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Dedication

TO ALL WHO HAVE EVER WONDERED about the
mysteries of the universe. We hope this book will answer
some of your questions—and that it will also raise new
questions in your mind that will keep you curious and
interested in the ongoing human adventure of astronomy.
And, especially, to Michaela, Emily, Sebastian, Grant,
Nathan, Brooke, and Angela. The study of the universe
begins at birth, and we hope that you will grow up in a
world with far less poverty, hatred, and war so that all
people will have the opportunity to contemplate the

mysteries of the universe into which they are born. ¥
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Preface

We humans have gazed into the sky for countless generations. We
have wondered how our lives are connected to the Sun, Moon, plan-
ets, and stars that adorn the heavens. Today, through the science of
astronomy, we know that these connections go far deeper than our
ancestors ever imagined. This book focuses on the story of mod-
ern astronomy and the new perspective—the cosmic perspective—that
astronomy gives us on ourselves and our planet.

Who Is This Book For?

The Cosmic Perspective Fundamentals is designed as a textbook for one-
term college courses in introductory astronomy. Our other text-
books, The Cosmic Perspective and The Essential Cosmic Perspective, are
fairly complete and authoritative references, from which instruc-
tors can pick and choose the material that they will emphasize in
their individual courses. In recent years, however, some instructors
have adopted a new approach to teaching in which they rely more
heavily on Web-based materials and active or collaborative learning
techniques and less on textbook-based lectures. This new approach
inspired us to create a much shorter book that would retain the
pedagogy and flexibility of our longer texts but focus only on the
most essential concepts of modern astronomy. The Cosmic Perspective
Fundamentals is the result.

New to This Edition

Many new discoveries have been made in astronomy during the
five years since publication of the first edition of The Cosmic Perspec-
tive Fundamentals, leading to many changes in this second edition.
The most significant of these changes include the following: (1) In
material dealing with the night sky, we have generalized discussions
of the sky so that they now work well for readers in the Southern
Hemisphere. (2) We have revised our discussion of several key issues
about the nature of science in Chapter 3 and have added the new
Table 3.1 on scientific terminology. (3) Content relating to Mars has
been updated to include recent results from Curiosity and other mis-
sions. (4) We have fully updated Section 5.3 on global warming to re-
flect the latest data and understanding. (5) We have incorporated the
latest Cassini results in our discussion of Saturn, Titan, and Enceladus,
along with early results from Rosetta. (6) We have reorganized and
rewritten Chapter 7 on extrasolar planets in light of the thousands
of recently discovered planets. (7) We have restructured Section 11.3
to focus on current understanding of supermassive black holes rather
than just on quasars. (8) Recent advances in understanding galaxy
evolution led us to make significant scientific changes in Section 11.2,

viii

including the addition of the “galaxy H-R diagram” as a new Figure 11.17.
(9) We have updated our discussion of the early universe to include the
latest data from the Planck observatory. Please note that, in addition to
the changes listed here, you'll notice many other small improvements
throughout the book.

Topical Selection

A dramatically shorter textbook must necessarily cover fewer topics. We
have carefully selected those topics using the following four criteria:

e Importance. We surveyed a large number of professors to iden-
tify the topics considered of greatest importance in a college-
level astronomy course, in order to ensure that the most funda-
mental concepts are covered in this text.

e Engagement. Most students in a college astronomy course are
there to satisfy a general education requirement, but the subject
is sufficiently interesting that it should be possible to choose top-
ics that students will find highly engaging—and that they will
therefore be willing to work hard to learn.

e Process of science. We believe that the primary purpose of a gen-
eral education requirement in science is to ensure that students
learn about science itself. Throughout the book, we have chosen
topics that illustrate important aspects of the process of science,
and each chapter concludes with a section called The Process
of Science in Action, which presents a case study of how the
process of science has helped (or is currently helping) to provide
greater insight into key topics in astronomy.

e Active learning. Educational research has shown that students
learn scientific concepts best by actively solving conceptual prob-
lems, both individually and in collaboration with other students.
We have emphasized topics that are well suited to active learn-
ing, and each chapter includes Think About It critical thinking
questions for in-class discussion and See It for Yourself hands-
on activities to further promote active learning. These in-text
features are reinforced by a variety of active learning resources
on the MasteringAstronomy® website.

We recognize that most astronomy courses follow a similar struc-
ture, beginning with topics such as the scale of the universe, seasons,
and phases of the Moon and then progressing to study of the planets,
stars, galaxies, and cosmology. Our selected topics have been organ-
ized in a similar fashion. The fifteen chapters are designed so that they
can be covered in a typical semester at a rate of approximately one
chapter per week.



Book Structure

To facilitate student learning, we have created a simple pedagogical
structure used in each of the book’s fifteen chapters:

e Each chapter begins with an opening page that includes a brief
overview of the chapter content and a clear set of Learning
Goals associated with the chapter; each Learning Goal is phrased
as a question to engage students as they read.

e Each chapter consists of three sections. The first two sections
focus on the key topics of the chapter; the third section builds on
the ideas from the first two sections, but focuses on The Process
of Science in Action.

e Each section is written to address the Learning Goal questions
from the chapter-opening page.

e Each chapter concludes with a visual summary that provides a
concise review of the answers to the Learning Goal questions.

e The summary is followed by a 12-question Quick Quiz and a
set of short-answer, essay, and quantitative questions.

Additional features of the book include the following:

¢ Tools of Science boxes, which present a brief overview of key
tools that astronomers use, including theories, equations, obser-
vational techniques, and technology. Each chapter includes one
Tools of Science box related to the chapter content.

¢ Common Misconceptions boxes, which address popularly
held but incorrect ideas about topics in the text.

¢ Annotated Figures and Photos, which act like the voice of an
instructor, walking students through the key ideas presented in
complex figures, photos, and graphs.

e Cosmic Context Figures, which combine text and illustrations
into accessible and coherent two-page visual summaries that will
help improve student understanding of essential topics.

MasteringAstronomy®—A New
Paradigm in Astronomy Teaching

What is the single most important factor in student success in
astronomy? Both research and common sense reveal the same
answer: study time. No matter how good the teacher or how good
the textbook, students learn only when they spend adequate time
studying. Unfortunately, limitations on resources for grading have
prevented most instructors from assigning much homework despite
its obvious benefits to student learning. And limitations on help and
office hours have made it difficult for students to make sure they use
self-study time effectively. That, in a nutshell, is why we have created
MasteringAstronomy®. For students, it provides adaptive learning
designed to coach them individually—responding to their errors with
specific, targeted feedback and providing optional hints for those
who need additional guidance. For professors, MasteringAstronomy®
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provides the unprecedented ability to automatically monitor and record
students’ step-by-step work and evaluate the effectiveness of assign-
ments and exams. As a result, we believe that MasteringAstronomy®
can change the way astronomy courses are taught: It is now possible,
even in large classes, to ensure that each student spends his or her
study time on optimal learning activities outside of class.

MasteringAstronomy® provides students with a wealth of self-
study resources, including interactive tutorials targeting the most dif-
ficult concepts of the course, interactive versions of key figures and
photos, and quizzes and other activities for self-assessment covering
every chapter and every week. For professors, MasteringAstronomy®
provides a library of tutoring activities that is periodically updated
based on the performance of students nationwide. You can create
assignments tailored to your specific class goals from among hun-
dreds of activities and problems, including pre- and post-lecture di-
agnostic quizzes, tutoring activities, end-of-chapter problems from
this textbook, and test bank questions. Visit MasteringAstronomy®
to learn more.

Finally, in a world where everyone claims to have the best web-
site, we’d like to point out four reasons why you’ll discover that Mas-
teringAstronomy® really does stand out from the crowd:

e MasteringAstronomy® has been built specifically to support the
structure and pedagogy of The Cosmic Perspective Fundamentals.
You'll find the same concepts emphasized in the book and on the
website, using the same terminology and the same pedagogical
approaches. This type of consistency ensures that students focus
on the concepts, without the risk of becoming confused by dif-
ferent presentations.

o Nearly all MasteringAstronomy® content has been developed
either directly by The Cosmic Perspective Fundamentals author team
or in close collaboration with outstanding educators, including
Jim Dove, Jim Cooney, Jonathan Williams, Richard Gelderman,
Ed Prather, Tim Slater, Daniel Lorenz, and Lauren Jones. The
direct involvement of book authors ensures consistency from our
website to the textbook, resulting in an effective high-quality
learning program.

e The MasteringAstronomy® platform uses the same unique
student-driven engine as the highly successful MasteringPhys-
ics® product (the most widely adopted physics tutorial and
assessment system), developed by a group led by MIT physi-
cist David Pritchard. This robust platform gives instructors
unprecedented power not only to tailor content to their own
courses but also to evaluate the effectiveness of assignments
and exams.
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How to Succeed

In Your Astronomy Course

If Your Times for Reading the Times for Homework Times for Review and Test Total Study Time
Course Is Assigned Text (per week) Assignments (per week) Preparation (average per week) (per week)

3 credits 2 to 4 hours 2 to 3 hours 2 hours 6 t0 9 hours

4 credits 3to 5 hours 2 to 4 hours 3 hours 8 t0 12 hours

5 credits 3to 5 hours 3to 6 hours 4 hours 10 to 15 hours

The Key to Success: Study Time

The single most important key to success in any college course is to
spend enough time studying. A general rule of thumb for college
classes is that you should expect to study about 2 to 3 hours per week
outside of class for each unit of credit. For example, based on this rule
of thumb, a student taking 15 credit hours should expect to spend 30
to 45 hours each week studying outside of class. Combined with time
in class, this works out to a total of 45 to 60 hours spent on academic
work—mnot much more than the time a typical job requires, and you
get to choose your own hours. Of course, if you are working while
you attend school, you will need to budget your time carefully.

As a rough guideline, your studying time in astronomy might be
divided as shown in the table above. If you find that you are spending
fewer hours than these guidelines suggest, you can probably improve
your grade by studying longer. If you are spending more hours than
these guidelines suggest, you may be studying inefficiently; in that case,
you should talk to your instructor about how to study more effectively.

Using This Book

Each chapter in this book is designed to make it easy for you to study
effectively and efficiently. To get the most out of each chapter, you
might wish to use the following study plan.

e A textbook is not a novel, and you’ll learn best by reading the
elements of this text in the following order:

1. Start by reading the Learning Goals and the introductory par-
agraphs at the beginning of the chapter so that you’ll know
what you are trying to learn.

2. Get an overview of key concepts by studying the illustra-
tions and reading their captions and annotations. The il-
lustrations highlight almost all of the major concepts, so
this “illustrations first” strategy gives you an opportunity to
survey the concepts before you read about them in depth.
You will find the two-page Cosmic Context figures especially
useful.

3. Read the chapter narrative, trying the Think About It ques-
tions and the See It for Yourself activities as you go along, but
save the boxed features (Common Misconceptions, Tools of
Science) to read later. As you read, make notes on the pages
to remind yourself of ideas you’ll want to review later. Take
notes as you read, but avoid using a highlight pen (or a high-
lighting tool if you are using an e-book), which makes it too
easy to highlight mindlessly.

4. After reading the chapter once, go back through and read the
Common Misconceptions and Tools of Science.

5. Finally, turn your attention to the Chapter Summary. The
best way to use the summary is to try to answer the Learning
Goal questions for yourself before reading the short answers
given in the summary.

After completing the reading as outlined above, test your under-
standing with the end-of-chapter exercises. A good way to begin
is to make sure you can answer all of the Quick Quiz Questions;
if you don’t know an answer, look back through the chapter
until you figure it out.

Visit the MasteringAstronomy® site and make use of resources
that will help you further build your understanding. These
resources have been developed specifically to help you learn the
most important ideas in your astronomy course, and they have
been extensively tested to make sure they are effective. They
really do work, and the only way you’ll gain their benefits is by
going to the website and using them.

General Strategies for Studying

e Budget your time effectively. Studying 1 or 2 hours each day is

more effective, and far less painful, than studying all night be-
fore homework is due or before exams.

e Engage your brain. Learning is an active process, not a passive

experience. Whether you are reading, listening to a lecture, or
working on assignments, always make sure that your mind is



actively engaged. If you find your mind drifting or find yourself
falling asleep, make a conscious effort to revive yourself, or take
a break if necessary.

Don’t miss class. Listening to lectures and participating in discus-
sions is much more effective than reading someone else’s notes. Ac-
tive participation will help you retain what you are learning. Also,
be sure to complete any assigned reading before the class in which it
will be discussed. This is crucial, since class lectures and discussions
are designed to help reinforce key ideas from the reading.

Take advantage of resources offered by your professor, whether it
be email, office hours, review sessions, online chats, or other oppor-
tunities to talk to and get to know your professor. Most professors
will go out of their way to help you learn in any way that they can.

Start your homework early. The more time you allow yourself,
the easier it is to get help if you need it. If a concept gives you
trouble, do additional reading or studying beyond what has been
assigned. And if you still have trouble, ask for help: You surely can
find friends, peers, or teachers who will be glad to help you learn.

Working together with friends can be valuable in helping you
understand difficult concepts, but be sure that you learn with
your friends and do not become dependent on them.

Don't try to multitask. A large body of research shows that
human beings simply are not good at multitasking: When we
attempt it, we do more poorly at all of the individual tasks. And
in case you think you are an exception, the same research found
that those people who believed they were best at multitasking
were actually the worst! So when it is time to study, turn off
your electronic devices, find a quiet spot, and give your work a
focused effort at concentration.

Preparing for Exams

Study the Review Questions, and rework problems and other
assignments; try additional questions to be sure you understand
the concepts. Study your performance on assignments, quizzes,
or exams from earlier in the term.

Work through the relevant online tutorials and chapter quizzes
available at the MasteringAstronomy?® site.

Study your notes from lectures and discussions. Pay attention to
what your instructor expects you to know for an exam.

Reread the relevant sections in the textbook, paying special
attention to notes you have made on the pages.

Study individually before joining a study group with friends.
Study groups are effective only if every individual comes pre-
pared to contribute.

Don't stay up too late before an exam. Don’t eat a big meal
within an hour of the exam (thinking is more difficult when
blood is being diverted to the digestive system).

Try to relax before and during the exam. If you have studied
effectively, you are capable of doing well. Staying relaxed will
help you think clearly.

How to Succeed in Your Astronomy Course Xiii

Presenting Homework and Writing
Assighments

All work that you turn in should be of collegiate quality: neat and easy to
read, well organized, and demonstrating mastery of the subject matter.
Future employers and teachers will expect this quality of work. More-
over, although submitting homework of collegiate quality requires
“extra” effort, it serves two important purposes directly related to learning:

1. The effort you expend in clearly explaining your work solidifies
your learning. In particular, research has shown that writing and
speaking trigger different areas of your brain. Writing something
down—even when you think you already understand it—
reinforces your learning by involving other areas of your brain.

2. If you make your work clear and self-contained (that is, make
it a document that you can read without referring to the ques-
tions in the text), you will have a much more useful study guide
when you review for a quiz or exam.

The following guidelines will help ensure that your assignments meet
the standards of collegiate quality:

e Always use proper grammar, proper sentence and paragraph
structure, and proper spelling. Do not use texting shorthand.

e Make all answers and other writing fully self-contained. A good
test is to imagine that a friend will be reading your work and to
ask yourself whether the friend will understand exactly what
you are trying to say. It is also helpful to read your work out
loud to yourself, making sure that it sounds clear and coherent.

¢ In problems that require calculation:

1. Be sure to show your work clearly so that both you and your
instructor can follow the process you used to obtain an an-
swer. Also, use standard mathematical symbols, rather than
“calculator-ese.” For example, show multiplication with the
symbol (not with an asterisk), and write, not 10° or 10ES5.

2. Check that word problems have word answers. That is, after you
have completed any necessary calculations, make sure that
any problem stated in words is answered with one or more
complete sentences that describe the point of the problem and
the meaning of your solution.

3. Express your word answers in a way that would be mean-
ingful to most people. For example, most people would find
it more meaningtul if you expressed a result of 720 hours as
1 month. Similarly, if a precise calculation yields an answer of
9,745,600 years, it may be more meaningfully expressed
in words as “nearly 10 million years.”

e Include illustrations whenever they help explain your answer,
and make sure your illustrations are neat and clear. For example,
if you graph by hand, use a ruler to make straight lines. If you
use software to make illustrations, be careful not to make them
overly cluttered with unnecessary features.

e If you study with friends, be sure that you turn in your own
work stated in your own words—you should avoid anything that
might give even the appearance of possible academic dishonesty.
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The Meaning of a Light-Year

You've probably heard people say things like “It will take me
light-years to finish this homework!” But a statement like

this one doesn’t make sense, because light-years are a unit of
distance, not time. If you are unsure whether the term /light-year
is being used correctly, try testing the statement by using the
fact that 1 light-year is about 10 trillion kilometers, or 6 trillion
miles. The statement then reads “It will take me 6 trillion miles
to finish this homework,” which clearly does not make sense.

1.1 The Scale of the Universe

For most of human history, our ancestors imagined Earth to be stationary at
the center of a relatively small universe. This idea made sense at a time when
understanding was built upon everyday experience. After all, we cannot feel the
constant motion of Earth as it rotates on its axis and orbits the Sun, and if you
observe the sky you’ll see that the Sun, Moon, planets, and stars all appear to
revolve around us each day. Nevertheless, we now know that Earth is a planet
orbiting a rather average star in a rather typical galaxy, and that our universe is
filled with far greater wonders than our ancestors ever imagined.

What is our place in the universe?

Before we can discuss the universe and its great wonders, we first need to devel-
op a general sense of our place within it. We can do this by thinking about what
we might call our “cosmic address,” illustrated in Figure 1.1.

Our Cosmic Address Earth is a planet in our solar system, which con-
sists of the Sun, the planets and their moons, and countless smaller objects that
include rocky asteroids and icy comets. Keep in mind that our Sun is a star, just like
the stars we see in our night sky.

Our solar system belongs to the huge, disk-shaped collection of stars called
the Milky Way Galaxy. A galaxy is a great island of stars in space that may
contain millions, billions, or even trillions of stars. Through discoveries made in
just the past decade, we are now confident that many and perhaps most of these
stars are orbited by their own sets of planets. The Milky Way is a relatively large
galaxy, containing more than 100 billion star systems. Our solar system is located
a little over halfway from the galactic center to the edge of the galactic disk.

Billions of other galaxies are scattered throughout space. Some galaxies are
fairly isolated, but many others are found in groups. Our Milky Way, for exam-
ple, is one of the two largest among more than 70 galaxies, most relatively small,
that make up the Local Group. Groups of galaxies with more than a few dozen
large members are often called galaxy clusters.

On a very large scale, observations show that galaxies and galaxy clusters ap-
pear to be arranged in giant chains and sheets with huge voids between them; the
background of Figure 1.1 shows this large-scale structure. The regions in which
galaxies and galaxy clusters are most tightly packed are called superclusters,
which are essentially clusters of galaxy clusters. Our Local Group is located in the
outskirts of the Local Supercluster.

Together, all these structures make up our universe. In other words, the
universe is the sum total of all matter and energy, encompassing the superclusters
and voids and everything within them.

think about it e Some people think that our tiny physical size in the vast
universe makes us insignificant. Others think that our ability to learn about the
wonders of the universe gives us significance despite our small size. What do
you think?

Astronomical Distance Measurements Notice that Figure 1.1 is labeled
with an approximate size for each structure in kilometers. (Recall that 1 kilometer ~
0.6 mile.) In astronomy, many distances are so large that kilometers are not the most
convenient unit. We will therefore make frequent use of two other distance units:

¢ One astronomical unit (AU) is Earth’s average distance from the Sun,
which is about 150 million kilometers (93 million miles).

¢ One light-year (ly) is the distance that light can travel in 1 year, which is
about 10 trillion kilometers (6 trillion miles). Note that you can find this
distance by multiplying the speed of light—300,000 kilometers per second—
by the number of seconds in one year (see Tools of Science, page 9).
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FIGURE 1.2

The Andromeda Galaxy (M31). When we look at this galaxy, we
see light that traveled through space for 2.5 million years. The
inset shows its location in the constellation Andromeda.

Measurements in AU are useful for describing distances in our solar
system, while light-years are more useful for describing the dis-
tances of stars and galaxies.

Looking Back in Time Light-years are a unit of distance, but
they are related to the time it takes light to travel through space.
Consider Sirius, the brightest star in the night sky, which is located
about 8 light-years away. Because it takes light 8 years to travel this
distance, we see Sirius not as it is today, but rather as it was 8 years
ago. The star Betelgeuse, a bright red star in the constellation Orion,
is about 600 light-years away, which means we see it as it was about
600 years ago. If Betelgeuse exploded in the past 600 years or so (a
possibility we’ll discuss in Chapter 9), we would not yet know it,
because the light from the explosion would not yet have reached us.

The general idea that light takes time to travel through space
leads to a remarkable fact: The farther away we look in distance,
the further back we look in time. The effect is dramatic for large
distances. The Andromeda Galaxy (Figure 1.2) is about 2.5 million
light-years away, which means we see it as it looked about 2.5 million years ago.
We see more distant galaxies as they were even further in the past.

It’s also amazing to realize that any “snapshot” of a distant galaxy is a picture of
both space and time. For example, because the Andromeda Galaxy is about 100,000
light-years in diameter, the light we see from the far side of the galaxy must have left
on its journey to us some 100,000 years before the light from the near side. Figure
1.2 therefore shows different parts of the galaxy spread over a time period of 100,000
years. When we study the universe, it is impossible to separate space and time.

see it for yourself o The glow from the central region of the Andromeda
Galaxy is faintly visible to the naked eye and easy to see with binoculars. Use
a star chart to find it in the night sky, and remember that you are seeing light
that spent 2.5 million years in space before reaching your eyes. If students on
a planet in the Andromeda Galaxy were looking at the Milky Way right now,
what would they see? Could they know that we exist here on Earth?

The Observable Universe As we'll discuss in Section 1.2, astronomers
have measured the age of the universe to be about 14 billion years. This fact,
combined with the fact that looking deep into space means looking far back
in time, places a limit on the portion of the universe that we can see, even in
principle.

Figure 1.3 shows the idea. If we look at a galaxy that is 7 billion light-years
away, we see it as it looked 7 billion years ago*—which means we see it as it was
when the universe was half its current age. If we look at a galaxy that is 12 billion
light-years away—Ilike the most distant ones in the Hubble Space Telescope photo
on page 1—we see it as it was 12 billion years ago, when the universe was only
2 billion years old. And if we tried to look beyond 14 billion light-years, we’'d be
looking to a time more than 14 billion years ago—which is before the universe
existed and therefore means that there is nothing to see. This distance of 14 bil-
lion light-years therefore marks the boundary (or horizon) of our observable
universe—the portion of the entire universe that we can potentially observe.
Note that this fact does not put any limit on the size of the entire universe, which
may be far larger than our observable universe. We simply have no hope of see-
ing or studying anything beyond the bounds of our observable universe.

*As we'll see in Chapter 12, distances to faraway galaxies must be defined carefully in an
expanding universe; in this book, we use distances based on the actual light-travel time
from a distant object (called the lookback time).



Far: We see a galaxy 7 billion light-years away
as itwas 7 billion years ago-when the universe

14 billion light-years

FIGURE 1.3

Farther: We see a galaxy 12 billion light-years
away as it was 12 billion years ago—when the
universe was only about 2 billion years old.

1.1 » The Scale of the Universe

The limit of our observable universe:
Light from nearly 14 billion light-years away
shows the universe as it looked shortly
after the Big Bang, before galaxies existed.

Beyond the observable universe:
We cannot see anything farther

than 14 billion light-years away,
because light has not had

enough time to reach us.

The farther away we look in space, the further back we look in time. The age of the
universe therefore puts a limit on the size of the observable universe—the portion of the

entire universe that we could observe in principle.

'basic astronomical objects, units, and motions

This box summarizes key definitions used throughout this book.

Basic Astronomical Objects

star A large, glowing ball of gas that generates heat and light
through nuclear fusion in its core. Our Sun is a star.

planet A moderately large object that orbits a star and shines pri-
marily by reflecting light from its star. According to a definition
adopted in 2006, an object can be considered a planet only if it
(1) orbits a star, (2) is large enough for its own gravity to make
it round, and (3) has cleared most other objects from its orbital
path. An object that meets the first two criteria but not the
third, like Pluto, is designated a dwarf planet.

moon (or satellite) An object that orbits a planet. The term satel-
lite is also used more generally to refer to any object orbiting
another object.

asteroid A relatively small and rocky object that orbits a star.

comet A relatively small and ice-rich object that orbits a star.

small solar system body An asteroid, comet, or other object
that orbits a star but is too small to qualify as a planet or dwarf
planet.

Collections of Astronomical Objects

solar system The Sun and all the material that orbits it, includ-
ing the planets, dwarf planets, and small solar system bodies.
Although the term solar system technically refers only to our
own star system (solar means “of the Sun”), it is often applied to
other star systems as well.

star system A star (sometimes more than one star) and any plan-
ets and other materials that orbit it.

galaxy A great island of stars in space, all held together by gravity
and orbiting a common center, with a total mass equivalent to
millions, billions, or even trillions of stars.

cluster of galaxies (or group of galaxies) A collection of galax-
ies bound together by gravity. Small collections (up to a few
dozen galaxies) are generally called groups, while larger collec-
tions are called clusters.

supercluster A gigantic region of space where many individual
galaxies and many groups and clusters of galaxies are packed
more closely together than elsewhere in the universe.

universe (or cosmos) The sum total of all matter and energy—
that is, all galaxies and everything between them.

observable universe The portion of the entire universe that
can be seen from Earth, at least in principle. The observable
universe is probably only a tiny portion of the entire
universe.

Astronomical Distance Units

astronomical unit (AU) The average distance between Earth
and the Sun, which is about 150 million kilometers. More
technically, 1 AU is the length of the semimajor axis of Earth’s
orbit.

light-year The distance that light can travel in 1 year, which is
about 9.46 trillion kilometers.

Terms Relating to Motion

rotation The spinning of an object around its axis, such as Earth’s
daily rotation around the axis. For example, Earth rotates once
each day around its axis, which is an imaginary line connecting
the North and South Poles.

orbit (revolution) The orbital motion of one object around
another due to gravity. For example, Earth orbits around the
Sun once each year.

expansion (of the universe) The increase in the average distance
between galaxies as time progresses.
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FIGURE 1.4

This photo shows the pedestals housing the Sun
(the gold sphere on the nearest pedestal) and
the inner planets in the Voyage scale model solar
system (Washington, D.C.). The model planets
are encased in the sidewalk-facing disks visible
at about eye level on the planet pedestals. The
building at the left is the National Air and Space
Museum.

How big is the universe?

Figure 1.1 put numbers on the sizes of different structures in the universe, but
these numbers have little meaning for most people—after all, they are literally
astronomical. Let’s try to put these numbers into perspective.

The Scale of the Solar System oOne of the best ways to develop per-
spective on cosmic sizes and distances is to imagine our solar system shrunk
down to a scale that would allow you to walk through it. The Voyage scale model
solar system in Washington, D.C., makes such a walk possible (Figure 1.4). The
Voyage model shows the Sun and the planets, and the distances between them,
at one ten-billionth of their actual sizes and distances.

Figure 1.5a shows the Sun and planets at their correct sizes (but not dis-
tances) on the Voyage scale: The model Sun is about the size of a large grapefruit,
Jupiter is about the size of a marble, and Earth is about the size of the ball point
in a pen. You can immediately see some key facts about our solar system. For
example, the Sun is far larger than any of the planets; in mass, the Sun outweighs
all the planets combined by a factor of nearly 1000. The planets also vary con-
siderably in size: The storm on Jupiter known as the Great Red Spot (visible near
Jupiter’s lower left in the painting) could swallow up the entire Earth.

The scale of the solar system is even more remarkable when you combine
the sizes shown in Figure 1.5a with the distances illustrated by the map of the
Voyage model in Figure 1.5b. For example, the ball-point-sized Earth is located
about 15 meters (16.5 yards) from the grapefruit-sized Sun, which means you
can picture Earth’s orbit as a circle of radius 15 meters around a grapefruit.

Perhaps the most striking feature of our solar system when we view it to scale
is its emptiness. The Voyage model shows the planets along a straight path, so
we’d need to draw each planet’s orbit around the model Sun to show the full ex-
tent of our planetary system. Fitting all these orbits would require an area measur-
ing more than a kilometer on a side—an area equivalent to more than 300 football
fields arranged in a grid. Spread over this large area, only the grapefruit-size Sun,
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orbits the Sun independently and a perfect alignment never occurs.

FIGURE 1.5

The Voyage scale model represents the solar system at one ten-billionth of its actual
size. Pluto is included in the Voyage model, which was built before the International
Astronomical Union reclassified Pluto as a dwarf planet.

the planets, and a few moons would be big enough to see. The rest of it would
look virtually empty (that’s why we call it space!).

think about it e Earth is the only place in our solar system—and the only
place we yet know of in the universe—with conditions suitable for human
life. How does visualizing Earth to scale affect your perspective on human
existence?

Seeing our solar system to scale also helps put space exploration into per-
spective. The Moon, the only other world on which humans have ever stepped
(Figure 1.6), lies only about 4 centimeters (15 inches) from Earth in the Voyage
model. On this scale, the palm of your hand can cover the entire region of the
universe in which humans have so far traveled. The trip to Mars is more than
150 times as far as the trip to the Moon, even when Mars is on the same side of its
orbit as Earth. And while you can walk from Earth to Pluto in just a few minutes
on the Voyage scale, the real journey of the New Horizons spacecraft—which is
traveling nearly 100 times as fast as a commercial jet—will have required more
than 9 years by the time it flies past Pluto in 2015.

FIGURE 1.6

This famous photograph from the first Moon landing (Apollo 717 in
July 1969) shows astronaut Buzz Aldrin, with Neil Armstrong reflected
in his visor. Armstrong was the first to step onto the Moon'’s surface,
saying, “That’s one small step for a man, one giant leap for mankind.”
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FIGURE 1.7

This photograph and diagram show the constellation Centaurus,
which is visible from tropical and southern latitudes. Alpha
Centauri’s real distance of 4.4 light-years becomes 4400
kilometers on the 1-to-10-billion Voyage scale.

common R
misconceptions o i
Confusing Very Different Things

Most people are familiar with the terms solar system and galaxy,
but few realize how incredibly different they are. Our solar
system is a single star system, while our galaxy is a collection of
more than 100 billion star systems—so many that it would take
thousands of years just to count them. Moreover, if you look at
the sizes in Figure 1.1, you'll see that our galaxy is about 100
million times larger in diameter than our solar system. So be
careful; numerically speaking, mixing up solar system and galaxy
is a gigantic mistake!

Distance to Stars 1f you visit the Voyage model in Washington, D.C., you
can walk the 600-meter distance from the Sun to Pluto in just a few minutes.
How much farther would you have to walk to reach the next star on this scale?

Amazingly, you would need to walk to California. If this answer seems
hard to believe, you can check it for yourself. A light-year is about 10 trillion
kilometers, which becomes 1000 kilometers on the 1-to-10-billion scale (because
10 trillion + 10 billion = 1000). The nearest star system to our own, a three-star
system called Alpha Centauri (Figure 1.7), is about 4.4 light-years away. That dis-
tance is about 4400 kilometers (2700 miles) on the 1-to-10-billion scale, roughly
equivalent to the distance across the United States.

The tremendous distances to the stars give us some perspective on the tech-
nological challenge of astronomy. For example, because the largest star of the
Alpha Centauri system is roughly the same size and brightness as our Sun, view-
ing it in the night sky is somewhat like being in Washington, D.C., and seeing a
very bright grapefruit in San Francisco (neglecting the problems introduced by
the curvature of the Earth). It may seem remarkable that we can see this star at
all, but the blackness of the night sky allows the naked eye to see it as a faint dot
of light. It looks much brighter through powerful telescopes, but we still cannot
see features of the star’s surface.

Now, consider the difficulty of detecting planets orbiting nearby stars, which
is equivalent to looking from Washington, D.C., and trying to find ball points
or marbles orbiting grapefruits in California or beyond. When you consider this
challenge, it is all the more amazing to realize that we now have technology
capable of finding such planets [Section 7.1].

The vast distances to the stars also offer a sobering lesson about interstellar
travel. Although science fiction shows like Star Trek and Star Wars make such
travel look easy, the reality is far different. Consider the Voyager 2 spacecraft.
Launched in 1977, Voyager 2 flew by Jupiter in 1979, Saturn in 1981, Uranus in
1986, and Neptune in 1989. It is now bound for the stars at a speed of close to
50,000 kilometers per hour—about 100 times as fast as a speeding bullet. But
even at this speed, Voyager 2 would take about 100,000 years to reach Alpha
Centauri if it were headed in that direction (which it’s not). Convenient interstel-
lar travel remains well beyond our present technology.

The Size of the Milky Way Galaxy we must change our scale to visualize
the galaxy, because most stars are so far away that they would not even fit on Earth
with the 1-to-10-billion scale we used to visualize the solar system. Let’s therefore
reduce our scale by another factor of 1 billion (making it a scale of 1 to 10'9).

On thisnew scale, each light-year becomes 1 millimeter, and the 100,000-light-
year diameter of the Milky Way Galaxy becomes 100 meters, or about the length
of a football field. Visualize a football field with a scale model of our galaxy cen-
tered over midfield. Our entire solar system is a microscopic dot located around
the 20-yard line. The 4.4-light-year separation between our solar system and
Alpha Centauri becomes just 4.4 millimeters on this scale—smaller than the width
of your little finger. If you stood at the position of our solar system in this model,
millions of star systems would lie within reach of your arms.

Another way to put the galaxy into perspective is to consider its number
of stars—more than 100 billion. Imagine that tonight you are having difficulty
falling asleep (perhaps because you are contemplating the scale of the universe).
Instead of counting sheep, you decide to count stars. If you are able to count
about one star each second, how long would it take you to count 100 billion stars
in the Milky Way? Clearly, the answer is 100 billion (10'!) seconds, but how long
is that? Amazingly, 100 billion seconds is more than 3000 years. (You can confirm
this by dividing 100 billion by the number of seconds in 1 year.) You would need
thousands of years just to count the stars in the Milky Way Galaxy, and this as-
sumes you never take a break—no sleeping, no eating, and absolutely no dying!
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The Observable Universe As incredible as the scale of our galaxy may
seem, the Milky Way is only one of roughly 100 billion galaxies in the observable
universe. Just as it would take thousands of years to count the stars in the Milky
Way, it would take thousands of years to count all the galaxies.

Think for a moment about the total number of stars in all these galaxies. If we
assume 100 billion stars per galaxy, the total number of stars in the observable uni-
verse is roughly 100 billion X 100 billion, or 10,000,000,000,000,000,000,000
(10%2). How big is this number? Visit a beach. Run your hands through the fine-
grained sand. Imagine counting each tiny grain of sand as it slips through your
fingers. Then imagine counting every grain of sand on the beach and continuing
to count every grain of dry sand on every beach on Earth. If you could actually
complete this task, you would find that the number of grains of sand was compa-
rable to the number of stars in the observable universe (Figure 1.8).

think about it e Contemplate the incredible numbers of stars in our
galaxy and in the universe, and the fact that each star is a potential sun for a
system of planets. How does this perspective affect your thoughts about the
possibilities for finding life—or intelligent life—beyond Earth? Explain.

FIGURE 1.8
The number of stars in the observable universe is comparable to
the number of grains of dry sand on all the beaches on Earth.
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tools of science

M athematics is one of the most important tools of science, because it al-
lows scientists to make precise, numerical predictions that can be tested
through observations or experiments. These types of tests make it possible for
us to gain confidence in scientific ideas. That is why the development of sci-
ence and mathematics has often gone hand in hand. For example, Sir Isaac 6.95 X 10° km
Newton developed the mathematics of calculus so that he could do the calcula- 10'0

tions necessary to test his theory of gravity, and Einstein used new mathemati-
cal ideas to work out the details of his general theory of relativity. Fortunately,
you don’t have to be a Newton or an Einstein to benefit from mathematics in
science. Calculations using only multiplication and division can still provide
important insights into scientific ideas. Let’s look at a few examples.

Doing the Math

we divide its actual radius by 10 billion, or 10%:

actual radius
10"

scaled radius

6.95 x 100719 km

6.95 X 107° km

This answer is easier to interpret if we convert it to centimeters, which we
can do by recalling that there are 1000 (= 10) meters in a kilometer and
Example 1: How far is a light-year? 100 (= 10%) centimeters in a meter:
Solution: A light-year (ly) is the distance that light can travel in one year; 10°mi 10% em

. . . . =5 —
recall that light travels at the speed of light, which is 300,000 km/s. Just as 6.95 X 107~ kamt X 1 ot X e 6.95 cm

we can find the distance that a car travels in two hours by multiplying

the car’s speed by two hours, we can find a light-year by multiplying the
speed of light by one year. Because we are given the speed of light in kil-
ometers per second, we must carry out the multiplication while converting
1 year into seconds (see Appendix C for a review of unit conversions). The
result is

km
1y = (300,000 == ) x (1 yr)

km day hr min s >
= — ) x| 1yf X — X 24— X 60— X 60 —
(300,000 P > ( yf X 365 ” day 60 bt 60 —;

9,460,000,000,000 km

That is, 1 light-year is equivalent to 9.46 trillion kilometers, which is easier
to remember as almost 10 trillion kilometers.

Example 2: How big is the Sun on the 1-to-10-billion scale?

Solution: The Sun’s actual radius is 695,000 km, which we express in scien-
tific notation as 6.95 X 10°> km. (See Appendix C to review powers of 10
and scientific notation.) To find the Sun’s radius on the 1-to-10-billion scale,

On the 1-to-10-billion scale, the Sun is just under 7 centimeters in radius, or
14 centimeters in diameter.

Example 3: How fast is Earth orbiting the Sun?

Solution: Earth completes one orbit in one year, so we can find its average
orbital speed by dividing the circumference of its orbit by one year. Earth’s
orbit is nearly circular with a radius of 1 AU (= 1.5 X 108 km); the cir-
cumference of a circle is given by the formula 277 X radius. If we want the
speed to come out in units of km/hr, we divide this circumference by 1 year
converted to hours, as follows:

orbital circumference

orbital speed
1vyr

2 X 7 X (1.5 X 10°km)
365 da
1 yf X y % 24 hr
I day
107,000 km /hr

U

Earth’s average speed as it orbits the Sun is more than 100,000 km/hr.





