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Over billions of years, generation
after generation of stars have lived
and died, cooking the hydrogen
and helium of the big bang into the
atoms of which you are made.
Study the last inch of the time line
to see the rise of human ancestors
and the origin of civilization. Only in
the last flicker of a moment on the
time line have humans begun to
understand the story.

Age of Dinosaurs
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Flash Reference:
H-R Diagram
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The H-R diagram is the key to understanding stars, their birth, their long lives, and their
eventual deaths. Luminosity (£ / Ly) refers to the total amount of energy that a star emits
in terms of the Sun’s luminosity, and the temperature refers to the temperature of its
surface. Together, the temperature and luminosity of a star locate it on the H-R diagram
and tell astronomers its radius, its family relationships with other stars, and a great
deal about its history and fate.
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Flash Reference:

The Terrestrial or Earthlike planets lie very close
to the Sun, and their orbits are hardly visible in a
diagram that includes the outer planets.

Mercury, Venus, Earth and its Moon, and Mars are
small worlds made of rock and metal with little
or no atmospheric gases.

The outer worlds of our Solar System orbit
far from the Sun. Jupiter, Saturn, Uranus, and
Neptune are Jovian or Jupiter-like planets
much bigger than Earth. They contain large
amounts of low-density gases.

Pluto is one of a number of small, icy worlds
orbiting beyond Neptune. Astronomers have
concluded that Pluto is not really a planet
and now refer to it as a dwarf planet.

Earth is a water world. It is widely covered
by liquid water, has polar caps of solid

Mercury is slightly more than a third
the diameter of Earth, has negligible
atmosphere, and is heavily cratered.

Venus, 95 percent the
diameter of Earth, has a
thick, cloudy atmosphere
that hides its surface from
view. Seen through an
Earth-based telescope, it is
afeatureless, white ball

The Terrestrial Worlds

water, and has an atmosphere rich in
water vapor and water-droplet clouds

Earth’s Moon is only
one-fourth Earth's

diameter. It is airless
and heavily cratered

Mars, slightly more
than half Earth's

Radio-wavelength radiation can diameter, has a thin
penetrate the clouds, and radar [l atmosphere and a
rocky, cratered crust

maps of the surface of Venus

Polar cap of frozen water
and carbon dioxide

reveal impact craters, volcanoes, marked by volcanoes
and old lava flows.

and solidified lava flows.

Jupiter, more than 11 times Earth’s diameter,
is the largest planet in our Solar System.
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* See pages 3 and 4 for the two orbital diagrams. Foundations readers: See page 452 for the Terrestrial planets and page 524

for the Jovian planets.
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Uranus and Neptune are green-
and blue-colored because of
small amounts of methane in
their hydrogen-rich atmospheres.

The cloud belts and zones on
Saturn are less distinct than
those on Jupiter. Uranus and Neptune
are both about four
times Earth's diameter.

This book is designed to use arrows to alert
you to important concepts in diagrams and
graphs. Some arrows point things out, but
others represent motion, force, or even the
flow of light. Look at arrows in the book
carefully and use this Flash Reference card
to catch all of the arrow clues.

Point at things: Force:

You are here

N

Process flow: Measurement:

—>/

R —

Direction: Radio waves,
infrared, photons:
SN
Motion:
Rotation 2-D Rotation 3-D Linear
Ty, N
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Light flow:
Updated arrow style

Focal length
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A Note to Students

From Dana and Mike

We are excited that you are taking an
astronomy course and using our book.
You are going to see and learn about
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
astronomy, 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.

Two Goals

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

e 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

viii A NOTE TO STUDENTS

is the evidence, and how do we use it?
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
evidence, not just 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
nature. 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 scientists
use the methods of science to know what
the universe is like.

Expect to Be Astonished

One reason astronomy is exciting is that
astronomers discover new things every
day. Astronomers expect to be aston-
ished. You can share in the excitement
because we have worked hard to include
new images, new discoveries, and new
insights that will take you, in an intro-
ductory course, to the frontier of human
knowledge. Huge telescopes on remote
mountaintops and in space provide a
daily dose of excitement that goes far
beyond entertainment. These new dis-
coveries in astronomy 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. Rather, this book is organized
to show you how scientists use evidence
and theory to create logical arguments
that explain how nature works. Look at
the list of special features that follows
this note. Those features were carefully
designed to help you understand astron-
omy as evidence and theory. Once you
see science as logical arguments, you hold
the key to the universe.

Don’t Be Humble

As teachers, our quest is simple. We
want you to understand your place in
the universe—your location not just in
space but in the unfolding history of the
physical universe. We want you not only
to know where you are and what you are
in the universe but also 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 de-
scribed 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
beautiful universe, you need to learn
more than just the facts of astronomy.
You have to understand what we are and
how we know. Every page of this book
reflects that ideal.

Dana Backman
dbackman@sofia.usra.edu

Mike Seeds
mseeds@fandm.edu
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Key Content and Pedagogical Changes

for the Thirteenth Edition

e Every chapter has been revised and updated with new text
and images regarding observatories, the heliopause, star-
forming regions, stellar mass loss, supernova remnants, the
galactic center, cosmic microwave background emission,
extrasolar planets, exploration of the surfaces of Mercury
and Mars, large meteor impacts, asteroids and dwarf
planets, comet nuclei, and extremophile habitats.

Some chapters have been reorganized and rewritten to better
present their topics, especially Chapter 17 (“Active Galaxies
and Supermassive Black Holes”), Chapter 18 (“Modern
Cosmology”), Chapter 19 (“Origin of the Solar System and
Extrasolar Planets”), and Chapter 22 (“Venus and Mars”).
Other chapters and sections with less substantial but still
significant revisions are Chapter 7 (“Atoms and Spectra”);
Chapter 9, Section 5 (“Three Types of Binary Stars”);
Chapter 10 (“The Interstellar Medium”); Chapter 11,
Section 2 (“The Orion Nebula”); Chapter 12, Section 2
(“Post-Main-Sequence Evolution”); Chapter 13 (“The
Deaths of Stars”); Chapter 14, Section 3 (“Compact
Objects with Disks and Jets”); Chapter 15, Section 5
(“Origin and History of the Galaxy”); and Chapter 24,
Section 1 (“Uranus”).

The End-of-Chapter Review Questions, Discussion Questions,
quantitative Problems, and Learning-to-Look questions have
been substantially expanded, rewritten, and revised.

All numerical values in the text and tables were checked
and in some cases updated, figure credits were thoroughly
checked and in many cases revised, and the style for figure
wavelength labels was made uniform.

The features known as Scientific Arguments in earlier
editions were rewritten and renamed Doing Science.

Special Features

® What Are We? items are short summaries at the end of each
chapter to help students see how they fit into the cosmos.
How Do We Know? items are short boxes that help students
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, the construc-
tion of scientific models, and so on.

Concept Art Portfolios cover topics that are strongly graphic
and provide an opportunity for students to create their own
understanding and share in the satisfaction that scientists
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
students see the organization of the book. The Guidepost
connects the chapter with the preceding and following
chapters and provides a short list of important questions as
guides to the objectives of the chapter.

® Doing Science boxes at the end of most chapter sections
begin with questions designed to put students into the role
of scientists considering how best to proceed as they
investigate the cosmos. These questions serve a second
purpose as a further review of how we know what we know.
Many of the Doing Science boxes end with a second
question that points the student-as-scientist in a direction
for investigation.

o 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
differences but many characteristics and a family history in
common.

e End-of-chapter Review Questions are designed to help
students review and test their understanding of the material.

e End-of-chapter Discussion Questions go beyond the text and
invite students to think critically and creatively about
scientific questions.

e End-of-chapter Problems promote quantitative understanding
of the text contents.

Course Solutions That Fit Your
Teaching Goals and Your Student’s
Learning Needs

MindTap Astronomy for Seeds/Backman Foundations of
Astronomy is well beyond an eBook, a homework solution or
digital supplement, a resource center website, a course delivery
platform or a Learning Management System.

More than 70% of students surveyed said it was unlike any-
thing they have seen before. MindTap is a new personal learning
experience that combines all your digital assets—readings, mul-
timedia, activities, and assessments—into a singular learning
path to improve student outcomes.

MindTap Astronomy also features:

. C@NOW‘" CengageNOW™ is an integrated, online
learning system that gives students 24/7 access to Study
Tools and assignments. Working at their own pace, or
within a schedule set up by their instructor, students can
now do homework, read textbooks, take quizzes and
exams, and track their grades in an easy-to-use, personal-
ized online environment that they manage to best suit
their needs.

A NOTE TO STUDENTS ix
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Cognero

Cengage Learning Testing Powered by Cognero is a flexible,
online system that allows you to:
e author, edit, and manage test bank content from multiple
Cengage Learning solutions
e create multiple test versions in an instant
e deliver tests from your LMS, your classroom or wherever
you want
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Instructor Companion Site

Everything you need for your course in one place! This collection
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www.cengage.com/login. Access and download PowerPoint pre-
sentations, images, instructor’s manual, videos, and more.
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Here and Now

Guidepost As you study astronomy, you will learn about This chapter is a jumping-off point for your exploration of
yourself. You are a planet-walker, and this chapter will give deep space and deep time. The next chapter continues your
you a preview of what that means. The planet you live on journey by looking at the night sky as seen from Earth. As
whirls around a star that moves through a Universe filled with you study astronomy, you will see how science gives you a
other stars and galaxies which are all results of billions of way to know how nature works. Later chapters will provide
years of history and evolution. You owe it to yourself to know more specific insights into how scientists study and under-
where you are in the Universe, and when you are in its stand nature.
history, because those are important steps toward knowing
what you are.

In this chapter, you will consider three important questions
about astronomy:

» Where is Earth in the Universe?

> How does human history fit into the history of the The longest journey begins with a single step.

i ?
Universe? —LAO7I

> Why study astronomy?

NASA/Goddard Space Flight Center/GOES

Visual

Visual-wavelength image {AA} of Earth from the GOES (Geostationary
Operational Environment Satellite) East weather satellite stationed over
the central Atlantic Ocean. This image, which was made during the
month of January, shows a coating of snow over Canada and the
northern part of the United States, as well as lush vegetation in the
Amazon Basin of South America.

e
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1-1 Where Are You?

To find your place 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.

Begin with something familiar. Figure 1-1 shows an area about
50 feet across on a college campus including a person, a sidewalk,
and a few trees, which are all objects with sizes you can understand.
Each successive picture in this “zoom” will show you a region of the
Universe that is 100 times wider than the preceding picture. That
is, each step will widen your field of view, which is the region you
can see in the image, by a factor of 100.

Widening your field of view by a factor of 100 allows you
to see an area 1 mile in diameter in the next image (Figure 1-2).
People, trees, and sidewalks have become too small to discern,
but now you can view an entire college campus plus surround-
ing streets and houses. The dimensions of houses and streets are
familiar; chis is still the world you know.

Before leaving this familiar territory, you need to change the
units you use to measure sizes. All scientists, including astronomers,
use the metric system of units because it is well understood world-
wide and, more important, because it simplifies calculations. If you
are not already familiar with the metric system, or if you need a
review, study Appendix A (pages A-3—A-10) before reading on.

In metric units, the image in Figure 1-1 is about 16 meters
across, and the 1-mile diameter of Figure 1-2 equals about
1.6 kilometers. You can see that a kilometer (abbreviated km) is
a bit less than two-thirds of a mile—a short walk across a neigh-
borhood. When you expand your field of view by another factor
of 100, the neighborhood you saw in Figure 1-2 vanishes. Now
your field of view is 160 km wide, and you see cities and towns
as patches of gray (Figure 1-3). Wilmington, Delaware, is visible

Michael A. Seeds

A Figure 1-1
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USGS

A Figure 1-2 This box m represents the relative size of the previous figure.

at the lower right. At this scale, you can see some of the natural
features of Earth’s surface. The Allegheny Mountains of south-
ern Pennsylvania cross the image at the upper left, and the
Susquehanna River flows southeast into Chesapeake Bay. What
look like white bumps are a few puffs of cloud.

Figure 1-3 is an infrared photograph in which healthy green
leaves and crops are shown 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.

NASA/Landsat

“Infrared

A Figure 1-3 This box m represents the relative size of the
previous figure.
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Visual

NASA

A Figure 1-4 This box m represents the relative size of the
previous figure.

You will learn much more about infrared, X-ray, and radio
energy in later chapters.

At the next step in your journey, you can see your entire
planet, which is nearly 13,000 km in diameter (Figure 1-4). At
any particular moment, half of Earth’s surface is exposed to
sunlight, and the other half is in darkness. As Earth rotates on
its axis, it carries you through sunlight and then through dark-
ness, producing the cycle of day and night. The blurriness at the
right edge of the Earth image 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 explanations about astronomical objects.

Enlarge your field of view by another factor of 100, and you
see a region 1,600,000 km wide (Figure 1-5). Earth is the small
blue dot in the center, and the Moon, the diameter of which is
only one-fourth of Earth’s, is an even smaller dot along its orbit
380,000 km away. (The relative sizes of Earth and Moon are
shown in the inset at the bottom right of Figure 1-5.)

The numbers in the preceding paragraph are so large that it
is inconvenient to write them out. Soon you will be using num-
bers even larger than these to describe the Universe; rather than
writing such astronomical numbers as they are in the previous
paragraph, it is more convenient to write them in scientific
notation. This is nothing more than a simple way to write very
big or very small numbers without using lots of zeros. For exam-
ple, 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 Appendix A (pages A-4—A-5). The Universe
is too big to describe without using scientific notation.

Enlarged to show
relative sizes

e vk

%

Earth Moon

© 2016 Cengage Learning®; images: NASA

A Figure 1-5 This box m represents the relative size of the
previous figure.

When you once again enlarge your field of view by a factor
of 100 (Figure 1-6), Earth, the Moon, and the Moon’s orbit that
filled the previous figure all lie in the small red box at lower left
of the new figure. Now you can see the Sun and two other plan-
ets 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, asteroids, and comets.

Earth, Venus, and Mercury are planets, which are spheri-
cal, nonluminous bodies that orbit a star and shine by reflected
light. Venus is about the size of Earth, and Mercury has slightly

Enlarged to show
relative sizes

© 2016 Cengage Learning®; image: NOAO/AURA/NSF

A Figure 1-6 The small red box around Earth at lower left
contains the entire field of view of Figure 1-5.
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more than one-third of Earth’s diameter. On this diagram, they
are both too small to be portrayed as anything but tiny dots.
The Sun is a star, a self-luminous ball of hot gas. Even though
the Sun is about 100 times larger in diameter than Earth (inset
at bottom right of Figure 1-6), it, too, is no more than a dot in
this diagram. Figure 1-6 represents an area with a diameter of
1.6 X 108 km.

Another way astronomers simplify descriptions and calcula-
tions that require large numbers is to define larger units of
measurement. For example, the average distance from Earth to
the Sun is a unit of distance called the astronomical unit (AU);
an AU is equal to 1.5 X 10% km. Using that term, you can express
the average distance from Mercury to the Sun as about 0.39 AU
and the average distance from Venus to the Sun as about 0.72 AU.

These distances are averages because the orbits of the plan-
ets are not perfect circles. This is especially apparent in the case
of Mercury. Its orbit carries it as close to the Sun as 0.31 AU and
as far away as 0.47 AU. You can see the variation in the distance
from Mercury to the Sun in Figure 1-6. Earth’s orbit is more
circular than Mercury’s; its distance from the Sun varies by only
a few percent.

Enlarge your field of view again by a factor of 100, and you
can see the entire planetary region of our Solar System (Figure 1-7).
The Sun, Mercury, Venus, and Earth lie so closely together that
you cannot see them separately at this scale, and they are lost in
the red square at the center of this diagram that shows the size of
the previous figure. You can see only the brighter, more widely
separated objects such as Mars, the next planet outward. Mars is
only 1.5 AU from the Sun, but Jupiter, Saturn, Uranus, and
Neptune are farther from the Sun, and so they are easier to locate
in this diagram. They are cold worlds that are far from the Sun’s

© 2016 Cengage Learning®

A Figure 1-7 The small red box around the Sun at center
contains the entire field of view of Figure 1-6.
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Sun and planets

© 2016 Cengage Learning®

A Figure 1-8 The small red box at the center contains
the entire field of view of Figure 1-7.

warmth. Light from the Sun reaches Earth in only 8 minutes,
but it takes more than 4 hours to reach Neptune.

You can remember the order of the planets from the Sun
outward by remembering a simple sentence such as: My Very
Educated Mother Just Served Us Noodles (perhaps you can come
up with a better one). The first letter of each word is the same as
the first letter of a planet’s name: Mercury, Venus, Earth, Mars,
Jupiter, Saturn, Uranus, and Neptune. The list of planets once
included Pluto, but in 2006, astronomers attending an interna-
tional scientific congress made the decision that Pluto should be
redefined as a dwarf planet. Although Pluto meets some of the
criteria to be considered a planet, it is small and not alone in its
orbit; Pluto is one of a group of small objects that have been
discovered circling the Sun beyond Neptune.

When you again enlarge your field of view by a factor of
100, the Solar System vanishes (Figure 1-8). The Sun is only a
point of light, and all 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.

Notice that no stars are visible in Figure 1-8 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. Although there
are many billions of stars like the Sun, none is close enough to
be visible in this diagram, which shows a region only 11,000 AU
in diameter. Stars in the Sun’s neighborhood are typically sepa-
rated by distances about 30 times larger than that.

In Figure 1-9, your field of view has expanded again by a
factor of 100 to a diameter of 1.1 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 convenient to give
their distances in AU. To express distances so large, astrono-
mers defined a new unit of distance, the light-year. One
light-year (ly) is the distance that light travels in one year,
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A Figure 1-9 This box m represents the relative size of the
previous figure.

approximately 9.5 X 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 paper,” you could tell the
person that a light-year is a distance, not a time (although
perhaps that comment wouldn’t be appreciated). 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 most stars are approxi-
mately 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—Proxima Centauri, which is
only 4.2 ly from Earth—Ilooks like a point of light through the
biggest telescopes on Earth. Figure 1-9 follows the common
astronomical practice of making the sizes of the dots represent
not the sizes of the stars but their brightness. This is 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 photo tells you not how big the star is but rather how bright
it is.

You might wonder whether other stars have families of
planets orbiting around them as the Sun does. Such objects,
termed extrasolar planets, are very difficult to see because they
are generally small, faint, and too close to the glare of their
respective parent stars. Nevertheless, astronomers have used
indirect methods to find more than a thousand such objects,
although only a handful have been photographed directly.

In Figure 1-10, you expand your field of view by another fac-
tor of 100, and the Sun and its neighboring stars vanish 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

NOAO/AURA/NSF

A Figure 1-10 This box m represents the relative size of the
previous figure.

thousands of light-years from Earth to look back and photograph
our 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, with a visible disk of stars about 80,000 ly in
diameter (Figure 1-11). A galaxy is a great cloud of stars, gas, and
dust held together by the combined gravity of all of its matter.
Galaxies range from 1000 ly to more than 300,000 ly in diame-
ter, and the biggest ones contain more than a trillion (10'?) stars.
In the night sky, you can see our galaxy as a great, cloudy wheel

Location of Sun
“and planets

Artist’s conception

© 2016 Cengage Learning®; Mark Garlick/space-art.co.uk

A Figure 1-11 This box m represents the relative size of
the previous figure.
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of stars ringing the sky. This band of stars is known as the Milky
Way, and our home galaxy is called the Milky Way Galaxy.

How does anyone know what the disk of the Milky Way
Galaxy would look like from a vantage point tens of thousands
of light years away? Astronomers use evidence to guide their
explanations as they envision what our galaxy looks like. Artists
can then use those scientific descriptions to create a painting.
Many images in this book are artists’ conceptions of objects and
events that 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 much better than guesses;
they are scientifically based illustrations guided by the best
information astronomers can gather. As you continue to explore,
notice how astronomers use the methods of science to imagine,
understand, and depict cosmic events.

The artist’s conception of the Milky Way Galaxy repro-
duced in Figure 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 the spiral arms are places
where stars are formed from clouds of gas and dust. Our own
Sun was born in one of these spiral arms, and, if you could see
the Sun in this picture, it would be in the disk of the Galaxy
about two-thirds of the way out from the center, at about the
location of the marker dot indicated in the figure.

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 the
Milky Way Galaxy is not unique; it is only one of many billions
of galaxies scattered throughout the Universe.

You can see a few of these other galaxies when you expand
your field of view by another factor of 100 (Figure 1-12). Our gal-
axy appears as a tiny luminous speck surrounded by other specks
in a region 17 million lightyears in diameter. Each speck

Milky Way Galaxy

© 2016 Cengage Learning®

A Figure 1-12 This box m represents the relative size of
the previous figure.
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1977, Astronomical Journal 82, 249.

Based on data from M. Seldner et

A Figure 1-13 This box m represents the relative size of
the previous figure.

represents a galaxy. Notice that our galaxy is part of a group of a
few dozen galaxies. Galaxies are commonly grouped together in
such clusters. Some galaxies have beautiful spiral patterns like our
home, the Milky Way Galaxy, some are globes of stars without
spirals, and some seem strangely distorted. In a later chapter, you
will learn what produces these differences among the galaxies.

Now is a chance for you to spot another Common Misconception.
People often say Galaxy when they mean Solar System, and they
sometimes confuse both terms with Universe. Your cosmic zoom
has shown you the difference. The Solar System is your local
neighborhood, that is, the Sun and its planets, one planetary
system. The Milky Way Galaxy contains our Solar System plus
billions of other stars and whatever planets orbit around them—
in other words, billions of planetary systems. The Universe
includes everything: all of the galaxies, stars, and planets, includ-
ing the Galaxy and, a very small part of that, our Solar System.

If you expand your field of view one more time, you can see
that clusters of galaxies are connected in a vast network (Figure 1-13).
Clusters are grouped into superclusters—clusters of clusters—and
the superclusters are linked to form long filaments and walls outlin-
ing 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 fila-
ments and walls. When you puzzle over the origin of these struc-
tures, you are at the frontier of human knowledge.

1-2 When Is Now?

Now that you have an idea where you are in space, you might
also like to know where you are in time. The stars shone for bil-
lions of years before the first human looked up and wondered
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what they were. To get a sense of your place in time, all you need
is a long ribbon.

Imagine stretching that ribbon from goal line to goal line
down the center of a U.S. football field, a distance of 100 yards
(about 91 meters), as shown on the inside front cover of this book.
Imagine that one end of the ribbon represents zoday, and the
other end represents the beginning of the Universe—the moment
that astronomers call the big bang. In Chapter 18, “Modern
Cosmology,” you will learn about the big bang and evidence that
the Universe is approximately 14 billion years old. Your ribbon
represents 14 billion years, the entire history of the Universe.

Imagine beginning at the goal line labeled B/G BANG and
replaying the entire history of the Universe as you walk along your
ribbon toward the goal line labeled TODAY. Astronomers have
evidence that the big bang initially filled the entire Universe with
hot, glowing gas, but, as the gas cooled and dimmed, the Universe
went dark. That all happened along the first half-inch of the rib-
bon. There was no light for the next 400 million years, until grav-
ity 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’s history began.

You have to walk only about 4 or 5 yards along the ribbon
before galaxies formed in large numbers. Our home galaxy
would be one of those taking shape. By the time you cross the
50-yard line, the Universe is full of galaxies, but the Sun and
Earth have not formed yet. You need to walk past the 50-yard
line all the way to the other 33-yard line before you can finally
stick a flag beside the ribbon to mark the formation of the Sun
and planets—our Solar System—4.6 billion years ago and
about 9 billion years after the big bang.

You can carry your flags a few yards further to about the
25-yard line, 3.4 billion years ago, to mark the earliest firm
evidence for life on Earth—microscopic creatures in the
oceans—and you have to walk all the way to the 3-yard line
before you can mark the emergence of life on land only 0.4 bil-
lion (400 million) years ago. Your dinosaur flag goes inside the
2-yard line. Dinosaurs go extinct as you pass the one-half-yard
line, 65 million years ago.

What about people? You can put a little flag for the first
humanlike creatures, 4 million years ago, only about 1 inch
(2.5 cm) from the goal line labeled TODAY. Civilization, the
building of cities, began about 10,000 years ago, so you have to
try to fit that flag in only 0.0026 inches from the goal line.
That’s less than the thickness of the page you are reading right
now. Compare the history of human civilization with the history
of the Universe. Every war you have ever heard of, the life of
every person whose name is recorded, and the construction of
every structure ever made from Stonehenge to the building you
are in right now fits into that 0.0026 inches of the time ribbon.

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 begun to
understand where we are in space and in time.

1-3 Why Study Astronomy?

Your exploration of the Universe will help you answer two fun-
damental questions:

What are we?
How do we know?

The question “What are we?” 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
paleontologist, sociologist, theologian, artist, or poet. “Whar are
we?” is a fundamentally 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 birth in the big bang when the Universe began.
Those atoms have been cooked and remade inside generations of
stars, and now, after more than 10 billion years, they are inside
you. Where will they be in another 10 billion years? This is a
story everyone should know, and astronomy is the only course
on campus that can tell you that story.

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 part in the story of the Universe.

The question “How do we know?” is the second organiz-
ing theme of this book. It is a question you should ask your-
self 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 sci-
ence 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 Aow it is known. To do that, these essays will
explain different aspects of scientific thought processes and pro-
cedures to help you understand how scientists learn about the
natural world.

Over the last four centuries, a way to understand nature has
been developed that is called the scientific method (How Do We
Know? 1-1). You will see this process applied over and over as you
read about exploding stars, colliding galaxies, and alien 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
by using a method called science.

Chapter 1 HERE AND NOW 7
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How Do We Know? ®

The Scientific Method

How do scientists learn about nature? You
have probably heard several times during
your education about the scientific method
as the process by which scientists form
hypotheses and test them against evidence
gathered by experiments and observations.
That is an oversimplification of the subtle
and complex ways that scientists actually
work. Scientists use the scientific method all
the time, and it is critically important, but
they rarely think of it while they are doing it,
any more than you think about the details of
what you are doing while you are riding a
bicycle. It is such an ingrained way of
thinking about and understanding nature
that it is almost transparent to the people
who use it most.

Scientists try to form hypotheses that
explain how nature works. If a hypothesis is
contradicted by evidence from experiments
or observations, it must be revised or
discarded. If a hypothesis is confirmed, it still
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 inherit traits from their
parents not as a smooth blend, as most
scientists of the time believed, but in
discrete units according to strict mathemati-
cal rules. Mendel cultivated and tested more
than 28,000 pea plants, noting which
produced smooth peas and which produced
wrinkled peas and how that trait was
inherited by successive generations. His
study of pea plants confirmed his hypothesis
and allowed the development of a series of
laws of inheritance. Although the importance
of his work was not recognized in his
lifetime, Mendel is now called the “father of
modern genetics.”

The scientific method is not a simple,
mechanical way of grinding facts into
understanding; a scientist needs insight and
ingenuity both to form and to test good
hypotheses. Scientists use the scientific
method almost automatically, sometimes
forming, testing, revising, and discarding
hypotheses minute by minute as they discuss

a new idea, other times spending years
studying a single promising hypothesis.

The scientific method is, in fact, a
combination of many ways of analyzing
information, finding relationships, and
creating new ideas, in order to know and
understand nature. The “How Do We Know?”
essays in the chapters that follow will
introduce you to some of those techniques.

Whether peas are wrinkled or smooth is an inherited
trait.

What Are We?

Participants

~

Astronomy will give you perspective on what it means to be here
on Earth. This chapter has helped you locate yourself 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
story of humanity is only the blink of an eye. This may seem
humbling at first, but you can be proud of how much we
humans have understood in such a short time.

k

Not only does astronomy locate you in space and time, it
places you within the physical processes that govern the
Universe. Gravity and atoms work together to make stars,
generate energy, light the Universe, and create the chemical
elements in your body. The chapters that follow will show how
you fit into 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 participant
in something very large and beautiful.

PART 1 EXPLORING THE SKY
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Study and Review

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 calcula-
tions, and they 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. 4), the
Sun, once per year. As Earth rotates once per day, you see the
Sun rise and set.

The Moon is approximately one-fourth the diameter of Earth,
whereas the Sun is about 100 times larger in diameter than
Earth—a typical size for a star.

The Solar System (p. 3) includes the Sun at the center, all of the
major planets that orbit around it—Mercury, Venus, Earth, Mars,
Jupiter, Saturn, Uranus, and Neptune—plus the moons of the
planets and other objects such as asteroids, comets, and dwarf
planets (p. 4) like Pluto, bound to the Sun by its gravity.

The astronomical unit (AU) (p. 4) is the average distance from
Earth to the Sun. Mars, for example, orbits about 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.

Astronomers have found more than a thousand extrasolar planets

(p. 5) orbiting stars other than our Sun, even though such distant and
small bodies are very difficult to detect. So far only a few extrasolar
planets are known to be Earth-like in size and temperature.

The Milky Way (p. 6), the hazy band of light that encircles the sky,
is the Milky Way Galaxy (p. 6) 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. The Milky Way
Galaxy is about 80,000 ly in diameter and contains more than
100 billion stars.

Some galaxies, including our own, have graceful spiral arms (p. 6)
that are bright with stars. Many other galaxies are plain globes of
stars without spiral arms, and a few galaxies have irregular shapes.

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

Astronomers have evidence that 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 about 400 million years after the big bang.

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 400 million years ago, less than 1/30 of
the age of the Universe. Dinosaurs evolved relatively soon after
that and went extinct just 65 million years ago.

Humanlike creatures developed on Earth only about 4 million
years ago, less than 1/3000 of the age of the Universe, and
human civilizations developed just 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 provides a way to
understand nature.

In its simplest outline, science follows the scientific method

(p. 7), in which scientists test hypotheses against evidence from
experiments and observations. This method is a powerful way to
learn about nature.

Review Questions

1.

0o

10.

11.

12.

13.

14.

15.
16.

The field of view in Figure 1-2 is a factor of 100 larger than the
field of view in Figure 1-1. What aspects of Figure 1-2 increased
by a factor of 100 relative to Figure 1-17 Did the height increase
by that amount? The diameter? The area?

. What is the largest dimension of which you have personal

sensory experience? Have you ever hiked 10 miles? Run a
marathon? Driven across a continent? Flown to the opposite side
of Earth?

. What is the difference between the Solar System, the Galaxy, and

the Universe?

. What is the difference between the Moon and a moon?
. Why do astronomers now label Pluto a “dwarf planet”?
. Why are light-years more convenient than miles, kilometers, or AU

for measuring certain distances?

. Why is it difficult to detect extrasolar planets, that is, 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?

When looking at the Milky Way in the night sky, are you seeing
spiral arms of the Milky Way Galaxy? How do you know?

What are the largest known structures in the Universe?

Where are you in the Universe? If you had to give directions

to your location in the Universe, what directions would you
give?

What percentage is your life span compared to the age of the
Solar System? Compared to the age of the Universe?

Why should you study astronomy? Do you anticipate needing to
know astronomy 5 or 10 years from now? If so, where?

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

1.

Do you think you have a responsibility to know the contents of
this chapter? Are there 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 statement in a scientific discussion? Find examples in
newspapers, magazines, and this book.

. If dwarf means small, meaning dwarf planets are smaller

than planets, should dwarf planets be considered planets, or
not?

. Is Earth an extrasolar planet to a planet that is orbiting around a

star other than the Sun?
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