and from the moon?

< >

What Are We? Scorekeepers

The rotation and revolution of Earth produce the
cycles of day and night and winter and summer,
and we have evolved to live within those cycles.
One theory holds that we sleep at night because
dozing in the back of a cave (or in a comfortable
bed) is safer than wandering around in the dark.
The night is filled with predators, so sleeping
may keep us safe. Our bodies depend on that
cycle of light and dark: People who live and work
in the Arctic or Antarctic where the cycle of day
and night does not occur can suffer psychologi-
cal problems from the lack of the daily cycle.
The cycle of the seasons controls the migra-
tion of game and the growth of crops, so cul-

tures throughout history have followed the
motions of the sun along the ecliptic with spe-
cial reverence. The people who built Stone-
henge were marking the summer solstice sun-
rise because it was a moment of power, order,
and promise in the cycle of their lives.

The moon’s cycles mark the passing days
and divide our lives into weeks and months. In
a Native American story, Coyote gambles with
the sun to see if the sun will continue to warm
Earth, and the moon keeps score. The moon is a
symbol of reqularity, reliability, and depend-
ability. It is the scorekeeper counting out your
days and months.
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Like the ticking of a cosmic clock, the pass-
ing weeks, months, and seasons mark the pas-
sage of time on Earth, but, as you have seen,
the cycle of the seasons is also affected by
longer period changes in the motion of Earth.
Ice ages come and go, and Earth’s climate cy-
cles in ways we do not entirely understand. If
you don’t feel quite as secure as you did when
you started this chapter, then you are catching
on. Astronomy tells us that Earth is a beautiful
world, but it is also a complicated, spinning
planet. Our clocks, calendars, and lives count
the passing cycles in the sky.



Summary

» The rotation (p. 22) of Earth on its axis produces the cycle of day and
night, and the revolution (p. 22) of Earth around the sun produces the
cycle of the year.

» Because Earth orbits the sun, the sun appears to move eastward along
the ecliptic (p. 22) through the constellations completing a circuit of the
sky in a year.

» Because the ecliptic is tipped 23.5° to the celestial equator, the sun
spends half the year in the northern celestial hemisphere and half in the
southern celestial hemisphere.

» In the summer, the sun is above the horizon longer and shines more di-
rectly down on the ground. Both effects cause warmer weather in the
northern hemisphere. In the winter, the sun is in the southern sky, and
Earth’s northern hemisphere has colder weather.

» The seasons are reversed in Earth’s southern hemisphere relative to the
northern hemisphere.

» The beginning of spring, summer, winter, and fall are marked by the ver-
nal equinox (p. 24), the summer solstice (p. 24), the autumnal equi-
nox (p. 24), and the winter solstice (p. 24).

» Earth is slightly closer to the sun at perihelion (p. 25) in January and
slightly farther away from the sun at aphelion (p. 25) in July. This has
almost no effect on the seasons.

» The planets move generally eastward along the ecliptic, and all but Ura-
nus and Neptune are visible to the unaided eye looking like stars. Mercury
and Venus never wander far from the sun and are sometimes visible in the
evening sky after sunset or in the dawn sky before sunrise.

» Planets visible in the sky at sunset are traditionally called evening stars
(p. 26), and planets visible in the dawn sky are called morning stars

(p. 26).
» The locations of the sun and planets along the zodiac (p. 26) are the
bases for the ancient pseudoscience (p. 26) known as astrology.

» According to the Milankovitch hypothesis (p. 27), changes in the shape
of Earth’s orbit, in its precession, and in its axial tilt can alter the plan-
et’s heat balance and cause the cycle of ice ages. Evidence found in sea
floor samples support the hypothesis and it is widely accepted today.

» Scientists routinely test their own ideas by organizing theory and evi-
dence into a scientific argument (p. 28).

» The moon orbits eastward around Earth once a month and rotates on its
axis, keeping the same side facing Earth throughout the month.

» Because you see the moon by reflected sunlight, its shape appears to
change as it orbits Earth and sunlight illuminates different amounts of the
side you can see.

» The lunar phases wax from new moon to first quarter to full moon and
wane from full moon to third quarter to new moon.

» A complete cycle of lunar phases takes 29.53 days, which is known as the
moon’s synodic period (p. 33). The sidereal period (p. 33) of the
moon —its orbital period with respect to the stars—is a bit over 2 days
shorter.

» If a full moon passes through Earth’s shadow, sunlight is cut off, and the
moon darkens in a lunar eclipse (p. 30). If the moon fully enters the
dark umbra (p. 30) of Earth’s shadow, the eclipse is total; but if it only
grazes the umbra, the eclipse is partial. If the moon enters the partial
shadow of the penumbra (p. 30) but not the umbra, the eclipse is
penumbral.

» During totality (p. 31), the eclipsed moon looks copper-red because of
sunlight refracted through Earth’s atmosphere.
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A solar eclipse (p. 34) occurs if a new moon passes between the sun and
Earth and the moon’s shadow sweeps over Earth’s surface. Observers in-
side the path of totality see a total eclipse, and those just outside the
path of totality see a partial eclipse as the penumbra sweeps over their
location.

During a total eclipse, the bright photosphere (p. 35) of the sun is cov-
ered, and the fainter corona (p. 35), chromosphere (p. 35), and promi-
nences (p. 36) become visible.

Sometimes just as totality begins or ends, the bright photosphere peeks
out through a valley at the edge of the lunar disk and produces the
diamond-ring effect (p. 36).

When the moon is near perigee (p. 36), the closest point in its orbit, its
angular diameter is large enough to cover the sun’s photosphere and pro-
duce a total eclipse. But if the moon is near apogee (p. 36), the farthest
point in its orbit, it looks too small and can't entirely cover the photo-
sphere. A solar eclipse occurring then would be an annular eclipse

(p. 36).

Because the moon'’s orbit is tipped a few degrees from the plane of
Earth’s orbit, most full moons pass north or south of Earth’s shadow, and
no lunar eclipse occurs. Also, most new moons cross north or south of the
sun, and there is no solar eclipse.

Eclipses can only occur when a full moon or a new moon occurs near one
of the two nodes (p. 36) of its orbit, where it crosses the ecliptic. These
two eclipse seasons occur about 6 months apart, but move slightly earlier
each year. By keeping track of the location of the nodes of the moon’s or-
bit, you could predict which full and new moons were most likely to be
eclipsed.

Eclipses follow a pattern lasting 18 years 11!/5 days called the Saros cycle
(p. 39). If ancient astronomers understood that pattern, they could pre-
dict eclipses.

Review Questions

To assess your understanding of this chapter’s topics with additional quizzing
and animations, go to academic.cengage.com/astronomy/seeds

il
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10.
11.

12.

What is the difference between the daily and annual motions of the sun?
If Earth did not rotate, could you still define the ecliptic? Why or why
not?

What would the seasons be like if Earth were tipped 35° instead of
23.5°? What would they be like if Earth’s axis were perpendicular to its
orbit?

Why are the seasons reversed in the southern hemisphere relative to the
northern hemisphere?

How could small changes in the inclination of Earth’s axis affect world
climate?

Do the phases of the moon look the same from every place on Earth, or is
the moon full at different times as seen from different locations?

What phase would Earth be in if you were on the moon when the moon
was full? At first quarter? At waning crescent?

Why have most people seen a total lunar eclipse, while few have seen a
total solar eclipse?

Why isn‘t there an eclipse at every new moon and at every full moon?
Why is the moon red during a total lunar eclipse?

Why should the eccentricity of Earth’s orbit make winter in the northern
hemisphere different from winter in the southern hemisphere?

How Do We Know? What are the main characteristics of a pseudosci-
ence? Can you suggest other examples?



13.

14.

How Do We Know? Why would it be appropriate to refer to evidence as
the reality checks in science?

How Do We Know? Why must a scientific argument dealing with some
aspect of nature include all of the evidence?

Discussion Questions

1. Do planets orbiting other stars have ecliptics? Could they have seasons?

2. Why would it be difficult to see prominences if you were on the moon dur-
ing a total lunar eclipse?

Problems

1. If Earth is about 4.6 billion (4.6 X 10°) years old, how many precessional
cycles have occurred?

2. Identify the phases of the moon if on March 20 the moon were located at
(a) the vernal equinox, (b) the autumnal equinox, (c) the summer sol-
stice, (d) the winter solstice.

3. Identify the phases of the moon if at sunset the moon were (a) near the
eastern horizon, (b) high in the south, (c) in the southeast, (d) in the
southwest.

4. About how many days must elapse between first-quarter moon and third-
quarter moon?

5. Draw a diagram showing Earth, the moon, and shadows during (a) a total
solar eclipse, (b) a total lunar eclipse, (c) a partial lunar eclipse, (d) an
annular eclipse.

6. Phobos, one of the moons of Mars, is 20 km in diameter and orbits
5982 km above the surface of the planet. What is the angular diameter of
Phobos as seen from Mars? (Hint: See Reasoning with Numbers 3-1.)

7. A total eclipse of the sun was visible from Canada on July 10, 1972. When
did this eclipse occur next? From what part of Earth was it total?

8. When will the eclipse described in Problem 7 next be total as seen from

Canada?

. The stamp at right shows

. The photo at right shows

Learning to Look

1. Look at the chapter opening photo for Chapter 2 and notice the glow on

the horizon at lower right. Is that sunset glow or sunrise glow? About
what time of day or night was this photo taken? About what season of the
year was it taken? You may want to consult the star charts at the back of
this book.

a crescent moon. Explain
why the moon could
never look this way.

the annular eclipse of
May 30, 1984. How is it
different from the annular
eclipse shown in Figure
3-11? Why do you sup-
pose it is different?

CHAPTER 3

CYCLES OF THE SKY
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The Origin of Modern
Astronomy
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GUIdePOSt i ' - Astronomers like Galileo
The preceding chapters gave you a modern view of Earth. You can now imagine how Earth, Galilei and Johannes

the moon, and the sun move through space and how that produces the sights you see in the Kepler struggled against

sky. But how did humanity first realize that we live on a planet moving through space? That 2000 years of tradition as

required the revolutionary overthrow of an ancient and honored theory of Earth’s place. they tried to understand
By the 16th century, many astronomers were uncomfortable with the theory that Earth sat the place of Earth and the

at the center of a spherical universe. In this chapter, you will discover how an astronomer motion of the planets.

named Copernicus changed the old theory, how Galileo Galilei changed the rules of debate,
and how Isaac Newton changed humanity’s concept of nature. Here you will find answers to
four essential questions:

How did classical philosophers describe Earth’s place in the universe?
How did Copernicus revise that ancient theory?

Why was Galileo condemned by the Inquisition?

How did Isaac Newton change humanity’s view of nature?

This chapter is not just about the history of astronomy. As they struggled to understand
Earth and the heavens, the astronomers of the Renaissance invented a new way of under-
standing nature —a way of thinking that is now called science. Every chapter that follows
will use the methods that were invented when Copernicus tried to repair that ancient theory
that Earth was the center of the universe.

42 ) This bar denotes active figures that may be found at academic.cengage.com/astronomy/seeds.




How you would burst out laughing, my
dear Kepler, if you would hear what the
greatest philosopher of the Gymnasium
told the Grand Duke about me . . .

FROM A LETTER BY GALILEO GALILEI

EXT TIME YOU look at the sky, imagine how prehistoric
N families felt as they huddled around the safety of their
fires and looked up at the stars. Astronomy had its
beginnings in simple human curiosity about the lights in the sky.
As eatly civilizations developed, great philosophers struggled to
understand the movements of the sun, moon, and planets. Later,
mathematical astronomers made precise measurements and com-
puted detailed models in their attempts to describe celestial mo-
tions. It took hard work and years of effort, but the passions of
astronomy gripped some of the greatest minds in history and
drove them to try to understand the sky. As you study the history
of astronomy, notice that two themes twist through the story.

One theme is the struggle to understand the place of Earth
in the universe. It seemed obvious to the ancients that Earth was
the center of everything, but today you know that’s not true. The
debate over the place of Earth involved deep theological ques-
tions and eventually led Galileo before the Inquisition.

The second theme is the long and difficult quest to under-
stand planetary motion. Astronomers built more and more
elaborate mathematical models, but they still could not predict
precisely the motion of the visible planets along the ecliptic. That
mystery was finally solved when Isaac Newton described gravity
and orbital motion in the late 1600s.

Only a few centuries ago, as astronomers were struggling to
understand the sky, they invented a new way of understanding
nature—a new way of knowing about the physical world. That
new way of knowing is based on the comparison of theories and
evidence. Today, that new way of knowing is called science.

Classical Astronomy

THE GREAT PHILOSOPHERS of ancient Greece wrote about many
different subjects, including what they saw in the sky. Those
writings became the foundation on which later astronomers built
modern astronomy.

The Aristotelian Universe

You have probably heard of the two greatest philosophers of an-
cient Greece—Plato and Aristotle. Their writings shaped the
history of astronomy. Plato (4272-347 Bc) wrote about moral
responsibility, ethics, the nature of reality, and the ideals of civil
government. His student Aristotle (384-322 BcC) wrote on al-
most every area of knowledge and is probably the most famous
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philosopher in history. These two philosophers established the
first widely accepted ideas about the structure of the universe.

Science and its methods of investigation did not exist in
ancient Greece, so when Plato and Aristotle turned their minds
to the problem of the structure of the universe, they made use of
a process common to their times— reasoning from first princi-
ples. A first principle is something that is held to be obviously
true. Once a principle is recognized as true, whatever can be
logically derived from it must also be true.

But what was obviously true to the ancients is not so obvious
to us today. Study m The Ancient Universe on pages 44—45 and
notice three important ideas and seven new terms that show how
first principles influenced early descriptions of the universe and
its motions:

OAncient philosophers and astronomers accepted as first prin-
ciples that the universe was geocentric with Earth located at the
center and that the heavens moved in uniform circular motion.
They thought it was obvious that Earth did not move because
they did not see the shifting of the stars called parallax.

Notice how the observed motion of the planets, the evi-
dence, did not fit the theory very well. The retrograde motion
of the planets was very difficult to explain using geocentrism
and uniform circular motion.

eFinally, notice how Claudius Ptolemy attempted to explain
the motion of the planets mathematically by devising a small
circle, the epicycle, rotating along the edge of a larger circle,
the deferent, that enclosed Earth. He even allowed the speed
of the planets to vary slightly as they circled a slightly off-
center point called the equant. In these ways he weakened
the principles of geocentrism and uniform circular motion.

Prolemy lived roughly five centuries after Aristotle in the
Greek colony in Egypt, and although Ptolemy believed in the
Aristotelian universe, he was interested in a different prob-
lem — the motion of the planets. He was a brilliant mathemati-
cian, and he used his talents to create a mathematical description
of the motions he saw in the heavens. For him, first principles
took second place to mathematical precision.

Aristotle’s universe, as embodied in Prolemy’s mathematical
model, dominated ancient astronomy, but it was wrong. The
universe is not geocentric, and the planets don't follow circles at
uniform speeds. At first the Ptolemaic system predicted the posi-
tions of the planets well; but, as centuries passed, errors accumu-
lated. Astronomers tried to update the system, computing new
constants and adjusting epicycles. In the middle of the 13th
century, a team of astronomers supported by King Alfonso X of
Castile studied the Almagest for 10 years. Although they did not
revise the theory very much, they simplified the calculation of
the positions of the planets using the Ptolemaic system and pub-
lished the result as 7he Alfonsine Tables, the last great attempt to
make the Prolemaic system of practical use.
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0 For 2000 years, the minds of astronomers were shackled by a pair
of ideas. The Greek philosopher Plato argued that the heavens were
perfect. Because the only perfect geometrical shape is a sphere, which
carries a point on its surface around in a circle, and because the only
perfect motion is uniform motion, Plato concluded that all motion in the
heavens must be made up of combinations of circles turning at uniform
rates. This idea was called uniform circular motion.

Plato’s student Aristotle argued that Earth was imperfect and lay at the
center of the universe. Such a model is known as a geocentric
universe. His model contained 55 spheres turning at different rates and
at different angles to carry the seven known planets (the moon, Mercury,
Venus, the sun, Mars, Jupiter, and Saturn) across the sky.

Aristotle was known as the greatest philosopher in the ancient world, and for
2000 years his authority chained the minds of astronomers with uniform circular
motion and geocentrism. See the model at right. "3-23"
From Cosmographica
by Peter Apian (1539).

Seen by left eye Seen by right eye

Ancient astronomers believed that Earth did not move because

they saw no parallax, the apparent motion of an object because
of the motion of the observer. To demonstrate parallax, close one eye
and cover a distant object with your thumb held at arm’s length.
Switch eyes, and your thumb appears to shift position as shown at
left. If Earth moves, ancient astronomers reasoned, you should see
the sky from different locations at different times of the year, and you
should see parallax distorting the shapes of the constellations. They
saw no parallax, so they concluded Earth could not move. Actually,
the parallax of the stars is too small to see with the unaided eye.

referring to the eastward motion =ach loop occurs further east along
of the planets against the background of the fixed stars. the ecliptic and has its own shape.
The planets did not, however, move at a constant rate, and
they could occasionally stop and move westward for a few
months before resuming their eastward motion. This ) March 10, 2010
backward motion is called retrograde motion.
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Sirr/1ple uniform circular motion centered on

Earth could not explain retrograde motion,
so ancient astronomers combined uniformly
rotating circles much like gears in a machine to
try to reproduce the motion of the planets.

T
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Uniformly rotating circles were key elements of ancient
astronomy. Claudius Ptolemy created a mathematical model of the
Aristotelian universe in which the planet followed a small circle called the
epicycle that slid around a larger circle called the deferent. By adjusting
the size and rate of rotation of the circles, he could approximate the
retrograde motion of a planet. See illustration at right.

To adjust the speed of the planet, Ptolemy supposed that Earth was slightly
off center and that the center of the epicycle moved such that it appeared
to move at a constant rate as seen from the point called the equant. \‘L;:((I

\Retrograde motion
To further adjust his model, Ptolemy added small epicycles (not shown occurs here
here) riding on top of larger epicycles, producing a highly complex model. Epicycle Ea?th N .Equant

Ptolemy’s great book Mathematical Syntaxis (c. AD 140)

contained the details of his model. Islamic astronomers preserved
and studied the book through the Middle Ages, and they called it A/ Deferent
Magisti (The Greatest). When the book was found and translated from
Arabic to Latin in the 12th century, it became known as Almagest.

The Ptolemaic model of the universe shown b