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To the Reader

Few questions have so inspired humans through the ages as the
mystery of whether we are alone in the universe. Many ancient
Greek philosophers were confident that intelligent beings could
be found far beyond Earth. When the first telescopes were
trained on the Moon in the seventeenth century, some eminent
astronomers interpreted lunar features as proof of an inhabited
world. Only a century ago, belief in a civilization on Mars be-
came so widespread that the term martian became synonymous
with alien. But despite this historical interest in the possibility
of extraterrestrial life, until quite recently few scientists devoted
any effort to understanding the issues surrounding it, let alone
to making a serious search for life.

In the past couple of decades, however, a remarkable con-
vergence of biology, geology, astronomy, and other sciences has
suddenly placed the issue of extraterrestrial life at the forefront
of research. Advances in our understanding of the origin of life
on Earth are helping us predict the conditions under which life
might arise in other places. Discoveries of microbes thriving
under extreme conditions (at least by human standards) on Earth
have raised hopes that life might survive even in some of the
harsh environments found elsewhere in our own solar system.
Proof that planets exist around other stars—first obtained in the
1990s—has given added impetus to the study of the conditions
that might allow for life in other star systems. Technological
advances are making it possible for us to engage in unprece-

To Current or Prospective Instructors

The rest of this preface is aimed primarily at current or prospec-
tive instructors teaching courses on life in the universe. Stu-
dents and general readers might still find it useful, because it
explains some of the motivation behind the pedagogical fea-
tures and organization of this book and may thereby help you
get the most from your reading.

Why Teach a Course on Life in the Universe?

By itself, the rapid rise of research interest in astrobiology might
not be enough to justify the creation of new courses for non-
science majors. But the subject has at least three crucial features
that together make a strong case for adding it to the standard
science offerings:

dented, large-scale scrutiny of the sky for signals from other civi-
lizations, spurring heightened interest in the search for extrater-
restrial intelligence (SETI). Perhaps most important, scientists
have found the interdisciplinary study of issues related to the
search for life beyond Earth to have intrinsic value, independent
of whether the search is ultimately successful.

Given the intense research efforts being undertaken by the
scientific community and the long-standing public fascination
with the search for life, it should be no surprise that the study
of life in the universe—also known as astrobiology—has become
one of the most publicly visible sciences. Colleges, too, have
recognized the growing importance of this discipline, and many
have begun to institute astrobiology courses. This book aims to
serve such courses by offering a comprehensive introduction to
the broad science of life in the universe.

Although this book is a text, it is designed to be of interest to
anyone with a desire to learn about the current state of research
in astrobiology. No special scientific training or background is as-
sumed, and all necessary scientific concepts are reviewed as they
arise. If you have a basic high school education and a willingness
to learn, you are capable of understanding every topic covered in
this book. We wish you well in your efforts.

Jeffrey Bennett
Seth Shostak

1. For students who take only one or a few required sci-
ence courses, the interdisciplinary nature of the study
of life in the universe offers a broader understanding of
the range of scientific research than can a course in any
single discipline.

2. Public fascination with UFOs and alien visitation offers
a unique opportunity to use life in the universe courses
as vehicles for teaching about the nature of science and
how to distinguish true science from pseudoscience.

3. The science of life in the universe considers many of the
most profound questions we can ask, including: What is
life? How did life begin on Earth? Are we alone? Could
we colonize other planets or other star systems?
Students are nearly always interested in these questions,
making it easy to motivate even those students who
study science only because it is required.



These features probably also explain the growing number
of life in the universe courses being offered at colleges around
the world as well as at the high school level. It’s worth noting
that, besides being fascinating to students, a course on life in
the universe can be a great experience for instructors. The inter-
disciplinary nature of the subject means that no matter what
your specific scientific background, you are sure to learn some-
thing new when you teach an astrobiology course at any level.

Using This Book for Your Course

As courses in astrobiology began to appear, instructors faced an
immediate challenge: The interdisciplinary nature of the sub-
ject made it difficult to decide where emphasis should be placed.
Over time, however, a general consensus emerged in favor of a
rough balance between the different disciplines that contribute
to the study of life in the universe. This book was written to
serve that consensus course, and the success of our first two
editions gives us confidence that we achieved that goal. We
have maintained the same interdisciplinary approach for this
third edition, while also responding to feedback from the many
users of the prior editions and updating the book with new de-
velopments in the science. With an interdisciplinary course goal
in mind, we now turn our attention to a few details that should
help instructors use this book effectively.

COURSE TYPES This book is designed primarily for use in
courses for nonscience majors, such as core course require-
ments in natural science or elective follow-up courses for stu-
dents who lack the preparation needed for more technical
offerings in astrobiology. It can also be used at the senior high
school level, especially for integrated science courses that seek
to break down the traditional boundaries separating individual
science disciplines.

OVERALL STRUCTURE We’ve developed this book with a
four-part structure that matches the content of most courses on
life in the universe. The table of contents gives more detail; a
brief outline of the structure follows:

Part 1. Introducing Life in the Universe (Chapters 1-3).
Chapter 1 offers a brief overview of the topic of life in the uni-
verse and why this science has moved to the forefront of re-
search. Chapter 2 discusses the nature of science based on the
assumption that this is many students’ first real exposure to how
scientific thinking differs from other modes of thinking. Chap-
ter 3 presents fundamental astronomical and physical concepts
necessary for understanding the rest of the course material.

Part II. Life on Earth (Chapters 4-6). This is the first of three
parts devoted to in-depth study of astrobiology issues. Here we
discuss the current state of knowledge about life on Earth.
Chapter 4 discusses the geological conditions that have made
Earth habitable. Chapter 5 explores the nature of life on Earth.
Chapter 6 discusses current ideas about the origin and subse-
quent evolution of life on Earth.

Part III. Life in the Solar System (Chapters 7-10). We next
use what we’ve learned about life on Earth in Part II to explore

the possibilities for life elsewhere in our solar system. Chapter 7
discusses the environmental requirements for life and then of-
fers a brief tour of various worlds in our solar system, exploring
their potential habitability. Chapters 8 and 9 focus on the places
that seem most likely to offer possibilities for life: Mars (Chap-
ter 8) and the jovian moons Europa, Ganymede, Callisto, Titan,
Enceladus, and Triton (Chapter 9). Chapter 10 discusses how
habitability evolves over time in the solar system, with empha-
sis on comparing the past and present habitability of Venus and
Earth; this chapter also introduces the concept of a habitable
zone around a star, setting the stage for the discussion of life
beyond our solar system in Part IV.

Part IV. Life Among the Stars (Chapters 11-13). This final
set of chapters deals with the question of life beyond our solar
system. Chapter 11 focuses on the types of stars that seem
suitable as “suns” for habitable planets, and then discusses the
methods of detection and results of recent discoveries of ex-
trasolar planets; it also covers the question of whether we
should expect Earth-like planets to be rare or common.
Chapter 12 covers the search for extraterrestrial intelligence
(SETI). Chapter 13 discusses the challenge of and prospects
for interstellar travel, and then uses these ideas to investigate
the Fermi paradox (“Where is everybody?”), the potential so-
lutions to the paradox, and the implications of the considered
solutions.

PACE OF COURSE COVERAGE Although the chapters are
not all of equal length, it should be possible to cover them at an
average rate of approximately one chapter per week in a typi-
cal 3-hours-per-week college course. Thus, the 13 chapters in
this book should provide about the right amount of material for
a typical one-semester college course. If you are teaching a one-
quarter course, you might need to be selective in your cover-
age, perhaps dropping some topics entirely. If you are teaching
a yearlong course, as might be the case at the high school level,
you can spread out the material to cover it at an average rate of
about one chapter every 2 weeks.

New for the Third Edition

Astrobiology is a fast-moving field, and there have been many
new developments since we wrote the second edition. You will
therefore find many sections of the book almost entirely rewrit-
ten, though we have retained the basic organization of the text.
Here, briefly, is a list of some of the most important changes and
updates we have made:

e We have significantly expanded our coverage of light and
spectroscopy; see, for example, new Figures 3.31 to 3.33
and the associated narrative.

e We have revised our discussion of the Hadean Earth based
on new research indicating that large impacts of the heavy
bombardment are less likely to have been sterilizing than
previously thought. We have similarly updated our discus-
sions of snowball Earth episodes.



e While we still use the terms prokaryotic and eukaryotic to
distinguish between cells without and with nuclei, respec-
tively, we have updated our discussions in light of the fact
that these are no longer considered fundamental categories
of life. In fact, while all known bacteria and archaea are
prokaryotes, the archaea may be more closely related to
eukarya than they are to bacteria.

e Many new developments have occurred in research relat-
ing to conditions on the early Earth and the origin of life;
Chapter 6, in particular, has been heavily revised to reflect
these developments.

e We have added a brief discussion of new evidence for
water ice on the Moon, with possible implications for
future human settlement.

e We have heavily rewritten Chapter 8 on Mars to incorpo-
rate the latest results from the Mars rovers, the Mars
Reconnaissance Orbiter, and other missions.

e The latest Cassini results are now incorporated in our dis-
cussions of Titan and Enceladus.

e Chapter 10 now incorporates the latest evidence of active
volcanism on Venus, as well as an updated and revised
discussion of global warming on Earth.

e More than 300 new extrasolar planets have been discov-
ered since we wrote the last edition, necessitating a major
rewrite of our discussions of extrasolar planets.

e We have updated to cover the latest SETI efforts now
under way with the Allen Telescope Array.

In addition to making all of the scientific updates, we have
worked to streamline and improve the general narrative flow
and added numerous new figures, including five two-page
spreads designed to summarize difficult ideas; these cover the
Copernican revolution, light and spectroscopy, global warm-
ing, detection of extrasolar planets, and understanding the
H-R diagram. We have also added interactive figure v jcons and
interactive photo v jcons to captions, which indicate that readers
can find interactive versions of these specific figures and photos
on the Premium Website. The new icon points the reader to
the Premium Website for access to self-guided, concept-based
multimedia tutorials.

Supplements and Resources

In addition to the book itself, a number of supplements are
available to help you as an instructor. The following is a brief
summary; contact your local Addison-Wesley representative for
more information.

o Premium Website for Life in the Universe 3e (http://www.aw-bc
.com/bennett/). This password-protected website features a
wealth of astrobiology resources for students, including
study quizzes, Self-Guided Tutorials that interactively teach
about and test comprehension of key topics, Interactive
Figures and Photos™ based on figures from the book,
author videos, links, a searchable glossary, flashcards, and
more. Behind a password, the site also has an Instructor
Resources area that includes downloadable Test Bank
questions, media files, and jpegs of all the figures and
photos from the book. It also includes a Shared Instructor
Materials section (see below).

® Pearson eText (ISBN 0-321-74089-0). An interactive Pearson
eText will be available for this edition. Users can search for
words or phrases, create notes, highlight text, bookmark
sections, click on definitions of key terms, and launch Self-
Guided Tutorials and Interactive Figures and Photos™ as
they read. Professors also have the ability to annotate the
text for their course and hide chapters not covered in their
syllabi.

e [Life in the Universe Activities Manual, Second Edition, by Ed
Prather, Erika Offerdahl, and Tim Slater (ISBN 0-8053-
1712-0). Revised in conjunction with the main text, this
manual provides creative projects that explore a wide
range of concepts in astrobiology. It can be used as a labo-
ratory component for a life in the universe course or as a
source for group activities in the classroom.

® Shared Instructor Materials. Many instructors have requested
a way of sharing additional teaching resources, such as
additional test questions, clicker questions, and PowerPoint
lecture slides. To this end, author Jeffrey Bennett will con-
solidate relevant contributions that instructors are willing
to share with other instructors. Each contribution will be
posted in the password-protected Instructor Resources area
of the Premium Website, with the name of the instructor
who submitted it. If you would like to contribute to the
shared materials, or if you have any other questions,
please contact the author at jeffrey.bennett@mac.com.
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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 introduc-
tory paragraphs at the beginning of the chapter so that
you’ll know what you are trying to learn.

2. Next, get an overview of key concepts by studying the
illustrations and reading their captions. The illustrations
highlight almost all of the major concepts, so this “illus-
trations first” strategy gives you an opportunity to sur-
vey the concepts before you read about them in depth.

3. Read the chapter narrative, but save the boxed features
(Special Topics, Cosmic Calculations) to read later. As
you read, make notes on the pages to remind yourself of
ideas you’ll want to review later. Avoid using a highlight
pen; underlining with pen or pencil is far more effective,
because it forces you to take greater care and therefore
helps keep you alert as you study. Be careful to under-
line selectively—it won’t help you later if you've
underlined everything.

4. Make a second pass through the chapter, this time read-
ing the boxed features and rereading any material that
is not yet fully clear to you.

5. Use the Chapter Summary to make sure you have cor-
rectly interpreted key points. The best way to use the
summary is to try to answer the Learning Goal questions
for yourself before reading the short, given answers.

e After completing the reading as above, try the end-of-
chapter Review Questions; if you don’t know an answer,
look back through the chapter until you figure it out. Then
test your understanding a little more deeply by trying the
“Does It Make Sense?” (or similar title) and Quick Quiz
questions.

e If your course has a quantitative emphasis, work through
all of the examples in the Cosmic Calculations before try-
ing the Quantitative Problems for yourself. Remember that
you should always try to answer questions qualitatively
before you begin plugging numbers into a calculator. For
example, make an order of magnitude estimate of what
your answer should be so that you’ll know your calcula-
tion is on the right track, and be sure that your answer
makes sense and has the appropriate units.

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 ex-
ample, based on this rule of thumb, a student taking 15 credit
hours should expect to spend 30 to 45 hours each week study-
ing outside of class. Combined with time in class, this works out
to a total of 45 to 60 hours spent on academic work—not 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 astrobiology
might be divided as shown in the table. 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.

General Strategies for Studying

e Don't miss class. Listening to lectures and participating in
discussions is much more effective than reading someone
else’s notes. Active participation will help you retain what
you are learning.

e Take advantage of resources offered by your professor,
whether it be e-mail, office hours, review sessions, online
chats, or simply finding opportunities 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.

e Budget your time effectively. One or 2 hours each day is
more effective, and far less painful, than studying all night
before homework is due or before exams.

e 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.

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

e Be sure that any work you turn in is of collegiate quality:
neat and easy to read, well organized, and demonstrating



Time for Reading Time for Homework
If Your the Assigned Text Assignments
Course Is (per week) (per week)
3 credits 2 to 4 hours 2 to 3 hours
4 credits 3 to 5 hours 2 to 4 hours
5 credits 3 to 5 hours 3 to 6 hours

Time for Review
and Test Preparation Total Study Time
(average per week) (per week)
2 hours 6 to 9 hours
3 hours 8 to 12 hours
4 hours 10 to 15 hours

mastery of the subject matter. Although it takes extra effort
to make your work look this good, the effort will help you
solidify your learning and is also good practice for the ex-
pectations that future professors and employers will have.

Preparing for Exams

e Study the Review Questions, and rework problems and

other assignments; try additional questions to be sure you
understand the concepts. Study your performance on as-
signments, quizzes, or exams from earlier in the term.

Study your notes from lectures and discussions. Pay atten-
tion 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 prepared 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 stud-
ied effectively, you are capable of doing well. Staying re-
laxed will help you think clearly.
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Sometimes | think we're alone in

he night sky glitters with stars, each a sun, much like our own  the universe, and sometimes |

think we're not. In either case

Sun. Many stars have planets, some of which may be much like ..~ s quite staggering.
the planets in our own solar system. Among these countless worlds, it Arthur C. Clarke (1917-2008)
may seem hard to imagine that Earth could be the only home for life. But

while the possibility of life beyond Earth might seem quite reasonable, we do not yet know
whether it actually exists.

Learning whether the universe is full of life holds great significance for the way we view our-
selves and our planet. If life is rare or nonexistent elsewhere, we will view our planet with added
wonder. If life is common, we'll know that Earth is not quite as special as it may seem. If civiliza-
tions are common, we'll be forced to accept that we ourselves are just one of many intelligent
species throughout the universe. The profound implications of finding—or not finding—
extraterrestrial life make the question of life beyond Earth an exciting topic of study.

The primary purpose of this book is to give you the background needed to understand new
and exciting developments in the human quest to find life beyond Earth. To do that, in coming
chapters we will focus in some detail on the scientific issues that frame the search for life. First,
however, let’s start with a brief introduction to the subject, so that you'll understand why it has
become such a hot topic of scientific research.

1.1 The Possibility of Life
Beyond Earth

Aliens are everywhere, at least if you follow the popular media (Figure
1.1). Starships on television, such as the Enterprise or Voyager, are on con-
stant prowl throughout the galaxy, seeking out new life and hoping it
speaks English (or something close enough to English for the “universal
translator”). In Star Wars, aliens from many planets gather at bars to
share drinks and stories, and presumably to marvel at the fact that they
have greater similarity in their level of technology than do different na-
tions on Earth. Closer to home, movies like Independence Day, Men in
Black, and War of the Worlds feature brave Earthlings battling evil aliens—
or, as in the case of Avatar, brave aliens battling evil humans—while nu-
merous Web sites carry headlines about the latest alien landings. Even
serious newspapers and magazines run occasional articles about UFO
sightings or about claims that the U.S. government is hiding frozen alien
corpses at “Area 51,” and a recent election in Denver, Colorado,
included a ballot initiative that would have created an “Extraterrestrial
Affairs Commission.”

Scientists are interested in aliens too, although most scientists remain
deeply skeptical about reports of aliens on Earth (for reasons we’ll discuss



later in the book). Scientists are therefore searching for life elsewhere,
looking for evidence of life on other worlds in our solar system, trying to
learn whether we should expect to find life on planets orbiting other stars,
and searching for signals broadcast by other civilizations. Indeed, the study
of life in the universe is one of the most rapidly growing fields of active
scientific research, largely because of its clear significance: The discovery
of life of any kind beyond Earth would forever change our perspective on
how we fit into the universe as a whole, and would undoubtedly teach us
much more about life here on Earth as well.

e What are we searching for?

When we say we are searching for /ife in the universe, just what is it that
we are looking for? Is it the kind of intelligent life we see portrayed in
science fiction TV shows and films? Is it something more akin to the
plants and animals we see in parks and zoos? Is it tiny, bacteria-like mi-
crobes? Or could it be something else entirely?

The simple answer is “all of the above.” When we search for
extraterrestrial life, or life beyond Earth we are looking for any sign of
life, be it simple, complex, or intelligent. We don't care if it looks exactly
like life we are familiar with on Earth or if it is dramatically different.
However, we can’t really answer the question of what we are looking for
unless we know what life is.

Unfortunately, defining life is no simple matter, not even here on
Earth where we have bountiful examples of it. Ask yourself: What com-
mon attributes make us think that a bacterium, a beetle, a mushroom, a
tumbleweed, a maple tree, and a human are all alive, while we don’t
think the same of a crystal, a cloud, an ocean, or a fire? If you spend just
a little time thinking about this question, you'll begin to appreciate its
difficulty. For example, you might say that life can move, but the same is
true of clouds and oceans. You might say that life can grow, but so can
crystals. Or you might say that life can reproduce and spread, but so
can fire. We will explore in Chapter 5 how scientists try to answer this
question and come up with a general definition of life, but for now it
should be clear that this is a complicated question that affects how we
search for life in the universe.

Because of this definitional difficulty, the scientific search for extra-
terrestrial life in the universe generally presumes a search for life that is
at least somewhat Earth-like and that we could therefore recognize based
on what we know from studying life on Earth. Science fiction fans will
object that this search is far too limited, and they may be right—but we
have to start somewhere, so we begin with what we understand.

Check television and movie listings to see what
is currently showing that involves aliens of some sort. Do you think any of the
shows portray aliens in a scientifically realistic fashion? Explain.

e |s it reasonable to imagine life beyond Earth?

The scientific search for life in the universe is a relatively recent develop-
ment in human history, but the idea of extraterrestrial life is not. Many
ancient cultures told stories about beings living among the stars and, as
we’'ll discuss in Chapter 2, the ancient Greeks engaged in serious philo-
sophical debate about the possibility of life beyond Earth.

-
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Aliens have become a part of modern culture, as illustrated in
this movie poster.



Until quite recently, however, all these ideas remained purely specu-
lative, because there was no way to study the question of extraterrestrial
life scientifically. It was always possible to imagine extraterrestrial life,
but there was no scientific reason to think that it could really exist. In-
deed, the relatively small amounts of data that might have shed some
light on the question of life beyond Earth were often misinterpreted.
Prior to the twentieth century, for example, some scientists guessed that
Venus might harbor a tropical paradise—a guess that was based on little
more than the fact that Venus is covered by clouds and closer than Earth
to the Sun. Mars was the subject of even more intense debate, largely
because a handful of scientists thought they saw long, straight canals on
the surface [Section 8.1]. The canals, which don’t really exist, were cited
as evidence of a martian civilization.

Today, we have enough telescopic and spacecraft photos of the plan-
ets and large moons in our solar system to be quite confident that no civ-
ilization has ever existed on any of them. The prospect of large animals
or plants seems almost equally unlikely. Nevertheless, scientific interest
in life beyond Earth has exploded in the past few decades. Why?

We’ll spend most of the rest of the book answering this question, but
we can summarize the key points briefly. First, although large, multi-
cellular life in our solar system seems unlikely anywhere but on Earth,
new discoveries in both planetary science and biology have given us some
reason to think that simpler life—perhaps tiny microbes—might yet exist
on other planets or moons that orbit our Sun. Second, while we’ve long
known that the universe is full of stars, we’ve only recently gained con-
crete evidence telling us that it is also full of planets, which means there
are far more places where we could potentially search for life. Third, ad-
vances both in scientific understanding and in technology now make it
possible to study the question of life in the universe through established
techniques of science, something that was not possible just a few decades
ago. For example, we now understand enough about biology to explore
the conditions that might make it possible for life to exist on other worlds,
and we know enough about planets to consider which ones might be ca-
pable of harboring life. Indeed, while at present we have only limited
ability to actually search for life beyond Earth, we are rapidly developing
the spacecraft technology needed to search for microbes on other worlds
of our solar system and the telescope technology needed to look for signs
of life among the stars.

The bottom line is that while it remains possible that life exists only
on Earth, we now have plenty of scientific reasons to think that life might
be widespread and that we could detect it if it is. In the rest of this chap-
ter, we'll briefly discuss the scientific context of the search and the places
where we might look for life, so that you will have a sense of what we
will cover in more depth in the rest of the book.

1.2 The Scientific Context
of the Search

Almost every field of scientific research has at least some bearing on the
search for life in the universe. Even seemingly unrelated fields such as
mathematics and computer science play important roles. For example, we
use mathematics to do the many computations that help us understand
all other areas of science, and we use computers to simulate everything



from the formation of stars and planets to the way in which the molecules
of life interact with one another. However, three particular disciplines play
an especially important role in framing the context of the scientific search
for life: astronomy; planetary science, which includes geology and atmo-
spheric science; and biology.

e How does astronomy help us understand the
possibilities for extraterrestrial life?

For most of human history, our conception of the universe was quite dif-
ferent from what it is today. Earth was widely assumed to be the center
of the universe. Planets were lights in the sky, named for ancient gods,
and no one had reason to think they could be worlds on which we might
search for life. Stars were simply other lights in the sky, distinguished
from the planets only by the fact that they remained fixed in the patterns
of the constellations, and few people even considered the possibility that
our Sun could be one of the stars. Moreover, with the Sun and planets
presumed to be orbiting around Earth, there was certainly no reason to
think that stars could have planets of their own, let alone planets on
which there might be life.

When you consider the dominance that this Earth-centered, or
geocentric, view of the universe held for thousands of years, it becomes
obvious that astronomy plays a key role in framing the context of the
modern search for life. We will discuss in Chapter 2 how and why the
human view of the cosmos changed dramatically about 400 years ago,
and we’ll consider the modern astronomical context in some detail in
Chapter 3. But the point should already be clear: We now know that
Earth is but one tiny world orbiting one rather ordinary star in a vast cos-
mos, and this fact opens up countless possibilities for life on other worlds.

Astronomy provides context to the search for life in many other ways
as well, but one more is important enough to mention right now: By
studying distant objects, we have learned that the physical laws that op-
erate in the rest of the universe are the same as those that operate right
here on Earth. This tells us that if something happened here, it is possible
that the same thing could have happened somewhere else, at least in
principle. We are not the center of the universe in location, and we have
no reason to think we are “central” in any other way, either.

e How does planetary science help us understand
the possibilities for extraterrestrial life?

Planetary science is the name we give to the study of almost everything
having to do with planets. It includes the study of planets themselves, as
well as the study of moons orbiting planets, the study of how planets
form, and the study of other objects that may form in association with
planets (such as asteroids and comets). Planetary science helps set the
context for the search for life in the universe in several different ways,
but two are especially important.

First, by learning how planets form, we develop an understanding of
how common we might expect planets to be. Until just about the middle
of the last century, we really had no basis for assuming that many other
stars would have their own planets. Some scientists thought this likely,
while others did not, and we lacked the data needed to distinguish be-
tween the two possibilities [Section 3.5]. But during the latter half of the
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The painting (above) shows an artist’s impression of what an
extrasolar planet discovered in early 2006 may look like. At
the time, it was the smallest extrasolar planet yet discovered,
with a mass about five times that of Earth. Its odd-sounding
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that it was discovered by a technique based on Einstein’s gen-
eral theory of relativity (gravitational lensing, discussed in
Chapter 11). The graph shows the data that led to the
planet’s discovery.

twentieth century, a growing understanding of the processes by which
our own solar system formed—much of it based on evidence obtained
through human visits to the Moon and spacecraft visits to other planets—
gradually made it seem more likely that other stars might similarly be
born with planetary systems.

Still, as recently as 1995, no one was sure whether planets existed
around other stars. That was the year in which the first strong evidence
was obtained for the existence of extrasolar planets, or planets orbiting
stars other than our Sun.* Since that time, additional discoveries of ex-
trasolar planets have poured in at an astonishing rate, so that the known
extrasolar planets now far outnumber the planets of our own solar sys-
tem (Figure 1.2). Based on the statistics of these discoveries, it now seems
likely that many or most stars have planets and, as we’ll discuss in
Chapter 11, it seems reasonable to imagine that life—and possibly even
civilizations—could exist on at least some of these planets or their moons.

The second way in which planetary science shapes the context for
the search for life is by helping us understand how planets work. For ex-
ample, by studying planets and comparing them to one another, we have
learned why some planets are rocky like Earth while others, like Jupiter,
contain vast amounts of hydrogen and helium gas. We’ve also learned
why Venus is so much hotter than Earth despite the fact that, in the
scheme of our solar system, it is only slightly closer to the Sun. Similarly,
we can now explain why the Moon is desolate and barren even though
it orbits the Sun at essentially the same distance as Earth, and we have a
fairly good idea of why Mars is cold and dry today, when evidence shows
that it was warmer and wetter in the distant past.

This understanding of how planets work gives us deeper insight into
the nature of planetary systems in general. More important to our pur-
poses, it also helps us understand what to look for as we search for
habitable worlds—worlds that contain the basic necessities for life.
After all, given that there are far more worlds in the universe than we
can ever hope to study in detail, we can improve our odds of success in
finding life by constraining the search to those worlds that are the most
promising. Be sure to note that when we ask whether a world is habit-
able, we are asking whether it offers environmental conditions under
which life could arise or survive, not whether it actually harbors life.

Also keep in mind that when we say a world is habitable, we do not
necessarily mean that plants, animals, or people could survive there. For
much of Earth’s history, nearly all life was microscopic, and even today,
the total mass of microbes on Earth is greater than that of all plants and
animals combined. The search for habitable worlds is primarily a search
for places where microbes of some kind might survive, though we might
find larger organisms as well.

e How does biology help us understand the
possibilities for extraterrestrial life?
Astronomy, planetary science, and other science disciplines play impor-

tant roles in shaping the context for the search for life in the universe,
but since we are searching for /ife, the context of biology is especially

*There were two earlier discoveries, but one had not yet been confirmed and the other was
of three objects orbiting what we call a neutron star, not an “ordinary” star like our Sun.



important. Just as you wouldn’t look for a house to buy without know-
ing something about real estate, it would make no sense to search for
life if we didn’t know something about how life functions. The key ques-
tion about the biological context of the search revolves around whether
we should expect biology to be rare or common in the universe.

Wherever we have looked in the universe, we have found clear evi-
dence that the same laws of nature are operating. We see galaxies sprin-
kled throughout space, and we see that the same stellar processes that
occur in one place also occur in others. In situations in which we can ob-
serve orbital motions, we find that they agree with what we expect from
the law of gravity. These and other observations make us confident that
the basic laws of physics that we’ve discovered here on Earth also hold
throughout the universe.

We can be similarly confident that the laws of chemistry are univer-
sal. Observations of distant stars show that they are made of the same
chemical elements that we find here in our own solar system, and that
interstellar gas clouds contain many of the same molecules we find on
Earth. This provides conclusive evidence that atoms come in the same
types and combine in the same ways throughout the universe.

The universality of physics and chemistry is what makes us confi-
dent that we will find planets and other worlds, including many that are
at least potentially habitable, throughout our Milky Way Galaxy and the
universe. Could biology also be universal? That is, could the biological
processes we find on Earth be common throughout the cosmos? If the
answer is yes, then the search for life elsewhere should be exciting and
fruitful. If the answer is no, then life may be a rarity.

Because we haven't yet observed biology anywhere beyond Earth,
we can’t yet know whether biology is universal. However, evidence from
our own planet gives us reason to think that it might be. Laboratory ex-
periments suggest that chemical constituents found on the early Earth
would have combined readily into complex organic (carbon-based) mol-
ecules, including many of the building blocks of life [Section 6.2]. Indeed,
scientists have found organic molecules in meteorites (chunks of rock
that fall to Earth from space) and, through spectroscopy [Section 3.4], in
clouds of gas between the stars. The fact that such molecules form even
under the extreme conditions of space suggests that they form quite read-
ily and may be common on many worlds.

Of course, the mere presence of organic molecules does not neces-
sarily mean that life will arise, but the history of life on Earth gives us
some reason to think that the step from chemistry to biology is not espe-
cially difficult. As we’ll discuss in Chapter 6, geological evidence tells us
that life on Earth arose quite early in Earth’s history, at least on a geolog-
ical time scale. This early origin of life on Earth suggests—but certainly
does not prove—that the same process might occur on other worlds. If
the transition from chemistry to biology were exceedingly improbable,
we might expect that it would have required much more time. Thus, the
early origin of life on Earth makes it seem reasonable to think that life
would emerge just as quickly on other worlds with similar conditions.

Microbial life on Earth predates intelligent life
like us by at least 3—4 hillion years. Do you think this fact tells us anything about
the likelihood of finding intelligent life, as opposed to finding any life, on
extrasolar planets? Explain.
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Three lines of evidence that give us at least some reason to
think that biology may be common in the universe.

If life really can be expected to emerge under the right conditions,
the only remaining question is the prevalence of those “right” conditions.
Here, too, recent discoveries give us reason to think that biology could be
common. In particular, biologists have found that microscopic life can
survive and prosper under a much wider range of conditions than was
believed only a few decades ago [Section 5.5]. For example, we now know
that life exists in extremely hot water near deep-sea volcanic vents, in
the frigid conditions of Antarctica, and inside rocks buried a kilometer or
more beneath the Earth’s surface. Indeed, if we were to export these
strange organisms from Earth to other worlds in our solar system—per-
haps to Mars or Europa—it seems possible that at least some of them
would survive. This suggests that the range of “right” conditions for life
may be quite broad, in which case it might be possible to find life even
on planets that are significantly different in character from Earth.

In summary, we have no reason to think that life ought to be rare
and several reasons to expect that it may be quite common (Figure 1.3).
If life is indeed common, studying it will give us new insights into life on
Earth, even if we don’t find other intelligent civilizations. These enticing
prospects have captured the interest of scientists from many disciplines
and from around the world, giving birth to a new science devoted to the
study of, and search for, life in the universe.

1.3 Places to Search

The study of life in the universe involves fundamental research in all the
scientific areas we have already mentioned, and others as well. Indeed,
as you'll see throughout this book, the study of life in the universe goes
far beyond simply searching for living organisms. Still, all of this study is
driven by the possibility that life exists elsewhere, so before we dive into
any details, it’s worth a quick overview of the places and methods we
use to search for life beyond Earth.

e Where should we search for life in the universe?

The search for life in the universe takes place on several different levels.
First, and in many ways foremost, it is a search for life right here on Earth.
As we discussed earlier, we are still learning about the places and condi-
tions under which life exists on Earth, and many scientists are busy
searching for new species of life on our own world. After all, the more we
know about life here, the better we’ll be able to search for it elsewhere.

SEARCHING OUR OWN SOLAR SYSTEM Turning our attention to
places besides Earth, the first place to search for life is on other worlds in
our own solar system. Our solar system has a lot of worlds: It has the
planets and dwarf planets (including Pluto and Eris) orbiting the Sun,
moons orbiting planets, and huge numbers of smaller objects such as
asteroids and comets.

Figure 1.4 shows some of our best current views of the planets in our
solar system. Note that it is nof to scale, since its purpose is to show each
planet as we know it today from spacecraft or through telescopes; you
can turn to Figure 3.3 to see the sizes correctly scaled.

The photos alone make clear how different Earth is from every other
planet in our solar system. Ours is the only planet with oceans of liquid
water on its surface, a fact that provides an instant clue about why Earth
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is home to so much life: Water is crucial to all terrestrial life. Indeed, as
we’ll discuss in Chapters 5 and 7, we have good reason to think that lig-
uid water is always a requirement for life, though it’s possible that a few
other liquids might work in place of water.

Given that we are primarily looking for life that is at least somewhat
Earth-like, the need for water or some other liquid places constraints on
where we might find life. Among the planets, Mars is the most promis-
ing candidate. As we’ll discuss in detail in Chapter 8, strong evidence
tells us that the now-barren surface of Mars (Figure 1.5) once had flow-
ing water, making it seem reasonable to imagine life having arisen on
Mars at that time. Mars still has significant amounts of water ice, so it is
even possible that life exists on Mars today, perhaps hidden away in
places where volcanic heat keeps underground water liquid. Past or
present life seems much less likely on any of the other planets, though
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A “family portrait” of the planets that orbit our Sun, shown
in order of increasing average distance from the Sun; the
photos are not shown to scale.

The surface of Mars, photographed by NASA's Spirit rover
from a perch in the Columbia Hills. The martian surface is
dry and barren today, but strong evidence points to liquid
water on its surface in the distant past.



we can’t rule it out completely; we’ll discuss these dim prospects for
planetary life in Chapter 7.

Aside from the planets, the most promising abodes for life in the solar
system are a few of the large moons. At least six moons are potential can-
didates for life, with the best candidate being Jupiter’s moon Europa
(Figure 1.6). Current evidence strongly suggests that Europa hides a deep
ocean of liquid water under its icy crust. Indeed, if we are interpreting
the evidence correctly, the Europan ocean may have considerably more
water than all of Earth’s oceans combined [Section 9.2]. Because we sus-
pect that life on Earth got started in the deep oceans [Section 6.1], Europa
may well have all the conditions needed both for life to have arisen and
for its ongoing survival. Two other moons of Jupiter—Ganymede and
Callisto—also show some evidence of subsurface oceans, though the evi-
dence is less strong and other considerations (primarily availability of en-
ergy) give them poorer prospects for harboring life. A fourth candidate
for a life-bearing moon is Titan, which orbits Saturn and is the only moon
in the solar system with a substantial atmosphere. The Cassini spacecraft,
which orbits Saturn, has revealed lakes of liquid methane on Titan’s sur-
face. Titan may also have liquid water deep underground, though any
water on its surface must be frozen solid. At the least, studies of Titan
[Section 9.3] show that it has interesting organic chemistry, even if it does
not have life. The fifth and sixth moons for which we have found evi-
dence of subsurface liquids—possibly including liquid water—are Sat-

This photograph shows Jupiter and two of its moons: lo is
the moon in front of Jupiter's Great Red Spot, and Europa is
to the right. Scientists suspect that Europa has a deep ocean
beneath its surface of ice, making it a prime target in the

search for life in our solar system.

MOVIE MADNESS

According to Hollywood, your great-great-grandkids will be earning
big bucks as bulldozer operators on a distant world.

That's the promise and premise of Avatar, a movie that—within
months of its release—earned enough money to pay off the national
debt of Paraguay. In the film, rapacious Earthlings travel to Pandora,
an alien moon, to strip-mine a substance called unobtainium. The
asking price for this stuff—$20 million a kilogram—makes gold and
platinum look like also-rans on the commodities market.

Pandora is a jungly, predator-infested moon of a Jupiter-like
planet in the relatively nearby Alpha Centauri star system. Corpo-
rate Earthlings apparently thought that no one would object to
digging up raw materials from a random moon. But Pandora is in-
habited by the Na'Vi, who resemble willowy half-dressed fashion
models sporting a blue hue and racing stripes. These lovable, but
thoroughly nontechnical aliens are less than enthusiastic about the
idea of an extractive industry on their home turf. Trouble ensues.

The idea of nearby extraterrestrials who, except for skin tone,
look and act like us may seem suspect. But the film’s producers are
out to distract you with other features of this alien world that will
get your mind off any strange twist of evolution that could account
for the Na'Vi. For example, Pandora’s skies are cluttered with float-
ing mountains—monstrous hunks of rock and soil that glide
through the skies like hot-air dirt clods.

What accounts for these buoyant bergs? Well, according to a back
story from the film’s producers, Pandora undergoes gravitational

urn’s moon Enceladus and Neptune’s moon Triton.

stretching and squeezing of its innards as it orbits its mother
planet, a phenomenon that afflicts several moons in our own
solar system. This periodic kneading has caused Pandora’s landscape
to fragment like a stale cookie, producing clumps of loose crust.

Some fragments are laced with unobtainium, which even at
room temperature is said to be a superconductor—a material that,
unlike the copper wiring in your own abode, can carry electricity
without loss. Pandora’s strong magnetic field sets up currents in this
perfectly conducting material, causing it to become magnetic and
repel itself off the ground.

No wonder we Earthlings are willing to risk the ire of some
stripy natives to get this stuff. In fact, floating mountains are about
as plausible as flying pigs. But the real zinger in Avatar is the
thought that—even at unobtainium'’s lofty price point—it would
make sense for our descendants to freight it back. This is part of a
larger idea—a founding principle of much space opera—that we
will soon go to the stars. Unfortunately, the energy required for
even a small rocket to zip between Alpha Centauri and Earth in less
than a decade is comparable to the energy used by every car, bus,
truck, and airplane since the invention of the internal combustion
engine. That completely overwhelms the value of on-board freight,
even at $20 million a kilogram. It would be enormously cheaper to
mine unobtainium in our own solar system, assuming we could find
it, or simply make it in a specialized nuclear reactor.

So the Na'Vi can rest easy and sing “Kumbaya.” Their unobtainium

is unobtainable. Frankly, we couldn’t pay the shipping costs.



SEARCHING AMONG THE STARS In terms of numbers, there are
many more places to look for life on planets and moons around other
stars than in our own solar system. However, the incredible distances to
the stars [Section 3.2] make searches of these worlds much more difficult.
All stars are so far away that we will need great leaps in technology to
have any hope at all of sending spacecraft to study their planets up close;
for example, with current spacecraft, the journey to even the nearest
stars would take close to 100,000 years.

With visits out of reach, telescopic searches represent our only hope
of finding life on extrasolar worlds. Current telescope technology is able
to detect extrasolar planets only under certain conditions. But the tech-
nology is advancing rapidly, and within a couple of decades we may have
telescopes that are able to obtain crude pictures and spectra of planets
and moons around other stars. As a result, one important area of research
is trying to figure out the photographic or spectral “signatures” that
would tell us we are looking at a world with life.

e Could aliens be searching for us?

So far we have talked about searching for life that is not searching for us—
that is, life that we could identify only by seeing it with our spacecraft or
telescopes. But if life really is common in the universe, there could be
other places like Earth where life has evolved to become intelligent
enough to be interested in searching for life beyond its home world. In
that case, it is possible that other civilizations might actually be broad-
casting signals that we could detect. The search for extraterrestrial
intelligence, or SETI, which we’ll discuss in Chapter 12, focuses on
the search for such signals from alien civilizations (Figure 1.7). Although
we don’t know whether the search will meet with success, we can be
sure that the unambiguous receipt of an alien message would be one of
the most significant discoveries in human history—not to mention the
fact that it would also probably answer many of our other questions
about life in the universe.

1.4 The New Science of Astrobiology

We have seen that the study of life in the universe is a multidisciplinary
field of scientific research, involving scientists with training in many dif-
ferent specialties. Nevertheless, because it has become a prominent and
important area of study, it would be good to give the science of life in
the universe its own name. A number of different names are in use, in-
cluding “exobiology” and “bioastronomy,” but in this book we follow
the lead of NASA and call it astrobiology. This term is meant to invoke
the combination of astronomy (the study of the universe) and biology
(the study of life), so astrobiology literally means “the study of life in the
universe.”

e How do we study the possibility
of life beyond Earth?

Because astrobiology is a young science, scientists are still working to de-
cide where to focus their research efforts. One major player in this effort
is the NASA Astrobiology Institute, a collaboration involving scientists

This 140-foot radio telescope in West Virginia was used in
1996 to search for signals from extraterrestrial civilizations.



from NASA and more than a dozen other research institutions across the
United States. Similar efforts are under way in other countries, including
the United Kingdom, Sweden, France, Spain, Russia, and Australia. These
collaborations are among the most interdisciplinary in any area of science,
bringing together astronomers, biologists, geologists, chemists, and many
others seeking to understand the prospects of finding life beyond Earth.
Although different groups concentrate on different problems, most
astrobiology research is concentrated in the following three areas:

1. Studying the conditions conducive to the origin and ongoing
existence of life.

2. Looking for such conditions on other planets in our solar system
and around other stars.

3. Looking for the actual occurrence of life elsewhere.

Notice that astrobiology therefore includes much more than simply
searching for extraterrestrial life or civilizations. At a fundamental level,
astrobiology research seeks to reveal the connections between living or-
ganisms and the places where they reside. In this sense, finding no life
(on Mars, for example) is just as significant a result as finding life, because
either way we learn about the conditions that can lead to the presence of
life, about how life evolves in conjunction with planets, and about
whether life is likely to be rare or common throughout the universe.

In the rest of this book, we will focus on the same three areas listed
above. After discussing the scientific context of the search in greater de-
tail in Chapters 2 and 3, we’ll turn our attention in Chapters 4 through 6
to the nature, origin, and evolution of life on Earth. This study of the his-
tory of life on our planet will help us understand the conditions under
which we might expect to find life elsewhere. Next we’ll discuss prospects
for life elsewhere in our solar system in Chapters 7 through 10, and then
discuss the prospects for finding life—including intelligent life—beyond
our solar system in Chapters 11 through 13. Along the way, we’ll learn
what science can currently say about the future of life on Earth, we’ll
consider possible futures for our own species, and we’ll discuss the philo-
sophical implications of the search for—and potential discovery of—life
beyond Earth.

Putting Chapter 1 in Perspective

This chapter has offered a brief overview of the ideas we will cover in
more depth in the rest of the book, primarily so that you will have a sense
of what to expect in the rest of your study of life in the universe. As we
will in every chapter, we conclude with a brief “big picture” recap of how
these ideas fit into the overall goals of the scientific study of life in the
universe:

e Despite the abundance of aliens in popular media, we don’t yet
have any convincing evidence for life beyond Earth. Nevertheless,
current understanding of astronomy, planetary science, and biology
gives us good reason to think that it is at least reasonable to imagine
that life may be widespread, and the discovery of extraterrestrial life
of any kind would have profound significance to our understanding
of life in the universe.



e It's conceivable that life may exist on any of several worlds in our
own solar system, but it’s extremely unlikely that any of this life is
intelligent. However, we find many more possibilities when we con-
sider life on planets or moons around other stars. And, through the
search for extraterrestrial intelligence (SETI), it is even possible that

we could receive a signal from an advanced civilization.

e The prospect that life may be common in the universe has given
rise to the new science of astrobiology, an exciting and interdiscipli-
nary topic of research that focuses both on understanding the pos-
sibility of finding life elsewhere and on the actual search for life

beyond Earth.

1.1 THE POSSIBILITY OF LIFE BEYOND EARTH

e What are we searching for?

The search for extraterrestrial life is in principle a search for
any kind of life. However, the difficulty of clearly defining life
means that it’s easier to focus the search on life that is at least
somewhat similar to life here on Earth. This still opens a wide
range of possibilities, from bacteria-like microbes to complex
plants and animals.

e Is it reasonable to imagine life beyond Earth?

People have long considered the pos-
sibility of life beyond Earth, but only
recently have we been able to exam-
ine this possibility through the lens of
science. While we have no evidence
at this time of actual life beyond
Earth, our scientific understanding of
the possibilities makes it reasonable
to think that life could exist
elsewhere.

1.2 THE SCIENTIFIC CONTEXT OF THE SEARCH

¢ How does astronomy help us understand the possibilities for
extraterrestrial life?

Astronomy tells us that we live on just a tiny planet orbiting

one rather ordinary star in a vast cosmos, and that the same

physical laws that operate here also operate throughout the

universe. Together these ideas suggest that there could be

many other worlds with life.

¢ How does planetary science help us understand the possibilities
for extraterrestrial life?

Based on current understanding of

how planets form, we expect planets

to be common around other stars—an

idea that has been confirmed by

discoveries of extrasolar planets.

By learning how planets work, we

learn the conditions that might

make a habitable world, meaning a world that has

the basic necessities for life, even if it does not actually

have life.

¢ How does biology help us understand the possibilities for
extraterrestrial life?
Modern biology provides three lines of evidence suggesting
that life might be common on other habitable worlds: (1) The
fact that life arose quickly on Earth suggests that it might occur
on any world that has the “right” conditions. (2) We know
from observations of meteorites and interstellar clouds that or-
ganic molecules are common throughout the galaxy, suggest-
ing that we'll find them on many other worlds. (3) The fact
that life on Earth survives even under some seemingly extreme
conditions suggests that life is hardy enough to survive in
many other places as well.



1.3 PLACES TO SEARCH

e Where should we search for life in the universe?

= 7 The search begins right here on Earth,
as we seek to learn more about the life
on our own planet. Elsewhere in our
solar system we can search many plan-
ets and moons, but current understand-
ing suggests that the most promising
candidates for life are Mars and Jupiter’s
moon Europa. In the future, as telescope technology improves,
we should be able to conduct telescopic searches for life around
other stars.

¢ Could aliens be searching for us?

If life is common in the universe, civi-
lizations might also be common, in
which case other civilizations might be
conducting their own searches and
broadcasting signals of their existence.
We look for such signals from alien
civilizations through the search for
extraterrestrial intelligence, or
SETI.

REVIEW QUESTIONS
Short-Answer Questions Based on the Reading

1. Why are scientists interested in the possibility of life beyond
Earth?

2. People have long been interested in life beyond Earth. What is
different today that makes this possibility seem scientifically
reasonable?

3. What do we mean by a geocentric universe? In general terms,
contrast a geocentric view of the universe with our modern
view of the universe.

4. What are extrasolar planets? In what way does their discovery
make it seem more reasonable to imagine finding life elsewhere?

5. What do we mean by a habitable world? Does a habitable world
necessarily have life?

6. What do we mean by the “universality” of physics and chem-
istry? Although we don’t know yet whether biology is similarly
universal, what evidence makes it seem that it might be?

7. Besides Earth, what worlds in our solar system seem most
likely to have life? Why?

8. Could we actually detect life on an extrasolar planet and moon
with current technology? Explain.

9. What is the search for extraterrestrial intelligence (SETI)?

10. What do we mean by astrobiology? What other terms are some-
times used to describe it? What are the major areas of research
in astrobiology?

1.4 THE NEW SCIENCE OF ASTROBIOLOGY

¢ How do we study the possibility of life beyond Earth?

The science of life in the universe, or astrobiology, focuses on
three major areas: (1) studying the conditions conducive to
the origin and ongoing existence of life; (2) looking for such
conditions on other planets in our solar system and around
other stars; and (3) looking for the actual occurrence of life
elsewhere. Together, these studies should help us understand
the connections between living organisms and the places
where they reside.

TEST YOUR UNDERSTANDING
Quick Quiz

Choose the best answer to each of the following. Explain your rea-
soning with one or more complete sentences.

11. An extrasolar planet is (a) a planet that is larger than our Sun;
(b) a planet that orbits a star other than our Sun; (c) a planet
located in another galaxy.

12. A habitable planet is (a) a planet that has oceans like Earth;
(b) a planet that has life of some kind; (c) a planet that may or
may not have life, but that has environmental conditions under
which it seems that life could arise or survive.

13. By a geocentric view of the universe, we mean (a) the ancient
idea that Earth resided at the center of the universe; (b) the idea
that Earth is the only planet with life in the universe; (c) a view
of the universe shaped by current understanding of geological
science.

14. According to current scientific understanding, life on Earth
(a) was exceedingly improbable; (b) arose quite soon after
conditions allowed it; (c) may have been inevitable, but took
billions of years to arrive.

15. The correct order for the eight official planets in our solar system,
from closest to farthest from the Sun, is (a) Mercury, Venus,
Earth, Mars, Saturn, Jupiter, Neptune, Uranus; (b) Mercury,
Venus, Earth, Mars, Jupiter, Uranus, Neptune, Saturn; (c) Mer-
cury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune.

16. Today, the research known as SETI is conducted primarily
by (a) scanning the skies for signals from alien civilizations;



17.

18.

19.

20.

(b) sending spacecraft to the planets; (c) using telescopes to
observe extrasolar planets.

If we sent one of our current spacecraft to a nearby star (besides
the Sun), the trip would take about (a) a decade; (b) a century;
(c) 100,000 years.

Scientists today are interested in searching for life on Mars be-
cause (a) we see clear evidence of a past civilization on Mars;
(b) Mars contains frozen water ice at its polar caps; (c) evidence
suggests that Mars had liquid water on its surface in the distant
past.

Based on current evidence, the object in our solar system

most likely to have a deep, subsurface ocean of liquid water is
(a) Mars; (b) Europa; (c) Titan.

Based on the way scientists view the study of astrobiology,
failure to find life on any other world would mean (a) the
whole subject has been a waste of time; (b) we must have done
something wrong, since life has to exist beyond Earth; (c) we
have learned important lessons about the conditions that made
life on Earth possible.

INVESTIGATE FURTHER
In-Depth Questions to Increase Your Understanding

Discussion Questions

21.

22.

Aliens Among Us. Take an informal poll of your friends or class-
mates. How many believe we have already been visited by
aliens? On what do they base their beliefs? How strong are
their convictions on this issue? In light of your findings and
what you’ve learned in this chapter, discuss whether public in-
terest in aliens visiting Earth has any bearing on the scientific
study of astrobiology.

Conducting the Search. Given the large number of possible places

to look for life, how would you prioritize the search? In other
words, where would you look first for life on other worlds in

23.

our own solar system, and how would you come up with a
search strategy for other star systems? Explain your priorities
and strategies clearly.

Funding for Astrobiology. Imagine that you are a member of Con-
gress, so it is your job to decide how much government funding
goes to research in astrobiology. What factors would influence
your decision? Do you think you would increase or decrease
such funding from the current level? Explain.

WEB PROJECTS

24.

25,

26.

27.

Astrobiology News. Go to NASA's Astrobiology home page and
read some of the recent news from astrobiology research.
Choose one recent news article, and write a one- to two-page
summary of the research and how it fits into astrobiology
research in general.

The NASA Astrobiology Institute. Go to the home page for the
NASA Astrobiology Institute (NAI) and learn more about how
it is organized and the type of research it supports. Also learn
whether your school or any nearby institutions participate in
the NAI In one page or less, describe the NAI and its work and
discuss the particular contributions of any institutions located
near you.

International Astrobiology. Search the Web for information on
astrobiology efforts outside the United States. Learn about the
effort in one particular country or group of countries. What
areas of research are emphasized? How do the researchers
involved in the effort collaborate with other international
astrobiology efforts? Write a one- to two-page report on your
findings.

The Search for Extraterrestrial Intelligence. Go to the home page
for the SETI Institute. Learn more about how SETI is funded
and how the institute does its work. Summarize your findings
in about one page.



THE ANCIENT DEBATE
ABOUT LIFE BEYOND
EARTH

How did attempts to
understand the sky start us
on the road to science?

e Why did the Greeks argue

about the possibility of life
beyond Earth?

THE COPERNICAN
REVOLUTION

How did the Copernican
revolution further the
development of science?

How did the Copernican
revolution alter the ancient
debate on extraterrestrial
life?

THE NATURE OF MODERN
SCIENCE

How can we distinguish
science from nonscience?

What is a scientific theory?

THE FACT AND THEORY OF
GRAVITY

What is gravity?

Do we really understand
gravity?



xtraterrestrial life may sound like a modern idea, but stories of
life beyond Earth reach far back into ancient times. Many of
these stories concerned mythical or supernatural beings living among the
constellations, but some were not so different from the ideas we con-
sider today. Nevertheless, the present-day search for life in the universe

All our science, measured against
reality, is primitive and childlike—
and yet is the most precious
thing we have.

Albert Einstein (1879-1955)

differs from ancient speculations in an important way: While ancient people could do little more

than guess about the possibility of finding life elsewhere, we can now study this possibility with

the powerful methods of modern science.

Given that we don't yet know of any life beyond Earth, you might wonder how we can make

a science of life in the universe. The answer is that we use science to help us understand the
conditions under which we might expect to find life, the likely characteristics of life elsewhere,
and the methods we can use to search for it. Because the methods of science are so integral to
the search for life beyond Earth, we devote this chapter to understanding those methods and

how they developed.

2.1 The Ancient Debate About
Life Beyond Earth

More than 2300 years ago, scholars of ancient Greece were already en-
gaged in a lively debate about the possibility of life beyond Earth. Some
scholars argued that there must be life elsewhere, while others, espe-
cially Aristotle, argued just the opposite. This impassioned debate may
in some ways seem a historical curiosity, but the mere fact that it oc-
curred tells us that a major change in human thinking was already
under way.

Deeper in the past, our ancestors looked at the sky and attributed
what they saw to the arbitrary actions of mythological beings, an idea
still reflected in the fact that the planets carry the names of mythological
gods. In contrast, the Greek scholars sought rational explanations for
what they could observe in the universe around them. As far as we know,
these Greek efforts marked the first attempts to understand the universe
through methods closely resembling the ones we use in science today.
Thus, if we want to understand how modern science works—and how
we can use it to study the possibility of life beyond Earth—we must begin
by peering more than two millennia into the past, to see how observa-
tions of the sky started humanity on the road to modern science and kin-
dled interest in the question of whether the universe is ours alone.



Figure 2.1

This photograph, taken at Arches National Park with a 6-hour
exposure, shows daily paths of stars in the sky. Notice that
stars near the pole star (Polaris) make complete daily circles,
while those farther from the pole star rise in the east and set
in the west. Ancient people were quite familiar with patterns
of motion like these.

e How did attempts to understand the sky
start us on the road to science?

Imagine living in ancient times, looking up at the sky without the benefit
of any of our modern knowledge. What would you see?

Every day, the Sun rises in the east and sets in the west, its precise
path varying with the seasons. At night, the stars circle the sky (Figure
2.1), with different constellations prominent at different times of year.
The Moon goes through monthly phases, from new to full and back
again, while the planets gradually meander among the stars in seem-
ingly mysterious ways. All the while, the ground beneath you feels
steady and solid. It would be quite natural to assume—as did people of
many early cultures—that Earth is a flat, motionless disk surmounted
by a domelike sky across which the heavenly bodies move.

The story of how we progressed from this simple, intuitive view of
Earth and the heavens to our modern understanding of Earth as a tiny
planet in a vast cosmos is in many ways the story of the development
of science itself. Our ancestors were curious about many aspects of the
world around them, but astronomy held special interest. The Sun
clearly plays a central role in our lives, governing daylight and dark-
ness and the progression of the seasons. The Moon’s connection to the
tides would have been obvious to people living near the sea. The evi-
dent power of these celestial bodies probably explains why they at-
tained prominent roles in many early religions and may be one reason
why it seemed so important to know the sky. Careful observations of
the sky also served practical needs by enabling ancient peoples to keep
track of the time and the seasons—crucial requirements for agricul-
tural societies.

As civilizations rose, astronomical observations became more careful
and elaborate. In some cases, the results were recorded in writing. The
ancient Chinese kept detailed records of astronomical observations be-
ginning some 5000 years ago. By about 2500 years ago, written records
allowed the Babylonians (in the region of modern-day Iraq) to predict
eclipses with great success. Halfway around the world (and a few cen-
turies later), the Mayans of Central America independently developed
the same ability.

These ancient, recorded observations of astronomy represent data-
bases of facts—the raw material of science. But in most cases for which
we have historical records, it appears that these facts were never used for
much beyond meeting immediate religious and practical needs. The clear
exception was ancient Greece, where scholars attempted to use these
facts to understand the architecture of the cosmos.

EARLY GREEK SCIENCE Greece gradually rose as a power in the Mid-
dle East beginning around 800 B.c., and was well established by about
500 B.c. Its geographical location placed it at a crossroads for travelers,
merchants, and armies of northern Africa, Asia, and Europe. Building on
the diverse ideas brought forth by the meeting of these many cultures,
ancient Greek philosophers began to move human understanding of
nature from the mythological to the rational.

We generally trace the origin of Greek science to the philosopher
Thales (c. 624-546 B.c.; pronounced “THAY-lees”). Among his many
accomplishments, Thales was the first person known to have addressed
the question “What is the universe made of?” without resorting to



supernatural explanations. His own guess—that the universe fundamen-
tally consisted of water and that Earth was a flat disk on an infinite
ocean—was not widely accepted even in his own time, but his mere ask-
ing of the question helped set the stage for all later science. For the first
time, someone had suggested that the world was inherently understand-
able and not just the result of arbitrary or incomprehensible events.

The scholarly tradition begun by Thales was carried on by others,
perhaps most famously by Plato (428-348 B.c.) and his student Aristotle
(384-322 B.C.). Each Greek philosopher introduced new ideas, some-
times in contradiction to the ideas of others. None of these ideas rose
quite to the level of modern science, primarily because the Greeks
tended to rely more on pure thought and intuition than on observations
or experimental tests. Nevertheless, with hindsight we can see at least
three major innovations in Greek thought that helped pave the way for
modern science.

First, the Greek philosophers developed a tradition of trying to under-
stand nature without resorting to supernatural explanations. For example,
although earlier Greeks might simply have accepted that the Sun moves
across the sky because it is pulled by the god Apollo in his chariot—an idea
whose roots were already lost in antiquity—the philosophers sought a nat-
ural explanation that caused them to speculate anew about the construc-
tion of the heavens. They were free to think creatively because they were
not simply trying to prove preconceived ideas, and they recognized that
new ideas should be open to challenge. As a result, they often worked
communally, debating and testing each other’s proposals. This tradition of
challenging virtually every new idea remains one of the distinguishing fea-
tures of scientific work today.

Second, the Greeks developed mathematics in the form of geometry.
They valued this discipline for its own sake, and they understood its
power, using geometry to solve both engineering and scientific problems.
Without their mathematical sophistication, they would not have gone far
in their attempts to make sense of the cosmos. Like the Greek tradition
of challenging ideas, the use of mathematics to help explore the implica-
tions of new ideas remains an important part of modern science.

Third, while much of their philosophical activity consisted of subtle
debates with little connection to observations or experiments, the Greeks
also understood that an explanation about the world could not be right if
it disagreed with observed facts. This willingness to discard explanations
that simply don’t work is also a crucial part of modern science.

THE GEOCENTRIC MODEL Perhaps the greatest Greek contribution
to science came from the way they synthesized all three innovations into
the idea of creating models of nature, an idea that is still central to mod-
ern science. Scientific models differ somewhat from the models you may
be familiar with in everyday life. In our daily lives, we tend to think of
models as miniature physical representations, such as model cars or air-
planes. In contrast, a scientific model is a conceptual representation
whose purpose is to explain and predict observed phenomena. For ex-
ample, a model of Earth’s climate uses logic, mathematics, and known
physical laws in an attempt to represent the way in which the climate
works. Its purpose is to explain and predict climate changes, such as the
changes that may occur with global warming. Just as a model airplane
does not faithfully represent every aspect of a real airplane, a scientific
model may not fully explain all our observations of nature. Nevertheless,
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Figure 2.2

The early Greek geocentric model consisted of a central Earth

surrounded by the celestial sphere, which is shown here

marked with modern constellation borders and a few refer-
ence points and circles. We still use the idea of the celestial
sphere when making astronomical observations, but we no
longer imagine that it reflects reality.

TABLE 2.1 The Seven Days of the Week and the Astronomical
Objects They Honor

In English, the correspondence between astronomical days and

objects is obvious only for Sunday, “Moonday,” and “Saturnday.”

You can see some of the other connections in languages such as

French and Spanish.

Object English French Spanish
Sun Sunday dimanche domingo
Moon Monday lundi lunes
Mars Tuesday mardi martes
Mercury Wednesday mercredi miércoles
Jupiter Thursday jeudi jueves
Venus Friday vendredi viernes
Saturn Saturday samedi sabado
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even the failings of a scientific model can be useful, because they often
point the way toward building a better model.

Thinlk About It Conceptual models aren't just important in
science; they often affect day-to-day policy decisions. For example, economists
use models to predict how new policies will affect the federal budget. Describe
at least two other cases in which models affect our daily lives.

In astronomy, the Greeks constructed conceptual models of the uni-
verse in an attempt to explain what they observed in the sky, an effort
that quickly led them past simplistic ideas of a flat Earth under a dome-
shaped sky to a far more sophisticated view of the cosmos. One of the
first crucial steps was taken by a student of Thales, Anaximander (c.
610-547 B.C.). In an attempt to explain the way the sky appears to turn
around the pole star each day (see Figure 2.1), Anaximander suggested
that the heavens must form a complete sphere—the celestial sphere—
around Earth (Figure 2.2). Moreover, based on how the sky varies with
latitude, he realized that Earth’s surface must be curved, though he in-
correctly guessed Earth to be a cylinder rather than a sphere.

The idea of a round Earth probably followed soon, and by about 500
B.C. it was part of the teachings of Pythagoras (c. 560-480 B.c.). He and
his followers most likely adopted a spherical Earth for philosophical rea-
sons: The Pythagoreans had a mystical interest in mathematical perfec-
tion, and they considered a sphere to be geometrically perfect. More than
a century later, Aristotle cited observations of Earth’s curved shadow on
the Moon during lunar eclipses as evidence for a spherical Earth. Greek
philosophers adopted a geocentric model of the universe (recall that
geocentric means “Earth-centered”), with a spherical Earth at the center of
a great celestial sphere.

Incidentally, this shows the error of the widespread myth that
Columbus proved Earth to be round when he sailed to America in 1492.
Not only were scholars of the time well aware of Earth’s round shape,
they even knew Earth’s approximate size: Earth’s circumference was first
measured (fairly accurately) in about 240 B.c. by the Greek scientist
Eratosthenes. In fact, a likely reason why Columbus had so much diffi-
culty finding a sponsor for his voyages was that he tried to argue a point
on which he was dead wrong: He claimed the distance by sea from west-
ern Europe to eastern Asia to be much less than the scholars knew it to
be. His erroneous belief would almost certainly have led his voyage to
disaster if the Americas hadn’t stood in his way.

THE MYSTERY OF PLANETARY MOTION 1If you watch the sky
closely, you'll notice that while the patterns of the constellations seem
not to change, the Sun, the Moon, and the five planets visible to the
naked eye (Mercury, Venus, Mars, Jupiter, and Saturn) gradually move
among the constellations from one day to the next. Indeed, the word
planet comes from the Greek for “wanderer,” and it originally referred to
the Sun and Moon as well as to the five visible planets. Our seven-day
week is directly traceable to the fact that seven “planets” are visible in
the heavens (Table 2.1).

The wanderings of these objects convinced the Greek philosophers
that there had to be more to the heavens than just a single sphere sur-
rounding Earth. The Sun and Moon each move steadily through the con-
stellations, with the Sun completing a circuit around the celestial sphere



each year and the Moon completing each circuit in about a month (think
“moonth”). The Greeks could account for this motion by adding separate
spheres for the Sun and Moon, each nested within the sphere of the stars,
and allowing these spheres to turn at different rates from the sphere of
the stars. But the five visible planets posed a much greater mystery.

If you observe the position of a planet (such as Mars or Jupiter) relative
to the stars over a period of many months, you’ll find not only that its speed
and brightness vary considerably but that its direction of motion sometimes
also changes. While the planets usually move eastward relative to the con-
stellations, sometimes they reverse course and go backward (Figure 2.3).
These periods of apparent retrograde motion (retrograde means “back-
ward”) last from a few weeks to a few months, depending on the planet.

This seemingly erratic planetary motion was not so easy to explain
with rotating spheres, especially because the Greeks generally accepted a
notion of “heavenly perfection,” enunciated most clearly by Plato, which
demanded that all heavenly objects move in perfect circles. How could a
planet sometimes go backward when moving in a perfect circle? The
Greeks came up with a number of ingenious ideas that preserved Earth’s
central position, culminating with a complex model of planetary motion
described by the astronomer Ptolemy (c. A.n. 100-170; pronounced “TOL-
e-mee”); we refer to Ptolemy’s model as the Ptolemaic model to distin-
guish it from earlier geocentric models. This model reproduced retrograde
motion by having planets move around Earth on small circles that turned
around larger circles. A planet following this circle-on-circle motion
traces a loop as seen from Earth, with the backward portion of the loop
mimicking apparent retrograde motion (Figure 2.4).

The circle-on-circle motion may itself seem somewhat complex, but
Ptolemy found that he also had to use many other mathematical tricks,
including putting some of the circles off-center, to get his model to agree
with observations. Despite all this complexity, he achieved remarkable
success: His model could correctly forecast future planetary positions to
within a few degrees of arc—roughly equivalent to holding your hand at
arm’s length against the sky. Indeed, the Ptolemaic model generally
worked so well that it remained in use for the next 1500 years. When
Arabic scholars translated Ptolemy’s book describing the model in around
A.D. 800, they gave it the title Almagest, derived from words meaning “the
greatest compilation.”

AN ALTERNATIVE MODEL In about 260 B.c., the Greek scientist
Aristarchus (c. 310-230 B.c.) offered a radical departure from the con-
ventional wisdom: He suggested that Earth goes around the Sun, rather
than vice versa. Little of Aristarchus’s work survives to the present day,
so we do not know exactly how he came up with his Sun-centered idea.
We do know that he made measurements that convinced him that the
Sun is much larger than Earth, so perhaps he simply concluded that it
was more natural for the smaller Earth to orbit the larger Sun. In addi-
tion, he almost certainly recognized that a Sun-centered system offers a
much more natural explanation for apparent retrograde motion.

You can see how the Sun-centered system explains retrograde mo-
tion with a simple demonstration (Figure 2.5a). Find an empty area (such
as a sports field or a big lawn), and mark a spot in the middle to represent
the Sun. You can represent Earth, walking counterclockwise around the
Sun, while a friend represents a more distant planet (such as Mars, Jupiter,
or Saturn) by walking counterclockwise around the Sun at a greater

This composite of 29 photographs, each taken at 5-to-8-day
intervals, shows Mars in the night sky between early June and
late November 2003; notice how it usually moves eastward
(left) relative to the stars, but reverses course during its appar-
ent retrograde motion. (The white dots in a line just right of
center are the planet Uranus, which by coincidence was in the
same part of the sky.)
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This diagram shows how the Ptolemaic model accounted for
apparent retrograde motion. Each planet is assumed to move
around a small circle that turns on a larger circle. The resulting
path (dashed) includes a loop in which the planet goes back-
ward as seen from Earth.



Figure 2.5

Apparent retrograde motion—the occasiona
motion of the planets relative to the stars—has a simple ex-

a The retrograde motion demonstration:
Watch how your friend (in red) usually
appears to you (in blue) to move forward
against the background of the building in the
distance but appears to move backward as you
catch up to and pass him or her in your
"orbit.”
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planation in a Sun-centered solar system.
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b This diagram shows how the idea from the
demonstration applies to planets. Follow the lines
of sight from Earth to Mars in numerical order.
Notice that Mars appears to move westward
relative to the distant stars as Earth passes it by in
its orbit (roughly from points 3 to 5 in the diagram).

distance. Your friend should walk more slowly than you, because more
distant planets orbit the Sun more slowly. As you walk, watch how your
friend appears to move relative to buildings or trees in the distance. Al-
though both of you always walk in the same direction around the Sun,
your friend will appear to move backward against the background during
the part of your “orbit” at which you catch up to and pass him or her. To
understand the apparent retrograde motions of Mercury and Venus,
which are closer to the Sun than is Earth, simply switch places with your
friend and repeat the demonstration. The demonstration applies to all the
planets. For example, because Mars takes about 2 years to orbit the Sun
(actually, 1.88 years), it covers about half its orbit during the 1 year in
which Earth makes a complete orbit. If you trace lines of sight from Earth
to Mars from different points in their orbits, you will see that the line of
sight usually moves eastward relative to the stars but moves westward
during the time when Earth is passing Mars in its orbit (Figure 2.5b). Like
your friend in the demonstration, Mars never actually changes direction.
It only appears to change direction from our perspective on Earth.

Despite the elegance of this Sun-centered model for the universe,
Aristarchus had little success in convincing his contemporaries to accept
it. Some of the reasons for this rejection were purely philosophical and
not based on any hard evidence. However, at least one major objection
was firmly rooted in observations: Aristarchus’s idea seemed inconsistent
with observations of stellar positions in the sky.

To understand the inconsistency, imagine what would happen if you
placed the Sun rather than Earth at the center of the celestial sphere,
with Earth orbiting the Sun some distance away. In that case, Earth
would be closer to different portions of the celestial sphere at different
times of year. When we were closer to a particular part of the sphere, the
stars on that part of the sphere would appear more widely separated than



they would when we were farther from that part of the sphere, just as
the spacing between the two headlights on a car looks greater when you
are closer to the car. This would create annual shifts in the separations of
stars—but the Greeks observed no such shifts. They knew that there were
only two possible ways to account for the lack of an observed shift:
Either Earth was at the center of the universe or the stars were so far
away as to make the shift undetectable by eye. To most Greeks, it seemed
unreasonable to imagine that the stars could be that far away, which
inevitably led them to conclude that Earth must hold a central place.
This argument about stellar shifts still holds when we allow for the re-
ality that stars lie at different distances rather than all on the same sphere:
As Earth orbits the Sun, we look at particular stars from slightly different
positions at different times of year, causing the positions of nearby stars to
shift slightly relative to more distant stars (Figure 2.6). Although such shifts
are much too small to measure with the naked eye—because stars really
are very far away [Section 3.2]—they are easily detectable with modern
telescopes. These annual shifts in stellar position, called stellar parallax,
now provide concrete proof that Earth really does go around the Sun.

THE ROOTS OF MODERN SCIENCE Although the Greeks ultimately
rejected the correct idea—that Earth orbits the Sun—we have seen that
they did so for reasons that made good sense at the time. Not all of their
reasons would pass the test of modern science; for example, their prefer-
ence for motion in perfect circles came only from their cultural ideas of
aesthetics and not from any actual data. But they also went to a lot of ef-
fort to ensure that their models were consistent with observations, and
in that way they laid the foundation of modern science. And while
Aristarchus may not have won the day in his own time, his idea re-
mained alive in books. Some 1800 years after he first proposed it,
Aristarchus’s Sun-centered model apparently came to the attention of a
Polish astronomer named Nicholas Copernicus (1473-1543), who took
the idea and ran with it in a way that led directly to the development of
modern science. We’ll return to this story shortly.

e Why did the Greeks argue about the
possibility of life beyond Earth?

Almost from the moment that Thales asked his question of what the uni-
verse was made of, the Greeks realized that the answer would have bear-
ing on the possibility of life elsewhere. This might seem surprising in light
of their geocentric beliefs, because they didn’t think of the planets or stars
as worlds in the way we think of them today. Instead, the Greeks gener-
ally considered the “world” to include both Earth and the heavenly
spheres that they imagined to surround it, and they were at least open to
the possibility that other such “worlds” might exist.

As we noted earlier, Thales guessed that the world consisted funda-
mentally of water, with Earth floating on an infinite ocean, but his stu-
dent Anaximander imagined a more mystical element that he called
apeiron, meaning “infinite.” Anaximander suggested that all material
things arose from and returned to the apeiron, which allowed him to
imagine that worlds might be born and die repeatedly through eternal
time. So even though he made no known claim of life existing elsewhere
in the present, Anaximander essentially suggested that other Earths and
other beings might exist at other times.
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If Earth orbits the Sun, then over the course of each year we
should see nearby stars shift slightly back and forth relative to
more distant stars (stellar parallax). The Greeks could not de-
tect any such shift, and used this fact to argue that Earth
must be at the center of the universe. Today, we can detect
stellar parallax with telescopic observations, proving that Earth
does orbit the Sun. (This figure is greatly exaggerated; the
actual shift is far too small to detect with the naked eye.)



Other Greeks took the debate in a slightly different direction, and
eventually a consensus emerged in favor of the world’s having been built
from four elements: fire, water, earth, and air. However, two distinct
schools of thought emerged concerning the nature and extent of these
elements:

e The atomists held that both Earth and the heavens were made from
an infinite number of indivisible atoms of each of the four elements.

e The Aristotelians (after Aristotle) held that the four elements—not
necessarily made from atoms—were confined to the realm of Earth,
while the heavens were made of a distinct fifth element, often called
the aether (or ether) or the quintessence (literally, “the fifth essence”).

The differences in the two schools of thought led to two fundamentally
different conclusions about the possibility of extraterrestrial life.

Look up the words ethereal and quintessencein the
dictionary. How do their definitions relate to the Aristotelian idea that the heavens
were composed of an element distinct from the elements of Earth? Explain.

The atomist doctrine was developed largely by Democritus (c.
470-380 B.C.), and his views show how the idea led almost inevitably to
belief in extraterrestrial life. Democritus argued that the world—both
Earth and the heavens—had been created by the random motions of in-
finite atoms. Because this idea held that the number of atoms was infi-
nite, it was natural to assume that the same processes that created our
world could also have created others. This philosophy on life beyond
Earth was clearly described in the following quotation from a later atom-
ist, Epicurus (341-270 B.C.):

There are infinite worlds both like and unlike this world of ours ... we must
believe that in all worlds there are living creatures and plants and other
things we see in this world.*

Aristotle had a different view. He believed that each of the four ele-
ments had its own natural motion and place. For example, he believed
that the element earth moved naturally toward the center of the uni-
verse, an idea that offered an explanation for the Greek assumption that
Earth resided in a central place. The element fire, he claimed, naturally
rose away from the center, which explained why flames jut upward into
the sky. These incorrect ideas about physics, which were not disproved
until the time of Galileo and Newton almost 2000 years later, caused
Aristotle to reject the atomist idea of many worlds. If there was more
than one world, there would be more than one natural place for the ele-
ments to go, which would be a logical contradiction. Aristotle concluded:

The world must be unique.... There cannot be several worlds.

Interestingly, Aristotle’s philosophies were not particularly influential
until many centuries after his death. His books were preserved and val-
ued—in particular, by Islamic scholars of the late first millennium—but
they were unknown in Europe until they were translated into Latin in
the twelfth and thirteenth centuries. St. Thomas Aquinas (1225-1274)

*From Epicurus’s “Letter to Herodotus”; the authors thank David Darling for finding this
quotation and the one from Aristotle, both of which appear in Darling’s book The Extrater-
restrial Encyclopedia, Three Rivers Press, 2000.



integrated Aristotle’s philosophy into Christian theology. At this point,
the contradiction between the Aristotelian notion of a single world and
the atomist notion of many worlds became a subject of great concern to
Christian theologians. Moreover, because the atomist view held that our
world came into existence through random motions of atoms, and hence
without the need for any intelligent Creator, atomism became associated
with atheism. The debate about extraterrestrial life thereby became in-
tertwined with debates about religion. Even today, the theological issues
are not fully settled, and echoes of the ancient Greek debate between the
atomists and the Aristotelians still reverberate in our time.

2.2 The Copernican Revolution

Greek ideas gained great influence in the ancient world, in large part be-
cause the Greeks proved to be as adept at politics and war as they were
at philosophy. In about 330 B.c., Alexander the Great began a series of
conquests that expanded the Greek Empire throughout the Middle East.
Alexander had a keen interest in science and education, perhaps because
he grew up with Aristotle as his personal tutor. Alexander established
the city of Alexandria in Egypt, which soon became home to the greatest
library the world had ever seen. The Library of Alexandria remained the
world’s preeminent center of research for some 700 years. At its peak,
the library may have held more than a half million books, all handwrit-
ten on papyrus scrolls. When the library was finally destroyed during
a time of anti-intellectual fervor in the fifth century A.p., most of the
ancient Greek writings were lost forever.

Much more would have been lost if not for the rise of a new center
of intellectual achievement in Baghdad (in present-day Iraq). While Eu-
ropean civilization fell into the Dark Ages, scholars of the new religion of
Islam sought knowledge of mathematics and astronomy in hopes of bet-
ter understanding the wisdom of Allah. The Islamic scholars translated
and thereby saved many of the remaining ancient Greek works. Building
on what they learned from the Greek manuscripts, they went on to de-
velop the mathematics of algebra as well as many new instruments and
techniques for astronomical observation.

The Islamic world of the Middle Ages was in frequent contact with
Hindu scholars from India, who in turn brought ideas and discoveries
from China. Hence, the intellectual center in Baghdad achieved a
synthesis of the surviving work of the ancient Greeks, the Indians, the
Chinese, and the contributions of its own scholars. This accumulated
knowledge spread throughout the Byzantine Empire (the eastern part of
the former Roman Empire). When the Byzantine capital of Constantino-
ple (modern-day Istanbul) fell in 1453, many Eastern scholars headed
west to Europe, carrying with them the knowledge that helped ignite the
European Renaissance. The stage was set for a dramatic rethinking of
humanity and our place in the universe.

e How did the Copernican revolution
further the development of science?
In 1543, Nicholas Copernicus published De Revolutionibus Orbium Coeles-

tium (“Concerning the Revolutions of the Heavenly Spheres”), launching
what we now call the Copernican revolution. In his book, Copernicus



revived Aristarchus’s radical suggestion of a Sun-centered solar system
and described the idea with enough mathematical detail to make it a valid
competitor to the Earth-centered, Ptolemaic model. Over the next cen-
tury and a half, philosophers and scientists (who were often one and the
same) debated and tested the Copernican idea. Many of the ideas that
now form the foundation of modern science first arose as this debate
played out. Indeed, the Copernican revolution had such a profound im-
pact on philosophy that we cannot understand modern science without
first understanding the key features of this revolution.

COPERNICUS—THE REVOLUTION BEGINS By the time of Coperni-
cus’s birth in 1473, tables of planetary motion based on the Ptolemaic
model had become noticeably inaccurate. However, few people were will-
ing to undertake the difficult calculations required to revise the tables. In-
deed, the best tables available were already two centuries old, having been
compiled under the guidance of the Spanish monarch Alphonso X
(1221-1284). Commenting on the tedious nature of the work involved,
the monarch is said to have complained that “If T had been present at the
creation, I would have recommended a simpler design for the universe.”

Copernicus began studying astronomy in his late teens. He soon be-
came aware of the inaccuracies of the Ptolemaic predictions and began a
quest for a better way to predict planetary positions. He adopted Aristar-
chus’s Sun-centered idea, probably because he was drawn to its simple ex-
planation for the apparent retrograde motion of the planets (see Figure
2.5). As he worked out the mathematical details of his model, Copernicus
discovered simple geometric relationships that allowed him to calculate
each planet’s orbital period around the Sun and its relative distance from
the Sun in terms of Earth—Sun distance. The success of his model in pro-
viding a geometric layout for the solar system further convinced him that
the Sun-centered idea must be correct. Despite his own confidence in the
model, Copernicus was hesitant to publish his work, fearing that the idea
of a moving Earth would be considered absurd.* However, he discussed his
system with other scholars, including high-ranking officials of the Church,
who urged him to publish a book. Copernicus saw the first printed copy of
his book on the same day that he died—May 24, 1543.

Publication of the book spread the Sun-centered idea widely, and many
scholars were drawn to its aesthetic advantages. Nevertheless, the Coperni-
can model gained relatively few converts over the next 50 years, and for a
good reason: It didn’t work all that well. The primary problem was that
while Copernicus had been willing to overturn Earth’s central place in the
cosmos, he had held fast to the ancient belief that heavenly motion must
occur in perfect circles. This incorrect assumption forced him to add numer-
ous complexities to his system (including circles on circles much like those
used by Ptolemy) to get it to make any reasonable predictions. In the end,
his complete model was no more accurate and no less complex than the
Ptolemaic model, and few people were willing to throw out thousands of
years of tradition for a new model that worked just as poorly as the old one.

TYCHO—A NEW STANDARD IN OBSERVATIONAL DATA Part of
the difficulty faced by astronomers who sought to improve either the

*Indeed, in the Preface of De Revolutionibus, Copernicus offered a theological defense of the
Sun-centered idea: “Behold, in the middle of the universe resides the Sun. For who, in this
most beautiful Temple, would set this lamp in another or a better place, whence to illumine
all things at once?”



Ptolemaic or the Copernican model was a lack of quality data. The tele-
scope had not yet been invented, and existing naked-eye observations
were not particularly accurate. In the late sixteenth century, Danish
nobleman Tycho Brahe (1546-1601), usually known simply as Tycho
(commonly pronounced “TIE-koe”), set about correcting this problem.

Tycho was an eccentric genius who, at age 20, had lost part of his
nose in a sword fight with another student over who was the better
mathematician. Taking advantage of his royal connections, he built large
naked-eye observatories that worked much like giant protractors, and
over a period of three decades he used them to measure planetary posi-
tions to within 1 minute of arc (% of 1°)—which is less than the thick-
ness of a fingernail held at arm’s length.

Orbits and Kepler's Laws Tutorial
KEPLER—A SUCCESSFUL MODEL OF PLANETARY MOTION Tycho

never came up with a fully satisfactory explanation for his observations
(though he made a valiant attempt), but he found someone else who did.
In 1600, he hired a young German astronomer named Johannes Kepler
(1571-1630). Kepler and Tycho had a strained relationship,* but in 1601,
as he lay on his deathbed, Tycho begged Kepler to find a system that
would make sense of his observations so “that it may not appear I have
lived in vain.”

Kepler was deeply religious and believed that understanding the
geometry of the heavens would bring him closer to God. Like Coperni-
cus, he believed that planetary orbits should be perfect circles, so he
worked diligently to match circular motions to Tycho’s data. After years
of effort, he found a set of circular orbits that matched most of Tycho’s
observations quite well. Even in the worst cases, which were for the
planet Mars, Kepler’s predicted positions differed from Tycho’s observa-
tions by only about 8 arcminutes.

Kepler surely was tempted to ignore these discrepancies and attribute
them to errors by Tycho. After all, 8 arcminutes is barely one-fourth the
angular diameter of the full moon. But Kepler trusted Tycho’s careful
work. The small discrepancies finally led Kepler to abandon the idea of
circular orbits—and to find the correct solution to the ancient riddle of
planetary motion. About this event, Kepler wrote,

If I had believed that we could ignore these eight minutes [of arc], I would have
patched up my hypothesis accordingly. But, since it was not permissible to ignore,
those eight minutes pointed the road to a complete reformation in astronomy.

Kepler’s decision to trust the data over his preconceived beliefs marked
an important transition point in the history of science. Once he abandoned
perfect circles, he was free to try other ideas and he soon hit on the correct
one: Planetary orbits take the shapes of the special types of ovals known as
ellipses. He then used his knowledge of mathematics to put his new model
of planetary motion on a firm footing, expressing the key features of the
model with what we now call Kepler’s laws of planetary motion:

e Kepler’s first law: The orbit of each planet about the Sun is an ellipse
with the Sun at one focus (Figure 2.7). In essence, this law tells us that

*For a particularly moving version of the story of Tycho and Kepler, see Cosmos, by Carl
Sagan, Episode 3.
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Kepler’s first law states that the orbit of each planet about the
Sun is an ellipse with the Sun at one focus. The ellipse shown
here is more “stretched out” than the orbits of planets in our
solar system, most of which are almost (but not quite!) per-
fect circles.
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Kepler's second law tell us that a planet sweeps out equal
areas in equal times as it orbits the Sun, which means it
moves fastest near perihelion and slowest near aphelion.
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a planet’s distance from the Sun varies during its orbit. It is closest
at the point called perihelion (from the Greek for “near the Sun”)
and farthest at the point called aphelion (from the Greek for
“away from the Sun”). The average of a planet’s perihelion and
aphelion distances is the length of its semimajor axis. We will
refer to the semimajor axis simply as the planet’s average distance
from the Sun.

e Kepler’s second law: As a planet moves around its orbit, it sweeps out
equal areas in equal times. As shown in Figure 2.8, this means the
planet moves a greater distance when it is near perihelion than it
does in the same amount of time near aphelion, which also means
it moves faster when it is nearer to the Sun and slower when it is
farther from the Sun.

e Kepler’s third law: More distant planets orbit the Sun at slower average
speeds, obeying the precise mathematical relationship

P =a
where p is the planet’s orbital period in years and a is its average dis-
tance (semimajor axis) from the Sun in astronomical units; one
astronomical unit (AU) is defined as Earth’s average distance from
the Sun, or about 149.6 million kilometers. Figure 2.9 shows the

p? = a’ law graphically.

Kepler published his first two laws in 1609 and his third in 1619. To-
gether, they made a model that could predict planetary positions with far
greater accuracy than Ptolemy’s Earth-centered model. Indeed, Kepler’s
model has worked so well that we now see it not just as an abstract idea,
but as something that reveals a deep, underlying truth about planetary
motion.

GALILEO—ANSWERING THE REMAINING OBJECTIONS The suc-
cess of Kepler’s laws in matching Tycho’s data provided strong evidence
in favor of Copernicus’s placement of the Sun, rather than Earth, at the
center of the solar system. Nevertheless, many scientists still voiced rea-
sonable objections to the Copernican view. There were three basic objec-
tions, all rooted in the 2000-year-old beliefs of Aristotle:

e First, Aristotle had held that Earth could not be moving because, if it
were, objects such as birds, falling stones, and clouds would be left
behind as Earth moved along its way.

® Second, the idea of noncircular orbits contradicted the view that the
heavens—the realm of the Sun, Moon, planets, and stars—must be
perfect and unchanging.

¢ Third, no one had detected the stellar parallax that should occur if
Earth orbits the Sun.

Galileo Galilei (1564-1642), nearly always known by only his first name,
answered all three objections.

Galileo defused the first objection with experiments that almost
single-handedly overturned the Aristotelian view of physics. In particular,
he used experiments with rolling balls to demonstrate that a moving ob-
ject remains in motion unless a force acts to stop it (an idea now codified
in Newton’s first law of motion). This insight explained why objects that
share Earth’s motion through space—such as birds, falling stones, and



clouds—should stay with Earth rather than falling behind as Aristotle had
argued. This same idea explains why passengers stay with a moving air-
plane even when they leave their seats.

The notion of heavenly perfection was already under challenge by
Galileo’s time, because Tycho had observed a supernova and proved that
comets lie beyond the Moon; these observations showed that the heav-
ens do sometimes undergo change. But Galileo drove the new idea home
after he built a telescope in late 1609.* Through his telescope, Galileo saw
sun spots on the Sun, which were considered “imperfections” at the time.
He also used his telescope to prove that the Moon has mountains and
valleys like the “imperfect” Earth by noticing the shadows cast near the
dividing line between the light and dark portions of the lunar face (Figure
2.10). If the heavens were not perfect, then the idea of elliptical orbits (as
opposed to “perfect” circles) was not so difficult to accept.

The third objection—the absence of observable stellar parallax—had
been a particular concern of Tycho’s. Based on his estimates of the dis-
tances of stars, Tycho believed that his naked-eye observations were suf-
ficiently precise to detect stellar parallax if Earth did in fact orbit the Sun.
Refuting Tycho’s argument required showing that the stars were more
distant than Tycho had thought and therefore too distant for him to have
observed stellar parallax. Although Galileo didn’t actually prove this fact,
he provided strong evidence in its favor. For example, he saw with his
telescope that the Milky Way resolved into countless individual stars.
This discovery helped him argue that the stars were far more numerous
and more distant than Tycho had believed.

In hindsight, the final nails in the coffin of the Earth-centered uni-
verse came with two of Galileo’s earliest discoveries through the tele-
scope. First, he observed four moons clearly orbiting Jupiter, not Earth.
Soon thereafter, he observed that Venus goes through phases in a way
that proved that it must orbit the Sun and not Earth (Figure 2.11). Together,

*Contrary to a common belief, Galileo did 7ot invent the telescope, which was patented in
1608 (by Hans Lippershey). However, Galileo took what was little more than a toy and
turned it into a scientific instrument.
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Figure 2.10

The shadows cast by mountains and crater rims near the di-
viding line between the light and dark portions of the lunar
face prove that the Moon'’s surface is not perfectly smooth.

Figure 2.11 interactive figure x_

Galileo’s telescopic observations of Venus proved that it orbits
the Sun rather than Earth.
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a In the Ptolemaic system, Venus orbits Earth, moving around a
small circle on its larger orbital circle; the center of the small
circle lies on the Earth-Sun line. Thus, if this view were correct,
Venus's phases would range only from new to crescent.

b In reality, Venus orbits the Sun, so from Earth we can see it in
many different phases. This is just what Galileo observed, allowing
him to prove that Venus really does orbit the Sun.



Kepler's Third Law

When Kepler discovered his third law (p? = a*), he knew
only that it applied to the orbits of planets about the Sun. In
fact, it applies to any orbiting object as long as the following
two conditions are met:

1. The object orbits the Sun or another star of precisely
the same mass.

2. We use units of years for the orbital period and AU for
the orbital distance.

(Newton extended the law to all orbiting objects; see
Cosmic Calculations 7.1.)

Example 1: The largest asteroid, Ceres, orbits the Sun at an
average distance (semimajor axis) of 2.77 AU. What is its
orbital period?

Solution: Both conditions are met, so we solve Kepler’s third
law for the orbital period p and substitute the given orbital
distance, a = 2.77 AU:

PrP=a = p=Va=V277~46
Ceres has an orbital period of 4.6 years.

Example 2: A planet is discovered orbiting every three
months around a star of the same mass as our Sun. What is
the planet’s average orbital distance?

Solution: The first condition is met, and we can satisty the
second by converting the orbital period from months to
years: p = 3 months = 0.25 year. We now solve Kepler’s
third law for the average distance a:

PP=a®> = a=Vp*= V025~ 040

The planet orbits its star at an average distance of 0.40 AU,
which is nearly the same as Mercury’s average distance from
the Sun. *

these observations offered clear proof that Earth is not the center of
everything.*

Although we now recognize that Galileo won the day, the story was
more complex in his own time, when Catholic Church doctrine still held
Earth to be the center of the universe. On June 22, 1633, Galileo was
brought before a Church inquisition in Rome and ordered to recant his
claim that Earth orbits the Sun. Nearly 70 years old and fearing for his life,
Galileo did as ordered and his life was spared. However, legend has it that
as he rose from his knees, he whispered under his breath, Eppur si muove—
Italian for “And yet it moves.” (Given the likely consequences if Church
officials had heard him say this, most historians doubt the legend.)

The Church did not formally vindicate Galileo until 1992, but the
Church had given up the argument long before that. Today, Catholic sci-
entists are at the forefront of much astronomical research, and official
Church teachings are compatible not only with Earth’s planetary status
but also with the theories of the Big Bang and the subsequent evolution
of the cosmos and of life.

Although the Catholic Church today teaches that
science and the Bible are compatible, not all religious denominations hold the
same belief. Do you think that science and the Bible are compatible? Defend
your opinion.

NEWTON—THE REVOLUTION CONCLUDES Kepler's model worked
so well and Galileo so successfully defused the remaining objections that
by about the 1630s, scientists were nearly unanimous in accepting the
validity of Kepler’s laws of planetary motion. However, no one yet knew
why the planets should move in elliptical orbits with varying speeds. The
question became a topic of great debate, and a few scientists even guessed
the correct answer—but they could not prove it, largely because the nec-
essary understanding of physics and mathematics didn’t exist yet. This
understanding finally came through the remarkable work of Sir Isaac
Newton (1642-1727), who invented the mathematics of calculus and
used it to explain and discover many fundamental principles of physics.

In 1687, Newton published a famous book usually called Principia,
short for Philosophiae Naturalis Principia Mathematica (“Mathematical Prin-
ciples of Natural Philosophy”). In it, he laid out precise mathematical de-
scriptions of how motion works in general, ideas that we now describe as
Newton’s laws of motion. For reference, Figure 2.12 illustrates the
three laws of motion, although we will not make much use of them in
this book. (Be careful not to confuse Newton'’s three laws, which apply to
all motion, with Kepler’s three laws, which describe only the motion of
planets moving about the Sun.) Newton continued on in Principia to de-
scribe his universal law of gravitation (see Section 2.4), and then used
mathematics to prove that Kepler’s laws are natural consequences of the
laws of motion and gravity.

*While these observations proved that Earth is not the center of everything, they did not by
themselves prove that Earth orbits the Sun; direct proof of that fact did not come until later,
with measurements of stellar parallax and of an effect known as the aberration of starlight
that also occurs only because of Earth’s motion. Nevertheless, the existence of Jupiter’s
moons showed that moons can orbit a moving planet like Jupiter, which overcame some
critics” complaints that the Moon could not stay with a moving Earth, and the proof that
Venus orbits the Sun provided clear validation of Kepler’s model of Sun-centered planetary
motion.



Newton'’s first law of motion:

An object moves at constant

velocity unless a net force acts Newton’s second law of motion:
to change its speed or direction. Force = mass X acceleration

Example: A spaceship needs no fuel to Example: A baseball accelerates as the pitcher applies a force by

keep moving in space. moving his arm. (Once the ball is released, the force from the
pitcher’s arm ceases, and the ball's path changes only because of
the forces of gravity and air resistance.)

In essence, Newton had created a new model for the inner workings
of the universe in which motion is governed by clear laws and the force
of gravity. The model explained so much about the nature of motion in
the everyday world, as well as about the movements of the planets, that
the geocentric idea could no longer be taken seriously.

LOOKING BACK AT REVOLUTIONARY SCIENCE Fewer than 150
years passed between Copernicus’s publication of De Revolutionibus in
1543 and Newton’s publication of Principia in 1687, such a short time in
the scope of human history that we call it a revolution. A quick look back
shows that the revolution not only caused a radical change in human
perspective on our place in the universe—shifting Earth from a central
role to being just one of many worlds—but also altered our ideas about
how knowledge should be acquired. For example, while previous gener-
ations had tolerated inaccuracies in the predictions of the Ptolemaic
model, Copernicus and his followers felt compelled to find models of
nature that could actually reproduce what they observed.

The eventual success of Kepler’s model also led to a new emphasis
on understanding why nature works as it does. Past generations had re-
lied almost solely on their cultural senses of aesthetics in guessing that
the world was built with perfect circles and spheres and indivisible
atoms, and they seemed content to accept these guesses even without
any evidence of their reality. By Newton’s time, guessing was no longer
good enough: Instead, you had to present hard evidence, backed by rig-
orous mathematics, to convince your colleagues that you’d hit on some-
thing that truly brought us closer to understanding the nature of the
universe.

e How did the Copernican revolution alter the
ancient debate on extraterrestrial life?

The Copernican revolution did not deal directly with the question of life
in the universe, but it had a major effect on the way people thought about
the issue. You can see why by thinking back to the ancient Greek debate.

Recall that while the atomists believed that there were many worlds,
Aristotle held that this world must be unique and located in the center of
everything, largely because his ideas of physics convinced him that all
the “earth” in the universe would have naturally fallen to the center. The

Figure 2.12
Newton’s third law of motion: 7
For any force, there is always an Newton's thlree
equal and opposite reaction force. laws of motion.

Example: A rocket is propelled upward by a
force equal and opposite to the force with which
gas is expelled out its back.



Copernican revolution therefore proved that Aristotle was wrong: Earth
is not the center of the universe, after all.

Of course, the fact that Aristotle was wrong did 7ot mean that the
atomists had been right, but many of the Copernican-era scientists as-
sumed that they had been. Galileo suggested that lunar features he saw
through his telescope might be land and water much like that on Earth.
Kepler agreed and went further, suggesting that the Moon had an atmo-
sphere and was inhabited by intelligent beings. Kepler even wrote a sci-
ence fiction story, Somnium (“The Dream”), in which he imagined a trip to
the Moon and described the lunar inhabitants. Giordano Bruno was so
convinced of the existence of extraterrestrial life that he battled authori-
ties until they finally had him burned at the stake (see Special Topic 2.1).

Later scientists took the atomist belief even further. William Herschel
(1738-1822), most famous as co-discoverer (with his sister Caroline) of
the planet Uranus, assumed that all the planets were inhabited. In the
late nineteenth century, when Percival Lowell (1855-1916) believed he
saw canals on Mars [Section 8.1], it’s quite likely that he was still being in-
fluenced by the philosophical ruminations of people who had lived more
than 2000 years earlier.

If this debate about extraterrestrial life shows anything, it’s proba-
bly this: It’s possible to argue almost endlessly, as long as there are no
actual facts to get in the way. With hindsight, it’s easy for us to see that

SPECIAL TOPIC 2.1:

The case of Galileo is often portrayed as having exposed a deep con-
flict between science and religion. However, the history of the debate
over geocentrism shows that the reality was much more complex, with
deep divisions even within the Church hierarchy.

Perhaps the clearest evidence for a more open-minded Church
comes from the case of Copernicus, whose revolutionary work was
supported by many Church officials. A less-well-known and even ear-
lier example concerns Nicholas of Cusa (1401-1464), who published a
book arguing for a Sun-centered solar system in 1440, more than a
century before Copernicus’s book. This Nicholas even weighed in on
the subject of extraterrestrial life, writing

Rather than think that so many stars and parts of the heavens are un-
inhabited and that this earth of ours alone is peopled ... we will suppose
that in every region there are inhabitants, differing in nature by rank and
allowing their origin to God ...

Church officials were apparently so untroubled by these radical ideas
that they ordained Nicholas as a priest in the same year his book was
published, and he later became a Cardinal. (Copernicus probably was
not aware of this earlier work by Nicholas of Cusa.)

Many other scientists received similar support within the Church.
Indeed, for most of his life, Galileo counted Cardinals—and even the
pope who later excommunicated him—among his friends. Some his-
torians suspect that Galileo got into trouble less for his views than for
the way he portrayed them. For example, in 1632—just a year before
his famous trial—he published a book in which two fictional charac-
ters debated the geocentric and Sun-centered views. He named
the character taking the geocentric position Simplicio—essentially
“simple-minded”—and someone apparently convinced the pope that
the character was meant to be him. Moreover, as described by the
noted modern author Isaac Asimov:

The book was all the more damaging to those who felt themselves insulted,
because it was written in vigorous Italian for the general public (and not
merely for the Latin-learned scholars) and was quickly translated into
other languages—even Chinese!

If it was personality rather than belief that got Galileo into trouble,
he was not the only one. The Italian philosopher Giordano Bruno
(1548-1600), who had once been a Dominican monk, became an early
and extreme supporter not only of the Copernican system but also of
the idea of extraterrestrial life. In his book On the Infinite Universe and
Worlds, published in 1584, Bruno wrote,

[1t] is impossible that a rational being ... can imagine that these innumer-
able worlds, manifest as like to our own or yet more magnificent, should
be destitute of similar or even superior inhabitants.

Note that Bruno was so adamant in his beliefs that he claimed that no
“rational being” could disagree with him, so it’s unsurprising that he
drew the wrath of conservative Church officials. Bruno was branded a
heretic and burned at the stake on February 17, 1600.

Perhaps the main lesson to be drawn from these stories is that while
science has advanced dramatically in the past several centuries, people
remain much the same. The Church was never a monolithic entity,
and just as different people today debate the meaning of words in the
Bible or other religious texts, Church scholars also held many different
opinions at the time of the Copernican revolution. The political pen-
dulum swung back and forth—or perhaps even chaotically—between
the geocentric and Copernican views. Even when the evidence became
overwhelming, a few diehards never gave in, and only the passing of
generations finally ended the antagonism that had accompanied the
great debate.



everything from the musings of the ancient Greeks to Lowell’s martian
canals were based more on hopes and beliefs than on any type of real
evidence.

Nevertheless, the Copernican revolution really did mark a turning
point in the debate about extraterrestrial life. For the first time, it was
possible to test one of the ancient ideas—Aristotle’s—and its failure
caused it to be discarded. And while the Copernican revolution did not
tell us whether the atomists had been right about life, it did make clear
that the Moon and the planets really are other worlds, not mere lights in
the sky. That fact alone makes it plausible to imagine life elsewhere, even
if we still do not have the data necessary to conclude whether such life
actually exists.

2.3 The Nature of Modern Science

The story of how our ancestors gradually figured out the basic architec-
ture of the cosmos exhibits many features of what we now consider “good
science.” For example, we have seen how models were formulated and
tested against observations, and then modified or replaced if they failed
those tests. The story also illustrates some classic mistakes, such as the ap-
parent failure of anyone before Kepler to question the belief that orbits
must be circles. The ultimate success of the Copernican revolution led sci-
entists, philosophers, and theologians to reassess the various modes of
thinking that played a role in the 2000-year process of discovering Earth’s
place in the universe. Now, let’s examine how the principles of modern
science emerged from the lessons learned in the Copernican revolution.

e How can we distinguish science from nonscience?

Perhaps surprisingly, it turns out to be quite difficult to define the term
science precisely. The word comes from the Latin scientia, meaning “knowl-
edge,” but not all knowledge is science. For example, you may know what
music you like best, but your musical taste is not a result of scientific study.

APPROACHES TO SCIENCE One reason science is difficult to define is
that not all science works in the same way. For example, you've probably
heard it said that science is supposed to proceed according to something
called the “scientific method.” As an illustration of this method in its most
idealized form, consider what you would do if your flashlight suddenly
stopped working. In hopes of fixing your flashlight, you might Aaypothesize
that the batteries have died. In other words, you've created a tentative
explanation, or hypothesis, for the flashlight’s failure. A hypothesis is
sometimes called an educated guess—in this case, it is “educated” because
you already know that flashlights need batteries. Your hypothesis then al-
lows you to make a simple prediction: If you replace the batteries with
new ones, the flashlight should work. You can test this prediction by re-
placing the batteries. If the flashlight now works, you’ve confirmed your
hypothesis. If it doesn’t, you must revise or discard your hypothesis, usu-
ally in favor of some other one that you can also test (such as that the
bulb is burned out). Figure 2.13 illustrates the basic flow of this process.

The scientific method can be a useful idealization, but real science
rarely progresses in such an orderly way. Scientific progress sometimes
occurs when someone goes out and looks at nature in a general way,
hoping to learn something new and unexpected, rather than conducting
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Hallmarks of Science
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models of nature that
explain the observations
as simply as possible.

Seeks explanations
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Hallmarks of science.

a careful set of experiments. This was the case with Galileo, who wasn’t
looking for anything in particular when he pointed his telescope at the
sky and made his first startling discoveries. We still often approach sci-
ence in this way today, such as when we build new telescopes or send
missions to other worlds. For example, we did not know that the Voyager
I and 2 spacecraft would find evidence of a subsurface ocean on Europa
when we sent them flying past Jupiter. We sent them just to see what
was out there, and in the process we gained new and important scientific
knowledge.

Another case in which we cannot use the idealized scientific
method comes with attempts to understand past events, such as the
history of Earth or the origin and evolution of life on Earth. We cannot
repeat or vary the past, so we must instead rely on careful study of evi-
dence left behind by past events. For example, we learn about early life
on Earth not by observing it directly but by piecing together its story
from an examination of fossils and other evidence that we can find
today. Nevertheless, we can still apply at least some elements of the sci-
entific method. For example, when scientists first proposed the idea
that a massive impact may have been responsible for the death of the
dinosaurs [Section 6.4], they were able to predict some of the other types
of evidence that should exist if their hypothesis was correct. These pre-
dictions allowed other scientists to plan observations that might un-
cover this evidence, and when they succeeded—such as in discovering
an impact crater of the right age—support for the impact hypothesis
grew much stronger.

A tfurther complication in describing how science works comes from
the fact that scientists are human beings, so their intuitions and personal
beliefs inevitably influence their work. Copernicus, for example, adopted
the idea that Earth orbits the Sun not because he had carefully tested
this idea but because he believed it made more sense than the prevailing
view of an Earth-centered universe. As we have seen, while his intu-
ition guided him to the right general idea, he erred in the specifics be-
cause he still clung to Plato’s ancient belief that heavenly motion must
be in perfect circles.

Given the great variety of ways in which it is possible to approach
science, how can we identify what is science and what is not? To answer
this question, we must look a little deeper at the distinguishing charac-
teristics of scientific thinking.

HALLMARKS OF SCIENCE One way to define scientific thinking is to
list the criteria that scientists use when they judge competing models of
nature. Historians and philosophers of science have examined (and con-
tinue to examine) this issue in great depth, and different experts express
somewhat different viewpoints on the details. Nevertheless, everything
we now consider to be science shares the following three basic character-
istics, which we will refer to as the hallmarks of science (Figure 2.14):

e Modern science seeks explanations for observed phenomena that
rely solely on natural causes.

e Science progresses through the creation and testing of models of na-
ture that explain the observations as simply as possible.

* A scientific model must make testable predictions about natural phe-
nomena that would force us to revise or abandon the model if the
predictions do not agree with observations.



Each of these hallmarks is evident in the story of the Copernican rev-
olution. The first shows up in the way Tycho’s exceptionally careful mea-
surements of planetary motion motivated Kepler to come up with a better
explanation for those motions. The second is evident in the way several
competing models were compared and tested, most notably those of Ptol-
emy, Copernicus, and Kepler. We see the third in the fact that each model
could make precise predictions about the future motions of the Sun,
Moon, planets, and stars in our sky. When a model’s predictions failed,
the model was modified or ultimately discarded. Kepler’s model gained
acceptance in large part because its predictions were so much better than
those of the Ptolemaic model in matching Tycho’s observations. Figure
2.15 summarizes the key scientific changes of the Copernican revolution
and how they illustrate the hallmarks of science.

OCCAM'S RAZOR The criterion of simplicity in the second hallmark
deserves further explanation. Remember that the original model of
Copernicus did not match the data noticeably better than Ptolemy’s
model. If scientists had judged Copernicus’s model solely on the accuracy
of its predictions, they might have rejected it immediately. However,
many scientists found elements of the Copernican model appealing, such
as the simplicity of its explanation for apparent retrograde motion. They
therefore kept the model alive until Kepler found a way to make it work.

In fact, if agreement with data were the sole criterion for judgment,
we could imagine a modern-day Ptolemy adding millions or billions of
additional circles to the geocentric model in an effort to improve its agree-
ment with observations. A sufficiently complex geocentric model could
in principle reproduce the observations with almost perfect accuracy—
but it still would not convince us that Earth is the center of the universe.
We would still choose the Copernican view over the geocentric view be-
cause its predictions would be just as accurate yet would follow from a
much simpler model of nature. The idea that scientists should prefer the
simpler of two models that agree equally well with observations is called
Occam’s razor, after the medieval scholar William of Occam (1285-1349).

VERIFIABLE OBSERVATIONS The third hallmark of science forces us
to face the question of what counts as an “observation” against which a
prediction can be tested. Consider the claim that aliens are visiting Earth
in UFOs. Proponents of this claim say that many thousands of eyewitness
observations of UFO encounters provide evidence that it is true. But
should these personal testimonials count as scientific evidence? On the
surface, the answer may not be obvious, because all scientific studies in-
volve eyewitness accounts on some level. For example, only a handful of
scientists have personally made detailed tests of Einstein’s theory of rela-
tivity, and it is their personal reports of the results that have convinced
other scientists of the theory’s validity. However, there’s an important
difference between personal testimony about a scientific test and an ob-
servation of a UFO: The first can be verified by anyone, at least in princi-
ple, while the second cannot.

Understanding this difference is crucial to understanding what counts
as science and what does not. Even though you may never have con-
ducted a test of Einstein’s theory of relativity yourself, there’s nothing
stopping you from doing so. It might require several years of study before
you have the necessary background to conduct the test, but you could
then confirm the results reported by other scientists. In other words, while



Figure 2.15 The Copernican Revolution

Ancient Earth-centered models of the universe easily explained the simple motions of the Sun and
Moon through our sky, but had difficulty explaining the more complicated motions of the planets.
The quest to understand planetary motions ultimately led to a revolution in our thinking about
Earth's place in the universe that illustrates the process of science. This figure summarizes the

major steps in that process.

Night by night, planets usually move from west to east relative to the
stars. However, during periods of apparent retrograde motion, they
reverse direction for a few weeks to months [Section 2.1]. The ancient
Greeks knew that any credible model of the solar system had to explain
these observations.
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This composite photo shows the apparent retrograde motion of Mars.
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HALLMARK OF SCIENCE A scientific model must seek explanations for observed
phenomena that rely solely on natural causes. The ancient Greeks used
geometry to explain their observations of planetary motion.
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@ By the time of Copernicus (1473—1543), predictions based on the @ Tycho exposed flaws in both the ancient Greek and Copernican models

Earth-centered model had become noticeably inaccurate. Hoping for by observing planetary motions with unprecedented accuracy. His
improvement, Copernicus revived the Sun-centered idea. He did not observations led to Kepler's breakthrough insight that planetary orbits
succeed in making substantially better predictions because he retained are elliptical, not circular, and enabled Kepler to develop his three laws of
the ancient belief that planets must move in perfect circles, but he planetary motion.

inspired a revolution continued over the next century by Tycho, Kepler,

and Galileo. Kepler's second law: As a planet

.. moves around its orbit, an imaginary line

connecting it to the Sun sweeps out
equal areas in equal times.

Keplerss first law: A planet's
orbit is an ellipse with the
Sun at one focus.

East
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perihelion aphelion

Kfpleg's third law: More distant planets orbit at slower average speeds, obeying
pt=a’.

HALLMARK OF SCIENCE A scientific model makes testable predictions about

Apparent retrograde motion is simply explained in a Sun-centered system. Notice natural phenomena. If predictions do not agree with observations, the
how Mars appears to change direction as Earth moves past it. model must be revised or abandoned. Kepler could not make his model agree

with observations until he abandoned the belief that planets move in perfect
circles.

HALLMARK OF SCIENCE  ggjence progresses through creation and testing of
models of nature that explain the observations as simply as possible.

Copernicus developed a Sun-centered model in hopes of explaining observations
better than the more complicated Earth-centered model.

Galileo’s experiments and telescopic observations overcame remaining
scientific objections to the Sun-centered model. Together, Galileo's

N ‘l ‘C oL -8 1 €0 "E RNIC1 discoveries and the success of Kepler's laws in predicting planetary
. ’ . 2 motion overthrew the Earth-centered model once and for all.
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With his telescope, Galileo saw phases of Venus that are consistent only with the
idea that Venus orbits the Sun rather than Earth.




you may currently be trusting the eyewitness testimony of scientists, you
always have the option of veritying their testimony for yourself.

In contrast, there is no way for you to verify someone’s eyewitness
account of a UFO. Without hard evidence such as clear photographs or
pieces of the UFO, there is nothing that you could evaluate for yourself,
even in principle. (And in those cases where “hard evidence” for UFO
sightings has been presented, scientific study has never yet found the evi-
dence to be strong enough to support the claim of alien spacecraft [Section
12.4].) Moreover, scientific studies of eyewitness testimony show it to be
notoriously unreliable. For example, different eyewitnesses often disagree
on what they saw even immediately after an event has occurred. As time
passes, memories of the event may change further. In some cases in which
memory has been checked against reality, people have reported vivid
memories of events that never happened at all. This explains something
that virtually all of us have experienced: disagreements with a friend
about who did what and when. Since both people cannot be right in such
cases, at least one person must have a memory that differs from reality.

Because of its demonstrated unreliability, eyewitness testimony alone
should never be used as evidence in science, no matter who reports it or
how many people offer similar testimony. It can be used in support of a
scientific model only when it is backed up by independently verifiable
evidence that anyone could in principle check. (For much the same rea-
son, eyewitness testimony alone is usually insufficient for a conviction in
criminal court; additional evidence is required.)

SCIENCE, NONSCIENCE, AND PSEUDOSCIENCE TIt’s important to
realize that science is not the only valid way of seeking knowledge. For
example, suppose you are shopping for a car, learning to play drums, or
pondering the meaning of life. In each case, you might make observa-
tions, exercise logic, and test hypotheses. Yet these pursuits clearly are
not science, because they are not directed at developing testable explana-
tions for observed natural phenomena. As long as nonscientific searches
for knowledge make no claims about how the natural world works, they
do not conflict with science. In other words, just because something is
not science does not make it wrong.

However, you will often hear claims about the natural world that
seem to be based on observational evidence but do not treat evidence in
a truly scientific way. Such claims are often called pseudoscience, which
literally means “false science.” To distinguish real science from pseudo-
science, a good first step is to check whether a particular claim exhibits
all three hallmarks of science. Consider the example of people who claim
a psychic ability to “see” the future and use it to make specific, testable
predictions. In this sense, “seeing” the future sounds scientific, because
we can test it. However, numerous studies have examined the predic-
tions of “seers” and have found that their predictions come true no more
often than would be expected by pure chance. If the seers were scien-
tific, they would admit that this evidence undercuts their claim of psy-
chic abilities. Instead, they generally make excuses, such as saying that
the predictions didn’t come true because of some type of “psychic inter-
ference.” Making testable claims but then ignoring the results of the tests
marks the claimed ability to see the future as pseudoscience.

OBJECTIVITY IN SCIENCE The idea that science is objective, meaning
that all people should be able to find the same results, is important to the



validity of science as a means of seeking knowledge. However, there is a
difference between the overall objectivity of science and the objectivity
of individual scientists. In particular, because science is practiced by
human beings, individual scientists bring their personal biases and beliefs
to their scientific work.

Personal bias can influence the way a scientist proposes or tests a
model. For example, most scientists choose their research projects based
on personal interests rather than on some objective formula. In some
extreme cases, scientists have even been known to cheat—either deliber-
ately or subconsciously—to obtain a result they desire. For example, con-
sider Percival Lowell’s claims of mapping artificial canals on Mars.
Because no such canals actually exist, he must have allowed his beliefs
about extraterrestrial life to influence the way he interpreted blurry tele-
scopic images—in essence, a form of cheating, though not intentional.

Bias can sometimes show up even in the thinking of the scientific
community as a whole. Some valid ideas may not be considered by any
scientist because the ideas fall too far outside the general patterns of
thought, or paradigm, of the time. Einstein’s theory of relativity pro-
vides an example. Many scientists in the decades before Einstein had
gleaned hints of the theory but did not investigate them, at least in part
because the ideas seemed too outlandish.

The beauty of science is that it encourages continued testing by many
people. Even if personal biases affect some results, tests by others should
eventually uncover the mistakes. Similarly, if a new idea is correct but
falls outside the accepted paradigm, sufficient testing and verification of
the idea should eventually force a change in the paradigm. In that sense,
science ultimately provides a means of bringing people to agreement, at
least on topics that can be studied scientifically.

e What is a scientific theory?

The most successful scientific models explain a wide variety of observa-
tions in terms of just a few general principles. When a powerful yet sim-
ple model makes predictions that survive repeated and varied testing,
scientists elevate its status and call it a theory. Some famous examples
are Isaac Newton’s theory of gravity, Charles Darwin'’s theory of evolu-
tion, and Albert Einstein’s theory of relativity.

THE MEANING OF THE TERM THEORY The scientific meaning of the
word theory is quite different from its everyday meaning, in which we
equate a theory more closely with speculation or a hypothesis. In every-
day life, someone might get a new idea and say, for example, “I have a
new theory about why people enjoy the beach.” Without the support of
a broad range of evidence that others have tested and confirmed, this
“theory” is really only a guess. In contrast, Newton’s theory of gravity
qualifies as a scientific theory because it uses simple physical principles to
explain a great many observations and experiments.

Despite its success in explaining observed phenomena, a scientific
theory can never be proved true beyond all doubt, because ever more so-
phisticated observations may eventually disagree with its predictions.
However, anything that qualifies as a scientific theory must be supported
by a large, compelling body of evidence.

In this sense, a scientific theory is not at all like a hypothesis or any
other type of guess. We are free to change a hypothesis at any time, because
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it has not yet been carefully tested. In contrast, we can discard or replace
a scientific theory only if we have a better way of explaining the evidence
that supports it.

Again, the theories of Newton and Einstein offer great examples. A
vast body of evidence supports Newton’s theory of gravity, but by the late
nineteenth century scientists had begun to discover cases where its pre-
dictions did not perfectly match observations. These discrepancies were
explained only when Einstein developed his general theory of relativity in
the early twentieth century, which was able to match the observations.
Still, the many successes of Newton’s theory could not be ignored, and
Einstein’s theory would not have gained acceptance if it had not been able
to explain these successes equally well. It did, and that is why we now view
Einstein’s theory as a broader theory of gravity than Newton’s theory.
As we will discuss in the next section, some scientists today are seeking a
theory of gravity that will go beyond Einstein’s. If any new theory ever
gains acceptance, it will have to match all the successes of Einstein’s theory
as well as work in new realms where Einstein’s theory does not.

When people claim that something is “only a
theory,” what do you think they mean? Does this meaning of theory agree with
the definition of a theory in science? Do scientists always use the word theory
in its “scientific” sense? Explain.

THE QUEST FOR A THEORY OF LIFE IN THE UNIVERSE We do not
yet have a theory of life in the universe, because we do not yet have the
data to distinguish between many different hypotheses, which range
from the hypothesis of no life anyplace else to the hypothesis that civi-
lizations are abundant in our own galaxy. But thanks to the historical
process that gave us the principles of modern science, we have a good
idea of what we need to do if we ever hope to verify one of those hy-
potheses and turn it into a broad-based theory of life in the universe.
That is why we can now make a modern science of astrobiology: not

The movie moguls studiously ignored the fact (which you'll
encounter later in this book) that traveling between the stars is

Aliens should probably join the Screen Actors Guild. Every year, Holly-
wood reliably cranks out a handful of films in which visitors from dis-

tant star systems mess with our minds, our bodies, or our entire planet.

Cinema aliens are typecast, available in only two flavors: good
and bad. A few, like lovable, wrinkly-faced little E.T., are willing to
make a field trip of a few million light-years simply to pick some
plants and hang with the kids. But most of these uninvited guests
are cranky: They spend their time either dithering with our personal
lives or blowing up famous landmarks just because they can.

Extraterrestrials didn’t snag many movie roles until after the Sec-
ond World War, when the rapid development of rocketry seemed to
suggest that we’d soon be taking rides to the Moon, to Mars, and
beyond. For the popcorn-eating public, it seemed inevitable that
our descendants would visit other worlds as casually as you might
head for the mall. And if we could do this, then it seemed only rea-
sonable that advanced aliens were already roaming space, like
motorcycle gangs on a Sunday afternoon.

enormously more difficult than checking out the planets of your
own solar system. The aliens won't do it just to share play time with
the neighborhood children or abduct you for unauthorized breed-
ing experiments.

But the really big problem with Hollywood aliens, other than
the fact that they seldom wear clothes, is that these frequently
nasty visitors are inevitably portrayed as being close to our own
level of technical development. We can engage the bad ones in aer-
ial dogfights or challenge them to a manly light-saber duel. But
the reality is somewhat different. As we’ll discuss in Chapter 13, if
we ever make contact with actual aliens, their culture will be thou-
sands, millions, or billions of years beyond ours.

Of course, an invasion by hostile aliens with a million-year head
start on Homo sapiens wouldn’t make for an interesting movie. It
would be Godzilla versus the chipmunks. But you don’t mistake the
movies for reality, do you?



because we actually understand it yet but because we now know how to
choose appropriate research projects to help us learn about the possibil-
ity of finding life elsewhere and how to go out and search for life that
might exist within our solar system or beyond.

%
2.4 The Fact and Theory of Gravity

We’ve completed our overview of the nature of modern science and its
historical development. We’ve discussed the general process by which sci-
ence advances, a process that is crucial to all sciences but is particularly
important in astrobiology where, for example, widespread belief in aliens
sometimes makes it difficult to separate fact from fiction. Because of its
importance, we will continue to focus on the process of science through-
out the book. In addition, in the final numbered section of this and all re-
maining chapters, we will take one topic and explore it in more depth,
using it to illustrate some aspect of the process of science in action.

In this chapter, we focus on gravity. Gravity is obviously important
to life in the universe. On a simple level, life would float right off its
planet without gravity. On a deeper level, stars and planets could never
have been born in the first place without gravity, so we presume that life
could not start in a universe in which gravity were absent or in which it
worked significantly differently than it does in our universe.

Even more important to our purposes, gravity provides a great illus-
tration of the sometimes surprising distinction that scientists make be-
tween “facts” and “theories.” Gravity is clearly a fact: Things really do fall
down when you drop them, and planets really do orbit the Sun. But sci-
entifically, gravity is also a theory, because we use detailed, mathematical
models of gravity to explain why things fall down and why planets orbit.
Gravity is not unique in this way; for example, scientists make the same
type of distinction when they talk about the fact of atoms being real and
the atomic theory used to explain them, and when they talk about evo-
lution having really occurred and the theory used to explain it. We can
gain deeper insight into the way words often carry dual meanings by ex-
ploring how models of gravity have changed through time.

e What is gravity?

The true nature of gravity has presumably never changed, but human
ideas about it have. In ancient Greece, Aristotle imagined gravity as an
inherent property of heavy objects. For example, he claimed that earth
and water had gravity, which made them fall toward our central world,
while air and fire had “levity,” which made them rise up. Aristotle’s idea
successfully explained a few observed facts, such as that rocks fall to the
ground, but it didn’t really make any specific predictions, such as how
long it would take a rock to reach the ground if dropped from a tall cliff.
Still, no one came up with a much better idea for nearly 2000 years.

The first real breakthrough in human understanding of gravity came
in 1666 when Newton (by his own account) saw an apple fall to Earth
and suddenly realized that the gravity making the apple fall was the same
force that held the Moon in orbit around Earth. He soon worked out a
mathematical model to explain his observations, though he didn’t share
his results widely until 1687, when he published Principia.



The universal law of gravitation tells us the strength
of the gravitational attraction between the two objects.
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d is the distance between the
centers of the two objects.

The universal law of gravitation is an inverse square law,
which means the force of gravity declines with the square of
the distance d between two objects.

Newton expressed the force of gravity mathematically with his uni-
versal law of gravitation. Three simple statements summarize this law:

e Every mass attracts every other mass through the force called gravity.

e The strength of the gravitational force attracting any two objects is
directly proportional to the product of their masses. For example, dou-
bling the mass of one object doubles the force of gravity between the
two objects.

e The strength of gravity between two objects decreases with the
square of the distance between their centers. That is, the gravita-
tional force follows an inverse square law with distance. For ex-
ample, doubling the distance between two objects weakens the force
of gravity by a factor of 22, or 4.

These three statements tell us everything we need to know about
Newton’s universal law of gravitation. Mathematically, all three state-
ments can be combined into a single equation, usually written like this:

MM,
g dZ

where F, is the force of gravitational attraction, M, and M, are the masses of
the two objects, and 4 is the distance between their centers (Figure 2.16).
The symbol G is a constant called the gravitational constant, and its nu-
merical value has been measured to be G = 6.67 X 10'' m?/(kg X s?).

How does the gravitational force between two
objects change if the distance between them triples? If the distance between
them drops by half?

Newton showed that this law explained a great many facts that other
scientists had already discovered. For example, he showed that, when com-
bined with his laws of motion, the universal law of gravitation explained
the orbits of all the planets around the Sun (Kepler’s laws), including Earth,
as well as the orbit of the Moon around Earth. He also showed that it ex-
plained Galileo’s observation that, absent air resistance, all objects fall to
the ground at the same rate, regardless of their mass. Soon thereafter, Sir
Edmund Halley (1656-1742) used the law to calculate the orbit of a comet
that was seen in 1682. His calculations showed that the comet would re-
turn in 1758. Although he did not live to see it, Halley’s Comet returned
right on schedule, which is why it now bears his name.

These and other successes of Newton’s universal law of gravitation
made many eighteenth-century scientists think the mystery of gravity had
been solved. But a problem came up a few decades after the 1781 discov-
ery of the planet Uranus: Observations of Uranus showed its orbit to be
slightly inconsistent with the orbit expected according to Newton’s laws.
Some scientists began to wonder if Newton’s law of gravity might not be
quite so exact as they had imagined. However, in the summer of 1846,
French astronomer Urbain Leverrier suggested that the inconsistency
could be explained by a previously unseen “eighth planet” orbiting the
Sun beyond Uranus.* He used Newton’s universal law of gravitation to
predict the precise location in the sky where he thought the planet must

*The same idea had been put forward a few years earlier in England by a student named
John Adams, but he did not succeed soon enough in convincing anyone to search for the
planet; Leverrier was apparently unaware of Adams’s work.



be located. He sent a letter to Johann Galle of the Berlin Observatory, sug-
gesting a search for the eighth planet. On the night of September 23, 1846,
Galle pointed his telescope to the position suggested by Leverrier. There,
within 1° of its predicted position, he saw the planet Neptune. It was a
stunning triumph for Newton’s laws, and gave scientists far more confi-
dence in the idea that the law of gravity truly was universal.

Today, we can see Newton’s universal law of gravitation in action
throughout the universe, in the orbits of extrasolar planets around their
stars, of stars around the Milky Way Galaxy, and of galaxies in orbit about
each other. There seems no reason to doubt the universality of the law.
However, we also now know that Newton'’s law does not tell the entire
story of gravity. Moreover, while Newton’s law gives us a useful descrip-
tion of how gravity works, it still doesn’t really tell us what it is.

e Do we really understand gravity?

Not long after Leverrier’s success in predicting the existence of Neptune,
astronomers discovered another slight discrepancy between a planetary
orbit and the prediction made with Newton'’s law of gravity. This time, it
involved the planet Mercury. Leverrier again set to work on the problem,
suggesting it might be solved if there were yet another unseen planet,
this one orbiting the Sun closer than Mercury. He even gave it a name—
Vulcan. But searches turned up no sign of this planet, and we now know
that it does not exist. So why was there a discrepancy in Mercury’s orbit?
Albert Einstein (1879-1955) provided the answer when he published his
general theory of relativity in 1915.

To understand what Einstein did, we need to look a little more deeply
at Newton’s conception of gravity. According to Newton’s theory, every
mass exerts a gravitational attraction on every other mass, no matter how
far away it is. If you think about it, this idea of “action at a distance” is
rather mysterious. For example, how does Earth “feel” the Sun’s attrac-
tion and know to orbit it? Newton himself was troubled by this idea. A
few years after publishing his law of gravity in 1687, Newton wrote:

That one body may act upon another at a distance through a vacuum, ... and
force may be conveyed from one to another, is to me so great an absurdity, that
I believe no man, who has ... a competent faculty in thinking, can ever fall
into it.*

This type of “absurdity” was troubling to Einstein, whose scientific
career can in many ways be viewed as a quest to find simple principles
underlying mysterious laws. Although we will not go into the details, Ein-
stein discovered that he could explain the mysterious action at a distance
by assuming that all objects reside in something known as four-dimen-
sional spacetime. Massive objects curve this spacetime, and other objects
simply follow the curvature much like marbles following the contours of
a bowl. Figure 2.17 uses a two-dimensional analogy to illustrate the idea,
showing how planetary orbits are the straightest paths allowed by the
structure of spacetime near the Sun. Einstein removed the mystery of “ac-
tion at a distance” by telling us that gravity arises from the way in which
masses affect the basic structure of the universe; in other words, he told
us that gravity is “curvature of spacetime.”

*Letter from Newton, 1692-1693, as quoted in J. A. Wheeler, A Journey into Gravity and
Spacetime, Scientific American Library, 1990, p. 2.

The mass of the Sun causes ... so freely moving objects (such as planets
spacetime to curve . . . and comets) follow the straightest possible
paths allowed by the curvature of spacetime.

Figure 2.17

According to Einstein’s general theory of relativity, the Sun
curves spacetime much like a heavy weight curves a rubber
sheet, and planets simply follow this curvature in their orbits.



When Einstein worked out the mathematical details of his theory, he
found that it gave almost precisely the same answers as Newton’s univer-
sal law of gravitation for relatively weak sources of gravity, but more
substantially different answers when gravity was stronger. Thus, he got
essentially the same answers as Newton for the orbits of planets far from
the Sun, where the effects of the Sun’s gravity are weaker, but a slightly
different answer for Mercury, where the effects of the Sun’s gravity are
much stronger. Einstein’s answer matched the observed orbit of Mercury,
giving him confidence that he had discovered an underlying truth about
the nature of gravity.

Note that Einstein did not show that Newton’s theory was wrong.
After all, Newton’s law of gravity had already proved valid in countless
situations throughout the universe. Instead, he showed that Newton'’s
theory was only an approximation to a more exact theory of gravity—the
general theory of relativity. Under most circumstances the approxima-
tion is so good that we can barely tell the difference between the two
ways of viewing gravity, but in cases of strong gravity, Einstein’s theory
works and Newton’s fails.

Over the past century, scientists have had ample opportunity to test
Einstein’s theory, both through observations of the distant cosmos and
through experimental tests in laboratories and orbiting spacecraft. To
date, it has passed every test with flying colors. So does that mean we re-
ally do understand gravity today?

Most scientists doubt it, because there is at least one known “hole”
in Einstein’s theory. According to general relativity, the curvature of
spacetime must become infinitely great when gravity becomes infinitely
strong, as it would at the centers of the objects known as black holes. How-
ever, another scientific theory, also well tested, gives a very different
answer for what should happen in such places: The theory of quantum
mechanics, which successfully explains the workings of atoms, gives an
answer that directly contradicts the answer given by relativity. Scientists
are working hard to reconcile this discrepancy between two otherwise
successful theories, but no one yet knows how it will turn out.

The bottom line is that we currently have a successful theory of grav-
ity, known as Einstein’s general theory of relativity, that appears to work
throughout the universe. Newton’s older universal law of gravitation is
now considered an approximation to Einstein’s theory. But we probably
still don’t understand gravity fully, and until we plug the known holes in
Einstein’s theory, we cannot predict how a more complete theory will
alter our view of the role of gravity in the universe.

Do you think that the known discrepancy
between general relativity and quantum mechanics means that Einstein's theory
of gravity is wrong? Defend your opinion.

Putting Chapter 2 in Perspective

In this chapter, we’ve explored the development and nature of science,
and how thoughts about life in the universe changed with the develop-
ment of science. As you continue your studies, keep in mind the follow-
ing “big picture” ideas:



e The questions that drive research about life in the universe have
been debated for thousands of years, but only recently have we
begun to acquire data that allow us to address the questions scientif-
ically. In particular, the fundamental change in human perspective
that came with the Copernican revolution had a dramatic impact on
the question of life in the universe, because it showed that planets
really are other worlds and not mere lights in the sky.

e The ideas that underlie modern science—what we’ve called the “hall-
marks of science”—developed gradually, and largely as a result of
the attempt to understand Earth’s place in the universe. Science
always begins by assuming that the world is inherently understand-
able and that we can learn how it works by observing it and by
examining the processes that affect it. All of science, therefore, is
based on observations of the world around us.

® Science is not the only valid way in which we can seek knowledge,
but it has proved enormously useful, having driven the great progress
both in our understanding of nature and in the development of tech-

nology that has occurred in the past 400 years. *

2.1 THE ANCIENT DEBATE ABOUT LIFE
BEYOND EARTH

e How did attempts to understand the sky start us on the
road to science?

The development of science began

with Greek attempts to create models
to explain observations of the heavens.
Although most Greek philosophers
favored a geocentric model, which we
now know to be incorrect, their reasons
for this choice made sense at the time.
One of the primary difficulties of the model was that it required
a complicated explanation for the apparent retrograde
motion of the planets, with planets going around small circles
on larger circles that went around Earth, rather than the much
simpler explanation that we find with a Sun-centered model.

¢ Why did the Greeks argue about the possibility of life

beyond Earth?
Some Greek philosophers (the atomists) held that our world
formed among an infinite number of indivisible atoms, and
this infinity implied the existence of other worlds. In contrast,
Aristotle and his followers (the Aristotelians) argued that all
earth must have fallen to the center of the universe, which ra-
tionalized the belief in a geocentric universe and the belief that
the heavens were fundamentally different from Earth. This
implied that Earth must be unique, in which case no other
worlds or other life could exist.

2.2 THE COPERNICAN REVOLUTION

¢ How did the Copernican revolution further the

development of science?

During the Copernican revolution, scientists began to place
much greater emphasis on making
sure that models successfully
reproduced observations, and learned
to trust data even when it contradicted
deeply held beliefs. This willingness to
let data drive the development of mod-
els led Kepler to develop what we now

call Kepler’s laws of planetary motion, and later led to the

deeper understanding that came with Newton’s laws of
motion and the law of universal gravitation.

e How did the Copernican revolution alter the ancient debate on
extraterrestrial life?
The Copernican revolution showed that Aristotle’s Earth-
centered beliefs had been incorrect, effectively ruling out his
argument for Earth’s uniqueness. Many scientists of the time
therefore assumed that the atomists had been correct, and that
other worlds and life are widespread. However, the data didn't
really support this view, which is why we still seek to learn
whether life exists elsewhere.



2.3 THE NATURE OF MODERN SCIENCE

¢ How can we distinguish science from nonscience?

Science generally exhibits these three hallmarks: (1) Modern
science seeks explanations for observed phenomena that rely
solely on natural causes. (2) Science progresses through the
creation and testing of models of nature that explain the ob-
servations as simply as possible. (3) A scientific model must
make testable predictions about natural phenomena that
would force us to revise or abandon the model if the
predictions do not agree with observations.

e What is a scientific theory?

A scientific theory is a simple yet powerful model that
explains a wide variety of observations in terms of just a few
general principles, and has attained the status of a theory by
surviving repeated and varied testing.

REVIEW QUESTIONS
Short-Answer Questions Based on the Reading

1. Describe at least three characteristics of Greek thinking that
helped pave the way for the development of modern science.

2. What do we mean by a model of nature? Summarize the de-
velopment of the Greek geocentric model, from Thales through
Ptolemy.

3. What is apparent retrograde motion, and why was it so difficult to
explain with the geocentric model? What is its real
explanation?

4. Who first proposed the idea that Earth is a planet orbiting the
Sun, and when? Why didn’t this model gain wide acceptance in
ancient Greece?

5. Briefly describe and contrast the different views of the atomists
and the Aristotelians on the subject of extraterrestrial life.

6. What was the Copernican revolution, and how did it change the
human view of the universe? Briefly describe the major players
and events in the Copernican revolution.

7. Why didn’t Copernicus’s model gain immediate acceptance?
Why did some scientists favor it, despite this drawback?

8. Describe each of Kepler’s laws of planetary motion. In what sense did

these laws provide us with a far more accurate model of planetary
motion than either the models of Ptolemy or Copernicus?

S
2.4 THE FACT AND THEORY OF GRAVITY

e What is gravity?

According to Newton'’s universal law
of gravitation, gravity is a force that
causes every mass to attract every other
mass. The strength of the force is proportional to the product

of the masses and inversely proportional to the square of the dis-
tance between their centers. But while this statement describes
the force of gravity, it still doesn’t really tell us what gravity is.
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e Do we really understand gravity?

Einstein’s general theory of relativity explains the
mysterious “action at a distance” of Newton'’s law, effectively
telling us what gravity is (“curvature of spacetime”). This
theory improves on Newton'’s, because it agrees much better
with observations in cases where gravity is strong; thus,

we see Newton'’s theory of gravity as an approximation to
Einstein’s more general theory. Einstein’s theory works
extremely well, but we know of at least one place where

it appears to break down, so we cannot claim a complete
understanding of gravity.

9. Briefly describe three reasonable objections to the Sun-centered
model that still remained even after Kepler’s work, and then
describe how Galileo’s work overcame each of these objections.

10. How did Newton'’s discoveries about the laws of motion and the
universal law of gravitation put the Sun-centered model on an
even stronger footing?

11. How did the Copernican revolution affect scholarly thought
regarding the question of life beyond Earth?

12. What is the difference between a hypothesis and a theory in science?

13. Describe each of the three hallmarks of science and give an ex-
ample of how we can see each one in the unfolding of the
Copernican revolution.

14. What is Occam’s razor? Give an example of how it applies.

15. Why doesn’t science accept personal testimony as evidence?
Explain.

16. In what sense is gravity both a fact and a theory? Explain
clearly.

17. What is Newton's universal law of gravitation? Write it in equation
form, and clearly explain what the equation tells us. What do
we mean when we say that the law is an inverse square law?

18. How did Einstein’s general theory of relativity change our view of
gravity? Why do we say that Newton’s law of universal gravita-
tion is still a valid approximation to Einstein’s theory of gravity?



TEST YOUR UNDERSTANDING

Science or Nonscience?

Each of the following statements makes some type of claim. Decide
in each case whether the claim could be evaluated scientifically or
whether it falls into the realm of nonscience. Explain clearly; not all
of these have definitive answers, so your explanation is more impor-
tant than your chosen answer.

19.
20.

21.

22.
23.
24.

25.

26.

27.

28.

David Beckham was the best soccer player of his generation.

Several kilometers below its surface, Europa has an ocean of
liquid water.

My house is haunted by ghosts, who make the creaking noises
I hear each night.

There is no liquid water on the surface of Venus today.
Bacteria from Earth can survive on Mars.

Children born when Jupiter is in the constellation Taurus are
more likely to be musicians than other children.

Aliens can manipulate time so that they can abduct people and
perform experiments on them without the people ever realizing
they were taken.

Newton'’s law of gravity explains the orbits of planets around
other stars just as well as it explains the orbits of planets in our
own solar system.

God created the laws of motion that were discovered by
Newton.

A huge fleet of alien spacecraft will land on Earth and
introduce an era of peace and prosperity on January 1, 2020.

Quick Quiz

Choose the best answer to each of the following. Explain your rea-
soning with one or more complete sentences.

29.

30.

31.

32.

33.

In the Greek geocentric model, the retrograde motion of a
planet occurs when (a) Earth is about to pass the planet in its
orbit around the Sun; (b) the planet actually goes backward in
its orbit around Earth; (c) the planet is aligned with the Moon
in our sky.

Which of the following was not a major advantage of Coperni-
cus’s Sun-centered model over the Ptolemaic model? (a) It
made significantly better predictions of planetary positions in
our sky. (b) It offered a more natural explanation for the appar-
ent retrograde motion of planets in our sky. (c) It allowed cal-
culation of the orbital periods and distances of the planets.

Earth is closer to the Sun in January than in July. Therefore, in
accord with Kepler’s second law, (a) Earth travels faster in its
orbit around the Sun in July than in January; (b) Earth travels
faster in its orbit around the Sun in January than in July;

(c) Earth has summer in January and winter in July.

According to Kepler’s third law, (a) Mercury travels fastest in
the part of its orbit in which it is closest to the Sun; (b) Jupiter
orbits the Sun at a faster speed than Saturn; (c) all the planets
have nearly circular orbits.

Tycho Brahe’s contribution to astronomy included (a) inventing
the telescope; (b) proving that Earth orbits the Sun; (c) collect-
ing data that enabled Kepler to discover the laws of planetary
motion.

34.
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37.

38.

Galileo’s contribution to astronomy included (a) discovering the
laws of planetary motion; (b) discovering the law of gravity;

(c) making observations and conducting experiments that dis-
pelled scientific objections to the Sun-centered model.

Which of the following is not true about scientific progress?

(a) Science progresses through the creation and testing of models
of nature. (b) Science advances only through strict application
of the scientific method. (c) Science avoids explanations that
invoke the supernatural.

Which of the following is nof true about a scientific theory?

(a) A theory must explain a wide range of observations or experi-
ments. (b) Even the strongest theories can never be proved true
beyond all doubt. (c) A theory is essentially an educated guess.

How did the Copernican revolution alter perceptions of the an-
cient Greek debate over extraterrestrial life? (a) It showed that
Aristotle’s argument for a unique Earth was incorrect. (b) It
showed that the atomists were correct in their belief in an infinite
cosmos. (c) It proved that extraterrestrial life must really exist.

When Einstein’s theory of gravity (general relativity) gained
acceptance, it demonstrated that Newton'’s theory had been
(a) wrong; (b) incomplete; (c) really only a guess.

INVESTIGATE FURTHER
In-Depth Questions to Increase Your Understanding

Short-Answer/Essay Questions

39.

40.

41.

Greek Models. As we discussed in this chapter, the Greeks actu-
ally considered both Earth-centered and Sun-centered models
of the cosmos.

a. Briefly describe the pros and cons of each model as they were
seen in ancient times, and explain why most Greeks preferred
the geocentric model.

b. Suppose you could travel back in time and show the Greeks
one observation from modern times. If your goal was to con-
vince the Greeks to accept the Sun-centered model, what ob-
servation would you choose? Do you think it would convince
them? Explain.

Copernican Players. Using a bulleted list format, write a one-page
summary of the major roles that Copernicus, Tycho, Kepler,
Galileo, and Newton played in overturning the ancient belief in
an Earth-centered universe, along with a brief description of
how each individual’s work contributed to the development of
modern science.

What Makes It Science? Read ahead and choose a single idea in
the modern view of the cosmos that is discussed in Chapter 3,
such as “The universe is expanding,” “The universe began with
a Big Bang,” “We are made from elements manufactured by
stars,” or “The Sun orbits the center of the Milky Way Galaxy.”
a. Briefly describe how the idea you have chosen is rooted in
each of the three hallmarks of science discussed in this chap-
ter. (That is, explain how it is based on observations, how our
understanding of it depends on a model, and how the model
is testable.)
b. No matter how strongly the evidence may support a scientific
idea, we can never be certain beyond all doubt that the idea is
true. For the idea you have chosen, describe an observation
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43.

44.

45.

46.

47.

48.

49.

that might cause us to call the idea into question. Then briefly
discuss whether you think that, overall, the idea is likely or
unlikely to hold up to future observations. Defend your
opinion.
Atomists and Aristotelians. The ancient Greek arguments about
the possible existence of extraterrestrial life continued for cen-
turies. Write a short summary of the arguments, and then write
a one- to two-page essay in which you describe how the Greek
debate differs from the current scientific debate about extrater-
restrial life.

UFO Reports. Thousands of people have reported sighting UFOs
that they claim are alien spacecraft. Do these reports qualify as
scientific evidence? Why or why not?

Testing UFOs. Consider at least one claim that you've heard
about alien visitation (such as a claim about the Roswell crash,
about an alien abduction, or about aliens among us). Based
on what you’ve heard, can the claim be tested scientifically?
If so, how? If not, why not? Do you think the claim should be
considered more seriously or more skeptically? Defend your
opinion.

Science or Nonscience? Find a recent news report from “main-
stream” media (such as a major newspaper or magazine) that
makes some type of claim about extraterrestrial life. Analyze
the report and decide whether the claim is scientific or non-
scientific. Write two or three paragraphs explaining your
conclusion.

Web Aliens. Find a Web site devoted to UFOs and read an article
that makes a claim about alien visitation to Earth. Analyze the
article and write two or three paragraphs explaining whether
the claim is scientific.

Influence on History. Based on what you have learned about the
Copernican revolution, write a one- to two-page essay about
how you believe it altered the course of human history.

The Theory of Gravity. How does the fact of gravity—for example,
that things really do fall down—differ from what we think of as
the theory of gravity? Briefly explain how and why Einstein’s
theory of gravity supplanted Newton'’s theory of gravity, and
why we expect that we’ll eventually find a theory that is even
more general than Einstein’s.

Discovery of Neptune.

a. In what sense was Neptune discovered by mathematics,
rather than by a telescope? How did this discovery lend fur-
ther support to Newton’s theory of gravity? Explain.

b. According to the idea known as astrology, the positions of
the planets among the constellations, as seen from Earth,
determine the courses of our lives. Astrologers claim that
they must carefully chart the motions of a/l the planets to cast
accurate predictions (horoscopes). In that case, say skeptics,
astrologers should have been able to predict the existence of
Neptune long before it was predicted by astronomers, since
they should have noticed inaccuracies in their predictions.
But they did not. Do you think this fact tells us anything
about the validity of astrology? Defend your opinion in a
one- to two-page essay.

50.

51.

Biographical Research: Post-Copernican Viewpoints on Life in the Uni-
verse. Many seventeenth- and eighteenth-century writers ex-
pressed interesting opinions on extraterrestrial life. Each indi-
vidual listed below wrote a book that discussed this topic; book
titles (and original publication dates) follow each name. Choose
one or more individuals and research their arguments about
extraterrestrial life. (You can find many of these books online
in their entirety.) Write a one- to two-page summary of the
person’s arguments, and discuss which (if any) parts of these
arguments are still valid in the current debate over life on other
worlds.
Bishop John Wilkins, Discovery of a World in the Moone (1638).
René Descartes, Philosophical Principles (1644).
Bernard Le Bovier De Fontenelle, Conversations on the Plurality
of Worlds (1686).
Richard Bentley, A Confutation of Atheism from the Origin and
Frame of the World (1693).
Christiaan Huygens, Cosmotheros, ot, Conjectures Concerning the
Celestial Earths and Their Adornments (1698).
William Derham, Astro-Theology: Or a Demonstration of the Being
and Attributes of God from a Survey of the Heavens (1715).
Thomas Wright, An Original Theory or New Hypothesis of the
Universe (1750).
Thomas Paine, The Age of Reason (1793).

Research: Religion and Life Beyond Earth. Choose one religion
(your own or another) and investigate its beliefs with regard to
the possibility of life on other worlds. If scholars of this religion
have made any definitive statements about this possibility,
what did they conclude? If there are no definitive statements,
discuss whether the religious beliefs are in any way incompati-
ble with the idea of extraterrestrial life. Report your findings in
a short essay.

Quantitative Problems

Be sure to show all calculations clearly and state your final answers
in complete sentences.

52.
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Sedna Orbit. The object Sedna orbits our Sun at an average dis-
tance (semimajor axis) of 509 AU. What is its orbital period?

Eris Orbit. The dwarf planet Eris, which is slightly larger than
Pluto, orbits the Sun every 560 years. What is its average dis-
tance (semimajor axis) from the Sun? How does its average
distance compare to that of Pluto?

New Planet Orbit. A newly discovered planet orbits a distant star
with the same mass as the Sun at an average distance of 112 mil-
lion kilometers. Find the planet’s orbital period.

Halley’s Orbit. Halley’s comet orbits the Sun every 76.0 years.
(a) Find its semimajor axis distance. (b) Halley’s orbit is an
extremely eccentric (stretched-out) ellipse, so at perihelion

it is only about 90 million kilometers from the Sun, compared
to more than 5 billion kilometers at aphelion. Does Halley’s
comet spend most of its time near its perihelion distance, near
its aphelion distance, or halfway in between? Explain.

Newton's Universal Law of Gravitation.
a. How does quadrupling the distance between two objects
affect the gravitational force between them?



b. Suppose the Sun were somehow replaced by a star with twice

as much mass. What would happen to the gravitational force
between Earth and the Sun?

c. Suppose Earth were moved to one-third of its current dis-
tance from the Sun. What would happen to the gravitational
force between Earth and the Sun?

Discussion Questions

57.

58.

59.

Science and Religion. Science and religion are often claimed to be
in conflict. Do you believe this conflict is real and hence irrec-
oncilable, or is it a result of misunderstanding the differing na-
tures of science and religion? Defend your opinion.

The Impact of Science. The modern world is filled with ideas,
knowledge, and technology that developed through science and
application of the scientific method. Discuss some of these
things and how they affect our lives. Which of these impacts do
you think are positive? Which are negative? Overall, do you
think science has benefited the human race? Defend your
opinion.

Absolute Truth. An important issue in the philosophy of science
is whether science deals with absolute truth. We can think
about this issue by imagining the science of other civilizations.
For example, would aliens necessarily discover the same laws
of physics that we have discovered, or would the laws they ob-
serve depend on the type of culture they have? How does the
answer to this question relate to the idea of absolute truth in

science? Overall, do you believe that science is concerned with
absolute truth? Defend your opinion.

WEB PROJECTS

60.

61.

62.

63.

The Galileo Affair. In recent years, the Vatican has devoted a lot
of resources to learning more about the trial of Galileo and
understanding past actions of the Church in the Galileo case.
Learn more about such studies, and write a short report about
the current Vatican view of the case.

Pseudoscience. Choose a pseudoscientific claim that has been in
the news recently, and learn more about it and how scientists
have “debunked” it. Write a short summary of your findings.

UFOlogy. You can find an amazing amount of material about
UFOs on the Web. Search for some such sites. Choose one that
looks particularly interesting or entertaining and, in light of
what you have learned about science, evaluate the site
critically. Write a short review of the site.

Gravitational Lensing. Go to the Hubble Space Telescope Web site
to find out what astronomers mean by “gravitational lensing,”
and locate at least two pictures that show examples of this phe-
nomenon. How does the existence of gravitational lensing sup-
port Einstein’s general theory of relativity, and what does it tell
us about the idea that gravity works the same way throughout
the universe?
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3.2

The Universal

Context of Life

THE UNIVERSE AND LIFE

What major lessons does
modern astronomy teach us
about our place in the
universe?

THE STRUCTURE, SCALE,
AND HISTORY OF THE
UNIVERSE

What does modern science
tell us about the structure
of the universe?
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What does modern science
tell us about the history
of the universe?

How big is the universe?

THE NATURE OF WORLDS

How do other worlds in
our solar system compare
to Earth?

Why do worlds come in
different types?

Should we expect habitable
worlds to be common?

A UNIVERSE OF MATTER
AND ENERGY

What are the building blocks
of matter?

What is energy?
What is light?

3.5 CHANGING IDEAS ABOUT
THE FORMATION OF THE
SOLAR SYSTEM

How did the nebular model
win out over competing
models?

Why isn't the nebular model
set in stone?



he study of life in the universe brings together many different
fields of research, each contributing to different aspects of our
understanding. Biology helps us understand the nature of life, so that we
know what we are searching for. Chemistry and biochemistry help us un-
derstand how life works, and how it might have arisen in the first place.
Planetary science, which includes geology and atmospheric science, helps

Do there exist many worlds, or
is there but a single world? This
is one of the most noble and
exalted questions in the study
of Nature.

Saint Albertus Magnus
(c. 1206-1280)

us understand the conditions that might allow life to arise and survive on other worlds. Physics

teaches us about the fundamental laws of nature that both enable and constrain the possibilities

for life elsewhere. That is why we will study aspects of all of these sciences as we continue our

survey of astrobiology in this book.

The universe is the canvas on which all these sciences come together, so to gain a true appreci-
ation of the scientific search for life, we first need to discuss fundamental concepts of the universe

itself. In this chapter, we'll explore modern understanding of the overall nature of the universe,

current theory about how planets are born, and basic properties of the matter and energy that

make up all living things.

3.1 The Universe and Life

In Chapter 2, we saw how and why people long assumed that Earth was
at the center of the universe and that the Sun, Moon, planets, and stars
belonged to an entirely separate realm known as “the heavens.” This
Earth-centered (geocentric) view of the universe gave our planet a
unique place in the cosmos and implied a clear distinction between Earth
and anyplace else. Although the geocentric belief did not prevent peo-
ple from speculating about inhabitants of the heavens—recall the debate
between the atomists and the Aristotelians—it certainly limited the
possibilities.

The possibilities changed dramatically with the Copernican revolu-
tion, when Earth finally lost its central place through the work of Coper-
nicus, Tycho Brahe, Kepler, and Galileo. This new view of Earth’s place
in the universe, which gained acceptance only about 400 years ago,
showed that other planets really are other worlds and not just wandering
lights in the night sky. The realization that the Sun is a star added even
more possibilities, because it became reasonable to imagine planets
around other stars.

We still do not know whether any other planet has life, either in our
own solar system or elsewhere. However, we have learned a great deal
about the universe in the past 400 years, including much about its size,
content, and history. As we will discuss in this chapter, these new discov-
eries have given us good reason to think that it’s worth some scientific
effort to search for life beyond Earth.



e What major lessons does modern astronomy
teach us about our place in the universe?

The study of astronomy is so old that we cannot even pinpoint when it
began, but for most of human history this study focused almost exclusively
on observing the motions of visible objects in the sky. These observations
were enough to meet immediate practical needs, such as being able to tell
the time and the seasons from the Sun’s path through the sky or being able
to predict the tides from the position and phase of the Moon.

The human realm of astronomy expanded when the Greeks began
their attempts to explain the observed motions by seeking to learn the archi-
tecture of the cosmos, an effort that bore fruit some 2000 years later when
Kepler finally succeeded in describing the laws by which the planets orbit
the Sun. Even then, however, science had advanced only far enough to say
how the planets move around the Sun, not why they move as they do.

The key change in human understanding that allowed the empha-
sis to shift from “how” to both “how” and “why” occurred when Newton
discovered that the planets are held in their orbits about the Sun by the
same force of gravity that makes an apple fall to Earth. With this dis-
covery, Newton delivered the final, shattering blow to the Aristotelian
conception that Earth must by necessity be unique. The heavens could
no longer be considered a separate realm made from different material
(the ether or quintessence) and operating under different laws from Earth.
Newton ended the ancient distinction between Earth and the heavens,
finally making it possible to think of both as part of one universe.

The modern science of astronomy begins where Newton left off, as
we seek to use his and other discoveries about the laws of nature to un-
derstand both the history and workings of the objects we see in the sky.
Today, powerful telescopes enable us to study objects whose existence
was not even contemplated in Newton’s time, and experimental tech-
niques allow us to probe the inner workings of the cosmos at a level far
deeper than Newton probably could have imagined. Almost everything
we have learned through modern astronomy has at least some impor-
tance to the study of life in the universe. For our purposes in this book,
however, three ideas are especially important in framing the universal
context for everything else we will study:

® The universe is vast and old. Its vastness implies an enormous number
of worlds on which life might possibly have arisen, and its old age
means there has been plenty of time for life to begin and evolve.

® The elements of life are widespread. Observations show that the basic
chemical elements that make up Earth and life are present through-
out the universe. Thus, at minimum, the raw ingredients of life
should be found on many other worlds.

® The same physical laws that operate on Earth operate throughout the uni-
verse. Every experiment and observation made to date has given ad-
ditional support to Newton'’s conclusion that the laws of nature are
the same everywhere. In that case, it is reasonable to think that the
same processes that made life possible on Earth have also made life
possible on other worlds.

Together, these ideas reinforce the primary lesson of the Copernican
revolution: We are not the center of the universe. Our planet may be special
to us, but it is just one planet orbiting one rather average star in a



universe that is certainly home to many similar stars and likely home to
many similar planets. The apparent ordinariness of our circumstances is
a major reason that it seems plausible to imagine a universe full of life.

3.2 The Structure, Scale, and
History of the Universe

We will devote the rest of this chapter to understanding the three impor-
tant ideas listed on the previous page. They are all interrelated, so we
cannot simply go through them one at a time. Instead, we'll focus on key
features of the universe as we understand it today, so that you can see
for yourself how the major ideas emerge from this modern picture.

Scale of the Universe Tutorial

e What does modern science tell us
about the structure of the universe?

Let’s begin our brief survey of the universe by examining the current
state of knowledge about its general makeup.

OUR COSMIC ADDRESS Figure 3.1 illustrates our place in the uni-
verse with what we might call our “cosmic address.” Earth is a planet in
our solar system, which consists of the Sun and all the objects that orbit
it: the planets and their moons and countless smaller objects including
rocky asteroids and icy comets.

Our Sun is a star, just like the stars we see in our night sky. The Sun
and all the stars we can see with the naked eye make up only a small part
of a huge, disk-shaped collection of stars called the Milky Way Galaxy.
A galaxy is a great island of stars in space, containing from a few hun-
dred million to a trillion or more stars. The Milky Way Galaxy is rela-
tively large, containing more than 100 billion stars. Our solar system is
located about halfway out through the disk of the galaxy, where it orbits
the galactic center once every 230 million years.

KEY ASTRONOMICAL DEFINITIONS

star: Our Sun and other ordinary stars are large, glowing balls of gas
that generate heat and light through nuclear fusion in their cores.

planet: A moderately large object that orbits a star and shines primar-
ily by reflecting light from its star. Based on a definition approved
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 has not cleared its orbital path,
like Pluto, is designated a dwarf planet.

extrasolar planet: A planet orbiting a star other than our Sun.

habitable planet (or habitable world): A planet (or other type of world)
with environmental conditions under which life could potentially
arise or survive.

moon (or satellite): An object that orbits a planet. The term satellite can
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.

solar system: The Sun and all the material that orbits it, including the
planets. The term solar system technically refers only to our own
star system (because solar means “of the Sun”), but it is sometimes
applied to other star systems.

star system: A star (sometimes more than one star) and any planets
and other materials that orbit it.

galaxy: A great island of stars in space, containing from a few hundred
million to a trillion or more stars, all held together by gravity.

universe (or cosmos): The sum total of all matter and energy; that is, all
galaxies and everything within and between them.
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Billions of other galaxies are scattered through space and are usually
found in groups. Our Milky Way, for example, is one of the two largest
among about 40 galaxies in the Local Group. Groups of galaxies with more
than a few dozen members are often called galaxy clusters.

On a very large scale, observations show galaxies and galaxy clusters
to be arranged in giant chains and sheets, with huge voids between them.
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.

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 size. What
do you think?

Virtual Tour of the Solar System

THE SCALE OF THE SOLAR SYSTEM While it’s easy to list the levels
of structure shown in Figure 3.1, it takes additional thought to compre-
hend the vast scales involved. Let’s begin by considering the scale of our
own solar system.

Ilustrations and photo montages often make our solar system look
like it is crowded with planets and moons, but the reality is far different.
One of the best ways to develop perspective on cosmic sizes and distances
is to imagine our solar system shrunk down to a scale on which you could
walk through it. The Voyage scale model solar system in Washington, D.C.,
makes such a walk possible (Figure 3.2). 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 3.3a shows the Sun and planets at their correct sizes (but not
distances) 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 ballpoint 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, which themselves vary considerably in size: The entire Earth
could be swallowed up by the storm on Jupiter known as the Great Red
Spot (visible near Jupiter’s lower left in the painting).

The scale of the solar system becomes even more remarkable when you
combine the sizes shown in Figure 3.3a with the distances illustrated by the
map of the Voyage model in Figure 3.3b. For example, the ball point-size
Earth is located about 15 meters (16.5 yards) from the grapefruit-size Sun,
which means you can picture Earth’s orbit by imagining a ball point taking
a year to make 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 extent of our planetary system. Fitting all these or-
bits would require an area measuring 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, the planets, and

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 National Air
and Space Museum is located to the left of the walkway.
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Pluto is about 600 meters (1/3 mile). Planets are lined up in the model, but in reality each planet orbits the
Sun independently and a perfect alignment never occurs.
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The Voyage model represents the solar system at one ten- a few moons would be big enough to notice with your eyes. The rest of it
billionth of its actual size. Pluto is included in the Voyage would look virtually empty (that’s why we call it space!).
model, which was built before the International Astronomical Seeing the solar system to scale can help us understand why the

Lo €esiiizs HUiD 28 2 et Flemet search for life in the solar system is only just beginning. The Moon, the

only other world on which humans have ever stepped, lies only about
4 centimeters (an inch and a half) away from Earth in the model. On this
scale, the palm of your hand can cover the entire region of the universe
in which humans have so far traveled. Our robotic spacecraft have trav-
eled much farther, but these journeys are long and difficult. For exam-
ple, the trip to Mars is some 200 times as far as the trip to the Moon. And
while you can walk from the Sun to Pluto in a few minutes on the Voy-
age scale, the New Horizons spacecraft that is currently making the real
journey (launched January 2006) will have been in space nearly a decade
by the time it finally flies past Pluto.

DISTANCES TO THE STARS If you visit the Voyage model in Washing-
ton, D.C., you can walk the roughly 600-meter distance from the Sun to
Pluto in just a few minutes. But how far 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. We usually measure
the distances to stars in units of light-years; 1 light-year is the distance
that light can travel in 1 year, which is about 10 trillion kilometers (see
Cosmic Calculations 3.1). On the 1-to-10-billion Voyage scale, a light-
year becomes about 1000 kilometers (because 10 trillion + 10 billion =
1000). The nearest star system to our own, a three-star system called
Alpha Centauri, is about 4.4 light-years away. This distance becomes
about 4400 kilometers (2700 miles) on the 1-to-10-billion scale, or
roughly equivalent to the distance across the United States.

The tremendous distances to the stars give us some perspective on
the technological challenge of searching for life in other star systems. For
example, because the largest star of the Alpha Centauri system is roughly
the same size and brightness as our Sun, viewing it in the night sky is
somewhat like being in Washington, D.C., and seeing a bright grapefruit
in San Francisco (neglecting the problems introduced by the curvature of
Earth). It may seem amazing that we can see this star at all, but the black-
ness of the night sky allows the naked eye to see it as a faint dot of light.

Now, consider the difficulty of detecting planets orbiting nearby stars.
It is equivalent to looking from Washington, D.C., and trying to see ball-
points or marbles orbiting grapefruits in California or beyond. When you
consider this challenge, it is remarkable to realize that we now have tech-
nology that can detect such planets, at least in some cases [Section 11.2].

The vast distances to the stars offer a sobering lesson about interstel-
lar travel. Although science fiction shows and movies 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). Clearly, convenient inter-
stellar travel remains well beyond our present technology, if it is possible
at all (see Chapter 13).

THE SCALE OF THE GALAXY We turn now to the Milky Way Galaxy,
which is so vast that only a handful of its more than 100 billion stars
could even fit on Earth with the 1-to-10-billion scale. To picture the gal-
axy, let’s reduce our solar system scale by another factor of one billion
(making it a scale of 1 to 10'”). On this new scale, each light-year be-
comes 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 centered over
midfield. Our entire solar system is a microscopic dot located around the
20-yard line (corresponding to our real distance of about 27,000 light-
years from the center of the galaxy). The 4.4-light-year separation be-
tween 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 get a handle on the size of the galaxy is to think
about light-travel times. Light travels extremely fast by earthly standards.
If you could circle Earth at the speed of light of 300,000 kilometers per
second, you could complete almost eight circuits in just 1 second. But

How Far Is a Light-Year?

One light-year (ly) is defined to be the distance that light can
travel in 1 year. This distance is fixed because light always
travels through space at the speed of light, which is 300,000
kilometers per second (186,000 miles per second).

It’s easy to calculate the distance represented by a light-
year if you recall that

distance = speed X time

For example, if you travel at a speed of 50 kilometers per
hour for 2 hours, you will travel 100 kilometers. To find
the distance represented by 1 light-year, we need to multi-
ply the speed of light by 1 year:

1 light-year = (speed of light) X (1 yr)

Because we are given the speed of light in units of kilome-
ters per second but the time as 1 year, we must carry out
the multiplication while converting 1 year into seconds.
You can find a review of unit conversions in Appendix C;
here, we show the result for this particular case:

k
1 light-year = <300,000 Tm) X (1 yr)
km
= (300,000 ) x

day hr min S
1yr X 365— X 24— X 60 X 60 ——
yr day hr min

= 9,460,000,000,000 km

That is, 1 light-year is equivalent to 9.46 trillion kilometers,
or almost 10 trillion kilometers. Be sure to note that a light-
year is a unit of distance, not time. *
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The Orion Nebula, located about 1500 light-years away, pho-
tographed by the Hubble Space Telescope. The inset shows its
location within the constellation Orion.

despite this awesome speed, light requires years to cross the vast chasms
between the stars. That is why we measure interstellar distances in light-
years. For example, when we say that Alpha Centauri is 4.4 light-years
away, we mean that its light takes 4.4 years to reach us. This fact has an
astonishing implication: It means that we cannot see what Alpha Cen-
tauri looks like today, but can see only what it looked like 4.4 years ago,
when the light that is now reaching our eyes and telescopes first left on its
journey. It also has an important implication to the possibility of carrying
on a conversation with any beings who might happen to live in the Alpha
Centauri system. We generally transmit messages over long distances with
radio waves, which are a form of light and hence travel at the speed of
light (see Section 3.4). If we sent a radio message to Alpha Centauri, the
message would take 4.4 years to get there, and any reply would take the
same 4.4 years to travel to us. You’d need a lot of patience for a conversa-
tion in which it would be almost 9 years from the time you said, “Hello,
how are you?” until you heard the reply, “Fine, thanks, and you?”

The effect becomes more dramatic at greater distances. Consider the
Orion Nebula, a giant cloud of gas and dust (meaning tiny solid particles)
in which new stars and planets are currently being born (Figure 3.4). The
Orion Nebula lies about 1500 light-years away. Thus, we see the Orion
Nebula as it looked about 1500 years ago—about the time of the fall of
the Roman Empire. If we were to receive a radio message from aliens in
the Orion Nebula, it would have to have been sent some 1500 years ago.
If we sent a message in return, we couldn’t expect to hear a reply for at
least 3000 years.

The Orion Nebula is still quite near relative to the scale of the galaxy:
Using our football-field-size scale model, the nebula lies only about 1.5
meters from Earth. It takes light 100,000 years to cross the 100,000 light-
year diameter of the Milky Way Galaxy. Given that we are located about
27,000 light-years from the galactic center, a signal now reaching us from
the far outer edge of the galaxy would have been sent more than 70,000
years ago. The search for extraterrestrial intelligence, or SETI, which listens
for signals from alien civilizations, is in essence a search to hear from civ-
ilizations that used radio technology some decades, centuries, or millen-
nia in the past.

The number of star systems in the Milky Way Galaxy is no less re-
markable than its size. Imagine that you are having difficulty falling
asleep at night, perhaps because you are contemplating the vastness of
our galaxy. Instead of counting sheep, you decide to count stars. The
Milky Way has more than 100 billion stars (perhaps as many as a tril-
lion). If you are able to count about one star each second, on average,
how long would it take you to count 100 billion stars? Clearly, the an-
swer is 100 billion (10'") seconds, but how long is that? You can get the
answer by dividing 100 billion seconds by 60 seconds per minute, 60
minutes per hour, 24 hours per day, and 365 days per year. If you do this
calculation, you’ll find that 100 billion seconds is more than 3000 years.
In other words, you would need thousands of years just to count the stars
in the Milky Way Galaxy, let alone to study them or search their planets
for signs of life. And this assumes you never take a break—no sleeping,
no eating, and absolutely no dying!

THE CONTENT OF THE UNIVERSE The Milky Way Galaxy is just one
of billions of galaxies in the universe, and we’ll discuss the overall extent
of the universe shortly. First, however, it’s worth briefly discussing the



content of the universe. We’ve said that the universe is the sum total of
all matter and energy, but what exactly is this? Until a few decades ago,
astronomers assumed that the matter of the universe was primarily found
in stars and galaxies, while the energy of the universe took the form of
light. It now seems that this “visible” matter and energy are just the tip
of the iceberg in a universe that remains far more mysterious.

Just as planets orbit the Sun, stars orbit the center of the Milky Way
Galaxy. The more massive the galaxy, the stronger its gravity and the
faster stars should be orbiting. By carefully studying stellar orbits, astron-
omers have been able to put together a map of the distribution of matter
in the Milky Way. The surprising result is that while most of the matter
that we can see consists of stars and gas clouds in the galaxy’s relatively
flat disk, most of the mass lies unseen in a much larger, spherical /alo that
surrounds the disk (Figure 3.5). We don’t know the nature of this un-
seen mass in the halo, so we call it dark matter to indicate that we have
not detected any light coming from it, even though we have detected its
gravitational effects. Studies of other galaxies suggest that they also are
made mostly of dark matter. In fact, most of the mass in the universe
seems to be made of this mysterious dark matter, which means that its
gravity must have played a key role in assembling galaxies.

Evidence of the existence of dark matter has been building for sev-
eral decades. More recently, scientists have gathered evidence of an even
greater mystery: The universe seems to contain a mysterious form of
energy—nicknamed dark energy by analogy to dark matter—that is
pushing galaxies apart even while their gravity tries to draw them together.
As is the case with dark matter, scientists have good reason to think that
dark energy exists but lack any real understanding of its nature.

In recent years, scientists have been able to conduct a sort of census
of the matter and energy in the universe. The results show that dark en-
ergy and dark matter are by far the main ingredients of the universe. The
ordinary matter—atoms and molecules—that makes up stars and planets
and life apparently represents no more than a few percent of all the mat-
ter and energy in the universe.

Because they appear to be the dominant constituents of the universe
but we don’t know much about them, dark matter and dark energy are
arguably the biggest mysteries in astronomy today. However, they do not
appear to affect the general evolution of stars, planets, or life, so they
seem unlikely to affect our study of life in the universe. Nevertheless, as
we seek to answer questions about life elsewhere, the mysteries of dark
matter and dark energy should remind us that nature may still hold sur-
prises that no one has foreseen.

e What does modern science tell us
about the history of the universe?

We have surveyed the structure and scale of our vast universe, finding
that Earth seems to hold a rather ordinary place. Modern understanding
of the history of the universe further reinforces the idea that we live on a
world that ought to be similar to many others, giving us additional rea-
son to think that life might exist elsewhere.

Figure 3.6 gives a quick overview of the history of the universe as
we now understand it, showing how matter has evolved from simple be-
ginnings to the complexity of life on Earth today. Let’s briefly examine
the history shown in the figure.

Most of the galaxy's
light comes from stars
and gas in the galactic
disk and central bulge . . .

... but measurements suggest
that most of the mass lies unseer
in the spherical halo that surrounds
the entire disk.

This painting shows an edge-on view of the Milky Way Gal-
axy. Study of galactic rotation shows that most of the galaxy’s
mass lies unseen in the halo that surrounds and encompasses
the stars and gas of the disk and bulge. Because this mass
emits no light that we have detected, we call it dark matter.



Figure 3.6 P
gure Our Cosmic Origins

Birth of the Universe: The expansion of the universe began with the hot
and dense Big Bang. The cubes show how one region of the universe
has expanded with time. The universe continues to expand, but on
smaller scales gravity has pulled matter together to make galaxies.

Earth and Life: By the time our solar system was born, 41/2
billion years ago, about 2% of the original hydrogen and helium
had been converted into heavier elements. We are therefore
“star stuff,” because we and our planet are made from
elements manufactured in stars that lived and died long ago.

Galaxies as Cosmic Recycling Plants: The early universe contained
only two chemical elements: hydrogen and helium. All other elements
were made by stars and recycled from one stellar generation to the next
within galaxies like our Milky Way.

Stars are born in clouds of gas
and dust; planets may form in
surrounding disks.

D
Stars shine with energy released

Massive stars explode when they die,

scattering the elements they've by nuclear fusion, which ultimately
produced into space. manufactures all elements heavier
than hydrogen and helium.

Life Cycles of Stars: Many generations of stars have lived and died in the
Milky Way.



THE BIG BANG AND THE EXPANDING UNIVERSE Telescopic obser-
vations of distant galaxies show that the entire universe is expanding,
meaning that average distances between galaxies are increasing with time
(see Special Topic 3.1). This fact implies that galaxies must have been closer
together in the past, and if we go back far enough, we must reach the point
at which the expansion began. We call this beginning the Big Bang, and
from the observed rate of expansion we estimate that it occurred about 14
billion years ago. The three cubes in the upper-left corner of Figure 3.6
represent the expansion of a small piece of the universe over time.

Two key lines of evidence support the idea that the universe began
in a Big Bang. First, we have detected radiation left over from the Big
Bang. Just as compressing gas inside a car engine (the piston compresses
gas in a cylinder) makes the gas much hotter and denser, the universe
must have been much hotter and denser if it was smaller in the past.
Thus, if the Big Bang really occurred, the universe should have begun
with its matter compressed to extremely high temperature and density,
producing intensely bright radiation (light). Calculations show that as
the universe expanded and cooled with time, it should have left behind a
faint “glow” of radiation that we could detect with radio telescopes. This
radiation, known as the cosmic microwave background, has indeed been
detected and studied. Its characteristics (such as its spectrum and distri-
bution) precisely match the characteristics expected if it is the leftover
radiation from the Big Bang, providing strong support for the idea that
the Big Bang really happened about 14 billion years ago.

The second line of evidence comes from the overall chemical compo-
sition of the universe. Calculations that run the expansion backward allow
scientists to predict exactly when and how the chemical elements should
have been born in the early universe. The calculations clearly predict that
if the Big Bang occurred, then the chemical composition of the universe
should be about three-fourths hydrogen and one-fourth helium (by
mass). Observations show that this is indeed a close match to the overall
chemical composition of the universe. This excellent agreement between
prediction and observation gives additional strong support to the Big Bang
theory. Note also that the prediction means the universe was born with-
out any elements heavier than hydrogen and helium (except a trace of
lithium)—which means the early universe lacked the elements that make
life on Earth. As we’ll discuss shortly, these elements were made later.

The universe as a whole has continued to expand ever since the Big
Bang, but on smaller scales the force of gravity has drawn matter together.
Structures such as galaxies and clusters of galaxies occupy regions where
gravity has won out against the overall expansion. That is, while the uni-
verse as a whole continues to expand, individual galaxies and galaxy clus-
ters do not expand. This idea is also illustrated by the three cubes in Figure
3.6. Notice that as the region as a whole grows larger, the matter within it
has clumped into galaxies and galaxy clusters. Most galaxies, including our
own Milky Way, probably formed within a billion years after the Big Bang.

STELLAR LIVES AND GALACTIC RECYCLING Wwithin galaxies like
the Milky Way, gravity drives the collapse of clouds of gas and dust to form
stars. Stars are not living organisms, but they nonetheless go through “life
cycles,” as illustrated in the lower right of Figure 3.6. A star is born when
gravity compresses the material in a cloud to the point where the center
becomes dense enough and hot enough to generate energy by nuclear
fusion, the process in which lightweight atomic nuclei smash together



sPECIAL TOPIC 3.1 How Do We Know That the Universe Is Expanding?

At the dawn of the last century, many astronomers assumed that the
universe as a whole was permanent and largely unchanging. However,
thanks to work started in the 1920s by Edwin Hubble, we now know
that the universe is expanding. That is, average distances between gal-
axies in the universe are increasing with time, and space itself is grow-
ing to account for these larger distances.

Hubble discovered the universal expansion by observing many gal-
axies and the speeds at which they appear to move relative to Earth.
His observations revealed two key facts:

1. Virtually every galaxy in the universe (except those within the
Local Group) is moving away from us.

2. The more distant the galaxy, the faster it appears to be racing
away.

Figure 1 uses a simple analogy to show how these observations lead
to the conclusion that the universe is expanding. Imagine that you
make a raisin cake in which the distance between adjacent raisins is
1 centimeter. You place the cake in an oven, where it expands as it

Before baking: raisins
are all 1 cm apart.
Local Raisin

From an outside perspective,
the cake expands uniformly
as it bakes . . .

After baking:
raisins are all
3 cm apart.

... but from the pbint of view of the Local Raisin,
all other raisins move farther away during baking,
with more distant raisins moving faster.

Figure 1 interactive figure w_

An expanding raisin cake offers an analogy to the expanding universe.
Someone living in one of the raisins inside the cake could figure out that
the cake is expanding by noticing that all the other raisins are moving
away, with more distant raisins moving away faster. In the same way, we
know that we live in an expanding universe because all galaxies outside
our Local Group are moving away from us, with more distant ones mov-
ing faster.

62 Partl Introducing Life in the Universe

bakes. After 1 hour, you remove the cake, which has expanded
so that the distance between adjacent raisins has increased to 3 cen-
timeters. From the outside, the expansion of the cake is fairly obvi-
ous. But what would you see if you lived in the cake, as we live in
the universe?

Pick any raisin (it doesn’t matter which one), call it the Local Raisin,
and identity it in the pictures of the cake both before and after baking.
Figure 1 shows one possible choice for the Local Raisin, with three
nearby raisins labeled. The accompanying table summarizes what you
would see if you lived within the Local Raisin. Notice, for example,
that Raisin 1 starts out at a distance of 1 centimeter from the Local
Raisin before baking and ends up at a distance of 3 centimeters after
baking, which means it moves a distance of 2 centimeters away from
the Local Raisin during the hour of baking. Hence, its speed as seen
from the Local Raisin is 2 centimeters per hour. Raisin 2 moves from a
distance of 2 centimeters before baking to a distance of 6 centimeters
after baking, which means it moves a distance of 4 centimeters away
from the Local Raisin during the hour. Hence, its speed is 4 centime-
ters per hour, or twice as fast as the speed of Raisin 1. Generalizing,
the fact that the cake is expanding means that all raisins are moving
away from the Local Raisin, with more distant raisins moving away
faster. Hubble’s discovery that galaxies are moving in much the same
way as the raisins in the cake, with most moving away from us and
more distant ones moving away faster, implies that the universe in
which we live is expanding much like the raisin cake.

Hubble’s original measurements of the universal expansion were
fairly crude, but they have been greatly improved since then. Today,
we know the rate of expansion to within a few percent, and we even
have measurements that show roughly how the expansion rate has
changed with time. Just as knowing a car’s speed and its current dis-
tance from home can allow you to determine how long it’s been since
the car left, knowing the rate of expansion and the current separations
of galaxies allows astronomers to determine how long it’s been since
the expansion began. The answer—about 14 billion years—must rep-
resent the age of the universe.

Measurements of the expansion rate are also responsible for one
of the biggest mysteries in astronomy: the mystery of dark energy, dis-
cussed briefly in this chapter. If you throw a ball upward, gravity
makes it slow down as it rises. In much the same way, we would ex-
pect the mutual gravitational attraction of all the galaxies in the uni-
verse to slow the expansion rate with time. However, measurements
seem to show just the opposite: The expansion rate has been
increasing with time, at least for the past few billion years. No one
knows what is causing this acceleration of the expansion, but it must
be some type of energy that can push galaxies apart. That is where
the idea of dark energy comes from, even though we do not yet know
what it is.

Distances and Speeds as Seen from the Local Raisin

Raisin Distance Before Distance After

Number Baking Baking (1 hour later) Speed
1 cm 3 cm 2 cm/hr
2 cm 6 cm 4 cm/hr

3 3 cm 9 cm 6 cm/hr



and stick (or fuse) to make heavier nuclei. Planets may be born at the
same time. In much the same way that spinning a ball of dough causes it
to spread out into a flat pizza, the natural spin of a contracting interstellar
cloud keeps some of its gas spread away from its center while shaping it
into a flattened disk. (We’ll discuss the process in more detail in Section
3.3.) The planets of our own solar system formed in such a disk, which is
why they all ended up orbiting the Sun in nearly the same plane.

Once a star is born, it shines with energy released by the nuclear fu-
sion in its core. During most of a star’s life, nuclear fusion combines hy-
drogen nuclei to make helium nuclei (Figure 3.7). It takes four hydrogen
nuclei to make one helium nucleus (the process involves several steps);
energy is released because a helium nucleus has slightly less mass than
the four hydrogen nuclei. This means that a small amount of the mass of
the hydrogen has disappeared and become energy in accord with Ein-
stein’s famous formula expressing the equivalence of matter and energy,
E = mc? (where E is the energy, m is the mass, and c is the speed of light).
Indeed, that is how our Sun shines today—with energy generated deep
in its core by the fusion of hydrogen into helium.

A star lives until it exhausts all its usable fuel for fusion. The rate at
which a star burns through its fuel depends on its mass: More massive
stars, with much denser and hotter cores, burn through their fuel at far
greater rates than less massive stars. In essence, more massive stars have
their engines running hotter and therefore faster. This more than com-
pensates for the fact that larger stars have more fuel to burn. The most
massive stars live only a few million years, while stars like our Sun live
10 billion years and lower-mass stars can live hundreds of billions of years.

In its final death throes, when its fuel for fusion has been exhausted,
a star blows much of its content back out into space. In particular, mas-
sive stars die in titanic explosions called supernovae (Figure 3.8). The re-
turned matter mixes with other matter floating between the stars in the
galaxy, eventually becoming part of new clouds of gas and dust from
which new generations of stars can be born. Galaxies therefore function
as cosmic recycling plants, reusing material expelled from dying stars to
make new generations of stars and planets.

WE ARE STAR STUFF The recycling of stellar material is connected to
our existence in an even deeper way. Recall that the Big Bang theory
predicts that the universe should have been born containing only the sim-
plest chemical elements: hydrogen and helium (and a trace of lithium).
Living things, and Earth itself, are made primarily of other elements, such
as carbon, nitrogen, oxygen, and iron. Where did these elements come
from? Evidence shows that these elements were manufactured by stars.

We cannot see inside stars, but we can use the laws of physics to pre-
dict what must happen under the high-temperature and high-density
conditions found in stellar cores. These types of calculations tell us that
stars spend most of their lives generating energy by fusing hydrogen into
helium. Toward the ends of their lives, stars like our Sun can fuse helium
into carbon: Fusing three helium nuclei together makes one carbon nu-
cleus. The Sun will stop the fusion process there, but the cores of more
massive stars can continue on to create many other heavy elements. For
example, they can fuse carbon into oxygen and silicon, oxygen into neon
and sulfur, and so on up to iron. Still other elements can be produced by
nuclear reactions that accompany stellar death. All these manufactured
elements then disperse into space after the star dies.

Hydrogen fusion
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The hydrogen fusion reaction: Four hydrogen nuclei (protons,
in red) fuse to make one helium nucleus (two protons and
two neutrons). The helium nucleus has slightly less mass than
the four hydrogen nuclei combined (by about 0.7%); this
“lost” mass is converted to energy in accord with Einstein’s
formula £ = mc?. This diagram shows the overall fusion reac-
tion; in reality, this reaction proceeds in several steps, with
only two nuclei fusing at a time.
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The Crab Nebula is the remnant gas from a massive star
whose explosion (supernova) was witnessed on Earth in

A.D. 1054. The glowing gas is moving outward at high speed
from the center, confirming its explosive origin. (The central
object, a pulsar, offers further confirmation, as pulsars are
now known to be remains of stars that have exploded.)

In a few tens of thousands of years, the gas will have fully
dispersed, mixing the elements forged in the exploded star
with other gas in the Milky Way Galaxy.



1 V% hydrogen

= helium
5 /
®© carbon
c 1072
o) oxygen
o) /
e Y, neon
2 magnesium

—4 P
< 10 o silicon , argon
o} sulfur i
Q calplum
g ~ iron

-6 L )
9 10 — nickel
S
(O]
e 8 fluorine
s 10 o )
o nitrogen
C
a boron
©
Pt 10—10 -
=
© )
o beryllium

10~12 | lithium
| | | | |

1 10 20 30 40 50
atomic number (number of protons)

This graph shows the observed relative abundances of ele-
ments (by number) in the galaxy. For example, the relative
abundance of 107 for nitrogen means that nitrogen is only
about 107#=0.0001 times as abundant as hydrogen. The
observed abundances agree well with what we expect if stars
really have manufactured all the elements except hydrogen
and helium. Note that hydrogen and helium are still by far the
dominant chemical elements; the overall chemical content of
our galaxy is about 98% hydrogen and helium (by mass) and
2% everything else combined.

At least three lines of observational evidence confirm this theoretical
prediction. First, stars of different ages show the expected pattern in the
proportions of elements heavier than helium that they contain. The old-
est stars are made of nearly pure hydrogen and helium (heavier elements
make up less than about 0.1% of their mass), just as we would expect for
objects born before there had been time for stars to make much else.
Younger stars, like our Sun, were born with higher proportions (up to
about 2%) of their mass in the form of elements heavier than hydrogen
and helium, telling us that they were born from gas clouds that contained
the elements manufactured and released by earlier generations of stars.

The second line of evidence comes from studies of the overall abun-
dances of chemical elements in the universe today. The theory of nuclear
fusion in massive stars makes specific predictions about relative abun-
dances; for example, it says that the elements carbon and oxygen should
be more abundant than nitrogen and that neon should be more abun-
dant than fluorine. Figure 3.9 shows the observed relative abundances of
the elements. Notice, for example, that nitrogen is indeed less abundant
than carbon and oxygen. In fact, detailed calculations predict a pattern of
abundances that almost perfectly matches these observations, even in-
cluding all the up and down wiggles that appear on the graph.

The third line of evidence comes from studies of the gas from explod-
ing stars (such as the Crab Nebula shown in Figure 3.8). Models of mas-
sive stars and their deaths allow astronomers to calculate the precise
makeup expected for these clouds from recently deceased stars, and
again, the observations match the predictions quite well.

The importance of this stellar manufacturing should be clear: With-
out it, our universe would not contain the chemical elements of which
we are made. The recycling of matter and the production of heavier ele-
ments had already been taking place in the Milky Way Galaxy for billions
of years before the Sun and the planets were born. By that time, stars
had converted about 2% of the original hydrogen and helium into heav-
ier elements. Thus, the cloud that gave birth to our solar system was
made of about 98% hydrogen and helium and 2% of everything else (by
mass). This 2% may sound small, but it was more than enough to make
the small rocky planets of our solar system, including Earth. On Earth,
some of these elements became the raw ingredients of life, ultimately
blossoming into the great diversity of life we see today.

In summary, most of the material from which we and our planet are
made was created inside stars that died before the birth of our Sun. As
astronomer Carl Sagan (1934-1996) said, we are “star stuff.”

IMPLICATIONS FOR LIFE IN THE UNIVERSE The fact that we are
made of “star stuff” has important implications for the possibility of find-
ing life elsewhere in the universe. The processes of stellar and galactic re-
cycling operate throughout the Milky Way Galaxy, as well as in every
similar galaxy throughout the universe, so we expect the chemical com-
position of many other star systems to be quite similar to that of our own.
Observations confirm this expectation. While there is some variation in
the precise proportions—in particular, stars that were born long ago have
much lower proportions of heavy elements—the overall composition of
our solar system is typical. We conclude that many and perhaps even
most other star systems have the necessary raw materials to build Earth-
like planets and life.



The oldest stars in the galaxy are generally found
in the halo, while younger stars are always found in the disk. Identify these re-
gions in Figure 3.5. What does the difference in heavy-element abundance tell
you about which region of the galaxy formed first? Do you think the difference
affects the likelihood of finding Earth-like planets or life in the halo versus the
disk? (Note:We'll discuss this topic further in Chapter 11.)

THE SCALE OF TIME When we discussed the structure of the universe,
we found that we had to carefully consider scale to understand how
greatly one level differs from the next. In much the same way, it’s easy to
state that the universe is 14 billion years old, but it requires some deeper
thought to begin to grasp the truly astronomical meaning of this age.

You are probably familiar with the use of time lines to represent his-
torical events. We’ll use a slight variation on this theme, making a scale
for time in which we imagine compressing the entire history of the uni-
verse, from the Big Bang to the present, into a single year (Figure 3.10).
On this cosmic calendar, the Big Bang takes place at the first instant of
January 1, and the present is the stroke of midnight on December 31.
For a universe that is about 14 billion years old, each month on the
cosmic calendar represents a little more than 1 billion years, each day
represents about 40 million years, and every second represents more than
400 years.

On this time scale, the Milky Way Galaxy probably formed by early
February, though it may not have had its spiral shape right away. Many
generations of stars lived and died in the subsequent cosmic months,
enriching the galaxy with the “star stuff” from which we and our planet
are made.

Our solar system and our planet did not form until early September
on this scale, or about 4% billion years ago in real time [Section 4.2]. By
late September, life on Earth was flourishing. However, for most of
Earth’s history, living organisms remained microscopic. On the scale of
the cosmic calendar, recognizable animals became prominent only in
mid-December. Early dinosaurs appeared on the day after Christmas.
Then, in a cosmic instant, the dinosaurs disappeared forever—probably
because of the impact of an asteroid or a comet [Section 6.4]. In real time,
the death of the dinosaurs occurred some 65 million years ago, but on
the cosmic calendar it was only yesterday. With the dinosaurs gone, furry
mammals inherited Earth. Some 60 million years later, or around 9 p.m.
on December 31 of the cosmic calendar, early hominids (human ances-
tors) began to walk upright.

Perhaps the most astonishing thing about the cosmic calendar is that
the entire history of human civilization falls into just the last half-minute.
The ancient Egyptians built the pyramids only about 11 seconds ago
on this scale. About 1 second ago, Kepler and Galileo proved that Earth or-
bits the Sun rather than vice versa. The average college student was born
about 0.05 second ago, around 11:59:59.95 p.Mm. on the cosmic calendar.
On the scale of cosmic time, the human species is the youngest of infants,
and a human lifetime is a mere blink of an eye.

Like the scale of space, the fantastic scale of time carries important
lessons about extraterrestrial life, if it exists. For example, the fact that
the universe is so much older than Earth means that there ought to be
many worlds that have had plenty of time for life to arise and evolve. If
those worlds have had biological histories similar to Earth’s, they might
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The cosmic calendar compresses the 14-billion-year history of have had civilizations millions or even billions of years ago. We’ll explore
the universe into 1 year, so that each month represents a little  this idea and its astonishing implications in Chapter 13. The scale of time

more than 1 billion years (more precisely, 1.17 billion years). also holds sobering lessons for our own future. Species have come and
This cosmic calendar is adapted from a version created by gone in the months of the cosmic calendar during which life has flour-
Carl Sagan. ished on Earth, and there’s no special reason to think that our fate should

be any different. Unless we learn enough about ourselves and our planet
to find ways to survive into the next cosmic year, we will end up as little
more than a momentary blip in the long history of the universe.

Cassiopei : 3
! M3 | e How big is the universe?

I

i = = We’ve stated that there are billions of galaxies in the universe, but can
: we be any more precise? In fact, when we think of the universe as the
Andromeda sum total of a/l matter and energy, we really have no idea how large it
is—the universe could well be infinite, in which case it contains an
infinite number of galaxies. However, the age of the universe places a
fundamental limit on the portion of the universe that we can possibly
see, even with the most powerful telescopes imaginable. To understand
why, we must think again about the time it takes light to travel vast dis-
tances through the universe.

THE OBSERVABLE UNIVERSE When we look to great distances, we
are also looking far back into the past. Figure 3.11 shows the nearest large
galaxy to our own—the Great Galaxy in Andromeda, also known as M31.
It is located about 2.5 million light-years away, which means the photo
in Figure 3.11 shows this galaxy as it was about 2.5 million years ago,
long before modern humans even existed. This might seem like a long
time in the past, but it’s unlikely that the Andromeda galaxy looks signif-
icantly different today: The galaxy is so large that it takes some 200 mil-
lion years just to rotate once, so in 2 million years it barely changes at all.
At much greater distances, however, we begin to see back to a time when
the entire universe was significantly younger than it is today.

Consider, for example, a galaxy that is 1 billion light-years away. Its
light has taken 1 billion years to reach us, which means we are seeing it

The Great Galaxy in Andromeda (M31). When we look at this
galaxy—which is faintly visible to the naked eye in the loca-
tion shown in the inset—we see light that has been traveling
through space for 2.5 million years.
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as it looked 1 billion years ago—when the universe was only 13 billion
years old, rather than its current 14 billion years.* Next, consider a gal-
axy that is 7 billion light-years away. We see this galaxy as it looked 7
billion years ago—which means we see it as it was when the universe
was only half its current age. If we look at a galaxy that is 12 billion
light-years away, we see it as it was 12 billion years ago, when the uni-
verse was only 2 billion years old. In a universe that is 14 billion years
old, we cannot possibly see anything more than 14 billion light-years
away. If we wanted to look more than 14 billion light-years away—say,
to a distance of 15 billion light-years—we’d be trying to look to a time
before the universe existed, when there’s nothing to see (Figure 3.12).
Thus, our observable universe—the portion of the entire universe
that we can potentially observe—consists only of objects that lie within
14 billion light-years of Earth.

*If you think about it, you'll realize that distances to faraway galaxies become difficult to
define in an expanding universe, because the galaxies today are significantly farther away
than they were when their light left on its journey to us. When we state a distance like 1
billion light-years, we really mean that we are seeing light that has traveled through space
for 1 billion years to reach us. Unlike distance, this light-travel time (which astronomers
call the lookback time) is clearly defined.

Far: We see a galaxy 7 billion light-years away Farther: We see a galaxy 12 billion light-years
as it was 7 billion years ago—when the universe away as it was 12 billion years ago—when the

was about half its current age of 14 billion years. universe was only about 2 billion years old.

The farther away we look in space, the further back we look
in time. Thus, the age of the universe puts a limit on the size
of the observable universe—the portion of the entire universe
that we can observe, at least in principle.

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 its light has not had

14 billion light-years enough time to reach us.




This photograph, known as the Hubble Ultra-Deep Field, was
made with more than 10 days of exposure time by the Hub-
ble Space Telescope. It shows thousands of galaxies, some
more than 12 billion light-years away. The field of view of this
image would fit behind a grain of sand held at arm’s length
against the sky. Nearly every tiny dot in this photo is an entire
galaxy of stars.

The concept of the observable universe has at least two important
philosophical implications that are worth keeping in mind. First, the fact
that we cannot observe anything more than 14 billion light-years away
does not mean that nothing exists at such distances. In fact, we have good
reason to think that the universe goes on far beyond 14 billion light-
years, and some evidence suggests that the universe is infinite in extent.
It’s just that we have no hope of seeing or studying any objects that lie
beyond the bounds of our observable universe. Second, notice that by
definition, we are the center of our observable universe, since it is de-
fined by a light-travel distance in all directions from us. However, being
in the center of the observable universe is very different from being in the
center of the universe. The latter would imply a special location, and the
former does not. Observers on any planet around any star in any galaxy
must also be at the center of their own observable universe; for example,
people living in a distant galaxy would say the observable universe
extends 14 billion light-years in all directions from them rather than from
us. (You may realize that this means that they can see at least some
galaxies that we cannot, and vice versa, because their observable uni-
verse only partially overlaps ours.) Thus, while the idea that we lie at the
center of our own observable universe may sound like a throwback to
pre-Copernican times, it’s really not, since it still does not give us any
special place in the whole universe.

WORLDS BEYOND IMAGINATION Because the observable universe
has a finite size, it must contain a finite number of galaxies. We do not
know exactly how many, because there are too many to count and be-
cause some galaxies are so faint that we cannot see them even with our
best telescopes. Nevertheless, we can estimate the number of galaxies in
the observable universe by counting the number that we can see in pic-
tures made with our most powerful telescopes. Figure 3.13 shows a re-
markable photo, taken by the Hubble Space Telescope, that shows a tiny
piece of the sky in great detail. To understand what you are seeing in
this photo, imagine holding a grain of sand at arm’s length against the
sky; everything you see in Figure 3.13 would fit within the field of view
directly behind that grain of sand. Almost every blob and dot that you
see in the photo is an entire galaxy of stars. Even the nearest of these
galaxies are millions of light-years away, and the most distant ones (some
of the tiniest dots) are more than 12 billion light-years away.

By counting the galaxies in Figure 3.13 and multiplying by the num-
ber of such photos it would take to make a montage of the entire sky,
astronomers estimate that the observable universe contains about 100
billion galaxies. Just as it would take thousands of years to count the
more than 100 billion stars in the Milky Way, it would take thousands of
years to count all the galaxies in the observable universe.

Now, let’s think about the total number of stars in all these galaxies.
If we assume 100 billion stars per galaxy—similar to the number in the
Milky Way—the total number of stars in the observable universe is
roughly 100 billion x 100 billion, or 10,000,000,000,000,000,000,000
(10%?). 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 on to count every grain of dry sand on every
beach on Earth. If you could actually complete this task, you would find



that, roughly speaking, the number of grains of sand is comparable to
the number of stars in the observable universe (Figure 3.14).

The total number of worlds—by which we mean any reasonably large
bodies in space, such as planets, moons, or even large asteroids—may be
even greater. If planetary systems are as common as recent discoveries
suggest, most stars have at least a few planets or moons. Clearly, our uni-
verse contains worlds beyond imagination.

Think About It Contemplate the fact that there are as many stars
as grains of sand on all the beaches on Earth and that each star is a potential sun
for a system of planets. Does this vast number of possible homes for life affect
your belief about the likelihood of finding life elsewhere? Why or why not?

The incredible size of the universe poses a practical challenge to the
search for life beyond Earth: We can no more hope to search all the pos-
sible places where we might find life than we could hope to study every
grain of dry sand on every beach on Earth. We will therefore confine our
discussions of the search for life to the search within the Milky Way Gal-
axy, and presume that we’d find similar results if we could study other
galaxies.

THE FINE-TUNED UNIVERSE We have briefly surveyed modern un-
derstanding of the universe, and we have discussed a little bit of the evi-
dence that has given us this picture. But why is the universe like this?
This may seem a strange question to ask in a science book, but it is one
that many scientists are now asking themselves. The interest in this ques-
tion has been sparked by the realization that our universe appears to be
“fine-tuned” for life.

The logic behind the fine-tuning idea, sometimes known as the
anthropic principle, goes like this: We are here today, able to study the uni-
verse and learn about its basic properties. But if any of those properties
were much different, we could never have come to exist in the first place.

Figure 3.14

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

MOVIE MADNESS

THE DAY THE EARTH STOOD STILL

There's a galactic club out there, but humans are not fit to

join. In fact, the grays in the ‘hood have decided that Homo
sapiens is not only an unworthy species, but a menace to its own
home.

That's the disheartening message delivered in The Day the Earth
Stood Still, an updated version of a classic 1951 sci-fi flick. In the
original movie, the specter of Cold War nuclear catastrophe
provokes intervention by a meddling extraterrestrial with a refined
British accent. The 2008 remake replaces atomic warfare with a
more contemporary worry—environmental destruction. The aliens,
apparently keen to protect biology wherever they find it, plan to
save terrestrial flora and fauna by exterminating the one species
causing trouble, namely us.

These do-gooders send an emissary to Earth: Klaatu, an alien
repackaged in attractive human form to minimize upsetting the
soon-to-be-obliterated locals. Klaatu's hit man is a 28-foot-high
robot sidekick, Gort, who eventually fragments into a swarm of

voracious nanobots. These mindless creatures—obviously
famished from a long, interstellar rocket ride—start chewing

up everything in sight that is either human or human-made.
Fortunately, before the worst can happen, Klaatu encounters
one of Earth’s many, kindly research scientists and has an alien
epiphany. Never mind the poetry, the music, and a few thousand
years of civilization. These Earthlings have physics, so they’re worth
saving.

The movie's premise boils down to this: We'd better shape up
because our behavior is being monitored by extraterrestrials. These
other-worldly types aren’t party to the Star Trek Prime Directive,
which forbids interference with low-grade societies (such as ours). If
we don’t earn a passing grade in deportment, these school-marm
aliens will mount a preemptive first strike.

It's nice to think that humans are so important. But ever since
Copernicus, we've been confronted with the fact that every time
we thought we were special—that humans were somehow a cen-
tral concern of the cosmos—we learned otherwise.

Most likely, Klaatu wouldn’t bother.



For example, consider the expansion of the universe. If the universe were
expanding much more rapidly, all its matter would have flown apart be-
fore gravity could have collected it into galaxies, stars, or planets. And if
the universe were expanding much more slowly, gravity would have
pulled all the matter back together, causing the universe to collapse be-
fore there was time for life to get started. The expansion rate had to be
“just right” for galaxies to form, a fact that looks even more remarkable
when you take into account the acceleration of the expansion, which
also has to be of just the right value so that it would have accelerated nei-
ther too much nor too little by now. Similar considerations apply to many
other fundamental properties of the universe, including the ratio of the
strengths of different forces (such as gravity and the electromagnetic
force), the size scale on which quantum effects become important, and
even the fact that we live in three dimensions of space—current theories
of physics hold that many more dimensions actually exist, so three was
not the only possibility. In every case, a change—perhaps even a very
small change—could have prevented us from being here.

There’s no doubt that the universe really is fine-tuned in a way that
makes our existence possible; the debate is over what this means. Some
people argue that it is merely a philosophical question, since we obvi-
ously would not be here talking about it if it weren’t so, in which case it
falls outside the realm of science. Others argue that it implies some “spe-
cialness” to humans in particular, with a few going as far as to claim that
we should conclude that we are unique and hence the only life in the
universe. Many physicists are seeking a natural explanation for the ob-
served fine-tuning. One set of models that physicists have proposed to
explain the workings of our universe suggests that in fact there should be
a huge number of universes (sometimes called a “multiverse”), each with
its own set of parameters such as its number of dimensions, ratio of force
strength, and expansion rate. In essence, this viewpoint holds that lots of
universes exist, most of which are unsuitable for life, and we live in one
of the rare universes that is suitable for life simply because we can. Other
physicists suspect that we’ll ultimately find a simpler explanation for why
the universe turned out just right, and that once we find this explana-
tion, we’ll realize that it had to be this way; as Einstein once put it, per-
haps “God had no choice” in setting the parameters of creation. From
this viewpoint, our apparent “specialness” may simply be a consequence
of our still-incomplete knowledge of physics.

3.3 The Nature of Worlds

Given that our galaxy contains far more worlds than we can possibly
study in detail, we can improve our odds of success in searching for life
in the universe by constraining the search in sensible ways. One obvious
way is to learn enough about planetary systems in general so that we can
make reasonable guesses as to which worlds are most likely to be habit-
able. In this section, we’ll briefly survey how current understanding of
planetary science helps us understand the prospects of finding habitable
worlds, both in our own solar system and beyond.

Before we begin, it’s useful to have a clear “picture” of the solar sys-
tem that you can refer back to as needed in the coming discussion. Figure
3.15 shows essential features of our solar system as it would appear from
somewhere out beyond the orbit of Neptune; the sizes of the planets are
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highly exaggerated relative to their distances in this figure, because if
they were not, the planets would be microscopic on this scale. Notice
that, as we saw earlier (see Figure 3.3), the inner planets are bunched
much more closely together than the outer planets. Notice also that all
the planets orbit the Sun in the same direction and in nearly the same
plane and with nearly circular orbits, and that most rotate on their axes
in the same direction as well. At the center of the solar system, the Sun
rotates in the same direction that the planets orbit. And, although it is
not shown, a similar circumstance holds for most large moons, which
orbit nearly in their planet’s equatorial plane and in the same direction
that their planet rotates.

e How do other worlds in our
solar system compare to Earth?

When hearing the term world, most people picture a place like Earth,
with a solid surface, oceans, and an atmosphere. In centuries past, many
scientists also made this assumption. Even the Moon was often thought
to have great seas, or maria (Latin for “seas”), because the smooth, dark
regions reminded seventeenth-century scientists of the smooth surfaces
of oceans seen from afar (Figure 3.16). Only as telescopes improved, and
as scientists developed techniques for determining the composition of
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The layout of our solar system as it would appear from be-
yond Neptune, if we could magnify the sizes of the planets
relative to their orbits by about a million times. Each planet’s
orbital direction is indicated, as are its tilt and direction of
rotation (the small circling arrows). Moons are not shown.



The full moon as seen from Earth. Notice the dark, smooth
regions called maria.

TABLE 3.1 Contrasting Terrestrial and Jovian Planets

Terrestrial Planets Jovian Planets

Smaller size and mass Larger size and mass

Higher density Lower density

Made mostly of rock Made mostly of hydrogen,

and metal helium, and hydrogen
compounds

Solid surface No solid surface

Few (if any) moons Rings and many moons

and no rings

Closer to the Sun Farther from the Sun

(and closer together), (and farther apart), with cool

with warmer surfaces temperatures at cloud tops

distant worlds from their light, did we learn that the Moon is actually dry
and barren.

Today, we know that no other world in our solar system is much like
Earth, at least on the surface. No other world has surface oceans of liquid
water, an atmosphere rich in oxygen, or a climate so hospitable to life.
Nevertheless, planetary scientists have found that we can categorize
worlds into groups by their general traits. Understanding these catego-
rizations helps us understand the conditions that might make a world
habitable. Let’s look at the main categories that we will continue to dis-
cuss throughout this book, which are based on the types of objects we
find here in our own solar system.

TWO MAJOR TYPES OF PLANETS If you look back at Figure 3.3 or
Figure 3.15, you'll see that the eight planets in our solar system fall into
two general groups by size: The four inner planets (Mercury, Venus,
Earth, and Mars) are much smaller than the four outer planets (Jupiter,
Saturn, Uranus, and Neptune). These size differences reflect basic differ-
ences in planetary character.

The four inner planets are made almost entirely of metal and rock,
which makes their average densities several times that of water. They
have solid surfaces and their atmospheres (if any) are quite thin com-
pared to the planets themselves. Because Earth is a member of this group,
we refer generally to these rocky worlds as terrestrial planets (ferrestrial
means “Earth-like”). Note that the terrestrial planets have few moons;
Earth is the only one with a large moon, while Mercury and Venus have
no moons and Mars has two very small moons.

Jupiter, Saturn, Uranus, and Neptune are quite different in character
and composition from the terrestrial planets. Because Jupiter is the largest
member of this group, we refer generally to these worlds as jovian
planets (jovian means “Jupiter-like”). Rather than metal and rock, the
jovian planets are made largely of hydrogen, helium, and hydrogen
compounds such as water (H,0), methane (CH,), and ammonia (NHs);
this composition gives them much lower average densities than the ter-
restrial planets. The jovian planets of our solar system have at least 165
moons among them, with Jupiter alone having more than 60 known
moons. All the jovian planets also have rings made up of countless small
particles orbiting them, though only Saturn’s rings are easily visible from
Earth. Table 3.1 summarizes key differences between terrestrial and
jovian planets.

Because hydrogen compounds are generally gases under earthly con-
ditions (except for water, which can be either solid, liquid, or gas on
Earth), the jovian planets are often called “gas giants.” However, the pres-
sure throughout most of their interiors is so high that these “gases” are
not actually in the gas phase; instead, they may be compressed into liquid
or into other high-density phases, which makes them behave quite differ-
ently than they do on Earth. Moreover, while the jovian planets contain
metal and rock deep in their cores, the high pressure means that even
these cores are unlikely to resemble the solid surfaces of the terrestrial
worlds. There would be no place to “land” on the jovian planets; if you
plunged into one of them, you would continue your descent until you
were crushed by the growing pressure.

Keep in mind that there are great differences between the planets
even within these two groups, and one of the major goals of planetary
research is to understand these differences and why they occur. For



example, while all the terrestrial worlds are similar in overall composi-
tion, their surfaces look quite different. Among the jovian planets,
Uranus and Neptune contain much higher proportions of metal, rock,
and hydrogen compounds than do Jupiter and Saturn, which are mostly
made from hydrogen and helium. Nevertheless, the importance of
the general distinction between terrestrial and jovian planets should
be clear: If we assume that life needs a solid surface or oceans in which
to get started, the jovian planets seem far less likely to be habitable
[Section 7.3].

ASTEROIDS, COMETS, AND DWARF PLANETS The eight planets are
the largest objects orbiting the Sun, but they are not the only objects. Pluto,
Eris, and other objects large enough for their own gravity to have made
them round are now considered dwarf planets. The rest of the small bodies
have traditionally been categorized in two groups: asteroids made mostly
of metal and rock and comets made mostly of rock and ice.

There’s little debate over the definition of an asteroid—it’s an object
that resembles a terrestrial planet in composition but is too small to
count as a planet itself. Most asteroids orbit in the region called the
asteroid belt, which lies between the orbits of Mars and Jupiter (see
Figure 3.15). The definition of comet, however, has been almost as con-
tentious as the definition of planet.

Comets got their name (which comes from the Greek word for
“hair”) from the objects with long tails that occasionally appear in our
skies here on Earth (Figure 3.17). We now know that comets come from
the distant reaches of the solar system, and they grow tails only when
they come close enough to the Sun for the Sun’s heat to convert some
of their ice into gas. By studying comet orbits and doing some statistics
on the number that we see in the inner solar system in any given period of
time, astronomers have concluded that comets come from two vast
“reservoirs”: the Kuiper belt (Kuiper rhymes with “piper”), which oc-
cupies the region of the solar system beyond Neptune and in which we
find both Pluto and Eris, as well as many similar but smaller objects, and
a much more distant, spherically shaped region called the Oort cloud
(Oort rhymes with “court”). Because the objects we see as comets in our
sky must be only a tiny fraction of the similar objects in the Kuiper belt
and Oort cloud, we’ve generally called these objects “comets” as well.
The statistics tell us that there must be millions of small comets in the
Kuiper belt and as many as a trillion in the Oort cloud. Figure 3.18 con-
trasts the general features of the Kuiper belt and the Oort cloud.

Note that, in location and in composition, there is no doubt that both
Pluto and Eris are members of the Kuiper belt, along with many other
moderately large objects. In that sense, these objects are just unusually
large comets, since they have the same general composition as much
smaller comets that occasionally fall inward from the Kuiper belt toward
the Sun. However, because of their large sizes, many astronomers are
uncomfortable referring to Pluto and its cousins as “comets” and prefer
the general term Kuiper belt objects, adding that they are “dwarf plan-
ets” if they are round.

We've seen several ways that Pluto could be
classified: as a planet, as a dwarf planet, as a Kuiper belt object, and as a large
comet. Do you think any one classification is better than the others? Why or
why not?

Comet Hale-Bopp, photographed over Boulder, Colorado,
during its appearance in 1997.
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The comets that we occasionally see in the inner solar system
come from two major reservoirs in the outer solar system: the
Kuiper belt and the Oort cloud. (Not to scale; the Oort cloud
extends out much farther than shown here.)



MOONS We usually think of moons as objects that orbit planets, but as-
teroids and comets can also have their own small moons. Pluto, for exam-
ple, is orbited by three moons: Charon, which is about half the diameter
of Pluto itself, and two smaller moons (Nix and Hydra) discovered in 2005.

Most moons are very small and would be considered asteroids or
comets if they orbited the Sun independently. But a few moons are planet-
like in size. Jupiter’s moon Ganymede and Saturn’s moon Titan are larger
than the planet Mercury, and four other moons in our solar system
(Jupiter’s moons Io, Europa, and Callisto, and Neptune’s moon Triton) are
larger than Pluto. These and other relatively large moons are planet-like
in almost every way except for their orbits. Some even have active geol-
ogy or atmospheres. For example, Io is the most volcanically active world
in our solar system, Europa must occasionally have water or ice flowing
across its surface, and Titan has an atmosphere thicker than Earth’s.

Like the planets, moons vary in composition in a way that correlates
with their locations in the solar system. Our Moon is made mostly of
rock, much like the rocky composition of the terrestrial planets (though
with some important differences, too [Section 4.6]). In contrast, the moons
of the jovian planets generally contain large amounts of ice, including
water ice (H,O). When you combine this icy composition with the fact
that some of the large jovian moons have internal heat and geological
activity, you can see why scientists suspect that some of these moons may
hide oceans beneath their icy surfaces. Indeed, the prospects for some of
these moons being habitable seem so good that we’ll devote an entire
chapter—Chapter 9—to discussing them.

Formation of the Solar System Tutorial

e Why do worlds come in different types?

Knowing the different types of worlds in our solar system helps us un-
derstand their prospects of habitability, but we can gain even further in-
sight by asking wiy worlds come in these different types. To answer this
question, we must investigate the origin of our solar system, which in
turn will give us insight into the prospects of finding habitable worlds in
other star systems.

Our current theory of the solar system'’s formation developed gradu-
ally over many decades and, like any theory, is still subject to modifica-
tion; we will discuss some of this history and ongoing debate in Section
3.5. Here, we will outline basic features of this nebular theory, so
named because it starts with the idea that our solar system was born from
the gravitational collapse of an interstellar cloud, or nebula, of gas and
dust (nebula is Latin for “cloud”). The particular cloud that gave birth to
our own solar system is usually called the solar nebula.

CONTRACTION AND DISK FORMATION The solar nebula presum-
ably began as a large, diffuse cloud, roughly spherical in shape. We do
not know precisely what caused this cloud to start collapsing under its
own gravity (though some evidence points to a nearby supernova as the
trigger), but observations of similar clouds that exist today show that they
can indeed collapse and give birth to stars. Once the collapse began, the
laws of physics ensured that the solar nebula would heat up, spin faster,
and flatten into a disk as it shrank in size (Figure 3.19).



Because of conservation of energy, the

cloud heats up as it collapses. Because
The original cloud is large and diffuse, and its rotation of conservation of angular momentum,
is imperceptibly slow. The cloud begins to collapse. the cloud spins faster as it contracts.

The heating occurred because gas particles tend to move faster as
they fall inward under gravity, much like the way a falling brick speeds
up as it approaches the ground. The particles in the solar nebula collided
with each other as they fell inward, transforming their energy of motion
into heat. The cloud became hottest near the center, where the Sun
formed. In more technical terms, this heating was a consequence of the
law of conservation of energy; this law states that energy can be nei-
ther created nor destroyed, but only transformed from one form to an-
other. The cloud began with a great deal of gravitational potential energy—
energy that it had because its particles were far from the cloud
center—and it is this energy that ultimately was transformed into heat.

The spin of the cloud was a result of another physical law, known as
conservation of angular momentum. This law essentially states that
the total amount of “circling motion” of an object (or set of objects) must
be conserved. We won't go into the details here, but you’ve probably seen
this law in action with ice skating: It explains why a spinning skater’s rate
of spin increases when she pulls in her arms. In much the same way, a
shrinking cloud of gas must spin faster as it contracts, as long as it had at
least some small rate of spin to begin with. In the case of interstellar
clouds, random motions ensure that they almost inevitably have some
small overall rotation, though it is often imperceptible when the cloud is
large. As the cloud shrinks, its spin becomes noticeable—and fast.

The flattening was a consequence of the spin. As particles collide in a
spinning cloud, they tend to add to each other’s motion when they are
moving in the direction of the rotation, but to cancel each other’s motion in
other directions. Much like a spinning ball of pizza dough, this tends to force
all the particles to end up in a flattened, spinning disk. Observations con-
firm that many young stars are surrounded by such flattened, spinning disks
of material (Figure 3.20), just as we should expect from the nebular theory.

SEEDS OF PLANET FORMATION In the center of the disk, gravity
drew together enough material to form the Sun. In the surrounding disk,
the gaseous material was too spread out for gravity alone to clump it up.
Instead, material had to begin clumping in some other way and to grow
in size until gravity could start pulling it together into planets. In essence,
planet formation required the presence of “seeds”—solid bits of matter
around which gravity could ultimately build planets.

The basic process of seed formation was probably much like the
formation of snowflakes in clouds on Earth: When the temperature is
low enough, some atoms or molecules in a gas may bond together and

Collisions between particles The result is a spinning, flattened

flatten the cloud into a disk. disk, with mass concentrated near
the center and the temperature
highest near the center.

interactive figure x_

This sequence of paintings shows how the gravitational col-
lapse of a large cloud of gas causes it to become a spinning
disk of matter. The hot, dense central bulge becomes a star,
while planets can form in the surrounding disk.

central star blocked out

debris disk
encircles star

This Hubble Space Telescope photo shows a flattened, spin-
ning disk around the star AU Microscopii. We see this particu-
lar disk edge-on, but see disks in other orientations around
other stars. (This particular disk probably represents a
relatively late stage in disk development, but the structure is
visually similar to that of earlier stages.)



TABLE 3.2 Materials in the Solar Nebula

A summary of the four types of materials present in the solar
nebula. The squares in the final column represent the relative

proportions of each type (by mass).

Typical Relative
Condensation ~ Abundance
Examples  Temperature (by mass)
Hydrogen and hydrogen, do not
Helium Gas heliumin  condense
nebula
98%
III
Hydrogen water <150 K |
Compounds (H,0) 1.4%
: £ methane
% (CHy)
f ammonia
{ V (NH;)
Rock various 500- u
; minerals 1300 K 0.4%
Metals iron, 1000- .
nickel, 1600 K 0.2%
aluminum

_4

In the warm inner region of the
solar nebula, only metal and rock
could condense.

The vast majority of the cloud material
consisted of hydrogen and helium, which
remained gaseous.

In the cold outer regions, ices
made from water, methane, and
ammonia could also condense.

interactive figure x_

Temperature differences in the disk-shaped cloud that
surrounded the young Sun caused different types of material
to condense in the inner and outer regions of the solar sys-
tem, leading to the differences in composition that we see
today between terrestrial and jovian planets.

solidify. The general process in which solid (or liquid) particles form in a
gas is called condensation—we say that the particles condense out
of the gas. Different materials condense at different temperatures.
Table 3.2 shows that the ingredients of the solar nebula fell into four
major categories.

Note that hydrogen and helium gas made up 98% of the solar
nebula’s mass and did not condense, so the vast majority of the nebula
remained gaseous. However, other materials could condense wherever the
temperature allowed (Figure 3.21). In the inner solar system, where tem-
peratures were high, only rock and metal could condense; hydrogen com-
pounds remained gaseous. Farther out, where temperatures were much
lower, hydrogen compounds could condense to make solid bits of ice.

The first particles to condense were microscopic in size and orbited the
Sun with the same orderly, circular paths as the gas from which they con-
densed. Individual particles therefore moved at nearly the same speed as
neighboring particles, so “collisions” were more like gentle touches. Under
these circumstances, particles could stick together through electrostatic
forces—the same static electricity that makes hair stick to a comb. Small
particles thereby began to combine into larger ones. Once the particles
grew to sizes of a kilometer or more, gravity began to aid the process of
their sticking together, accelerating their growth. The general process by
which particles stick together and grow larger is called accretion. We
refer to particles that grew to the size of mountains or larger as
planetesimals, which means “pieces of planets.”

TWO TYPES OF PLANETS We can use the processes of condensation
and accretion to explain why the solar system ended up with two types
of planets. In the inner solar system, where only metal and rock could
condense into solid particles, the planetesimals ended up being made of
metal and rock. These planetesimals grew rapidly at first, with some
probably reaching hundreds of kilometers in size in only a few million
years—a long time in human terms, but only about 1/1000 the present
age of the solar system.

Further growth became more difficult once the planetesimals
reached these relatively large sizes. Gravitational encounters between
planetesimals tended to alter their orbits, particularly those of the smaller
planetesimals. With different orbits crossing each other, collisions be-
tween planetesimals occurred at higher speeds and hence became more
destructive. Such collisions produced fragmentation more often than
accretion. Only the largest planetesimals avoided being shattered and
grew into full-fledged, terrestrial planets.

The planet formation process probably began similarly in the outer
solar system, except the lower temperatures meant that ices condensed
along with metal and rock. Because ices were more abundant than rock
and metal, icy planetesimals grew to larger sizes in the outer solar system
than the rocky planetesimals of the inner solar system. According to the
leading model of jovian planet formation, some of the icy planetesimals
grew to masses many times that of Earth. With these large masses, their
gravity became strong enough not only to capture but also to hold onto
some of the hydrogen and helium gas that made up the vast majority of
the surrounding solar nebula. As the growing planets accumulated gas,
their gravity grew stronger still, allowing them to capture even more gas.
Ultimately, the jovian planets grew so much that they bore little resem-
blance to the icy seeds from which they started.



MOONS This model also explains why jovian planets tend to have
many moons. The same processes of heating, spinning, and flattening
that made the disk of the solar nebula should have also affected the gas
drawn by gravity to the young jovian planets. Each jovian planet came
to be surrounded by its own disk of gas, spinning in the same direction as
the planet rotated. Moons could accrete from icy planetesimals within
these disks, and that probably explains the formation of most of the large
moons of the jovian planets. The smaller moons likely were captured as-
teroids or comets. Because objects can be captured only if they are slowed
enough to enter into an orbit around a planet, models predict that nearly
all of the captures would have happened early in the solar system’s his-
tory, when the jovian planets were still surrounded by disks of gas that
could exert friction to slow down passing asteroids or comets.

The general lack of moons among the terrestrial planets also makes
sense: Captures were far less likely since the terrestrial planets were not
surrounded by large disks of gas, and there was no place for large
moons to accrete. Of course, this leaves one problem: explaining the
existence of Earth’s relatively large Moon. As we’ll discuss in Chapter
4, the leading hypothesis for our Moon’s formation invokes a gigantic
collision between Earth and one of the other large planetesimals that
must have roamed the solar system early in its history.

ASTEROIDS AND COMETS You can probably see how the nebular
theory accounts for the existence of so many asteroids and comets: They
are simply “leftover” planetesimals from the era of planet formation. As-
teroids are the leftover rocky planetesimals of the inner solar system,
while comets are the leftover icy planetesimals of the outer solar system.

Asteroids tend to reside in the asteroid belt because the influence of
Jupiter’s gravity “herds” them in a way that makes them less likely to
suffer collisions than asteroids in other regions of the solar system. There-
fore, while most asteroids in other regions of the inner solar system long
ago crashed into one of the planets, asteroids of the asteroid belt had a
decent chance of surviving to the present day.

The division of comets into two regions—the Kuiper belt and the
Oort cloud—is slightly more difficult to explain, but scientists think they
have a good handle on it. The Kuiper belt comets probably reside in the
same general region in which they formed. This region, which lies
beyond the orbit of Neptune, was relatively low in density. So while none
of the planetesimals grew large enough to become a fifth jovian planet,
some grew to the size of Pluto and Eris (making them examples of what
we now call dwarf planets), while hundreds of thousands of smaller
comets also survived to the present day.

The Oort cloud comets are now thought to have originated in regions
where they crossed the orbits of the jovian planets. When one of these
comets passed near a jovian planet, it was likely to be flung out to a great
distance by the planet’s gravity, in much the same way that scientists
have taken advantage of Jupiter’s gravity to accelerate spacecraft to plan-
ets beyond. While it may sound strange for gravity to fling an object
away, it’s a direct consequence of the law of conservation of energy:
When two objects interact through their gravity, their combined energy
must remain unchanged, which means that one will lose energy and the
other will gain it. For Jupiter and a comet, Jupiter’s loss (or gain) of en-
ergy would be unnoticeable because it is so much larger, while the
comet’s gain (or loss) would completely change its orbit.



CLEARING THE NEBULA One key question remains for us to answer:
Given that the vast majority of the hydrogen and helium gas in the solar
nebula never became part of any planet, what happened to it? Models
and observations of other star systems suggest that it was cleared away
by a combination of energetic light from the young Sun and the solar
wind—a stream of charged particles continually blown outward in all
directions from the Sun. The solar wind was almost certainly much
stronger when the Sun was young than it is today.

Once the gas cleared, the compositional fate of the planets was
sealed. If the gas had remained longer, it might have continued to cool
until hydrogen compounds condensed into ices even in the inner solar
system. In that case, the terrestrial planets might have accreted abun-
dant ice, and perhaps some hydrogen and helium gas as well, changing
their basic nature. At the other extreme, if the gas had been blown out
much earlier, the raw materials of the planets might have been swept
away before the planets could fully form. Although these extreme sce-
narios did not occur in our solar system, they may sometimes occur
around other stars.

Figure 3.22 summarizes the scenario we have discussed for the for-
mation of the solar system.

e Should we expect habitable worlds
to be common?

As we’ve discussed, both theory and observation support the idea that
most stars are born surrounded by spinning disks of gas and dust. Once a
disk forms, we would expect condensation to occur in much the same
way that it began in our solar system, with particles of metal and rock in
the hot inner regions and particles of ice in the cold outer regions. Thus,
based only on what we see in our solar system, we would expect to find
many other planetary systems with terrestrial and jovian planets laid out
in the same general way as they are in our solar system. We might there-
fore expect habitable terrestrial planets and habitable jovian moons to be
common throughout the galaxy.

Prior to the discoveries of extrasolar planets, astronomers generally
assumed that this would indeed be the case, with most other planetary
systems laid out much like ours. However, as we’ll discuss further in
Chapter 11, the reality appears to be more complex. Many of the other
planetary systems so far discovered have planets with unexpected orbits,
such as jovian planets orbiting close to their stars. These systems also hap-
pen to be easier to discover than planetary systems laid out like our own,
so we don’t yet know whether planetary systems like ours are the rule or
the exception.

Because of this uncertainty, at this point we cannot say with any
confidence whether habitable planets should be rare or common.
Nevertheless, given the vast number of stars in the Milky Way
Galaxy, even “rare” could mean large total numbers. For example, if
only one in a million other star systems is like ours, that would still
mean some 100,000 such systems among 100 billion stars (because
100 billion + 1 million = 100,000).

The bottom line is that unless there is something dramatically wrong
with our ideas about how planets form, it seems almost inevitable that
our galaxy contains many worlds that have liquid water and hence would
seem to be suitable homes for life.
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Figure 3.22
A summary of the key features of the nebular theory ‘ o
of how our solar system formed. . .

"""""""""" A large, diffuse interstellar gas cloud
(solar nebula) contracts due to gravity.

Contraction: As it contracts, the cloud heats,
flattens, and spins faster, becoming a spinning
disk of dust and gas.

The Sun will be born in the center.

Planets will form in the disk.

ettt Warm temperatures allow only metal/rock
“seeds” to condense in inner solar system.

Condensation: Hydragen and helium remain
gaseous, but other materials can condense into solid
“seeds” for building planets.

- Cold temperatures allow
“seeds” to contain abundant
ice in the outer solar system.

—-++* lerrestrial planets are built from
metal and rock.

Accretion: Solid “seeds” collide and stick together.
Larger ones attract others with their gravity, growing
bigger still.

.|+ The seeds of jovian planets grow
large enough to attract hydrogen
and helium gas, making them into
giant, mostly gaseous planets,
moons form in disks of dust and gas
that surround the planets.

Clearing: The remaining gas is cleared into space,

sealing the compositional fates of the planets. Terrestrial planets remain in the inner solar system.

- ... .. Jovian planets remain in the outer solar system.

& " “Leftovers” from the formation process
2 become asteroids (metal/rock) and comets or
Kuiper belt objects (ice/rock).
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The nucleus is nearly 100,000
times smaller than the atom but
contains nearly all of its mass.

Ten million atoms
could fit end to end
acoss this dot.

——10""% meter——

Nucleus: Contains

Atom: Electrons are “smeared out” positively charged

in a cloud around the nucleus. protons (red) and
neutral neutrons
(gray).

The structure of a typical atom. Notice that atoms are
extremely tiny: The atom shown in the middle is magnified to
about one billion times its actual size, and the nucleus on the
right is magnified to about 100 trillion times its actual size.

3.4 A Universe of Matter
and Energy

We have now surveyed modern understanding of the universe on the
large scale, and we’ve considered how this understanding affects the pos-
sibilities for extraterrestrial life. The small-scale universe is equally im-
portant, because life, like everything else in the universe, is at its most
basic level an interplay of the things that we call matter and energy.

We have already talked a fair amount about matter and energy in
passing, as it’s hard to have any discussion of science without these con-
cepts. However, for our purposes in this book, it is important for you to
be familiar with a few more details that relate to matter and energy as
we understand them today. Some of these details may already be famil-
iar to you, but if not, this section should provide the background you'll
need for the rest of this book. Note that we will restrict our focus to “or-
dinary” matter and energy, ignoring the dark matter and dark energy that
may make up most of the content of the universe; although this may seem
a rather large restriction, the ordinary matter and energy appear to be all
we need to understand stars, planets, and life.

e What are the building blocks of matter?

In Chapter 2, we discussed the ancient Greek idea that matter consists of
four elements—fire, water, earth, and air—and the further assumption
of some philosophers that these elements come in tiny, indivisible pieces
that they called atoms, a Greek term meaning “indivisible.” Today, we
have a similar idea, but there are a lot more elements, and fire, water,
earth, and air are not among them. In addition, we now know that the
atoms that make the elements are themselves made from smaller pieces.
Let’s take a brief look at our current understanding of atoms and other
microscopic forms of matter.

ATOMIC STRUCTURE Atoms come in different types, and each type
corresponds to a different chemical element. Some of the most familiar
chemical elements are hydrogen, helium, carbon, oxygen, silicon, iron,
gold, silver, lead, and uranium.

Atoms are made of particles that we call protons, neutrons, and
electrons (Figure 3.23). Protons and neutrons are found in the tiny
nucleus at the center of the atom. The rest of the atom’s volume con-
tains electrons, which surround the nucleus. Although we can think of
electrons as tiny particles, they are not quite like tiny grains of sand and
they don’t orbit the nucleus the way planets orbit the Sun. Instead, the
electrons in an atom form a kind of “smeared out” cloud that surrounds
the nucleus and gives the atom its apparent size. The electrons aren’t
really cloudy, but it is impossible to pinpoint their positions in the atom.

Figure 3.23 also shows several other important features of atoms.
First, notice that atoms are incredibly small: Millions could fit end to end
across the period at the end of this sentence, and the number of atoms in
a single drop of water (typically, 10*?> atoms) may equal the number of
stars in the observable universe. At the same time, the electrons give the
atom a size far larger than its nucleus; if you imagine an atom on a scale
that makes its nucleus the size of your fist, its electron cloud would be
many kilometers wide. Nevertheless, most of the atom’s mass resides in



its nucleus, because protons and neutrons are each about 2000 times as
massive as an electron.

The properties of an atom depend mainly on the amount of
electrical charge in its nucleus; an object’s electrical charge is a mea-
sure of how strongly it will interact with other charged particles. We de-
fine the electrical charge of a proton as the basic unit of positive charge,
which we write as +1. The electron has an electrical charge that is pre-
cisely opposite that of a proton, so we say it has negative charge (—1).
Neutrons are electrically neutral, meaning that they have no charge. Op-
positely charged particles attract one another, and similarly charged
particles repel one another. An atom is held together by the attraction
between the positively charged protons in the nucleus and the negatively
charged electrons that surround the nucleus.*

Most of the atoms in and around you contain the same number of
electrons as protons, making them electrically neutral overall. However,
atoms often lose or gain electrons, in which case they obtain a net elec-
trical charge. We call such atoms ions. A positive ion is an atom that has
lost one or more electrons so that it has more positive than negative
charge overall; a negative ion is an atom that has gained one or more elec-
trons, giving it a net negative charge. The net electrical charge of an atom
turns out to be exceedingly important to life: Because the nucleus is
buried so deeply inside an atom, interactions between atoms are almost
exclusively interactions between their electrons. Indeed, these electrical
interactions between atoms essentially make up everything that we think
of as chemistry—and since chemical reactions are the foundation of all the
processes that occur in living organisms, we see that the electrical inter-
actions of atoms underlie everything we know about life.

ATOMIC TERMINOLOGY There are several pieces of atomic terminol-
ogy that we will make use of throughout this book; they are summarized
in Figure 3.24. First, each different chemical element contains a different
number of protons in its nucleus. This number is its atomic number.
For example, a hydrogen nucleus contains just one proton, so its atomic
number is 1. A helium nucleus contains two protons, so its atomic num-
ber is 2. The complete set of the more than 100 known elements is listed
in the periodic table of the elements (see Appendix D).

The combined number of protons and neutrons in an atom is called its
atomic mass number. The atomic mass number of ordinary hydrogen
is 1 because its nucleus is just a single proton. Helium usually has two
neutrons in addition to its two protons, giving it an atomic mass number
of 4. Carbon usually has six protons and six neutrons, giving it an atomic
mass number of 12.

Every atom of a given element contains exactly the same number of
protons, but the number of neutrons can vary. For example, all carbon
atoms have six protons, but they may have six, seven, or eight neutrons.
Versions of an element with different numbers of neutrons are called
isotopes of the element. Isotopes are named by listing their element
name and atomic mass number. For example, the most common isotope
of carbon has 6 protons and 6 neutrons, giving it atomic mass number
6 + 6 = 12, so we call it carbon-12. The other isotopes of carbon are

*You may wonder why electrical repulsion doesn’t cause the positively charged protons in
a nucleus to fly apart from one another. The answer is that an even stronger force, called
the strong force, overcomes electrical repulsion and holds the nucleus together.

atomic number = number of protons
atomic mass number = number of protons + neutrons
(A neutral atom has the same number of electrons as protons.)

Hydrogen ('H) Helium (*He)

Carbon ('2C)

atomic number = 6

atomic mass
number = 12

(6 electrons)

atomic number = 2

atomic mass
number = 4

(2 electrons)

atomic number = 1

atomic mass
number = 1

(1 electron)

Different isotopes of a given element contain the same
number of protons, but different numbers of neutrons.

Isotopes of Carbon

carbon-12 carbon-13 carbon-14
12C 13C MC
(6 protons (6 protons (6 protons

+ 6 neutrons) + 7 neutrons) + 8 neutrons)

Terminology of atoms.



©0 9

oxygen water
glucose

N Y]

Organic molecules contain carbon

(and usually also contain hydrogen).
N Y

Compounds are molecules made from atoms
of two or more different elements.
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Molecules consist of two or more atoms.
Figure 3.25

Terminology of molecules. (Adapted from Campbell, Reece,
Taylor, Simon, Biology Concepts & Connections.)
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The basic progression of phase changes in water.

carbon-13 (six protons and seven neutrons give it atomic mass number
13) and carbon-14 (six protons and eight neutrons give it atomic mass
number 14). We can also write the atomic mass number of an isotope as
a superscript to the left of the element symbol: '2C, 1*C, '*C. We read '*C
as “carbon-12.”

Think About It The symbol '®0 represents oxygen with an atomic
mass number of 16; it is the most common form of oxygen, containing eight
protons and eight neutrons. What does the symbol '80 represent?

MOLECULES The number of different material substances is far greater
than the number of chemical elements because atoms can combine to
form molecules. Some molecules consist of two or more atoms of the
same element. For example, we breathe O,, oxygen molecules made of
two oxygen atoms. Other molecules, such as water, are made up of atoms
of two or more different elements. The symbol H,O tells us that a water
molecule contains two hydrogen atoms and one oxygen atom. Sub-
stances composed of molecules with two or more different types of atoms
are called compounds. Thus, water is a compound.

The chemical properties of a molecule are different from those of its
individual atoms. For example, molecular oxygen (O,) behaves differently
from atomic oxygen (O), and water behaves differently from pure hy-
drogen or pure oxygen. Life on Earth is based on the complex chemistry
of molecules (compounds) containing carbon, which are called organic
molecules (or organic compounds). In diagrams, molecules are often
represented with ball-and-stick models that show how their atoms are
arranged (Figure 3.25).

PHASES OF MATTER Everyday experience tells us that a substance
can behave dramatically differently in different phases, even though it is
still made of the same atoms or molecules. For example, molecules of
H,0 can exist in three familiar phases: as solid ice, as liquid water, and
as the gas we call water vapor. How can the same molecules look and act
so differently in these different phases?

You are probably familiar with the idea of a chemical bond, the
name we give to the interactions between electrons that hold the atoms
in a molecule together. For example, we say that chemical bonds hold
the hydrogen and oxygen atoms together in a molecule of H,O. Similar
but much weaker interactions among electrons hold together the many
water molecules in a block of ice or a pool of water. We can think of the
interactions that keep neighboring atoms or molecules close together as
another type of bond.

If we think in terms of bonds, the phases of solid, liquid, and gas dif-
fer in the strength of the bonds between neighboring atoms and mol-
ecules. Phase changes occur when one type of bond is broken and
replaced by another. Changes in either pressure or temperature (or both)
can cause phase changes, but it’s easier to think about temperature.

Consider water as an example (Figure 3.26). At low temperatures,
water molecules are bound tightly to their neighbors, making the solid struc-
ture of ice. As long as the temperature remains below freezing, the water
molecules in ice remain rigidly held together; we often say that they have a
crystal structure, meaning that the molecules are arranged in a precise geo-
metrical pattern. However, the molecules within this crystal structure are
always vibrating, and higher temperature means greater vibrations.



The melting point (0°C at sea level on Earth) is the temperature at
which the water molecules finally break the solid bonds of ice. The mol-
ecules can then move much more freely among one another, allowing
the water to flow as a /iguid. However, the molecules in liquid water are
not completely free of one another, as we can tell from the fact that
droplets of water can stay intact. Thus, adjacent molecules in liquid water
are still held together by a type of bond, though a much looser bond than
the one that holds them together in solid ice.

If we continue to heat the water, the average speeds of the water mol-
ecules increase, and high enough speeds will ultimately break the bonds
between neighboring molecules altogether. The molecules will then be
able to move freely, and freely moving particles constitute what we call a
gas. Above the boiling point (100°C at sea level), all the bonds between
adjacent molecules are broken so that the water can exist only as a gas.

We see ice melting into liquid water and liquid water boiling into gas
so often that it’s tempting to think that’s the end of the story. However, a
little thought should convince you that the reality has to be more com-
plex. For example, you know that Earth’s atmosphere contains water
vapor that condenses to form clouds and rain. But Earth’s temperature is
well below the boiling point of water (luckily for us!), so how is it that
our atmosphere can contain water in the gas phase?

You'll understand the answer if you remember that temperature is a
measure of the average motion of the particles in a substance; individual
particles may move substantially faster or slower than the average. Even
at the low temperatures at which most water molecules are bound to-
gether as ice or liquid, a few molecules will always move fast enough to
break free of their neighbors and enter the gas phase. In other words,
some gas (water vapor) is always present along with solid ice or liquid
water. The process by which molecules escape from a solid is called
sublimation, and the process by which molecules escape from a liquid
is called evaporation. Higher temperatures lead to higher rates of subli-
mation or evaporation.

The same basic ideas hold for other substances, but their melting
and boiling temperatures differ from those of water. Moreover, although
we won't go into detail here, remember that pressure also has an impor-
tant effect. For example, high pressure can cause a substance to remain
in the solid phase even when the temperature is above the low-pressure
boiling point.

e What is energy?

At the beginning of this section, we stated that life, like everything else in
the universe, is at its most basic level an interplay between matter and
energy. We’ve briefly discussed the makeup of matter, but what is energy?

In essence, energy is what makes matter move. Because this state-
ment is so broad, we often distinguish among many different types of en-
ergy. For example, we talk about the energy we get from the food we eat,
the energy that makes our cars go, and the energy a lightbulb emits. For-
tunately, we can classity all these various types of energy into just three
major categories (Figure 3.27):

e Energy of motion, or kinetic energy (kinetic comes from a Greek
word meaning “motion”). Falling rocks, orbiting planets, and the
molecules moving in the air around us are all examples of objects
with kinetic energy.

Energy can be converted from one form to another.

kinetic energy
(energy of motion)

N

radiative energy potential energy
(energy of light) (stored energy)
Figure 3.27

The three basic categories of energy. Energy can be converted
from one form to another, but it can never be created or
destroyed, an idea embodied in the law of conservation of
energy.



Wavelength is the distance between
adjacent peaks of the electric (and
magnetic) field . . .

... while frequency is the number of
times each second that the electric
(and magnetic) field vibrates up and
down (or side to side) at any point.

— wavélength —

All light travels with speed ¢ = 300,000 km/s. «----++"

interactive figure _

Light is an electromagnetic wave, but it also comes in individ-
ual pieces called photons, each characterized by a wavelength
and a frequency.

e Energy carried by light, or radiative energy (the word radiation is
often used as a synonym for /ight). All light carries energy, which is
why light can cause changes in matter. For example, light can alter
molecules in our eyes—thereby allowing us to see—or warm the
surface of a planet.

e Stored energy, or potential energy, which might later be converted
into kinetic or radiative energy. For example, a rock perched on a
ledge has gravitational potential energy because it will fall if it slips
off the edge, and gasoline contains chemical potential energy that
can be converted into the kinetic energy of the moving car. Einstein
discovered that mass itself is a form of stored energy, sometimes
called mass-energy, as described by his famous formula E = mc?
(introduced earlier in the chapter).

It is possible for energy to change from one form to another—indeed,
such changes are the primary drivers of life. For example, our bodies take
the chemical potential energy stored in food and use it to make molecules
move in ways that allow our leg muscles to contract for walking, our
blood and skin to create scabs over wounds, and neurons in our brains to
fire in ways that make thought possible.

However, while energy can change from one form to another, it can
be neither created nor destroyed. This idea, which we discussed briefly
earlier, is what we call the law of conservation of energy. This law helps us
understand everything from how the Sun and planets formed (discussed
earlier) to the requirements of life. Although some form of stored energy
is available almost everywhere, in most cases there is no viable way for
life to extract the energy for its own use. As we’ll discuss in later chap-
ters, the availability of a viable energy source is one of the crucial factors
that determines the habitability of a world.

e What is light?

Nearly all the information we have about distant planets and stars comes
from studying their light. Let’s briefly examine key properties of light
that make it possible to learn so much from it.

BASIC PROPERTIES OF LIGHT As we have already seen, light is a
form of energy that travels through space at the high speed of 300,000
kilometers per second. More specifically, light is characterized by rapidly
changing electric and magnetic fields, which is why we often call light an
electromagnetic wave (Figure 3.28). Like other types of waves (such
as water waves, sound waves, or waves on a vibrating string), light is
characterized by a wavelength (the distance between adjacent peaks of
the electric or magnetic field) and a frequency (the rate at which the
electric and magnetic fields change). The standard unit of frequency, kertz
(hz), is equivalent to waves (or cycles) per second; for example, 10> hertz
means that 10> = 1000 wave peaks pass by a point each second.

Unlike most other types of waves, light also exhibits properties that we
usually attribute to particles. In particular, light comes in distinct “pieces,”
called photons, that can exert pressure, knock electrons out of atoms, or
cause molecules to start rotating and vibrating. In other words, light is both
a wave and a particle, so the best way to think of light is as a collection of
photons that are each characterized by a wavelength and a frequency.

A simple formula relates the wavelength and frequency of a photon:
wavelength X frequency = speed of light. Because all forms of light travel



at the same speed, we find that longer wavelength means lower frequency and
shorter wavelength means higher frequency. The energy of a photon is propor-
tional to its frequency, so higher frequency light has higher energy.

THE ELECTROMAGNETIC SPECTRUM Light can in principle have
any wavelength, frequency, or energy. The complete range of possibili-
ties, shown in Figure 3.29, is called the electromagnetic spectrum.
For convenience, we usually refer to different portions of the electro-
magnetic spectrum by different names. The visible light that we see
with our eyes is only a tiny portion of the complete spectrum, with wave-
lengths from about 400 nm at the blue end of the rainbow to about 700
nm at the red end. (One nanometer [nm] is a billionth of a meter.)

Light with wavelengths somewhat longer than red light is called
infrared, because it lies beyond the red end of the rainbow. Radio
waves are the longest-wavelength light. (Be sure to note that radio
waves are a form of light, not of sound.) The region near the border be-
tween infrared and radio waves, representing wavelengths from microm-
eters to centimeters, is sometimes given the name microwaves.

interactive figure «_

The electromagnetic spectrum. Notice that wavelength
increases as we go from gamma rays to radio waves, while
frequency and energy increase in the opposite direction.
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When we pass white light through a prism, it disperses into a
rainbow of color that we call a spectrum.

On the other side of the spectrum, light with wavelengths somewhat
shorter than blue light is called ultraviolet, because it lies beyond the
blue (or violet) end of the rainbow. Light with even shorter wavelengths
is called X rays, and the shortest-wavelength light is called gamma rays.
Notice that visible light is an extremely small part of the entire electro-
magnetic spectrum: The reddest red that our eyes can see has only about
twice the wavelength of the bluest blue, but the radio waves from your
favorite FM radio station are a billion times longer than the X rays used
in a doctor’s office.

The different energies of different forms of light explain many familiar
effects in everyday life. Radio waves carry so little energy that they have
no noticeable effect on our bodies. However, radio waves can make elec-
trons move up and down in an antenna, which is how the antenna of your
car radio receives the radio waves coming from a radio station. Molecules
moving around in a warm object emit infrared light, which is why we
sometimes associate infrared light with heat. Receptors in our eyes respond
to visible-light photons, making vision possible. Ultraviolet photons carry
enough energy to harm cells in our skin, causing sunburn or skin cancer.
X-ray photons have enough energy to penetrate through skin and muscle
but can be blocked by bones or teeth. That is why doctors and dentists can
see our underlying bone structures on photographs taken with X-ray light.

Light and Spectroscopy Tutorial

LEARNING FROM LIGHT The most obvious way of learning about a
distant object from its light is to use a telescope to take a picture of it. But
there are also other ways to learn from light. For our purposes in this
book, one particular way of learning from light is especially important:
spectroscopy, which involves collecting light through a telescope, then
dispersing it into a spectrum in much the same way a prism disperses white
light into a rainbow of color (Figure 3.30).

Figure 3.31 shows the three basic types of spectra that we observe:
(1) a continuous spectrum contains smooth light across a broad range
of wavelengths; (2) an emission line spectrum has bright lines on a dark
background; and (3) an absorption line spectrum has dark lines on a
continuous background.

As Figure 3.31 shows, a hot object like a light bulb tends to produce
a continuous spectrum. In fact, any dense object emits continuous light
that is characteristic of the object’s surface temperature and therefore
often called thermal radiation. Figure 3.32 shows thermal radiation
spectra for objects of different temperatures. Notice that a star like the
Sun emits more strongly in visible light than at any other wavelength,
while a typical planet emits infrared light but no visible light at all. This
fact allows us to learn a distant object’s temperature just by measuring
where its thermal radiation spectrum peaks. Moreover, for objects like
planets that reflect sunlight, we can learn even more by studying which
wavelengths of light are reflected most strongly. For example, the planet
Mars not only emits its own infrared light, from which we learn its tem-
perature, but also reflects visible light from the Sun. The fact that Mars
reflects red light more strongly than blue light (hence its red color) helps
us identify minerals and ices on its surface.

Spectral lines can provide even more information. Every chemical
element, every ion of each element, and every molecule produces its own,
unique pattern of spectral lines; in essence, this pattern represents a
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Examples of conditions under which we see the three basic types of spectra.

“chemical fingerprint” that allows us to identify what produced it. There-
fore, careful study of a spectrum can allow us to determine the chemical
composition of distant objects. That is how we learn the chemical compo-
sitions of stars, gas clouds, and planetary atmospheres. Different isotopes
of an element also have slightly different spectra, so we can sometimes
even determine isotopic ratios in distant worlds.

By studying spectral lines in detail—for example, how bright or dark
they are, how wide they are, and what precise set of atoms and ions is
represented in a spectrum—scientists can infer even more information
about distant objects. Perhaps most importantly, the Doppler effect (which
we’ll discuss further in Chapter 11) causes the precise positions of spec-
tral lines to shift with an object’s motion relative to us. We can use this
effect to determine the speed of any distant object, a fact that has allowed
us to discover and measure the masses of many planets around other
stars. In addition, careful study of spectral lines can sometimes tell us
such things as an object’s temperature, rotation rate, pressure, density,
and magnetic field strength.

Figure 3.33 shows a schematic spectrum of Mars, along with a sum-
mary of some of the many things we can learn from the spectrum. Al-
though we won't do a lot with spectroscopy in this book, you may find
it useful to refer back to this figure whenever you need a review of how
we learn from light.
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Graphs of idealized thermal radiation spectra demonstrate
two laws of thermal radiation: (1) Each square meter of a
hotter object’s surface emits more light at all wavelengths;
(2) hotter objects emit photons with a higher average
energy. Note that both axes of the graph use power-of-10
scales, which allow us to see all the curves even though
the differences among them are quite large.



Figure 3.33 Interpreting a Spectrum

An astronomical spectrum carries an enormous amount of
information. This figure illustrates some of what we can learn
from a spectrum, using a schematic spectrum of Mars as

an example.
@ Continuous Spectrum: The visible light we @ Scattered/Reflected Light: Mars is red
see from Mars is actually reflected sunlight. because it absorbs most of the blue light
The Sun produces a nearly continuous from the Sun but reflects (scatters) most of
spectrum of light, which includes the full the red light. This pattern of absorption and
rainbow of color. reflection helps us learn the chemical
composition of the surface.
hot light prism
source
Like the Sun, a light bulb produces light of all
visible wavelengths (colors).
Like Mars, a red chair looks red because it absorbs
blue light and scatters red light.
(72)
c
(V]
)
£ .
The dashed curve is the continuous Mars reflects
spectrum of the sunlight shining relatively little of the H
on Mars blue sunlight. . . ... but a lot of the
% red sunlight.
The graph and the “rainbow” contain the
same information. The graph makes it easier -+---...... /- ?
to read the intensity at each wavelength e,
. (2
of light. ..
.y .
.......... ultraviolet blue green red
... While the “rainbow” shows how the -+
spectrum appears to the eye (for visible light)
or instruments (for non-visible light). wavelength

@ Emission Lines: Ultraviolet emission lines in
the spectrum of Mars tell us that the
atmosphere of Mars contains hot gas at high
altitudes.

We see bright emission lines from gases in which
collisions raise electrons in atoms to higher energy
levels. The atoms emit photons at specific wavelengths
as the electrons drop to lower energy levels.



@ Thermal Radiation: Objects emit a continuous
spectrum of thermal radiation that peaks at a
wavelength determined by temperature.
Thermal radiation from Mars produces a

broad hump in the infrared, with a

peak indicating a surface

temperature of about 225 K.

> a

All objects—whether a fireplace poker, planet, or

star—emit thermal radiation. The hotter the object,

(1) the more total light (per unit area); and (2) the

higher the average energy (shorter average Mars's thermal radiation peaks in the infrared because it
wavelength) of the emitted photons. is much cooler than the Sun, which peaks in visible light.

infrared
@ Absorption Lines: These absorption lines Doppler Effect: The wavelengths of the
reveal the presence of carbon dioxide in spectral lines from Mars are slightly shifted
Mars’s atmosphere. by an amount that depends on the velocity

of Mars toward or away from us as it moves
in its orbit around the Sun.

cloud of
gas ‘

hot light prism
source
When light from a hot source passes through a cooler
gas, the gas absorbs light at specific wavelengths that
raise electrons to higher energy levels. Every different

element, ion, and molecule has unique energy levels
and hence its own spectral “fingerprint.”

4

A Doppler shift toward the red side of the spectrum
tells us the object is moving away from us. A shift
toward the blue side of the spectrum tells us the object
is moving toward us.
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3.5 Changing Ideas About the
Formation of the Solar System

Today, we are confident that our solar system was born from the gravi-
tational collapse of an interstellar cloud. But how did scientists come to
accept this idea, and why are we so confident that it is correct? As we
discussed in Chapter 2, scientific progress generally involves someone
proposing a model to explain a variety of observations and then putting
that model to the test. Often, more than one model may be proposed,
and the competition among models helps us develop them further until
one may clearly win out over the others.

The development of our current model of the solar system’s
formation—which we now consider a theory because the evidence for it
is so strong—occurred in precisely this way. Moreover, as is always the
case with scientific theories, the nebular theory is subject to ongoing de-
bate and modification. Because the nebular theory is critically important
to the study of life in the universe—after all, it explains how a planet like
ours came to exist—we will use its history and ongoing development as
this chapter’s case study in the process of science in action.

e How did the nebular model
win out over competing models?

After the Copernican revolution established Earth as just one planet in
our solar system, it was only natural that scientists would begin to specu-
late about how our solar system came to be. Around 1755, German phi-
losopher Immanuel Kant proposed that our solar system formed from
the gravitational collapse of an interstellar cloud of gas. About 40 years
later, French mathematician Pierre-Simon Laplace put forth the same
idea independently (he apparently was unaware of Kant’s proposal). Be-
cause an interstellar cloud is usually called a nebula, the idea of Kant and
Laplace became known as the nebular hypothesis.

The Kant/Laplace nebular hypothesis may sound quite similar to our
nebular theory today, but there was an important difference: While we
now have a detailed model and plenty of evidence to support the modern
theory, there was little evidence at the time to support the Kant/Laplace
hypothesis. Other scientists therefore put forth other ideas. For example,
in 1745, or 10 years before Kant’s publication, French scientist Georges
Buffon suggested that the planets had been born when a massive object
(which he guessed to be a comet) collided with the Sun and splashed out
debris that coalesced into the planets. This basic idea came to be the lead-
ing competitor to the nebular hypothesis. It took almost 200 years for
science to collect enough data to allow us to choose between these two
general ideas about how our solar system was born. To understand how
one model won out, we must first understand a bit more about how we
decide what types of observations a theory must explain.

OBSERVATIONS THAT A FORMATION THEORY MUST ADDRESS The
primary goal of a scientific theory is to explain a broad range of diverse
observations in terms of just a few fundamental principles. But what ob-
servations should we focus on? You might at first guess that we’d want a
theory to be able to explain everything about a particular topic, but that is
neither realistic nor even useful. For example, while we expect any



theory of gravity—whether it is Newton’s theory, Einstein’s theory, or a
future theory that is even broader—to explain planetary orbits and
Galileo’s discovery that mass does not affect an object’s rate of fall, we do
not expect the theory of gravity to explain why a sheet of paper falls more
slowly when it is flat than when it is crumpled up into a small ball.
The falling paper is certainly affected by gravity, but we recognize that it
is also subject to other forces, such as air resistance, and we therefore
don’t expect gravity alone to explain the paper’s motion. Thus, one key
to coming up with a successful theory of gravity was realizing the differ-
ences between those observations that gravity alone ought to be able to
explain and those in which something else might also be affecting our
observations.

Drop a rock and a sheet of paper from the same
height at the same time. Which one falls faster? Now crumple the sheet of
paper into a tight ball, and repeat your experiment. How do your results
demonstrate that mass does not affect an object’s rate of fall? How do they
demonstrate that gravity alone cannot explain everything about falling? What
would happen if you could try the same experiments outside on the Moon
(where there is no air), and why?

In the case of the solar system, an enormous number of observations
might seem at least potentially relevant, from general characteristics of
planetary orbits to the shapes of individual asteroids. Historically, as
we’ve learned more about the solar system, scientists at different times
have focused on different sets of observations. At the time of Buffon,
Kant, and Laplace, before asteroids had been discovered and before we
recognized differences between terrestrial and jovian worlds, the focus
was almost entirely on explaining the mere existence of planets. Later, as
astronomers began to realize that asteroids and comets are by far the
most numerous of the bodies in the solar system, it became important
for the theory to be able to explain their existence and their orbits—and
fairly obvious that their general characteristics are much more important
than their individual shapes. Today, we expect a formation theory to ex-
plain not only our own solar system, but also the observations we’ve
made of planets in other star systems.

Overall, we can group the many known properties of our own solar
system into a list of four major features that a theory of its formation
must explain:

1. Orderly motions of large bodies. The theory should explain the orga-
nized patterns that we see in the orbits and rotations of the larger
objects of our solar system. Recall, for example, that all the plan-
ets orbit the Sun with nearly circular orbits, all going in the same
direction and in nearly the same plane. The orbital direction—
counterclockwise as viewed from far above Earth’s North Pole—is
the same as the direction of the Sun’s rotation, the direction of
most planet rotations, and the direction in which most large
moons orbit their planets.

2. Two types of planets. We must also explain why the planets divide
clearly into two groups, with the small, rocky terrestrial planets
close together and close to the Sun while the large, gas-rich jov-
ian planets are farther apart and farther out.

3. Small bodies. The planets are far outnumbered by small bodies—
asteroids, comets (in both the Kuiper belt and the Oort cloud),



and Kuiper belt objects—so we must also explain how these ob-
jects formed and came to be in their current orbits.

4. Exceptions to the rules. The generally orderly solar system also
has some notable “exceptions to the rules.” For example, Earth
is unique among the inner planets in having a large moon, and
Uranus has an odd, sideways tilt. A successful theory of our solar
system must make allowances for such exceptions even as it
explains the general rules.

We have already seen how the nebular theory explains the first
three of these features: The orderly motions are a consequence of the
way the Sun and planets were born in a spinning disk of gas. The two
types of planets arose because of the way different materials condensed
and accreted at different distances from the Sun. Small bodies are es-
sentially “leftovers” from the birth of the planets. We have not yet dis-
cussed the exceptions to the rules, but we suspect that most of them
are a result of collisions between some of the “leftovers” and the plan-
ets [Section 4.6]. The fact that so many small bodies still exist tells us
that at least some large collisions must have been likely in the past, so
this idea is fully consistent with the nebular theory. Given all this suc-
cess, why did it take so long for the nebular theory to gain acceptance?
The answer has to do with the way evidence was gradually collected
and studied.

THE FALL AND RISE OF THE NEBULAR MODEL Although Buffon'’s
idea of planets forming in a collision with the Sun always had some sup-
porters, by and large the Kant/Laplace nebular hypothesis was more pop-
ular throughout the nineteenth century. By the early twentieth century,
however, scientists had found a few aspects of our solar system that the
nebular hypothesis did not seem to explain well, at least in its original
form. In particular, Laplace had proposed a physical mechanism by which
he claimed the planets were made. His mechanism basically envisioned
the planets forming in successive rings of gas that formed as the cloud
contracted and spun faster, but the details are not important here. In-
stead, the important point is that his mechanism was testable, and as sci-
entists began to put it to the test, they found that it did not work. That is,
Laplace’s mechanism could not actually build planets as he had thought.
This failure meant the model needed to be either modified or discarded.

Some scientists sought to modify the nebular hypothesis by look-
ing for alternative ways to build planets, while others looked for en-
tirely different ideas about how the solar system might have formed.
Before too long, a new version of Buffon’s old idea began to gain favor.
In this new version, instead of a direct collision with the Sun, scien-
tists imagined a near-collision between the Sun and another star.
According to this close encounter hypothesis, the planets formed from
blobs of gas that had been gravitationally pulled out of the Sun during
the near-collision.

For several decades, the two models battled almost to a draw. Each
had at least some features that seemed to agree well with observations,
and there was no conclusive evidence that favored one over the other.
However, as scientists studied the models in greater depth, they learned
to calculate the consequences of each model more precisely. By the
mid-twentieth century, these calculations showed that the close en-
counter hypothesis could not account for either the observed orbital



motions of the planets or the neat division of the planets into two cate-
gories (terrestrial and jovian). With this clear failure, the close en-
counter model rapidly lost favor. Moreover, this failure made scientists
take more seriously a second problem with the model: It required a
highly improbable event. Given the vast separation between star sys-
tems in our region of the galaxy, the chance that any two stars would
pass close enough to cause a substantial gravitational disruption is so
small that it would be difficult to imagine it happening even in the one
case needed to make our own solar system. While low probability alone
could not rule out the close encounter hypothesis, it certainly did not
help the case for a hypothesis that also failed on other grounds. (Today,
we can rule out the close encounter hypothesis definitively, because
the low probability of forming planets in collisions leads to a testable
prediction that we now know to be wrong: If planets are born only in
rare events, then planets should be rare around other stars. The fact
that we now know planets to be quite common therefore rules out the
close encounter hypothesis.)

At the same time that the close encounter hypothesis was losing
favor, new ideas about the physics of planet formation led to modifica-
tions of the nebular hypothesis. Laplace’s mechanism was discarded and
replaced by the idea of condensation and accretion, and scientists soon
realized that this important modification could indeed allow the nebular
model to explain the major features of our solar system. Perhaps even
more important, new discoveries about our solar system—such as learn-
ing of the existence of the Kuiper belt and Oort cloud and learning more
about the differing compositions of planets and moons—fit quite well
into the nebular model. By the latter decades of the twentieth century,
so much evidence had accumulated in favor of the nebular hypothesis
that it achieved the status of a scientific theory—the nebular theory of our
solar system’s birth.

IMPLICATIONS FOR LIFE IN THE UNIVERSE The historical com-
petition between the nebular and close encounter models may sound
like scientific trivia, but it had a profound effect on attitudes about life
in the universe. The reason is probably clear: If the close encounter
hypothesis had been correct, then other planetary systems would have
been exceedingly rare. Indeed, it would have been likely that no other
habitable worlds would exist in our galaxy, and perhaps even in the
universe. In that case, any chance of finding life beyond Earth would
have been limited to the other worlds in our own solar system. The
fact that this model seemed quite plausible for much of the first half of
the twentieth century partially explains why scientific interest in ex-
traterrestrial life waned during that period. Once the close encounter
model was discarded and the nebular theory gained acceptance, it be-
came immediately clear that other planetary systems were to be
expected, making the possibility of life on other worlds seem far more
reasonable.

e Why isn’t the nebular model set in stone?

Given the strength of evidence for the nebular theory, you might at
first expect it to be considered “settled science,” with nothing left to
learn about it. But if you think back to our discussion of gravity in
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Chapter 2, you'll realize that even the strongest theories are never set
in stone. Just as physicists are engaged in great debate today over what
theory of gravity will replace and improve on Einstein’s, the nebular
theory is one of the hottest topics of debate in modern planetary sci-
ence. As is usually the case, the scientific debate is being driven by new
discoveries.

The new discoveries that are forcing reconsideration of the nebular
theory fall into two major categories. First, there are the extrasolar planets
with their surprising orbits. Second, there are new observations of young
star systems, made possible by increasingly powerful telescopes that allow
us to see the phenomena that accompany stellar birth. The two sets of
new evidence are interrelated and must be considered simultaneously by
scientists, but let’s start by focusing on the implications of the extrasolar
planet discoveries.

As we’ve discussed, scientists developed the nebular model so that it
neatly explains why jovian planets in our solar system exist only far from
the Sun while the terrestrial planets exist only close in. The discovery of
extrasolar planets that are massive like jovian planets but located in their
inner solar systems was therefore quite unexpected, and it immediately
caused scientists to begin questioning the nebular model. At first, many
scientists wondered if the nebular model might be fundamentally flawed,
needing to be discarded almost entirely. However, observations of star-
forming clouds and young star systems have made scientists increasingly
confident in the basic idea that stars and planets are born in collapsing
clouds of gas. The issues with the nebular theory, then, must have more
to do with the details of what happens after the cloud forms a spinning
disk around a young star.

We still do not know exactly how to reconcile the surprising plane-
tary orbits with the mechanism of planetary formation in the current
nebular theory, but scientists have many plausible ideas. For example,
one set of models that looks quite promising starts by assuming that jov-
ian planets do indeed form in their outer solar systems, but that gravita-
tional interactions or other processes occurring in the spinning disk can
cause them to migrate inward after they form. Scientists are actively try-
ing to model this process with computer simulations, in hopes of seeing
whether it really works or whether other ideas are needed to reconcile
the nebular theory with observed extrasolar planets.

Observations of young star systems have also revealed plenty of sur-
prises. The basic model of the nebular theory, summarized in Figure 3.22,
makes the process of planetary formation look rather smooth and calm,
except perhaps in the late stages of accretion when shattering collisions
become possible. However, observations of young stars show that their
births are actually quite violent. Even as gas is falling inward to make a
central star and a rotating disk, we observe huge “jets” of matter being
shot outward along the disk’s rotation axis (Figure 3.34). Astronomers
are working hard to understand exactly what causes these powerful out-
flows of matter, which offer concrete proof that star formation is a much
more complex process than the basic nebular model presumes. Other ob-
servations are leading to more detailed understanding of exactly how the
central star is born, a process that sheds further light on the formation of
the surrounding disk.

Observations of disks themselves also reveal surprises. Some rela-
tively old stars still have disks, suggesting that planets may not be an



inevitable outcome of star formation. Other disks show structure indicat-
ing that they are quite turbulent, which has led some scientists to ex-
plore the idea that jovian planets might be born from instabilities in the
disk rather than from condensation and accretion.

The overall point should now be clear: The nebular theory explains
so much so well that the basic concept stands on extremely solid ground.
However, much remains to be learned about its details, and that makes it
an exciting and ongoing topic of scientific research.

Putting Chapter 3 in Perspective

In this chapter, we have explored the universal context in which we con-
duct the search for life in the universe. As you continue in your studies,
keep in mind the following “big picture” ideas:

e We are not the center of the universe, and we have no reason to
think that any special circumstances contributed to make our solar
system, Earth, or life. This simple idea is one of the major reasons
why it seems reasonable to imagine life beyond Earth.

® We are “star stuff” in that we are made of elements that were manu-
factured in stars. The same elements are available to make planets
and life throughout the universe, and we already have both theoret-
ical and observational evidence that planets are common. Thus,
while we cannot be sure that life exists elsewhere, we know that the
necessary raw materials are available and that many worlds exist on
which these raw materials might have given rise to life.

e The universe is vast, and even our own galaxy is so big that we have
no hope of studying all of it, at least within the time scales of our
lifetimes. Thus, it is important to learn about the general nature of
worlds, so that we can come up with sensible ways in which to focus
our search for life.

e Galaxies, stars, planets, and life all are ultimately a result of inter-
actions between matter and energy. It is therefore important to
have at least some understanding of matter and energy if we wish
to understand the processes that make life possible, whether on
Earth or beyond.



3.1 THE UNIVERSE AND LIFE

e What major lessons does modern astronomy teach us about our
place in the universe?

Three major lessons of modern astronomy are (1) the universe

is vast and old; (2) the elements of life are widespread; (3) the

same physical laws that operate on Earth operate throughout

the universe.

3.2 THE STRUCTURE, SCALE, AND HISTORY
OF THE UNIVERSE

e What does modern science tell us about the structure of the
universe?

We now know that Earth is a planet orbit-
ing a rather ordinary star among the more
than 100 billion stars in the Milky Way
Galaxy, which in turn is just one among
billions of galaxies. The scale of the uni-
verse is truly astronomical: If we imagine
the Sun the size of a grapefruit, Earth is a
ballpoint in a pen about 15 meters away,
while the nearest stars are thousands of kilometers away, and
this is still just a tiny part of the cosmic distance scale.

e What does modern science tell us about the history

of the universe?
The universe began about 14 billion
years ago in the Big Bang. It has been
expanding ever since, except in local-
ized regions where gravity has caused
matter to collapse into galaxies and
stars. The Big Bang essentially produced
only two chemical elements: hydrogen
and helium. The rest have been
produced by stars and recycled within galaxies from one
generation of stars to the next, which is why we are “star stuff.”
The universe is extremely old: On a cosmic calendar that
compresses the history of the universe into 1 year, human
civilization is just a few seconds old, and a human lifetime lasts
only a fraction of a second.

e How big is the universe?

Because light takes time to travel the vast distances across
space, the age of the universe limits how far we can see. For a
universe that is 14 billion years old, our observable universe
extends to a distance of 14 billion light-years. This is extremely
large: The total number of stars in all the galaxies of the
observable universe is comparable to the number of grains of
dry sand on all Earth’s beaches combined.

3.3 THE NATURE OF WORLDS

¢ How do other worlds in our solar system compare to Earth?

We categorize worlds into several major types. The eight planets
form two groups: rocky terrestrial planets and gas-rich
jovian planets. Moons are especially common around jovian
planets, and many of these moons are made of ice. Small bod-
ies orbiting the Sun include rocky asteroids, found mostly in
the asteroid belt, and ice-rich comets, found in the Kuiper
belt just beyond the orbit of Neptune and in the more distant
Oort cloud.

e Why do worlds come in different types?

The different types of worlds are conse-
quences of the processes that formed
our solar system. According to the
nebular theory, the solar system
began with the gravitational contrac-
tion of an interstellar cloud, and laws
of nature dictate that such clouds take up the shape of a disk.
The Sun formed in the hot and dense center. Terrestrial planets
formed in the inner parts of the disk, where high temperatures
allowed only metal and rock to condense. Jovian planets and
icy moons formed in the cold outer solar system, where ices
could condense, allowing the seeds of the jovian planets to
grow large enough to capture some of the surrounding gas.

e Should we expect habitable worlds to be common?

Our basic understanding of astronomy and planetary science
suggests that solar systems like ours, with habitable worlds,
should be common. However, some recently discovered extra-
solar planets do not fit the expected pattern, so we do not yet
know whether planetary systems like ours are common or
rare. Still, even if they are comparatively rare, the vast number
of star systems in our galaxy makes it seem likely that we’ll
find many habitable worlds.

3.4 A UNIVERSE OF MATTER AND ENERGY

e What are the building blocks of matter?

Ordinary matter is made of atoms,
which are made of protons,
neutrons, and electrons. Atoms of
different chemical elements have dif-
ferent numbers of protons. Isotopes of
a particular chemical element all have the same number of
protons but different numbers of neutrons. Molecules are
made from two or more atoms. The appearance of matter de-
pends on its phase: solid, liquid, or gas.




e What is energy?

Energy makes matter move, and while it comes in many differ-
ent forms, we can categorize these forms into three basic cate-
gories: energy of motion, or Kinetic energy; stored energy, or
potential energy; and energy of light, or radiative energy.
The law of conservation of energy tells us that energy can
change its form but can never be created or destroyed.

e What is light?

Light is an electromagnetic wave, but also comes in individ-
ual “pieces” called photons. Each photon has a precise wave-
length, frequency, and energy. In order of decreasing
wavelength (or increasing frequency or energy), the forms of
light are radio waves, microwaves, infrared, visible light,
ultraviolet, X rays, and gamma rays. Light carries a great
deal of information about the objects it comes from, and we
can learn most of that through spectroscopy, in which we
carefully study the makeup of the light.

REVIEW QUESTIONS
Short-Answer Questions Based on the Reading

1. List three major ideas of astronomy that help frame the context
of the search for life in the universe. Describe each one, along
with its importance to astrobiology.

2. Briefly define and describe each of the various levels of struc-
ture illustrated in Figure 3.1.

3. Describe the solar system as it looks on the 1-to-10-billion scale
used in the text. How far away are other stars on this same
scale? How does this model show the difficulty of detecting
planets around other stars? What does it tell us about the chal-
lenge of interstellar travel?

4. What is a light-year? Is it a unit of distance or time? Explain
clearly.

5. Briefly describe the scale of the galaxy. How long would it take
to count 100 billion stars? Why is the search for extraterrestrial
intelligence (SETI) primarily a search for signals broadcast by
civilizations in the past, rather than an attempt to carry out
two-way radio conversations?

6. What evidence makes scientists think the universe is made
mostly of dark matter and dark energy, and why are these things
so mysterious? Are these mysteries likely to have an impact on
the question of life in the universe? Explain.

7. What do we mean when we say that the universe is expand-
ing? How does expansion lead to the idea of the Big Bang?
Briefly describe the evidence supporting the idea that our uni-
verse began with the Big Bang.

8. What do we mean when we say that Earth and life are made
from “star stuff”? Explain how this star stuff was made, and
briefly describe the evidence supporting this idea.

S
3.5 CHANGING IDEAS ABOUT THE FORMATION
OF THE SOLAR SYSTEM

e How did the nebular model win out over competing models?
For almost 200 years, the nebular hypothesis competed with
another idea that proposed a collision or near-collision with a
massive object and the Sun as the mechanism for planet for-
mation. The nebular model won out only after it was tested in
great detail and the competing ideas failed the test of explain-
ing the observed features of our solar system.

e Why isn't the nebular model set in stone?

Like all scientific theories, the nebular
theory is subject to ongoing study and
modification. In recent years, two sets
of observations have forced scientists to
revisit the details of the theory: obser-
vations of extrasolar planets that have
surprising orbits and observations of young star systems in the
process of formation.

9. Imagine describing the cosmic calendar to a friend. In your own
words, give your friend a feel for how the human race fits into
the scale of time.

10. What do we mean by the observable universe? How big is it?
Answer both in absolute terms (that is, a size in light-years)
and by describing a way of putting its vast size into
perspective.

11. What do we mean when we say that the universe appears to be
“fine-tuned” for life? Briefly describe the possible implications
of this idea.

12. Briefly describe the general characteristics of each of the follow-
ing types of worlds: terrestrial planets, jovian planets, moons,
asteroids, comets, and large Kuiper belt objects.

13. Describe each of the three key processes that led the solar neb-
ula to take the form of a spinning disk. What observational evi-
dence supports this scenario?

14. Briefly explain wiy we think our solar system ended up with
rocky worlds in its inner regions and icy or gaseous worlds in
its outer regions. How do we explain the small bodies that pop-
ulate the asteroid belt, Kuiper belt, and Oort cloud?

15. Why might we expect many other solar systems to be similar to
ours? What do discoveries of extrasolar planets tell us about
this expectation?

16. Briefly describe the structure of an atom. What determines the
atom’s atomic number? What determines its atomic mass number?
Under what conditions are two atoms different isotopes of the
same element? What is a molecule?

17. What is the difference between matter in the phases of solid,
liguid, and gas? What are sublimation and evaporation?



18.

19.

20.

21.

22.

23.

24

Define kinetic energy, radiative energy, and potential energy. For
each type of energy, give at least two examples of objects
that either have it or use it. What is the law of conservation

of energy?

What are the characteristics of a photon of light? List the differ-
ent forms of light in order from lowest to highest energy.
Would the list be different if you went in order from lowest

to highest frequency? From shortest to longest wavelength?
Explain.

What is spectroscopy, and what can we learn from it?

Briefly discuss how we decide what types of evidence must be
explained by a successful theory of solar system formation.
Why don’t we expect the theory to explain everything?

Summarize the four general features of our solar system that a
solar system formation theory must address, and explain how
the nebular theory successfully addresses each feature.

What was the close encounter hypothesis for our solar system'’s
formation, and why was it ultimately rejected in favor of the
nebular theory? How did this rejection affect our understanding
of possibilities for extraterrestrial life?

. Briefly describe how and why recent discoveries are leading

scientists to revise the nebular theory.

TEST YOUR UNDERSTANDING

Does It Seem Reasonable?

Suppose that, some day in the future, you heard the following an-
nouncements. (These are 7ot real discoveries.) In each case, use what
you've learned in this chapter to decide whether the announcement
seems reasonable or difficult to believe. Explain clearly; because not
all of these have definitive answers, your explanation is more impor-
tant than your chosen answer.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Scientists announced today that one of the robotic Mars rovers
had driven into the remains of an ancient city on Mars.

The Voyager 2 spaceship, launched in 1977, has just crash-
landed on a planet orbiting another star.

At a junior high school talent show, 14-year-old Sam Smally
read off the names he had given to each of the 100 billion stars
in the Milky Way Galaxy.

Astronomers have discovered a young solar system located in
the Orion Nebula, more than 1500 light-years away.

Astronomers announced that they had just found the largest
extrasolar planet yet discovered, and it is made of solid gold.

SETI researchers announced today that if they receive a mes-
sage from a civilization located on the other side of the Milky
Way Galaxy, they plan to respond with a message asking the
aliens 20 questions about current mysteries in science.

Scientists have just found the first strong evidence of life
beyond Earth, and the evidence is for life on a moon orbiting
the planet Jupiter.

Astronomers have discovered another star system that is virtu-

ally the reverse of ours: It has all its gaseous planets, icy moons,
and comets in its inner regions, and its rocky planets and aster-
oids in its outer regions.

A noted physicist today announced that he has found evidence
that gravity operates only on Earth and nowhere else in the
universe.

34.

Using new, powerful telescopes, biologists today announced
that they had discovered evidence of complex organic
molecules in the atmosphere of an extrasolar planet.

Quick Quiz

Choose the best answer to each of the following. Explain your rea-
soning with one or more complete sentences.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

The Milky Way Galaxy is (a) another name for our solar system;
(b) a small group of stars visible in our night sky; (c) a collec-
tion of more than 100 billion stars, of which our Sun is one.

It we represent the solar system on a scale that allows you to
walk from the Sun to Pluto in a few minutes, then (a) the plan-
ets would be the size of basketballs and the nearest stars would
be a few miles away; (b) the planets would be marble-size or
smaller and the nearest stars would be thousands of miles
away; (c) the planets would be microscopic and the stars would
be light-years away.

A television advertisement claiming that a product is “light-
years ahead of its time” does not make sense because (a) it
doesn’t specify the number of light-years; (b) it uses “light-
years” to talk about time, but a light-year is a unit of distance;
(c) light-years can only be used to talk about light.

When we say the universe is expanding, we mean that
(a) everything in the universe is growing in size; (b) the
average distance between galaxies is growing with time;
(c) the universe is getting older.

According to observations, the overall chemical composition of
our solar system and other similar star systems is approximately
(a) 98% hydrogen and helium, 2% all other elements
combined; (b) 98% ice, 2% metal and rock; (c) 100% hydro-
gen and helium.

The age of our solar system is about (a) one-third of the age of
the universe; (b) three-fourths of the age of the universe; (c) 2
billion years less than the age of the universe.

The total number of stars in the observable universe is roughly
equivalent to (a) the number of grains of dry sand on all the
beaches on Earth; (b) the number of grains of dry sand on
Miami Beach; (c) infinity.

How many of the planets orbit the Sun in the same direction
that Earth does? (a) a few; (b) most; (c) all.

Which of the following is 7ot a general difference between ter-
restrial planets and jovian planets? (a) Terrestrial planets are
much smaller and less massive than jovian planets. (b) Terres-
trial planets are made largely of metal and rock while jovian
planets also contain abundant hydrogen compounds such as
methane, ammonia, and water. (c) Terrestrial planets have
oceans of liquid water and jovian planets do not.

Some nitrogen atoms have seven neutrons and some have
eight neutrons. These two forms of nitrogen are (a) ions of each
other; (b) phases of each other; (c) isotopes of each other.

INVESTIGATE FURTHER
In-Depth Questions to Increase Your Understanding

Short-Answer/Essay Questions

45.

Our Cosmic Origins. Write one to three paragraphs summarizing
why we could not be here if the universe did not contain both
stars and galaxies.



46.

47.

48.

49.

50.

51.

52.

53.

Perspective on Space and Time. Come up with your own idea, differ-
ent from any given in this chapter, to give perspective to some
aspect of space or time, such as the size of our solar system, or
the Earth-Sun distance, or the age of Earth, or the time scale of
civilization, or so on. Your goal should be to explain the size or
time you have chosen in a way that will make sense to people
who have not studied astronomy. Write up your explanation in
the form of a short essay.

Alien Technology. Some people believe that Earth is regularly vis-
ited by aliens who travel here from other star systems. For this
to be true, how much more advanced than our own would the
space travel technology of the aliens have to be? Write one to
two paragraphs to give a sense of the technological difference.
(Hint: The ideas of scale in this chapter can help you contrast
the distance the aliens travel easily with the distances we are
now capable of traveling.)

Common Levels of Technology. In Star Wars, aliens from many
worlds share approximately the same level of technological
development. Does this seem plausible? Explain clearly. (Hint:
Consider the scale of time and the amount of time for which
our own civilization has so far existed.)

Patterns of Motion. In one or two paragraphs, explain why the
existence of orderly patterns of motion in our solar system
should suggest that the Sun and the planets all formed at one
time from one cloud of gas, rather than as individual objects at
different times.

Two Kinds of Planets. The jovian planets differ from the terres-
trial planets in a variety of ways. Using phrases or sentences that
members of your family would understand, explain why the
jovian planets differ from the terrestrial planets in each of the
following: composition, size, density, distance from the Sun,
and number of satellites.

Pluto and Eris. How does the nebular theory explain the origin
of objects like Pluto and Eris? How was their formation similar
to that of jovian and terrestrial planets, and how was it different?

Atomic Terminology Practice.

a. The most common form of iron has 26 protons and 30 neu-
trons in its nucleus. State its atomic number, atomic mass
number, and number of electrons if it is electrically neutral.

b. Consider the following three atoms: Atom 1 has seven pro-
tons and eight neutrons; atom 2 has eight protons and seven
neutrons; atom 3 has eight protons and eight neutrons.
Which two are isotopes of the same element?

c. Consider fluorine atoms with nine protons and ten neutrons.
What are the atomic number and atomic mass number of this
fluorine? Suppose we could add a proton to this fluorine nu-
cleus. Would the result still be fluorine? Explain. What if we
added a neutron to the fluorine nucleus?

d. The most common isotope of uranium is **U, but the form
used in nuclear bombs and nuclear power plants is 2*°U.
Given that uranium has atomic number 92, how many neu-
trons are in each of these two isotopes of uranium?

Origin of Your Energy. Suppose you have just thrown a ball, and
it is now in mid-flight so that it has energy of motion. Trace
back the origin of that energy in as much detail as you can; for
example, the ball got its energy from the throwing motion of
your arm, but where did your arm get this energy? If possible,
trace the energy all the way back to the Big Bang.

54. Your Microwave Oven. A microwave oven emits microwaves that

55.

56.

have just the right wavelength needed to cause energy level
changes in water molecules. Use this fact to explain how a mi-
crowave oven cooks your food. Why doesn’t a microwave oven
make a plastic dish get hot? Why do some clay dishes get hot in
the microwave? Why do dishes that aren’t themselves heated
by the microwave oven sometimes still get hot when you heat
food on them?

A Strange Star System. Suppose that we discovered a star system
with ten planets, in which nine orbit the star in the same direc-
tion but one travels in the opposite direction. Would this obser-
vation be consistent with what we would expect according to
the nebular theory? Do you think this one observation would
be enough to make us discard the nebular theory, or would we
just seek to revise it? Defend your opinion.

Oort Cloud Impact. Most of our solar system’s comets appear to
be “tucked safely away” in the distant Oort cloud, where they
are highly unlikely to ever come in and hit Earth. However, we
also learned that they are thought to have ended up so far
away largely through the action of Jupiter. Suppose that Jupiter
did not exist, and these trillion comets were located much
nearer to the Sun. How would you expect the impact rate to
have been different? Explain. (Note: We'll discuss the possible
importance of this impact rate difference in Chapter 11.)

Quantitative Problems

Be sure to show all calculations clearly and state your final answers
in complete sentences.
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Distances by Light. Just as a light-year is the distance that light
can travel in 1 year, we define a light-second as the distance
that light can travel in 1 second, a light-minute as the distance
that light can travel in 1 minute, and so on. Calculate the dis-
tance in both kilometers and miles represented by each of the
following: (a) 1 light-second; (b) 1 light-minute; (c) 1 light-
hour; (d) 1 light-day.

Communication with Mars. We use radio waves, which travel at
the speed of light, to communicate with robotic spacecraft. How
long does it take a message to travel from Earth to a spacecraft
on Mars when (a) Mars is at its closest distance to Earth; (b)
Mars is at its farthest distance from Earth. (Data: The distance
from Earth to Mars ranges between about 56 and 400 million
kilometers.)

Scale of the Solar System. The real diameters of the Sun and Earth
are approximately 1.4 million kilometers and 12,800 kilome-
ters, respectively. The Earth—Sun distance is approximately 150
million kilometers. Calculate the sizes of Earth and the Sun,
and the distance between them, on a scale of 1 to 10 billion.
Show your work clearly.

Moon to Stars. How many times greater is the distance to Alpha
Centauri (4.4 light-years) than the distance to the Moon? What
does this tell you about the relative difficulty of sending astro-
nauts to other stars compared to sending them to the Moon?

Galaxy Scale. Consider the 1 to 10'° scale on which the disk of
the Milky Way Galaxy fits on a football field. On this scale, how
far is it from the Sun to Alpha Centauri (real distance: 4.4 light-
years)? How big is the Sun itself on this scale? Compare the
Sun’s size on this scale to the size of a typical atom (real
diameter: about 107'° meter).



62.

63.
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65.

66.

Counting Stars. Suppose there are 400 billion stars in the Milky
Way Galaxy. How long would it take to count them if you
could count continuously at a rate of one per second? Show
your work clearly.

Interstellar Travel. Our fastest current spacecraft travel away
from Earth at a speed of roughly 50,000 km/hr. At this speed,
how long would it take to travel the 4.4-light-year distance to
Alpha Centauri (the nearest star system to our own)? Show
your work clearly. (Hint: Recall that a light-year is
approximately 9.5 X 10'2 km.)

Faster Trip. Suppose you wanted to reach Alpha Centauri in 100
years. (a) How fast would you have to go, in km/hr? (b) How
many times faster is the speed you found in (a) than the speeds
of our fastest current spacecraft (around 50,000 km/hr)?

Planet Probabilities. Suppose that one in ten million stars is or-
bited by an Earth-like planet. If there are 100 billion stars in the
Milky Way Galaxy, how many Earth-like planets are there in
the galaxy? If there are 100 billion galaxies in the observable
universe, how many Earth-like planets are there in the observ-
able universe?

What Are the Odds? The fact that all the planets orbit the Sun in
the same direction is cited as support for the nebular hypothe-
sis. Imagine that there’s a different hypothesis in which plan-
ets can be created orbiting the Sun in either direction. Under
this hypothesis, what is the probability that ten planets would
end up traveling the same direction? (Hint: It’s the same prob-
ability as that of flipping a coin ten times and getting ten
heads or ten tails.)

Discussion Questions

67.

The Changing Limitations of Science. In 1835, French philosopher
Auguste Comte stated that science would never allow us to
learn the composition of stars. Although spectral lines had
been seen in the Sun’s spectrum by that time, not until the
mid-nineteenth century (primarily through the work of Fou-
cault and Kirchhoff) did scientists recognize that spectral lines

68.

69.

give clear information about chemical composition. Why might
our present knowledge have seemed unattainable in 1835?
Discuss how new discoveries can change the apparent limita-
tions of science. Today, other questions seem beyond the reach
of science, such as the question of why there was a Big Bang.
Do you think such questions will ever be answerable through
science? Defend your opinion.

Lucky to Be Here? Considering the overall process of solar system
formation, do you think it was likely for a planet like Earth to
have formed? Could random events in the early history of the
solar system have prevented our being here today? What impli-
cations do your answers have for the possibility of Earth-like
planets around other stars? Defend your opinions.

Perpetual Motion Machines. Every so often, someone claims to
have built a machine that can generate energy perpetually from
nothing. Why isn’t this possible according to the known laws

of nature? Why do you think claims of perpetual motion
machines sometimes receive substantial media attention?

WEB PROJECTS

70.

71.

72.

Dark Matter and Dark Energy. Look for recent discoveries that
might shed light on the possible nature of dark matter or dark
energy. Choose one such discovery, and write a short report on
its implications for our understanding of the universe.

Tour of the Solar System. Visit one of the many Web sites that give
virtual tours of the planets of our solar system. Write a few
paragraphs about which planet is your personal favorite, and
why.

Star Birth. Search the Internet for recent images from the Hub-
ble Space Telescope and other telescopes that show young star
systems in the process of formation. Choose five to ten favorite
images, and create a photojournal with a page for each picture,
along with a short description of the picture and what it may
tell us about the process of star and planet formation.
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chapters is to understand why life thrives on our planet.

In this chapter, we will focus on understanding the physical conditions that make our planet
habitable. We'll explore the role that geology plays in Earth’s habitability, and discuss how, when,
and why Earth became a suitable home for life. With this understanding we’ll then be ready to
turn our attention in Chapters 5 and 6 to life itself.

4.1 Geology and Life

It’s easy to take for granted the qualities that make Earth so suitable for
human life: a moderate temperature, abundant water, a protective atmo-
sphere, and a relatively stable environment. But we need look only as far
as the neighboring worlds of the inner solar system—the Moon and the
three other terrestrial planets—to see how fortunate we are (Figure 4.1).
The Moon and Mercury are airless and barren, with surfaces covered by
the craters of past impacts. Venus is a searing hothouse, with surface tem-
peratures higher than that of a pizza oven and surface pressure nearly as
great as we would measure a kilometer deep in Earth’s oceans. Mars has
many features that look almost Earth-like and might indicate a hospitable
past, but today Mars has an atmosphere so thin that a visiting astronaut
would require a full space suit at all times, and the only surface water is
frozen as ice.

Why is Earth so different? Our distance from the Sun is clearly an
important factor, but that cannot be the whole story. After all, the Moon
is the same distance from the Sun, yet lacks all of the qualities that make
Earth habitable. Comparing Earth and the Moon in Figure 4.1 suggests
that Earth’s much larger size is important, but that can’t be the whole
story either, since hothouse Venus is only slightly smaller than Earth.

Scientists suspect that Earth owes its habitability primarily to a com-
bination of its size and distance from the Sun, which together have
shaped its geology and atmosphere. Because our atmosphere originated
through geological processes, let’s begin by looking at the surprising ways
in which Earth’s geology has made our existence possible.



Venus

Mercury

A portion of Earth’s surface
as it appears without
clouds.

Heavily cratered Mercury
has long steep cliffs (arrow).

Cloud-penetrating radar
revealed this twin- peaked
volcano on Venus.

e How is geology crucial to our existence?

Geology is a word with multiple meanings. Taken literally, it is the study
of Earth (because geo means “Earth”), but for convenience scientists com-
monly extend the meaning to encompass the study of any world with a
solid surface. We also use the word geology to describe the processes and
features that shape worlds; for example, when we speak of Earth’s geol-
ogy, we can mean anything from the composition of our planet to the
volcanoes and other processes that rework the surface.

When we consider life on relatively short time scales, such as decades
or centuries, we generally don’t need to think about how life interacts
with our planet’s geology. Except for organisms that obtain their energy
directly from chemical interactions with their environment—an impor-
tant class of organisms that we’ll discuss further in Chapter 5—we can
understand most short-term biology by considering interactions between
species; only rarely are these interactions affected directly by something
like a volcanic eruption. However, over longer time scales, geology and
life are deeply intertwined. In fact, it is Earth’s geology that has made our
planet habitable, ultimately allowing not only the existence of life but
also the long-term evolution of life into complex forms that include us.

Geology is important to life on Earth in many ways, but three aspects
of Earth’s geology stand out as being especially important:

e Volcanism. A volcanic eruption can be a spectacular sight, but
volcanoes are important to our existence on a much deeper level:
Volcanic activity releases gases trapped in Earth’s interior, and these
gases were the original source of Earth’s atmosphere and oceans. In
addition, volcanism releases heat and creates chemical environments
that, we suspect, helped lead to the origin of life on our planet.

e Plate tectonics. Earth’s surface has been shaped largely by the
movement and recycling of rock between the surface and the

Earth’s Moon

Mars has features that look
like dry riverbeds; note the
impact craters.

The Moon’s surface is
heavily cratered in most
places.

Figure 4.1

The four inner planets and our Moon, together known as
the “terrestrial worlds,” shown to scale, along with sample
close-ups from orbiting spacecraft.
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interior. This process, called plate tectonics, is best known for gradually
rearranging the continents, but its most profound relevance to life
involves Earth’s climate: According to modern understanding, plate
tectonics is largely responsible for the long-term climate stability that
has allowed life to evolve and thrive for some 4 billion years.

e Earth’s magnetic field. Compass needles point north because our
planet has a global magnetic field generated deep in its interior. You
may know that the magnetic field has at least a few biological
effects—for example, some birds use the magnetic field to help guide
their migrations—but its deeper significance is to our atmosphere.
The magnetic field shields Earth’s atmosphere from the energetic
particles of the solar wind [Section 3.3], and without this shielding,
it’s likely that a significant portion of our planet’s atmosphere would
by now have been stripped away into space.

Because these factors seem so important to life on Earth, we’d like to
understand the likelihood of finding them on other worlds. To do so, we
must understand how they work and how they came about, a task to
which we’ll devote most of this chapter. First, however, it’s important to
understand how we learn about these and other processes that shape our
planet, which ultimately comes down to methods for reconstructing
Earth’s history from the clues we find in rocks and fossils.

4.2 Reconstructing the History
of Earth and Life

Human recorded history dates back only a few thousand years on a
planet that has existed for about 4% billion years. To put this fact in per-
spective, imagine making a timeline to represent Earth’s history. On a
timeline the length of a football field, human civilization would occupy a
sliver no thicker than a piece of paper at the end of the timeline. How,
then, can we possibly know anything about the long history that
preceded human civilization?

The answer is that this history is recorded in rocks and fossils—relics
of organisms that lived and died long ago—that preserve clues we can
unravel to learn about the past. Reading this history is not as easy as
reading words on a page, but with proper scientific tools it can be reliably
deciphered. Our task in this section is to explore a few of the key scientific
ideas that have helped us put together a chronology of geology and life on
our planet.

e What can we learn from rocks and fossils?

Recall that matter is found in three basic phases: solid, liquid, and gas.
The atoms and molecules of liquids or gases are in constant motion,
remixing so rapidly that we can’t possibly learn much about how they
were arranged in the past. But solid objects offer a different story: Be-
cause atoms and molecules are essentially locked in place in a solid, they
preserve information about the time at which they first became locked
together—that is, at the time the object solidified.

Many solid objects preserve past records, including ancient bones
and archaeological artifacts such as pieces of pottery or cloth. But when
we seek to learn about Earth’s history, we must look to the rocks and



a This solidified lava is an example of b Metamorphic rock has gone through ¢ Sedimentary rock tends to build up in layers like those
igneous rock. transformations that often give it a visible here.

contorted appearance.

fossils that make up what we call the geological record. (Some people
use the term fossil record synonymously, but the latter technically refers
only to relics of life.) To see how we read this record, let’s begin by
discussing how we classify the rocks that preserve past history.

TYPES OF ROCKS Geologists classify rocks into three basic types
according to how they are made (Figure 4.2):

¢ Igneous rock is made from molten rock that cools and solidifies.

e Metamorphic rock is rock that has been structurally or chemically
transformed by high pressure or heat that was not quite high
enough to melt it.

¢ Sedimentary rock is made by the gradual compression of sediments,
such as sand and silt at the bottoms of seas and swamps.

Note that rock can change from one type to another. For example, an
igneous rock may be transformed by high pressure or heat into a meta-
morphic rock, and both igneous and metamorphic rock may be eroded
into sediments and become part of a sedimentary rock. Sedimentary rock
may then be carried deep underground, where it can melt and then reso-
lidify as igneous rock. In fact, each of the three rock types can be trans-
formed into the others, an idea often described as the rock cycle (Figure 4.3).

Because rock can be recycled among the three types, a rock’s type
does not necessarily tell us much about its composition. Individual rocks
of any of the three types usually contain a mixture of different crystals in
close contact. Each individual crystal represents a mineral, which is the
word we use to describe a crystal of a particular chemical composition
and structure. Geologists have identified more than 4300 distinct min-
eral types, but we often group them by their primary constituents. For
example, all minerals that contain substantial amounts of silicon and
oxygen are called silicates; familiar silicates include quartz and feldspar.
Similarly, carbonates, such as limestone, are minerals containing large
amounts of carbon and oxygen.

Overall, a rock’s type—igneous, metamorphic, or sedimentary—tells
us how it was made, while its mineral composition tells us what it is made
of. However, because rocks of any type may contain different mixes of min-
erals, geologists use many more names to subclassify rocks. For example,
two subtypes of igneous rock form much of our planet’s crust. Basalt is
a dark, dense igneous rock that is commonly produced by undersea

Figure 4.2

Samples of the three basic rock types. (All three photos are
on approximately the same scale.)
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Figure 4.3

The rock cycle describes how rocks can change from one
to another of the three basic types. Not shown are loops
that transform rock within the individual types; for
example, igneous rocks can melt and then reform as new
igneous rocks.
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Tectonic stresses and sea level changes push the

Over time, more layers are added, seafloor upward, exposing sedimentary rocks.
Sedimentary rocks containing fossils from each time period.
Rivers carry sediment containing fossils

to the oceans. form on the ocean floor.

Y

Erosion by rivers reveals layers;
deeper layers contain older fossils.

Figure 4.4
These diagrams depict one example of the formation of volcanoes and that is rich in iron and magnesium-based silicate minerals.

sedimentary rock. Note that each stratum, or layer, Granite, which is much lighter in color and less dense than basalt, is an
represents a particular time and place in Earth’s history and is igneous rock common in mountain ranges; it gets its name from its grainy
characterized by fossils of organisms that lived in that place appearance and it is composed largely of quartz and feldspar minerals.

and time. (Adapted from Campbell, Reece, Biology.)

SEDIMENTARY STRATA Sedimentary rock is particularly important to
our study of Earth’s history for two reasons. First, most fossils are found
in sedimentary rock. Second, sedimentary rock forms in a way that tends
to produce a record of time. The sediments that make sedimentary rock
are produced primarily by erosion on land. Wind, water, and ice can all
help break up solid rock into small pieces, some smaller than a millime-
ter across, and these small pieces (or grains) comprise sediments. Sediments
can be carried away by rivers and deposited on floodplains or in the
oceans. Over millions of years, sediments pile up on the seafloor, and the
weight of the upper layers compresses underlying layers into rock. Fos-
sils can be made when remains of living organisms are buried along with
the sediments. Remains of aquatic organisms may be buried in sediments
simply because they settle to the bottom of the sea. Some land organisms
form fossils when their remains are swept into bodies of water. In other
cases, remains of land organisms may be buried in place by windblown
silt and later compressed by sediments deposited on top of them when
sea levels rise.

Sediments deposited at different times tend to look different as a result
of changes in the rate of sedimentation, in the composition or grain size of
sediments settling to the bottom, or in the type of organisms leaving fossils.
As a result, sedimentary rock tends to be marked by distinct layers, or
strata (singular, stratum). We can view these strata in sedimentary rocks
that have been exposed by, for example, the gradual action of a river carv-
ing through the rock over millions of years or by a cut made through a
mountain to make way for a road. Figure 4.4 summarizes one process by
which sedimentary rock forms. Figure 4.5 shows part of the Grand
Canyon, which was carved by the Colorado River. The rock layers of the
Grand Canyon walls record more than 500 million years of Earth’s history.

Because sedimentary rock builds up gradually over time, at any
particular location the more deeply buried layers generally are older. This
allows geologists to determine the relative ages of rocks and fossils buried
in sediments. For example, because fossils of dinosaurs appear only in

. layers older than those in which we find fossils of primates, we conclude
The walls of the Grand Canyon are exposed sedimentary rock . . .
in which the strata record more than 500 million years of that d1n95aurs lived before primates. .
Earth’s history. Sedimentary strata record most (but not all) of Earth’s history, but no
single location contains a full record. Nevertheless, geologists have put

Figure 4.5
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together a fairly detailed geological record by comparing sedimentary strata
from many sites around the world. Scientists correlate the strata from dif-
ferent sites by looking for layers with similar fossils. For example, suppose
an upper stratum at one location contains fossils of the same type as those
found in a lower stratum at another location. In that case, the first location
must contain more ancient strata than the second location (Figure 4.6).

ROCK ANALYSIS You can often tell a rock’s type from its appearance.
For example, a piece of recently solidified lava is obviously igneous, while
a rock with an embedded seashell is probably sedimentary. Scientists,
too, often start by studying a rock’s appearance and considering where it
was found, as both offer clues to the rock’s origin and history. But if you
really want to learn about a rock, you need to examine it in detail in the
laboratory.

Scientists can analyze rocks in a variety of ways, but three types of
analysis are particularly important in reconstructing a rock’s history and
hence the history of our planet.

e Mineralogical analysis generally means identifying the minerals
present in a rock.

e Chemical analysis generally means determining the elemental or
molecular composition of a rock or mineral. For example, chemical
analysis will tell you the percentages of a rock that consist of iron,
silicon, carbon, or other elements.

e Isotopic analysis generally means determining the ratio of different
isotopes [Section 3.4] of elements in a rock. For example, oxygen has
three stable isotopes: Oxygen-16 (eight protons and eight neutrons)
is by far the most common, but it is always mixed with small
amounts of oxygen-17 (eight protons and nine neutrons) and
oxygen-18 (eight protons and ten neutrons); isotopic analysis can
tell us the relative amounts of the three oxygen isotopes in a rock.

These three types of analysis are often used in tandem and each can
provide clues about a rock’s history; these techniques can also be applied
to fossils and other solids. The importance of chemical analysis is probably
fairly obvious, since it is always useful to know what an object is made of.
Mineralogical analysis can tell us about the temperature and pressure
conditions under which a rock formed. For example, while graphite and

Figure 4.6

In this diagram, we imagine comparing sedimentary strata at
two locations. After aligning the strata (which would be tilted
in the hillsides shown), we find that the fossils found in a
particular layer near the top at Location 1 are of the same
type as those found in a lower layer at Location 2. We
conclude that the two sets of strata represent overlapping
time periods, with the strata at Location 1 going further

back in time.



diamond are both minerals made of nearly pure carbon (they differ in
their crystal structures), diamond forms only under much higher pressure
conditions than graphite.

Isotopic analysis can be particularly illuminating, because measure-
ments show that isotopes tend to exist in particular overall ratios in na-
ture. For example, the overall ratio of oxygen-16 to oxygen-18 in nature
is about 2000 to 1. Thus, if we find a rock that has more than 1 in 2000
of its oxygen atoms in the form of oxygen-18, we know that something
must have happened to cause the rock to become enriched with this
heavier oxygen isotope. Even more important, some isotopes turn out to
be radioactive, meaning that their nuclei are unstable and tend to
change over time into other isotopes in a predictable way. As we’ll dis-
cuss next, this fact means that the ratios of certain radioactive isotopes
and their products serve as natural clocks that can allow us to learn pre-
cisely when a rock (or other solid object) formed.

e How do we learn the age of a rock or fossil?

The most reliable method for measuring the age of a rock, fossil, or other
solid object is known as radiometric dating. This method relies on care-
ful measurement of an object’s proportions of various atoms and isotopes.

A radioactive isotope has a nucleus that can undergo spontaneous
change, or radioactive decay, such as breaking apart or having one of its
protons turn into a neutron. For example, carbon comes in two stable
isotopes: carbon-12 (98.9% of carbon atoms), with 6 protons and 6 neu-
trons, and carbon-13 (1.1% of carbon atoms), with 6 protons and
7 neutrons. This stable carbon is sometimes found mixed with much
smaller amounts of the radioactive isotope carbon-14, which has 6 protons
and 8 neutrons. Other elements, such as uranium, are always unstable—
and therefore radioactive—no matter which isotope we are dealing with.
When a radioactive nucleus undergoes decay, we say that the original
nucleus (before decay) is the parent nucleus (or parent isotope) and the
changed nucleus (after decay) is the daughter nucleus (or daughter isotope).

Radioactive decay can occur in a variety of ways. Sometimes a large
atomic nucleus ejects a helium nucleus, which consists of two protons
and two neutrons. (This process is called alpha decay.) In that case, the
remaining daughter nucleus has a lower atomic mass than its parent
nucleus. For example, uranium-238 decays by ejecting a helium nucleus,
leaving thorium-234 as its daughter. However, this isotope is not the final
daughter of uranium-238, because thorium-234 is also radioactive.
Through a chain of individual decays, eight of which involve the emis-
sion of a helium nucleus, uranium-238 ultimately decays into lead-206,
which is stable and decays no further (Figure 4.7a).

In other cases, radioactive decay occurs when a nucleus sponta-
neously emits or absorbs an electron, causing one of its neutrons to turn
into a proton, or a proton to turn into a neutron. (The processes are called
beta decay and electron capture, respectively; an absorbed electron is one of
the atom’s own electrons that gets captured by the nucleus.) In these
cases, the parent and daughter nuclei will both have the same atomic
mass number (the same total number of protons and neutrons), but they
will represent different elements because they have different numbers of
protons. For example, carbon-14 decays by emitting an electron as one
of its neutrons becomes a proton, so its daughter isotope has seven pro-
tons and seven neutrons and therefore is nitrogen-14 (Figure 4.7b).
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a Uranium-238 decays through a chain of individual decay processes, eight of which
involve the emission of a helium nucleus, ultimately leaving lead-206 as its stable
daughter isotope. The half-life for the decay chain as a whole is 4.47 billion years.

Regardless of the decay process, radioactive decay always occurs
at a specific and measurable rate that is different for every radioactive
parent—daughter pair. Thus, the basic idea behind radiometric dating is to
determine the age of a rock (or other solid object) from the ratio of par-
ent and daughter atoms within it, which depends only on the decay rate
and the length of time over which the decay has been occurring. To fully
understand how this important technique works, we must explore the
nature of radioactive decay in a bit more detail.

THE PROBABILISTIC NATURE OF RADIOACTIVE DECAY Radioactive
decay is governed by the laws of quantum physics, which means it is a
probabilistic process, much like coin tossing. If you toss a single coin, you
cannot determine for sure whether it will land heads or tails. All you can
say is that it has a 50% chance of landing heads and a 50% chance of land-
ing tails. However, while the probabilistic nature of coin tossing means you
cannot predict the outcome for a single coin toss, it allows you to predict
the outcome accurately for many coin tosses. For example, if you toss a
fair coin one million times, you can be quite certain that heads will come
up close to 500,000 times (but you would not expect the number to be
exactly 500,000).

Thinlk About It To convince yourself that probability can be used to
make predictions involving large numbers of atoms or coins, toss a coin 100 times
(or toss 100 coins all at once) and record your results. Do you get a result close to 50,
as we would expect? Compare your results with those of other students, and discuss
what they tell you about the nature of probability.
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b Carbon-14 decays by emitting an electron from its nucleus,
which changes one neutron into a proton to make nitrogen-14
as its stable daughter. The half-life of carbon-14 is 5730 years.

Figure 4.7
Examples of radioactive decay.
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Potassium-40 is radioactive, decaying into argon-40 with a
half-life of 1.25 billion years. The red line shows the
decreasing amount of potassium-40, and the blue line shows
the increasing amount of argon-40. The remaining amount of
potassium-40 drops by half with each successive half-life.

In the case of radioactive decay, the relevant probability describes the
likelihood of a single nucleus decaying within a specific amount of time
(such as within a year). However, because atoms are so tiny, we nearly
always deal with such huge numbers of them that we can ignore the in-
dividual probabilities and focus instead on the rate at which large num-
bers of the radioactive nuclei decay.

For example, suppose we study a sample that contains 1 microgram
of a radioactive substance, which despite the small weight (about one-
millionth the weight of a paper clip) represents trillions of individual
atoms. If we find that 1% of the radioactive atoms in the sample undergo
radioactive decay within 1 year—meaning that at the end of the year we
have 0.99 microgram of the parent substance remaining—we can
conclude that any individual atom has a 1% probability of decaying in a
1-year period.

Note that, as with coin tosses, results from the past do not affect re-
sults for the future. Just as a coin landing heads on one toss does not
change the 50% probability of its landing heads on the next toss, the past
history of the radioactive sample does not affect the future probability of
decay. In our example, we would find that 1% of the remaining radioac-
tive atoms in the sample decay in any 1-year period, regardless of how
we obtained the sample, how many atoms it contains, or how long we
have been studying it. We can therefore reliably and reproducibly mea-
sure the decay rate for any radioactive substance by studying a sample of
the substance in a laboratory.

THE CONCEPT OF A HALF-LIFE Although the probability of decay in
a l-year period is a perfectly good way to describe a substance’s decay
rate, we usually describe the decay rate by the substance’s half-life—the
time it would take for half the atoms in a sample of the substance to
decay. That is, the amount of radioactive substance in any size sample
drops by half with each half-life.

Consider the radioactive decay of potassium-40, which undergoes
spontaneous change into argon-40 when its nucleus absorbs an electron to
change one of its protons into a neutron. (Potassium-40 also decays by
other paths, but we focus only on decay into argon-40 to keep the discus-
sion simple.) Laboratory measurements show that this decay process has
a half-life of 1.25 billion years. Suppose a small piece of rock contained
1 microgram of potassium-40 and no argon-40 when it formed (solidified)
long ago. The half-life of 1.25 billion years means that half the original
potassium-40 had decayed into argon-40 by the time the rock was
1.25 billion years old, so at that time the rock contained % microgram of
potassium-40 and % microgram of argon-40. Half of this remaining
potassium-40 had then decayed by the end of the next 1.25 billion years,
so after 2 X 1.25 billion = 2.5 billion years, the rock containedi micro-
gram of potassium-40 and % microgram of argon-40. After three half-lives,
or 3 X 1.25 billion = 3.75 billion years, only é microgram of potassium-
40 remained, while % microgram had become argon-40. Figure 4.8
summarizes the gradual decrease in the amount of potassium-40 and the
corresponding rise in the amount of argon-40.

Briefly describe how it is possible for us to know
that potassium-40 has a half-life of 1.25 billion years, even though we have been
capable of studying potassium-40 in the laboratory for only a few decades.



THE ESSENCE OF RADIOMETRIC DATING The potassium-40 exam-
ple shows the essence of radiometric dating. Suppose you find a rock (or
a mineral within a rock) that contains equal amounts of potassium-40
and argon-40. As long as you can be confident that the rock contained
no argon-40 when it formed (which you can, as we’ll discuss shortly)
and has lost none during its history, you can conclude that the rock is
one half-life, or 1.25 billion years, old. If instead the rock contains seven
times as much argon-40 as potassium-40—that is, only % of the original
potassium-40 remains—you can conclude that it is three half-lives, or
3.75 billion years, old. More generally, you can get the age of any such
rock from the relative amounts of potassium-40 and argon-40 and the
graphs in Figure 4.8.

Radiometric dating with other isotopes works the same way. By com-
paring the amounts of parent and daughter isotopes in the rock (or other
object), we can determine the fraction of parent isotopes that has de-
cayed since the rock formed.* Then, based on laboratory measurements
of the decay rate (half-life), we can determine the rock’s age. Table 4.1
lists several of the parent—daughter isotope pairs commonly used in ra-
diometric dating. Notice that the half-lives vary dramatically, so different
pairs are useful for dating materials of different ages. For example, car-
bon-14 is useful only for dating objects less than about 50,000 years old,
while uranium-238 is usetful for dating the oldest rocks on Earth.

The major issue that sometimes arises in radiometric dating concerns
knowing a rock’s original composition. If we're going to determine the
rock’s age by comparing the amounts of a radioactive isotope and its
daughter product, we must have some way of knowing how much of the
daughter was originally present, if any. In the case of potassium-40, this
is quite easy. The daughter product, argon-40, is a gas that does not com-
bine with other elements and can become trapped in rock only under
special circumstances. Thus, argon-40 generally cannot be part of a rock
when it solidifies, so any argon-40 trapped inside a rock must have come
from radioactive decay of potassium-40. Moreover, since the argon-40
atoms become trapped within the rock at the time they are produced by
the decay of potassium-40, we can be similarly confident that no argon
has escaped from the rock, unless the rock has undergone heating or
some other transformation that could have released the trapped gas.

Radiometric dating with other substances is not always as easy, but
detailed study of several isotope ratios or several different mineral grains
within a single rock often allows geologists to determine a rock’s original
composition. Still, if a rock has undergone partial melting or a major
shock during its history, or if water has removed some atoms from the
rock, we may find somewhat different ages when we date the rock with
different parent—daughter isotope pairs. Nevertheless, decades of experi-
ence in working with these complications have given geochemists a pre-
cise understanding of how they affect radiometric dating. As a result, it is
nearly always possible to know whether an age is correct or uncertain.

Note that, while radiometric dating is an extremely powerful tech-
nique, it works only for dating solids that have not undergone signifi-
cant change since they formed. Thus, for rocks, we get unambiguous

*The specific methodology varies in some cases. Carbon-14, for example, is continually
produced in Earth’s atmosphere by interactions between nitrogen-14 and high-energy par-
ticles coming from the Sun. An estimate of the original carbon-14 content of a fossil is based
on the atmospheric production rate rather than on a parent-daughter isotope ratio.

TABLE 4.1 Selected Isotopes Used for Radiometric Dating of Rocks

and Fossils

Some of the isotopes decay in several stages of parent—daughter
pairs, and only the final daughter product is shown.

Parent Isotope

Daughter Isotope

Half-Life

Rubidium-87
Lutetium-176
Thorium-232
Uranium-238
Potassium-40
Uranium-235
Aluminum-26
Carbon-14

Strontium-87
Hafnium-176
Lead-208
Lead-206
Argon-40
Lead-207
Magnesium-26
Nitrogen-14

49 .4 billion years
37.1 billion years
14.0 billion years
4.47 billion years
1.25 billion years
704 million years
717,000 years
5730 years

Source: Berkeley Laboratory Isotopes Project



Radiometric Dating

The amount of a radioactive substance decays by half with
each half-life, so we can express the decay process with a
simple formula relating the current amount of a radioactive
substance in a rock to the original amount:

current amount (1 Hihait
2

original amount B
where ¢ is the time since the rock formed and #,,; is the
half-life of the radioactive material. We can solve this

equation for ¢ by taking the logarithm of both sides and
rearranging the terms:

current amount
logio\ 7
original amount

1
10810(5)

Example: You chemically analyze a small sample of a

meteorite. Potassium-40 and argon-40 are present in a ratio

of approximately 0.85 unit of potassium-40 atoms to 9.15
units of gaseous argon-40 atoms. (The units are unimpor-
tant, because only the relative amounts of the parent and
daughter materials matter.) How old is the meteorite?

Solution: Because no argon gas could have been present
in the meteorite when it formed (see discussion in text),
the 9.15 units of argon-40 must originally have been
potassium-40 that has decayed with its half-life of 1.25 bil-
lion years. The sample must therefore have started with
0.85 + 9.15 = 10 units of potassium-40 (the original
amount), of which 0.85 unit remains (the current amount).

The formula now reads
o (0.85 )
10 10

1
10g10(5>

—1.07
1.25 billion yr X (7)
—0.301

t = 1.25 billion yr X

4.45 billion yr

This meteorite solidified about 4.45 billion years ago. *

ages only for igneous rocks. Metamorphic rocks are more challenging to
date, because they may have undergone change that has altered their
isotope ratios from what they would be due to decay alone. Still, we can
often place fairly clear age constraints on metamorphic rocks, such as a
minimum time since a particular rock formed, and learn much about
the changes they have undergone. A sedimentary rock cannot be dated
as a whole because it is a compressed mix of rock grains containing
minerals of different ages; we can sometimes date mineral grains found
within a sedimentary rock, but this tells us when the grains originally
formed (in an igneous or metamorphic rock that was later broken down
by weather) as opposed to when the sediments were deposited or
compressed into a solid rock. To estimate ages of sedimentary rocks, we
generally rely on dating igneous rocks buried above them or intruding
into them. Similar ideas apply when we use radiometric dating for fossils
and other artifacts: A radiometric age will be reliable if we can be
confident that we know precisely how much of the original parent
isotope has decayed, and any uncertainty in decay fraction will mean a
corresponding uncertainty in the age.

THE RELIABILITY OF RADIOMETRIC AGES Scientists today have
great confidence in the reliability of ages measured through radiometric
dating. The underlying processes that govern radioactive decay are well
understood, and the measurements needed to determine half-lives are
straightforward when done with care. Perhaps most important, in many
cases scientists can use several different radioactive isotopes to measure
the ages of rocks or fossils. The ages from different parent—-daughter
isotope pairs almost always agree for a particular rock, fossil, or mineral
grain, and when they don't it is usually possible to determine a cause for
the difference. This agreement shows that the technique of radiometric
dating is highly reliable. Ages of different rocks and fossils from particular
strata of sedimentary rock also agree, further confirming the reliability of
the technique.

Additional checks come from the fact that, at least in some cases,
we can estimate ages in ways that are independent of radiometric dat-
ing. For example, if radiometric ages are correct, then they should con-
firm the ordering of the relative ages in sedimentary strata—and they
do. A more precise check can be made for relatively young archaeologi-
cal artifacts: Some ancient Egyptian artifacts have dates printed on
them, and the dates agree with ages found with radiometric dating; in
other cases, we can confirm radiometric ages by comparing them to
ages that we can obtain from tree ring data. We can even confirm the
4%-billion-year radiometric age for the solar system as a whole by com-
paring it to an age based on detailed study of the Sun. Theoretical mod-
els of the Sun, along with observations of other stars, show that stars
slowly expand and brighten as they age. The model ages are not nearly
as precise as radiometric ages, with uncertainties of up to a billion years
or so, but the current state of the Sun agrees with what we expect for a
star of its mass and age.

Taken together, our theoretical understanding of radioactive decay
and the various ways of confirming ages found by radiometric dating
leave no room for doubt about the reliability of the technique. Today, sci-
entists routinely use radiometric dating to determine ages of rocks and
fossils, and the overall uncertainty in radiometric age dates is usually less
than 1-2%.



e What does the geological record show?

Today, we have a detailed understanding of many of the events that mark
the geological record, because geologists have carefully studied and dated
tens of thousands of rocks and fossils. But before we get into the specifics,
it’s important to remember that while radiometric dates can be quite pre-
cise even very far back in time, our understanding of Earth’s prevailing
conditions becomes less certain as we look deeper into the past. Any in-
dividual rock or fossil may give us only limited information about the
conditions under which it formed, so a fuller understanding requires
studying many rocks and fossils from the same time period. However,
the geological record is more sparse as we look further back. Earth’s sur-
face undergoes continual change through volcanism, plate tectonics, and
erosion, making older rocks comparatively rarer than younger ones. For
fossils left by life, the problem is compounded by other factors, best un-
derstood if we think about how fossils form.

FOSSIL FORMATION Although we tend to think of fossils as “remains”
of living organisms, a fossi/ is any evidence of past life and most fossils
contain little or no organic matter. Figure 4.9 summarizes some of the
ways in which fossils are made. In general, when an organism dies and
gets buried in sediments, minerals dissolved in groundwater gradually
replace organic material. Mineral-rich portions of organisms, such as
bones, teeth, and shells, may be left behind, becoming fossils like those
of the dinosaur bones displayed in many museums (Figure 4.9a). In some
cases, the mineral replacement is complete and organisms literally turn
to stone; the “stone trees” of Arizona’s Petrified Forest formed in this way
(Figure 4.9b). In many other cases, the organisms themselves decay, but
in doing so they leave an empty mold that fills with minerals dissolved in
water. The minerals may then make a cast in the shape of the dead
organism (Figure 4.9¢).

More rarely, some of the organic material from a dead organism may
be preserved well enough to allow at least some study. Some fossil plant
leaves are still green and well enough preserved for their cells to be stud-
ied with microscopes, even though they died millions of years ago (Figure
4.9d). In other rare cases, whole organisms may be preserved in tree resin
(Figure 4.9¢) or frozen in ice (Figure 4.9f). One of the most interesting
types of fossil is left not by a dead organism but by the activity of an or-
ganism while it was alive. For example, coprolites are rocks that consist of
petrified excrement, which can allow us to learn about an animal’s diet.
In other cases, scientists have found fossilized dinosaur footprints, made
when mineral processes preserved impressions left by a dinosaur as it
walked through soft soil or mud (Figure 4.9g). Such fossil tracks provide
clues about how dinosaurs walked and can help scientists learn some-
thing about dinosaur behavior.

Molecules of DNA tend to break down rapidly and
easily after an organism dies, making it difficult or impossible to identify even
fragments of DNA in most fossils. What types of fossils do you think are most likely to
yield intact DNA? What types are least likely to yield intact DNA? Explain.

Although fossils can be made in numerous ways, only a tiny fraction
of living organisms leave behind any kind of fossil at all. The vast majority
decay—becoming food for living organisms in the soil or oceans—long



¢ These 200-million-year-old impressions are
casts of snail-size, extinct organisms (called
ammonites) made when minerals filled the
empty space left after the organisms decayed.

b A 190-million-year-old petrified (stone) tree
in Arizona.

e An insect preserved
in hardened tree resin
, (often called amber),
1\ 45 million years old.

a Dinosaur bones preserved in sandstone
in Dinosaur National Monument, which
straddles Utah and Colorado.

o Sty
SRR
g This boy is standing in a
150-million-year-old dinosaur
track in Colorado.

D

d This 40-million-year-old leaf still retains
organic material, including DNA.

f These tusks belong to a whole 23,000-year-old
mammoth discovered in Siberian ice in 1999.

Figure 4.9

A gallery of fossils. before any mineral replacement can occur. If you've ever read about crim-

inologists exhuming the skeletons of people who have been dead for just
a few years, you know that even bones and teeth usually decay quite
rapidly after death.

The tiny fraction of organisms that have left fossils in relatively recent
times in Earth’s history still amounts to a substantial fossil record.
But fossils become rarer as we look deeper into the geological past, pri-
marily for two reasons. First, fossils can suffer the same fates as rocks, so
older fossils are more likely to have been destroyed over time by volcan-
ism, erosion, or other geological processes. The second reason comes from
the nature of past life itself. Studies of the geological record show that
large plants and animals—which make the most easily discovered
fossils—are relatively recent arrivals. For the first 90% or so of Earth’s
history, any living organisms were all microscopic, which means their
fossilized remains must also be microscopic. Clearly, it is much more
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difficult to find and identify microscopic fossils than huge fossils of
dinosaur bones. This fact is especially important in astrobiology, since we
generally focus more on the origin and early evolution of life than on
large plants and animals. Indeed, as we'll discuss in Chapter 6, the diffi-
culty of finding and studying microfossils (and other potential traces of
life in very old rocks) has led to significant scientific controversies about
exactly when life took hold on Earth.

THE GEOLOGICAL TIME SCALE Although the geological record gives
us far more information about recent events than the distant past, geolo-
gists have nevertheless been able to piece together a fairly detailed history
of our planet going nearly all the way back to the time of its formation. To
help organize this history, scientists divide it into a set of distinct intervals
that make up what we call the geological time scale. Figure 4.10 shows
the names of the various intervals on a timeline, along with numerous
important events that we will discuss later in this chapter and in
Chapter 6. It is not necessary to memorize the names of the geological
time intervals for the purposes of this book. However, the names are com-
monly used in books and articles about Earth or astrobiology, so it’s useful
to be familiar with them.

The first major division of geological time is into a set of four eons:
the Hadean, Archean, Proterozoic, and Phanerozoic. We can understand
these names by looking at their Greek roots. The Phanerozoic eon ex-
tends from the present back to about 542 million years ago; its name
comes from the Greek for “visible life” because it is marked by the pres-
ence of fossils visible to the naked eye. The Proterozoic eon, which
extends from 542 million to about 2.5 billion years ago, means the eon
of “earlier life” because it predominantly shows fossils of single-celled or-
ganisms that lived before the Phanerozoic eon. The Archean eon extends

The geological time scale, along with key events discussed in
this book. Notice that the lower timeline is an expanded view
of the last portion (Phanerozoic) of the upper timeline. The
eons, eras, and periods are defined by changes in the rocks
and fossils present in the geological record. The absolute ages
come from radiometric dating. (Although it is not shown,
geologists now define about the last 100 million years of the
Proterozoic eon as its own period, called the Vendian or
Ediacaran period.)



0.1 mm

Figure 4.11

This image shows a tiny zircon crystal—about 0.2 millimeter
across—that was found embedded in a rock formation in
Western Australia. Radiometric dating shows it to be nearly
4.4 billion years old. The image was made with a technique
called cathodoluminescence, in which an electron beam is
focused on the crystal, causing it to emit visible light; the
colors in the image are not real, but instead correspond to
differing intensities in the emitted light.
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from 2.5 to about 3.85 billion years ago and is named for “ancient life”; it
got this name after the discovery of fossils from the first half of Earth’s
history. The Hadean eon got its name at a time when it was presumed
that the early Earth would have had “hellish” conditions during this early
time (Hades was the Greek mythological name for the underworld);
however, as we’ll discuss in the next section, recent evidence suggests
that the Hadean may not have been quite that bad.

The fact that the geological record is much richer for more recent
times is reflected in the more detailed naming system used for these
times. The most recent, or Phanerozoic, eon is subdivided into three
major eras: the Paleozoic, Mesozoic, and Cenozoic. These names also
have Greek roots and mean, respectively, “old life,” “middle life,” and
“recent life.” The three eras are further subdivided into periods. The
periods do not follow any consistent naming scheme. For example,
the Cambrian period* gets its name from the Latin name for Wales
(in Great Britain), the Jurassic period gets its name from rocks found in
the Jura mountains of Europe, and the Tertiary period simply means
“third” period. The recent geologic periods are even further subdivided
into epochs and ages, but these are not shown in Figure 4.10.

Note that the eons, eras, and periods do not have uniform lengths. For
example, the Proterozoic eon is about three times the length of time of the
Phanerozoic eon, and the Paleozoic era is longer than the Mesozoic and
Cenozoic eras combined. The divisions in the geological time scale are de-
termined not by duration but by specific changes in the geological record,
such as where certain species disappear and other new ones appear.

THE AGE OF EARTH Figure 4.10 starts with Earth’s birth, but we can-
not read the precise time at which that occurred from the geological
record. The oldest known (as of 2010) intact Earth rocks date to about
4.02 billion years ago. Apparently, rocks that formed prior to this time
have been remelted or reshaped so much that we cannot obtain an age
through radiometric dating. So how do we know the age of our planet?

We have a variety of ways of looking back to earlier times. The most
direct way is based on studies of tiny mineral grains of zirconium silicate, or
zircons for short (Figure 4.11). Although they are found embedded in much
younger sedimentary rocks, radiometric dating (based on analysis of ura-
nium and lead isotopes contained within them) shows that some zircons
solidified as much as 4.38 billion years ago. Moreover, their oxygen isotopic
content suggests that they formed at a time when liquid water was present
and continents had already begun to form, suggesting that Earth’s crust had
separated from interior material before about 4.4 billion years ago.

Moon rocks also help us constrain Earth’s age. Some Moon rocks
brought back by the Apollo astronauts are considerably older than any in-
tact Earth rocks, reflecting the fact that volcanism and other geological
processes have done far less reshaping of the Moon’s surface than they
have of Earth’s surface. Radiometric dating with isotopes of uranium and
lead places the ages of the oldest Moon rocks at more than 4.4 billion
years, telling us that Earth and the Moon must have formed before this
time. In fact, the leading model for the Moon’s formation holds that it

*The Cambrian is the earliest period in the Phanerozoic eon and was once thought to be
the first period in which fossil organisms could be found. For that reason, the entire time
before the Phanerozoic eon—that is, the Hadean, Archean, and Proterozoic eons—is often
called the Precambrian.



formed as a result of a giant impact that blasted material out of the young
Earth’s outer layers; we’ll discuss this model in detail in Section 4.6. Earth
must therefore be at least slightly older than the Moon, which means
older than 4.4 billion years.

While the zircons and lunar rocks set a minimum age for Earth, we
can set a maximum age by dating the formation of the solar system as a
whole. We do this by studying meteorites. Some meteorites are younger
than the solar system as a whole, because they are fragments of asteroids
that formed and later shattered in collisions. However, a large number of
meteorites have a chemical structure that suggests they were among the
first pieces of solid material to condense in the early history of the solar

KEY GEOLOGICAL DEFINITIONS

ROCKS, MINERALS, FOSSILS:

minerals: The basic pieces of solid rock; a particular mineral is
distinguished from other minerals by its chemical composition or
crystal structure (or both).

lithosphere: The layer of cooler, more rigid rock that sits above the
warmer, softer mantle rock below. It encompasses both the crust
and the uppermost portion of the mantle, extending to a depth of
about 100 kilometers. On Earth, the lithosphere is broken into a

set of large plates.
rocks: Intact solids that may contain a variety of minerals. We classify

rocks into three basic types by their formation process: Igneous rock
is of volcanic origin, made when molten rock cools and solidifies.
Sedimentary rock is made by the gradual compression of sediments,
which may contain bits of other rock types as well as fossils.
Metamorphic rock was once either igneous or sedimentary but has
since been transformed (but not melted) by high heat or pressure.
Rocks of any of the three types may be subclassified by the
minerals they contain.

seafloor crust: The relatively dense, thin, young crust found on Earth’s
seafloors, composed largely of the igneous rock called basalt.

continental crust: The thicker, lower-density crust that makes up
Earth’s continents. It is made when remelting of seafloor crust
allows lower-density rock to separate, and typically consists of
granite. Continental crust ranges in age from very young to as old
as about 4.0 billion years.

plate tectonics: The geological process in which lithospheric plates
move around the surface of Earth. It acts like a conveyor belt,
with new seafloor crust erupting and spreading outward from
mid-ocean ridges and then being recycled back into the
mantle by subduction at ocean trenches. It also explains
continental drift, because plates carry the continents with them
as they move.

fossil: Any relic left behind by living organisms that died long ago.

TERMS RELATED TO GEOLOGICAL TIME:

geological record: The information about Earth’s past that is recorded in
rocks and fossils; the latter record is sometimes called the fossil record.

geological time scale: The time scale used to measure the history of

Earth. TERMS RELATED TO CLIMATE AND CLIMATE REGULATION:

greenhouse effect: The effect that makes a planet’s surface warmer
than it would be in the absence of an atmosphere. It is caused by
the presence of greenhouse gases—such as carbon dioxide (CO,),
water vapor (H,0), and methane (CH,)—that can absorb infrared
light emitted by the planetary surface (after the surface is heated
by sunlight).

radiometric dating: The method of determining the age of a rock or
fossil from study of radioactive isotopes contained within it.

half-life: The time it takes for half of the atoms to decay in a sample of
a radioactive substance.

TERMS RELATED TO EARTH'S GEOLOGICAL HISTORY:

differentiation: A process in which materials separate by density. In
Earth, differentiation led to a dense core made mostly of iron and
nickel, a rocky mantle made mostly of silicates (minerals rich in
silicon and oxygen), and a crust made of the lowest-density rocks.

heavy bombardment: The period of time during which the planets
were heavily bombarded by leftover planetesimals, starting from
the time the planets first formed and likely ending some 3.8-4.0
billion years ago.

late heavy bombardment: An apparent increase in the impact rate near
the end of the heavy bombardment, between about 4.1 and
3.8 billion years ago.

outgassing: The process of releasing gases trapped in a planetary
interior into the atmosphere.

carbon dioxide cycle (CO; cycle): The cycle that keeps the amount of
carbon dioxide in Earth’s atmosphere small and nearly steady and
hence keeps Earth habitable. Over time, this cycle has locked up
most of Earth’s carbon dioxide in carbonate rocks (rocks rich in
carbon and oxygen) such as limestone.

ice ages: Periods of time during which Earth becomes unusually cold,
so water from the oceans freezes out as ice and covers a substantial
portion of the continents.

snowball Earth: Refers to periods of extreme ice ages that may have
occurred several times before about 580 million years ago.

global warming: Usually refers to the current warming of Earth caused
by human input of greenhouse gases into the atmosphere.




system. These meteorites also all have about the same age, offering fur-
ther evidence that they represent material from the very beginning of
the solar system; these date to 4.57 billion years ago (with an uncertainty
of less than about 0.02 billion years).

The meteorite data allow scientists to use other techniques to further
constrain the ages of both Earth and the Moon. These techniques are
somewhat complex in their details, but they are based on comparisons
of isotope ratios in meteorites, Earth rocks, and Moon rocks. The results
show that both Earth and the Moon had formed within about 50 to
70 million years (0.05 to 0.07 billion years) after the oldest meteorites
formed. We therefore conclude that our planet accreted quickly in the
early solar system, and the giant impact that formed the Moon happened
quite early in Earth’s history as well. By about 4.5 billion years ago, our
planet had its Moon and must have been essentially at its current mass
and size, ready for its geology to begin shaping the features that would
ultimately make it our home.

4.3 The Hadean Earth and
the Dawn of Life

We know comparatively little about the Hadean eon, which constitutes a
little more than the first half-billion years of Earth’s history. Neverthe-
less, it was clearly an important time in the history of our planet, and ev-
idence that we’ll discuss in Chapter 6 shows that life arose during or not
long after this period of time. So if we want to understand when and how
our planet became habitable and gave birth to life, we need to start back

in this earliest of Earth’s time periods.

MOVIE MADNESS

Let’s face it: Everyone loves dinosaurs. Not because they're cuddly,
but because they're not (Barney is an exception). Most of us have an
innate fascination with predators—after all, those of our ancestors
who didn’t pay attention to the habits of creatures with big teeth
were preferentially removed from the gene pool. Celebrity
dinosaurs such as Tyrannosaurus Rex have the dual attraction of
being king of the carnivores while also being thoroughly extinct.

But in the third Ice Age film, Dawn of the Dinosaurs, a few
hundred years of hard work by paleontologists is thrown out the
window so that familiar mammals can confront their lizard-like
predecessors on the silver screen. That’s dramatically interesting,
but geologically bonkers.

There’s good evidence that ice ages have been frosting our
planet for more than two billion years. But the Ice Age movies are
set in recent history—a fact immediately obvious to nine out of
ten moviegoers who've studied the Pleistocene epoch—because
the films feature wooly mammoths. These hulking shag rugs
with trunks first appeared less than 2 million years ago, and most
of them faded from the tundras as the last ice age began to lose
its cool around 10,000 B.c. Though not seen in the film, our

human ancestors busily hunted these overgrown elephants,
and may even have helped drive them to extinction. The
dinosaurs, meanwhile, were long gone, having disappeared some
65 million years ago.

To make a film in which mammoths (or possibly unseen humans)
share the landscape with Mesozoic monsters is like pairing Rambo
with Julius Caesar. Hollywood seldom overestimates the intelligence
of its customers, but even hard-nosed studio executives seem to
have balked at the idea of mammoths and dinosaurs co-existing.
So in Dawn of the Dinosaurs, the thunder lizards are all in the
basement—in a kind of forgotten underground city.

Of course, you've got to wonder what they eat down there,
other than one another. How can you grow a lot of lush vegetation
where the sun doesn’t shine? And meat eaters are merely the top
of a food chain that begins with ... plants. Then there’s the fact
that this subterranean sanctuary has got to be enormous—after
all, there’s an entire range of big critters, and they need
plenty of room. Micro environments do not support mega
fauna.

In truth, there really are oodles of dinosaurs lurking beneath

the landscapes in which today’s furry mammals caper and
cavort. But they’re all bones, and they don’t move very much.



e How did Earth get an atmosphere and oceans?

Before Earth could have life, it needed an atmosphere and liquid water
oceans. Neither is likely to have existed when Earth first formed. Our
planet was probably too small and too warm to capture significant
amounts of hydrogen and helium gas as it accreted within the solar neb-
ula [Section 3.3], and no other gases were present in large enough quanti-
ties to make a substantial atmosphere. In fact, the presence of Earth’s at-
mosphere and oceans once posed a mystery to solar system formation
theory, because the planetesimals that condensed at Earth’s distance from
the Sun should have been made only of rock and metal, with no gaseous
or icy content at all. How, then, did Earth obtain the water and gases that
make up our oceans and atmosphere?

Models of planetary formation now show that while Earth formed
primarily from “local” planetesimals of rock and metal, it should also
have incorporated some planetesimals from farther out in the solar sys-
tem; these planetesimals were flung inward by gravitational interactions
with other planetesimals and forming planets. Some of these planetesi-
mals came from far enough away—probably from the region currently
occupied by the asteroid belt—that they contained ices or rock chemi-
cally bound with molecules of water or other common gases. As these
planetesimals became part of the forming Earth, their gaseous content
became trapped on or within our planet.

The young Earth therefore contained trapped gases, including water,
held under pressure in the interior in much the same way that the gas in
a carbonated beverage is trapped in a pressurized bottle. When molten
rock erupts onto the surface as lava, the release of pressure violently ex-
pels the trapped gas in a process we call outgassing. Outgassing proba-
bly released most of the water vapor that condensed to form our oceans
as well as most of the gas that formed our atmosphere.

Some water and gas may also have been supplied directly to the sur-
face by impacts after Earth formed. This process may have begun to cre-
ate an atmosphere even before Earth was fully formed—perhaps when it
was only one-third its current radius. It is difficult to determine the rela-
tive contributions of this process and outgassing, but recent studies of
comet composition suggest that outgassing was more important to the
formation of the atmosphere and oceans.

Volcanism is the major source of outgassing, as you can probably
guess from looking at any photo of a volcanic eruption (Figure 4.12).
Some outgassing also occurs as a result of impacts—the heat of an
impact can melt rock and allow gas to escape. Studies of present-day
volcanoes show that the primary gases released by outgassing are water
vapor (H,0), carbon dioxide (CO,), nitrogen (N,), sulfur-bearing gases
(H,S or SO,), and hydrogen (H,). Because Earth’s overall composition
has not changed much since its formation, we expect that the same
gases were released in early times.* The water vapor condensed as rain
to fill Earth’s oceans (along with water that bubbled out of the ground
at volcanic vents). The gases that remained airborne made up Earth’s
early atmosphere.

*Some present-day volcanoes release recycled gases, while others release “juvenile” gases
(gases that have not previously been outgassed). The outgassing composition is determined
from those releasing juvenile gases, since these should be indicative of the gases originally
trapped in Earth’s interior.

Figure 4.12

This photo shows the eruption of Mount St. Helens (in
Washington State) on May 18, 1980. Eruptions are
accompanied by a tremendous amount of outgassing.
(The gas itself is generally invisible, so what you see is dust
and ash expelled along with the gas.)

Chapter 4 The Habitability of Earth 119



Isotopic analysis of the oldest zircon grains (see Figure 4.11) suggests
that substantial amounts of water—and probably oceans—were already
present on Earth at the time these grains solidified, some 4.4 billion years
ago. If so, much of Earth’s atmospheric gas must have been released quite
early, perhaps as a side effect of Earth’s interior melting or of the giant
impact thought to have formed the Moon. Taken alongside the evidence
noted earlier suggesting that continents had also begun to form when
the zircons solidified, we are led to the intriguing idea that Earth may
have had early continents, oceans, and an atmosphere within only about
100 million years after the planet first formed.

The composition of the early atmosphere was very different from
that of the atmosphere today. The early atmosphere was probably domi-
nated by carbon dioxide* (for reasons we will discuss shortly), while
today’s atmosphere is dominated by nitrogen (about 78% of the atmo-
sphere) and contains only trace amounts of carbon dioxide (less than
0.1%). More important to us, the early atmosphere contained essentially
no molecular oxygen (0O,), while the present atmosphere is about 21%
oxygen. Thus, we could not have breathed the atmosphere on the early
Earth. Earth’s present oxygen atmosphere is almost certainly a result of
photosynthesis by living organisms, as we will discuss further in Chapter 6.
Life therefore must have arisen in a nearly oxygen-free environment.

e Could life have existed during Earth'’s
early history?

The Hadean eon got its name because of its presumed hellish conditions,
but the recent zircon evidence tells a different story. If the evidence is
being interpreted correctly, it means that Earth may have been habitable
within 100 million years after its formation. Many modern-day microbes
survive just fine in the absence of oxygen, and it seems likely that such
organisms could have thrived almost from the moment the oceans and
atmosphere first formed.

However, while the Hadean might have been reasonably balmy at
most times, those calm periods must have been frequently interrupted by
great violence: Volcanic eruptions were probably more frequent and larger
than those of today and, even more significantly, the young Earth was
bombarded by planetesimals left over from the birth of the solar system.

THE HEAVY BOMBARDMENT The accretion of the planets did not
end suddenly. The young planets must have shared the solar system with
vast numbers of “leftover” planetesimals. Some of these leftovers still sur-
vive as asteroids and comets, but many more must have crashed into the
Sun and planets. The vast majority of these collisions occurred in the first
few hundred million years of our solar system’s history, during the pe-
riod we call the heavy bombardment. On planets and moons with solid
surfaces, such collisions leave impact craters as visible scars. A small
telescope reveals the presence of numerous impact craters on the Moon
(see Figure 4.1).

Earth must have experienced many more impacts than the Moon,
both because it presents a larger target and because its stronger gravity

*Significant amounts of hydrogen may also have been present, a controversial idea that
we’ll discuss in Chapter 6.



tends to attract more objects. However, while the Moon still shows scars
of craters formed throughout much of its history, craters on Earth tend to
get erased with time by erosion, volcanic eruptions, and plate tectonics.
Thus, if we wish to learn about the past cratering rate on Earth, we must
look to the evidence recorded on the Moon.

Figure 4.13 shows a map of the Moon’s entire surface. Notice that
some regions are much more crowded with craters than others. The most
heavily cratered regions are the lunar highlands, where craters are so
abundant that we see overlapping crater boundaries and craters on top
of other craters. Radiometric dating of Moon rocks from the lunar
highlands shows them to be more ancient than rocks from other regions
of the Moon; the highlands are the sources of the Moon rocks that date
to more than 4.4 billion years ago, and even their youngest rocks are
generally at least 4.0 billion years old. We conclude that the many craters
of the lunar highlands formed more than 4 billion years ago.

In contrast, we see relatively few craters in the regions known as the
lunar maria (see Figure 3.16). The maria are huge impact craters that
are smooth because they were covered over by molten lava. The large
impacts fractured the lunar crust, creating cracks through which molten
lava escaped at some later time; radiometric dating of rocks from the
maria shows that the lava flows occurred between about 3.9 and 3.0 billion
years ago. The lava flooded the crater basins, covering the existing craters.
Thus, the craters we now see within the maria must be the result of im-
pacts that occurred after the lava flows, and the relatively small number
of these craters tells us that impacts have been relatively rare since the
time the maria solidified.

More detailed studies of the ages of lunar craters, as well as analysis
of mineral grains in meteorites and old zircons in Earth rocks, can in prin-
ciple tell us more precisely when the impact rate dropped. Although we
might expect that the heavy bombardment would have tapered off
gradually, substantial evidence points to a late heavy bombardment, a
relatively brief spike of impacts beginning around 4.1 billion years ago
and ending roughly 3.8 billion years ago, that may have been responsible
for many of the Moon’s large craters; some evidence also suggests that
the time between 4.5 billion years ago and the late heavy bombardment
may have been relatively quiet. We do not know why the impact rate
might have spiked upward with the late heavy bombardment, but some
scientists hypothesize that it may have been due to “planetary migration”
in which gravitational interactions caused the orbits of the young planets
to change. Similar migration may explain the surprising orbits of some
extrasolar planets [Section 11.2], and planetary movement could have dis-
rupted the orbits of asteroids and led to a period of many impacts. In any
event, the lunar record shows that the heavy bombardment came to an
end by about 3.8 billion years ago.

Every object in the solar system must have been similarly pelted dur-
ing the heavy bombardment, so all solid surfaces should originally have
been as crowded with craters as the lunar highlands. So in addition to
helping us understand the early history of Earth and the Moon, these
ideas allow us to estimate surface ages for worlds throughout the solar
system. Those surface regions that still have abundant craters, such as
much of Mercury’s surface (see Figure 4.1), must have undergone little
change during the last 4 billion years or so. Surfaces with fewer craters
must be correspondingly younger, indicating that their original craters

Lunar highlands
are ancient and
heavily cratered.

Lunar maria are huge impact basins that were flooded by lava.
Only a few small craters appear on the maria.

Figure 4.13

This flat map shows the entire surface of the Moon in the same
way that a flat map of Earth represents the entire globe. The
“lunar highlands” are heavily cratered, and radiometric dating
shows that these portions of the lunar surface are quite
ancient—some highland rocks date back to 4.4 billion years ago.
The lunar maria are about a half-billion or more years younger,
and their relatively few craters tell us that the impact rate had
dropped dramatically by the time the maria formed. (The width
of the map represents the Moon'’s equatorial circumference of
10,920 kilometers, but the scale varies because of the projection
of the Moon’s spherical shape onto a flat page.)
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have been erased in some way. Thus, thanks to the reconstruction of
cratering rates made possible by studies of Moon rocks, planetary scien-
tists can use simple counts of craters on other worlds to estimate the
ages of the surfaces. These age estimates are not nearly as precise as ra-
diometric dating—indeed, ages from crater counts are sometimes uncer-
tain by as much as a billion years or so—but until we begin collecting
rock samples from other worlds, they are the only age evidence we have
to go by.

Crater abundance varies greatly in different regions
of Mars. For example, the “southern highlands” are quite crowded with craters,
while the “Tharsis Bulge” has volcanoes but few impact craters. Which region has
the older surface? Does this imply any difference in the number of impacts that
occurred in the two regions? Why or why not?

LARGE IMPACTS AND EARLY LIFE We have found that the Hadean
Earth must have endured large impacts at a rate much higher than Earth
has experienced since. What does this mean for the possibility of life dur-
ing the Hadean? Remember that the Hadean lasted more than 600 million
years, which means that even with “frequent” large impacts, individual
events were typically separated by thousands or millions of years. There
was never a time when impacts occurred so rapidly that they could
have done the equivalent of hitting every living organism on the head.
(Note that this is quite unlike the dramatic artist illustrations you fre-
quently see in which the early Earth is being pummeled by a hail of rocks
from space.) Given the evidence of continents and oceans all the way
back to 4.4 to 4.5 billion years ago, there seems no reason why life could
not have arisen during the Hadean. Thus, the question of life during the
Hadean seems less a question of whether it could have existed than
whether it could have survived the occasional large impacts.

The effects of impacts depend primarily on their sizes. As we’'ll dis-
cuss in Chapter 6, the impact of an object about 10 to 20 kilometers across
is thought to have precipitated a series of global changes that caused the
extinction of the dinosaurs some 65 million years ago. Fortunately for
us, impacts of that size are extremely rare today. But the lunar evidence
tells us that far larger impacts occurred during the heavy bombardment.

To understand the effects of very large impacts, scientists calculate
the amount of energy they would release and then model how the en-
ergy would heat the planet. Past models suggested that the largest im-
pacts would have completely vaporized the oceans and raised the global
surface temperature high enough to melt the upper crust. Such events
would have been sterilizing impacts that would have killed off
any life on Earth at the time. However, more recent models suggest
these effects were overstated, and that while large impacts would have
sterilized substantial portions of our planet, microscopic life living
underground and in some deep ocean environments could have sur-
vived. In fact, these impacts may have brought additional water
and gases to Earth, which might even have contributed to Earth’s
habitability.

All in all, it now seems likely that life could have arisen during the
Hadean, and if it did, it may have survived the many impacts of the heavy
and late heavy bombardments. However, unless we someday find rocks
old enough to contain fossil evidence of such life, we may never know
whether it really existed during this ancient time.



Shaping Planetary Surfaces Tutorial

4.4 Geology and Habitability

Although impacts can have significant short-term effects and leave behind
craters as scars, they are of relatively minor importance in shaping Earth'’s
geology. Instead, most features of Earth’s surface have been shaped by one
or more of the following three geological processes: volcanism, plate
tectonics, and erosion. Why are these processes so important on Earth?

Remarkably, all three of these processes that continually reshape our
planet’s surface are directly attributable to internal heat. The connection
is most obvious for volcanism, but it applies equally to plate tectonics.
The connection to internal heat is more subtle for erosion by wind, water,
and ice, but remember that these things exist only because our planet
has oceans and an atmosphere, both of which were produced by volcanic
outgassing.

Even more important, as we noted in Section 4.1, volcanism and
plate tectonics have played major roles in Earth’s long-term suitability
for life. Thus, if we hope to understand Earth’s surface habitability, we
must first understand what our planet is like on the inside and how the
interior conditions drive these crucial geological processes.

e What is Earth like on the inside?

Our deepest drills have barely pricked Earth’s surface, reaching only a
few kilometers down into the nearly 6400 kilometers to Earth’s center.
Nevertheless, we have managed to learn a lot about our planet’s interior
structure. One set of clues comes from the nature of surface rocks. For
example, the fact that the density of surface rocks is considerably less
than Earth’s overall average density tells us that much denser material
must reside in the interior than on the surface. Other clues come from
precise measurements of Earth’s gravitational field strength in different
locations and studies of Earth’s magnetic field.

We learn much more about Earth’s internal structure from the study
of seismic waves—waves that propagate much like sound waves both
through Earth’s interior and along its surface after an earthquake. The
precise speed and direction of seismic waves depend on the composition,
density, pressure, temperature, and phase (solid or liquid) of the material
they pass through. After an earthquake, geologists record the arrival
times and the strengths of seismic waves at stations distributed all around
the world. At each station, the arriving seismic waves tell us something
about the average state of the material through which they have passed.
By comparing data from many different stations, scientists have pieced
together a fairly detailed picture of Earth’s internal structure.

EARTH'S INTERIOR STRUCTURE Seismic studies reveal that Earth’s
interior is divided into three major layers by density (Figure 4.14):

e Core: The highest-density material, consisting primarily of the
metals nickel and iron, resides in the central core. Earth’s core has
two distinct regions: a solid inner core surrounded by a molten
(liquid) outer core.

e Mantle: Rocky material of moderate density—mostly silicate
minerals rich in silicon and oxygen—forms the thick mantle that
surrounds the core and makes up most of Earth’s volume.

lithosphere

crust\

mantle

molten
outer core

solid
inner core

convection cells

Figure 4.14

Earth’s interior structure, determined from seismic studies.
The layering by core-mantle-crust is based on density, while the
identification of the lithosphere is based on rock strength.
The circular arrows represent the general pattern of mantle
convection.



e Crust: The lowest-density rock, including igneous rocks such as
granite and basalt, forms the thin crust that is Earth’s outer skin.

The molten lava from volcanoes gives many people the misconcep-
tion that Earth is molten inside, but in fact the lava rises upward from a
fairly narrow zone of rock in the upper mantle that is only partially
molten. The vast majority of Earth’s interior is solid rock, and only the
outer core is fully molten. However, the interior rock is not equally strong
throughout, and differences in rock strength are often more important
than differences in density for understanding many geological processes.

The idea that rock can vary in strength may seem a bit surprising,
since in our everyday lives we tend to think of rock as the ultimate
in strength and stability (hence the phrase “solid as a rock”). However,
the strength of rock depends on its temperature and the surrounding
pressure, and under the conditions found in Earth’s mantle, even “solid”
rock can flow gradually. The popular toy Silly Putty provides a good
analogy. The putty can feel pretty solid, especially when it is cold; you
can even form it into a ball and bounce it. But if you put a pile of it on a
table or inside its “egg” container, after a few days you’ll see that it has
flowed slowly outward.

In terms of rock strength, geologists define Earth’s outer layer as the
relatively cool and rigid rock, called the lithosphere (/ithos is Greek for
“stone”), that “floats” on warmer, softer rock beneath. The lithosphere
encompasses the crust and the upper part of the mantle (see Figure 4.14).
Beneath the lithosphere, the higher temperatures allow rock to deform
and to flow much more easily. In fact, the mantle rock flows with a char-
acteristic pattern called convection, in which hot material expands and
rises while cooler material contracts and falls. You are probably familiar
with convection in other situations, as it can occur any time a substance is
strongly heated from below. For example, you can see convection in a pot
of soup on a hot stove, and convection is important in weather because
the warm air near the ground tends to rise while the cool air above tends
to fall. In the mantle, convection is driven by heat from the core. This heat
causes rock near the base of the mantle to expand, giving it a tendency to
rise because it becomes lighter and less dense than the rock above it.
Meanwhile, rock near the top of the mantle (just below the lithosphere)
can cool as its heat flows to the surface (by conduction), causing it to con-
tract and sink. The ongoing process of convection creates convection cells,
indicated by the circular arrows in Figure 4.14. Keep in mind that mantle
convection involves the flow of solid rock, so it is quite slow: Typically,
mantle rock flows at a rate of only perhaps 10 centimeters per year, slow
enough that it would take about 100 million years for a particular piece of
rock to be carried from the base to the top of the mantle.

DIFFERENTIATION AND INTERNAL HEAT Earth’s interior layering
tells us that it underwent the process known as differentiation, in
which materials separate according to their density. Earth must have un-
dergone differentiation quite early in its history; as we’ll discuss in
Section 4.6, the giant impact that formed the Moon must have occurred
after differentiation, and isotopic comparisons between meteorites and
lead ore on Earth’s surface have led scientists to conclude that most lead
must have sunk to the core by the time Earth was about 30 million years
old. For differentiation to have occurred so rapidly, our planet must have
been molten or nearly molten throughout its interior. The melting



allowed material to separate by density, much as oil separates from water
when you mix them and let the mixture sit.

The heat that caused rock to melt came from three main sources. First,
the impacts of accretion created heat that melted the outer layers of the
young Earth. Second, as denser materials sank through the molten outer
layers, their gravitational potential energy was converted into thermal
energy that added further heat to the interior. Third, heat is continually
released by the radioactive decay of elements within Earth. This heat
source is still important today—in fact, it is the dominant heat source
within present-day Earth—but it was even more important in early times,
when there was more radioactive material to decay. Once the outer layers
began to melt due to the first heat source (accretion), the second and third
heat sources (sinking of dense materials and radioactive decay) ensured
that our planet would completely melt and differentiate fully.

All the terrestrial worlds in our solar system underwent similar melting
and differentiation when they were very young. Since that time, they have
never again been hot enough to melt fully, and they have all been slowly
cooling with time. However, different worlds have cooled at different rates.

In general, two factors determine a world’s cooling rate. The first is
size: Large worlds tend to retain their internal heat much longer than do
smaller worlds. You can see why by picturing a large world as a smaller
world wrapped in extra layers of rock. The extra rock acts as insulation,
making it take longer for interior heat to escape into space. If you now
add the fact that the larger world contains more heat in the first place,
it’s clear that a large world will take much longer to cool than a small
world. The Moon’s relatively small size probably allowed it to cool sub-
stantially within a billion years or so after its formation, while Earth’s
interior still remains hot enough to keep iron molten in the outer core.

Give an example from everyday life of a small object
cooling faster than a larger one and of a small object warming up more quickly
than a larger one. How do these examples relate to the issue of geological activity
on Earth and the Moon?

The second general factor in the cooling rate is ongoing heat deposi-
tion: If a world has a source of ongoing internal heat, it will tend to cool
more slowly with time. For the terrestrial worlds, the only significant
source of ongoing heat is radioactive decay. Because many radioactive ma-
terials have long half-lives, they can continue to add heat to the interior for
billions of years. Over time, radioactive decay has contributed several times
as much heat to Earth’s interior as accretion and differentiation. As we’ll
discuss in Chapter 9, some moons of jovian planets have other sources of
ongoing heat deposition (such as tidal heating) that can keep them much
hotter than we would otherwise expect given their relatively small sizes.

e How does plate tectonics shape Earth’s surface?

Our discussion of internal heat explains most of the differences in geo-
logical activity that we see between Earth and the other terrestrial worlds.
The Moon and Mercury have essentially no active, internally driven
geology, because their small sizes allowed them to cool long ago. Mars is
large enough to have had significant volcanism in the past, but its interior
must now be much cooler than it was in its heyday. Venus is only slightly
smaller than Earth, so it probably retains nearly as much internal heat;



Figure 4.15

This relief map shows known plate boundaries (solid yellow
lines), with arrows to represent directions of plate motion.
Color represents elevation, progressing from blue (lowest)
to red (highest).

126 Partll Life on Earth

confirmation of this idea comes from the fact that Venus has few impact
craters, indicating that lava flows or other processes that recycle surface
material have erased craters from the more distant past. However, Earth
appears to be geologically distinct from Venus and all the other terrestrial
worlds in one crucial way: Earth is the only planet with ongoing plate
tectonics.

The word tectonics comes from the Greek word for “builder,” tekton;
you'll notice the same root in the word architect, which means “master
builder.” In geology, tectonics refers to “building” performed on plane-
tary surfaces—that is, any surface reshaping that results from stretching,
compression, or other forces acting on the lithosphere. Tectonic processes
have operated to some extent on all the terrestrial worlds, but they are
most important on Earth, where they operate by the distinctive mecha-
nism of plate tectonics.

THE MEANING OF PLATE TECTONICS The term plate tectonics refers
to the scientific theory that explains much of Earth’s surface geology as a
result of the slow motion of plates—fractured pieces of the lithosphere—
driven by the underlying convection of the mantle. According to the the-
ory, the lithosphere fractured because of stresses generated by mantle
convection, and the resulting plates essentially “float” over the mantle,
gradually moving over, under, and around each other as convection
moves Earth’s interior rock. Because it refers to the theory, the term plate
tectonics is generally considered to be singular rather than plural.

Earth’s lithosphere is broken into about a dozen plates (Figure 4.15).
Except during earthquakes, the motions of the plates are barely notice-
able on human time scales—a few centimeters per year, which is about
the rate at which your fingernails grow. However, geologists can now
measure plate motions by comparing readings taken with the global po-
sitioning system (GPS) on either side of plate boundaries.

EVIDENCE FOR PLATE TECTONICS The GPS measurements offer
the most direct evidence of plate motion. However, the overall theory of
plate tectonics rests on three additional significant lines of evidence:
evidence of past continental arrangements, evidence that plates spread
apart on seafloors, and a difference between the nature of Earth’s crust
on the seafloors and the continents.




We usually trace the origin of the theory of plate tectonics to a
slightly different idea proposed in 1912 by German meteorologist and ge-
ologist Alfred Wegener: continental drift, the idea that continents gradu-
ally drift across the surface of Earth. Wegener got his idea in part from
the puzzlelike fit of continents such as South America and Africa (Figure
4.16). This fit had been noted by earlier mapmakers, but Wegener took
the idea further. He noted that similar types of distinctive rocks and rare
fossils were found in eastern South America and western Africa, suggest-
ing that these two regions once had been close together.

Despite these strong hints, no one at Wegener’s time knew of a mech-
anism that could allow the continents to push their way through the solid
rock beneath and around them. Wegener suggested that Earth’s gravity
and tidal forces from the Sun and Moon were responsible, but other sci-
entists quickly showed that these forces were too weak to move conti-
nents around. As a result, Wegener’s idea of continental drift was rejected
by all but a few geologists for decades after he proposed it, even though
his evidence of a “continental fit” for Africa and South America ulti-
mately proved correct. Today, far more extensive fossil evidence makes it
clear that the continents really were arranged differently in the past, and
our understanding of how rock can flow in the mantle allows us to un-
derstand the real reasons that the continents move around.

Scientists began to recognize the mechanism of continental motion
through the discovery of mid-ocean ridges in the mid-1950s. Mantle mate-
rial erupts onto the ocean floor along these ridges, such as the mid-
Atlantic Ridge shown in Figure 4.15, while the existing seafloor spreads
outward to either side. This seafloor spreading helps explain how the
continents could move apart with time. Because this idea is quite differ-
ent from Wegener’s original notion of continents plowing through the
solid rock beneath them, geologists no longer use the term continental
drift and instead consider continental motion within the context of plate
tectonics.

The third line of evidence for plate tectonics (in addition to conti-
nental motion and seafloor spreading) comes from the fact that Earth’s
surface has two very different types of crust (Figure 4.17). Seafloor crust
is made primarily of the relatively high-density igneous rock called basalt,
which commonly erupts from volcanoes like those along mid-ocean
ridges and in Hawaii. Seafloor crust is typically only 5-10 kilometers
thick, and radiometric dating shows that it is quite young—the average
age is about 70 million years, and even the oldest seafloor crust is less
than about 200 million years old. Continental crust is made of lower-
density rock, such as granite, and its rock spans a wide range of ages from
the very young all the way back to the oldest rocks found on Earth. Con-
tinental crust is much thicker than seafloor crust—typically 20-70 kilo-
meters thick—but it sticks up only slightly higher because its weight
presses it down farther onto the mantle below.

The two types of crust make it clear that Earth’s surface must un-
dergo continual change. New seafloor crust continually emerges at sites
of seafloor spreading, while the wide age range of continental crust tells
us that the continents have gradually built up over time.

THE MECHANISM OF PLATE TECTONICS Today, we understand that
plates move in concert with underlying mantle convection, driven by the
heat released from Earth’s interior. Over millions of years, the move-
ments involved in plate tectonics act like a giant conveyor belt for Earth'’s

Figure 4.16
The puzzlelike fit of South America and Africa.

The relatively dense,
young seafloor crust
is 510 km thick.

The less dense, older
continental crust is
20-70 km thick.

Figure 4.17
Earth today has two distinct kinds of crust.
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lithosphere (Figure 4.18). This movement explains many of the major

features of Earth’s geology.

Seafloor spreading occurs at mid-ocean ridges because they are places
where mantle material rises upward toward the surface. As it gets close
to the surface, the lower pressure allows it to partly melt; the molten ma-
terial then erupts to the surface, cooling and contracting as it spreads
sideways. This explains both the formation of the basaltic seafloor crust
and the characteristic shapes of the ridges. Worldwide along the mid-
ocean ridges, new crust covers an area of about 2 square kilometers every
year, enough to replace the entire seafloor within about 200 million
years—and thus explaining the geologically young age of seafloor rocks.

Over tens of millions of years, any piece of seafloor crust gradually
makes its way across the ocean bottom, then finally gets recycled into
the mantle in the process we call subduction. Subduction occurs where
a seafloor plate meets a continental plate, which is generally somewhat
offshore at the edge of a sloping continental shelf. The continental rocks
are less dense than those on the seafloor; thus, as the dense seafloor crust
of one plate pushes under the less dense continental crust of another
plate, it can pull the entire surface downward to form a deep ocean trench.
At some trenches, the ocean depth is more than 8 kilometers.

Beneath a subduction zone, the descending seafloor crust heats up
and may begin to melt as it moves deeper into the mantle. If enough
melting occurs, the molten rock may erupt upward. As you can see in
Figure 4.18, the process of subduction tends to make the melting occur
under the edges of the continents, which is why so many active volca-
noes tend to be found along those edges. This volcanic activity explains
the presence of many coastal mountain ranges (as well as many older
mountain ranges that are no longer located along coasts). Moreover, the
lowest-density material tends to melt first, which is why the continental
crust emerging from these landlocked volcanoes is lower in density than
seafloor crust.

Spreading and subduction are not the only ways in which plates in-
teract. Two continental plates crashing into each other can push each

. . . , . other upward, providing a second way of creating mountain ranges. The
growing as thg pI.ate carrying Indla pushes into the Eurasian Himal il slowl ine in thi the vlat ine Indi
plate. Arrows indicate the directions of plate motion. (See the rma ayas are stz slowly g¥owmg 1 this way as the p a'e ca.rrylng ndia
plate boundaries in Figure 4.15.) pushes into the plate carrying most of the rest of Eurasia (Figure 4.19).
In places where continental plates are pulling apart, the crust thins and

Plate tectonics acts like a giant conveyor belt for Earth’s
lithosphere.

Figure 4.19

This satellite photo shows the Himalayas, which are still slowly
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can create a large rift valley. The East African rift zone is an example (see
Figure 4.15). This rift is slowly growing and will eventually tear
the African continent apart. At that point, rock rising upward with man-
tle convection will begin to erupt from the valley floor, creating a new
zone of seafloor spreading. A similar process tore the Arabian Peninsula
from Africa, creating the Red Sea (Figure 4.20).

Places where plates slip sideways relative to each other are marked
by what we call plate boundary faults. For example, the San Andreas
Fault in California marks a line where the Pacific plate is moving north-
ward relative to the continental plate of North America (Figure 4.21).
At its current rate, this motion will bring Los Angeles (on the Pacific
plate) and San Francisco Bay (on the North American plate) together in
about 20 million years. The two plates do not slip smoothly against each
other. Instead, their rough surfaces catch, and tension can build up until
it is so great that it forces a rapid and violent shift, causing an earth-
quake. In contrast to the usual motion of plates, which proceeds at a
few centimeters per year, an earthquake can move plates by several
meters in a few seconds. The movement can level cities, set off destruc-
tive tsunamis, and make the whole planet vibrate with seismic waves
(much like a ringing bell).

Think About It By studying the plate boundaries in Figure 4.15,
explain why the west coast states of California, Oregon, and Washington are prone
to more earthquakes and volcanoes than most other parts of the United States. Find
the locations of recent earthquakes and volcanic eruptions worldwide. Do the
locations fit the pattern you expect?

Not all earthquakes and volcanoes occur near plate boundaries.
Earthquakes sometimes occur along old or buried faults that are now
far from plate boundaries; some of the biggest earthquakes in U.S. his-
tory occurred in 1811 and 1812 along the New Madrid fault zone,
which runs through parts of Illinois, Kentucky, Missouri, Arkansas, and
Tennessee. Volcanic activity may occur any place where a plume of hot
mantle material rises up to make what we call a hot spot. The Hawai-
ian Islands are the result of a hot spot that has been erupting basaltic
lava for tens of millions of years. Plate tectonics gradually carries the
Pacific plate over the hot spot, forming a chain of volcanic islands as
different parts of the plate lie directly above the hot spot at different
times (Figure 4.22). Today, most of the lava erupts on or near the Big
Island of Hawaii, giving much of this island a young, rocky surface.
About a million years ago, the Pacific plate lay farther to the southeast
(relative to its current location), and the hot spot built the island
of Maui. Before that, the hot spot created other islands, including
Oahu (3 million years ago), Kauai (5 million years ago), and Midway
(27 million years ago). The older islands are more heavily eroded.
Midway has been eroded so much that it barely rises above sea level.
The movement of the plate over the hot spot continues today, building
underwater volcanoes that eventually will rise above sea level to be-
come new Hawaiian Islands. The growth of a future island, named
Loihi, is already well under way—prime beach real estate should be
available there in about a million years or so. Hot spots can also occur
beneath continental crust. For example, a continental hot spot is re-
sponsible for the volcanism that supplies the heat for the geysers and
hot springs of Yellowstone National Park.

Arabian Peninsula

Red Sea

Africa

Figure 4.20

When continental plates pull apart, the crust thins and deep
rift valleys form. This process tore the Arabian Peninsula from
Africa, forming the Red Sea. Arrows indicate the directions
of plate motion.

Los Angeles

Figure 4.21

California’s San Andreas Fault marks a boundary where plates
are sliding sideways, as shown by the white arrows; asterisks
indicate sites and years of major earthquakes. The inset
photo shows a place along the San Andreas Fault where the
painted lines in a road allow us to see how far the two sides
of the fault moved in an earthquake.

Chapter 4 The Habitability of Earth 129



Midway: island

eroded down to
sea level

Figure 4.22

(o]

The kink in the chain
occurred when the plate
direction shifted about
40 million years ago.

A mantle plume created
Hawaii and other islands
(many now undersea) as
the Pacific plate moved

Hawaii: recent
lava flows

Kauai: heavily
eroded valleys

.

@

o
Hawaiian >

l Loihi: a still-underwater,
islands

future Hawaiian island
(in about a million years)

The Hawaiian Islands are just the most recent of a long
string of volcanic islands made by a mantle hot spot.
The image of Loihi (lower right) was obtained by sonar,
as it is still entirely underwater. The long chain records
the past 60 million years of history of the oceanic crust

in the region.
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PLATE TECTONICS THROUGH TIME We can use the current motions
of the plates to project the arrangement of continents millions of years
into the past or the future. For example, at a speed of 2 centimeters per
year, a plate will travel 2000 kilometers in 100 million years. Figure 4.23
shows several past arrangements of the continents, along with one future
arrangement. Note that the present-day continents were once all stuck
together in a single “supercontinent,” sometimes called Pangaea (meaning
“all lands”), which began to break up about 225 million years ago.

Mapping the sizes and locations of continents at even earlier times is
more difficult. However, studies of magnetized rocks (which can record
the orientation of ancient magnetic fields) and comparisons of fossils
found in different places around the world have allowed geologists to
map the movement of the continents much further into the past. It seems
that, over at least the past billion years or more, the continents have
slammed together, pulled apart, spun around, and changed places on
the globe. Central Africa once lay at Earth’s South Pole, and Antarctica
once was near the equator. The continents continue to move, and their
current arrangement is no more permanent than any past arrangement.

Has Earth had plate tectonics throughout its history? We are not yet
certain, but we have some evidence for plate tectonics going back quite
far in time. The oldest fairly definitive evidence comes from seismic stud-
ies that suggest the presence of an ancient subduction zone (found in
Canada) that formed some 2.7 billion years ago; subduction would be a
sure sign of the conveyorlike action of plate tectonics. More controversial
is the recent zircon evidence suggesting that continental crust had already
begun to form more than 4.4 billion years ago. If the evidence is being
properly interpreted, it suggests that plate tectonics began just shortly after
the birth of Earth, since continental crust is generally formed as a direct
result of the separation of rock by density along subduction zones.

CAUSE AND EFFECTS OF PLATE TECTONICS We have a fairly good
understanding of how plate tectonics works and how it is driven by
Earth’s internal heat and mantle convection. However, we still face at



least one significant mystery: Why does plate tectonics operate only on
Earth among the terrestrial worlds?

The answer is probably simple for the Moon, Mercury, and Mars:
Because their small size has allowed their interiors to cool much more
than Earth’s interior, their lithospheres have thickened. If they have any
remaining internal convection at all, it is too weak to break their thick
lithospheres into plates. Venus poses a greater mystery, since it is almost
the same size as Earth and therefore should have retained a similar
amount of internal heat.

We still do not know why Venus appears to lack plate tectonics today
or whether it had plate tectonics in the past [Section 10.2]. However, we
have at least one plausible hypothesis: As we’ll discuss further in
Chapter 10, Venus’s high surface temperature has probably baked out
water from its crust and upper mantle. This drying of the rock may have
strengthened and thickened Venus’s lithosphere so that it has resisted the
fracturing that occurred on Earth; the high temperature may also make
Venus’s lithosphere less brittle than Earth'’s colder crust. If this hypothesis
is correct, then we can ultimately trace the cause of plate tectonics to two
factors: heat-driven mantle convection and a lithosphere thin and brittle
enough to be fractured by the movement of the underlying mantle.

Whatever its cause, the effects of plate tectonics are profound. We've
seen that plate tectonics is the most important geological mechanism on
Earth, and it plays a key role in explaining nearly all of Earth’s geological
features. But its deeper significance to life lies in the fact that its recycling
of rock turns out to play a crucial role in climate regulation, a topic we’ll
address in Section 4.5.

e Why does Earth have a protective
magnetic field?

Planetary atmospheres do not necessarily last forever. All the terrestrial
worlds had at least some gas released from their interiors by outgassing,
but some of the gas eventually escaped to space. Atmospheric gas can be
lost to space in at least three ways.

First, gas molecules move fast enough that they exceed their world’s
escape velocity and can simply “take off” into space. This process is
often called thermal escape, because gas particles tend to move at
higher speeds when their temperature is higher, and hence are more
likely to escape when temperatures are high than low. Moreover, at any
particular temperature, lightweight molecules such as hydrogen tend to
move faster than heavier molecules such as oxygen; thus, light gases
escape more easily. That is why none of the terrestrial worlds has any
significant amounts of hydrogen gas; the large, jovian planets retain
hydrogen because their large masses give them much higher escape
velocities. More generally, smaller worlds have lower escape velocities,
so gas escapes from them much more readily. That is why the Moon
and Mercury, the two smallest of the terrestrial worlds, have become
essentially airless.

Second, impacts can also blast atmospheric gas into space. Again,
smaller worlds are more prone to this type of loss because of their lower
escape velocities: Equivalent impacts are more likely to blast material
upward with escape velocity on a smaller world than a larger world.

Third, gas can be lost through a mechanism known as solar wind
stripping, which occurs when particles from the solar wind in effect



Figure 4.24
Sources of magnetic fields.

a This photo shows how a bar
magnet influences iron filings
(small black specks) around it. The
magnetic field lines (red) represent
this influence graphically.

sweep atmospheric gas particles into space. This mechanism acts slowly,
but calculations suggest that without the protection of Earth’s global mag-
netic field, over billions of years the solar wind would have swept away
much of our planet’s atmosphere.

REQUIREMENTS FOR A GLOBAL MAGNETIC FIELD A magnetic
field can affect charged particles or magnetized objects in its vicinity. For
example, if you've ever used a compass, you know that Earth has a mag-
netic field that determines the direction in which the compass needle
points. The global extent of Earth’s magnetic field gives us a strong clue
that the field is generated inside our planet.

You are probably familiar with the general pattern of the magnetic
field created by an iron bar magnet (Figure 4.24a). Earth’s magnetic field
is generated by a process more similar to that of an electromagnet, in
which the magnetic field arises as a battery forces charged particles (elec-
trons) to move along a coiled wire (Figure 4.24b). Earth does not con-
tain a battery, of course, but charged particles move with the molten
metals in its liquid outer core (Figure 4.24c¢). Internal heat causes the
liquid metals to rise and fall (convection), while Earth’s rotation twists
and distorts the convection pattern of these molten metals. The result is
that electrons in the molten metals move within Earth’s outer core in
much the same way that they move in an electromagnet, generating
Earth’s magnetic field.

We can generalize what we know about Earth’s magnetic field to other
worlds. There are three basic requirements for a global magnetic field:

1. An interior region of electrically conducting fluid (liquid or gas),
such as molten metal.

2. Convection in that layer of fluid.

3. At least moderately rapid rotation of the planet.

Earth is unique among the terrestrial worlds in meeting all three
requirements, which is why it is the only terrestrial world in our solar
system with a strong magnetic field. The Moon has no magnetic field,
either because it lacks a metallic core altogether or because its core has
long since solidified and ceased convecting. Mars likewise has virtually

_~~moderately
rapid rotation

convecting molten metals

b A similar magnetic field is created by an
electromagnet, which is essentially a wire
wrapped around a bar and attached to a
battery. The field is created by the
battery-forced motion of charged particles
(electrons) along the wire.

¢ Earth’s magnetic field also arises from the
motion of charged particles. The charged
particles move within Earth’s liquid outer
core, which is made of electrically
conducting, convecting molten metals.



no magnetic field today, probably because of similar core cooling that
caused convection to cease. Venus probably has a molten metal layer
much like that of Earth, but either its convection or its 243-day rotation
period is too slow to generate a magnetic field. Mercury poses a slight
enigma: It possesses a measurable magnetic field despite its small size
and slow, 59-day rotation. The reason may be tied to the fact that
Mercury has a very large metal core, which may still be partly molten
and convecting.

THE MAGNETOSPHERE AND THE SOLAR WIND The magnetic field
protects Earth’s surface and atmosphere from most of the energetic parti-
cles of the solar wind because it creates a magnetosphere that acts like
a protective bubble surrounding our planet. The magnetosphere deflects
most of the solar wind particles while channeling a few toward the poles,
where they can cause auroras (Figure 4.25). The magnetosphere itself is
invisible, but we can map its presence with devices that work much like
compass needles and we can detect particles that become trapped within
it (in the charged particle belts, also known as Van Allen belts).

The magnetosphere generally deflects particles while they are still
high above our atmosphere, and it therefore prevents the solar wind from
stripping Earth’s atmospheric gas away. Indeed, evidence for this protec-
tive function comes from studying our neighboring planets. As we’ll dis-
cuss in Chapter 8, Mars today apparently has much less atmospheric gas
than it did in the distant past, and we suspect that Mars lost much of its
gas when its interior cooled to the point that it no longer generated a
strong magnetic field and protective magnetosphere. (Mars probably also
lost gas due to impacts.) Careful studies of the isotopic composition of
Venus’s atmosphere suggest that it, too, has lost gas to solar wind strip-
ping, as we would expect given its lack of magnetic field. However, Venus
has such a thick atmosphere that its overall gas loss has been proportion-
ally small.

Earth’s magnetic field deflects ...
most solar wind particles.

stream of solar wind particles

belts

Some solar wind particles infiltrate
the magnetosphere near the poles. Not to scale

* Charged particles spiral into
atmosphere, making it glow.

a This diagram shows how Earth’s invisible magnetosphere (represented in purple)

deflects solar wind particles. Some particles accumulate in charged particle belts

encircling our planet. The inset is a photo of a ring of auroras around the North Pole;

the bright crescent at its left is part of the day side of Earth.

| \Changed particle

Earth’s magnetosphere acts like a protective bubble, shielding
our planet from the charged particles of the solar wind.

b This photograph shows an aurora in
Wapusk National Park, Manitoba, Canada.
In a video, you would see these lights
dancing about in the sky.



4.5 Climate Regulation and Change

At the beginning of this chapter, we stated that three crucial ingredients
in Earth’s long-term habitability have been volcanism, plate tectonics,
and the magnetic field. We have seen that volcanism’s most important
role has been in releasing the gases that formed our oceans and atmo-
sphere, while the magnetic field has helped prevent atmospheric gas from
being lost to space. As for plate tectonics, we have seen the way it is
responsible for shaping our planet’s surface; however, plate tectonics
plays an even more important role, because it helps regulate the climate.

You are probably aware that Earth’s climate has not been perfectly
stable through time: Even during human history our planet has experi-
enced what we call ice ages, and as we look back through geological time,
we find other periods of far more severe cold or warmth. Nevertheless,
the climate has been sufficiently stable for life to exist continually for
some 4 billion years. Because life on Earth needs liquid water [Section 5.3],
we infer that the oceans have remained at least partially liquid through-
out this long period of time. Although the temperature range in which
water can be liquid may seem wide to us humans, when we compare it
to temperatures found on other worlds, we realize that Earth’s climate
has been remarkably stable through time.

At first, Earth’s stable climate might not seem surprising. After all, the
primary source of heat for the atmosphere and oceans is the Sun, and
Earth’s orbit about the Sun should not have changed much since its for-
mation. However, theoretical models of the Sun and observations of other
Sun-like stars reveal an important fact: Stars gradually brighten with age.
Models suggest that the Sun today may be as much as 30% brighter than
it was when Earth formed, which means the young Earth received a lot
less solar warmth and light than it does today. How, then, could our planet
have been warm enough for liquid water in the distant past, and why has-
n’t our planet overheated as the Sun brightened? To answer these and
other questions about Earth’s long-term climate, we must begin by investi-
gating why Earth is warm enough for liquid water in the first place.

Surface Temperature of Terrestrial Planets Tutorial

e How does the greenhouse effect
make Earth habitable?

Most people assume that Earth is warm enough for liquid water simply
because it is at the “right” distance from the Sun, but this clearly is not
the whole story. The Moon lies at the same distance, but its daytime
temperatures rise to 125°C (257°F)—well above the normal boiling
point of water—while its nighttime temperatures plummet to a frigid
—175°C (—283°F). Moreover, the fact that the Sun has brightened with
time means that even if we were at the “right” distance when Earth was
young, that same distance would be too close to the now-brighter Sun.

It’s fairly easy to calculate the Earth’s expected temperature based
solely on its distance from the Sun and the amount of incoming sunlight
absorbed by its surface. Such a calculation shows that the global average
temperature—that is, the average temperature for the entire planet—
would be —16°C(3°F), well below the freezing point of water. But Earth
is not frozen. The actual global average temperature today is about 15°C



(59°F), and geological evidence shows that it has been warmer at various
times in the past. Something must be making our planet much warmer
than we would expect based on its distance from the Sun alone, and that
something is what we call the greenhouse effect.

Figure 4.26 shows the basic mechanism of the greenhouse effect. Sun-
light consists mostly of visible light, which passes easily through most at-
mospheric gases. Some of this visible light gets absorbed by the ground,
while the rest is reflected back to space (much of it by clouds). The ground
must return the energy it absorbs back to space, because if it didn’t the
energy would make the ground heat up rapidly. However, the fact that
the ground doesn’t glow in the dark tells us that the ground does not re-
turn the energy in the same visible-light form in which it absorbs it. In-
stead, the ground returns the energy in the form of infrared light.

The greenhouse effect works by temporarily “trapping” some of the
infrared light, slowing its return to space. This trapping occurs because
some atmospheric gases can absorb the infrared light. Gases that are par-
ticularly good at absorbing infrared light are called greenhouse gases,
and they include water vapor (H,0), carbon dioxide (CO,), and methane
(CHy). These gases absorb infrared light effectively because their molecu-
lar structures make them prone to begin rotating or vibrating when
struck by an infrared photon (an individual “piece” of light); diatomic
molecules such as nitrogen (N,) and oxygen (O,) generally cannot rotate
or vibrate in these ways and hence do not absorb infrared light.

After a greenhouse gas molecule absorbs the energy of an infrared
photon, it quickly releases the energy by emitting a new infrared photon.
However, the new photon will be emitted in some random direction that
is unlikely to be the same direction from which the original photon came.
This photon can then be absorbed by another greenhouse molecule,
which does the same thing. The net result is that greenhouse gases tend
to slow the escape of infrared radiation from the lower atmosphere, while
their molecular motions heat the surrounding air. In this way, the green-
house effect makes the surface and the lower atmosphere warmer than
they would be from sunlight alone. A blanket offers a good analogy: You
stay warmer under a blanket not because the blanket itself provides any
heat, but rather because it slows the escape of your body heat into the
cold outside air. The more greenhouse gases that are present, the greater
the degree of surface warming. On Earth, the naturally occurring green-
house effect is strong enough to raise the global average temperature by
about 31°C from what it would be without greenhouse gases. Without
this warming, our planet would be frozen over.

Incidentally, you are probably aware that the greenhouse effect is
often in the news, usually portrayed in a negative light as part of an en-
vironmental problem. But as we have just seen, the greenhouse effect is
not a bad thing in and of itself, since life on Earth would not exist with-
out it. Why, then, is the greenhouse effect discussed as an environmental
problem? The reason is that human activity is adding more greenhouse
gases to the atmosphere, thereby strengthening the greenhouse effect and
further warming our planet (“global warming”). While the precise effects
of this human-induced warming are difficult to predict [Section 10.5],
we need only look to our hot neighbor Venus to see that changes in the
greenhouse effect should not be taken lightly. While the greenhouse effect
makes Earth livable, it is also responsible for the searing 470°C
(878°F) temperature of Venus—proving that it’s possible to have too
much of a good thing.

. Visible light passes through the atmosphere.

.+ Some visible light is reflected by
clouds, haze, and the surface.

% The surface absorbs " Greenhouse gases absorb and
*visible light and emits reemit infrared radliation, thereby
thermal radiation in infrared.  heating the lower atmosphere.

Figure 4.26

The greenhouse effect makes the surface and lower
atmosphere much warmer than they would be without
greenhouse gases such as water vapor, carbon dioxide,
and methane.



Rainfall erodes rock on land;
rivers carry broken-down
Atmospheric CO, minerals to the sea.

dissolves in rainwater.

Volcanoes outgas CO,.

Broken-down minerals
react with dissolved
CO, to form carbonate

Carbonate rocks subduct  rocks.

and melt, releasing CO,.

Figure 4.27

This diagram shows how the CO, cycle continually moves
carbon dioxide from the atmosphere to the ocean to rock and
back to the atmosphere. Note that plate tectonics (subduction
in particular) plays a crucial role in the cycle.
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Thinlk About It Carbon dioxide makes up less than 1% of our
atmosphere today, while nitrogen and oxygen together make up some 98% of our
atmosphere. Why, then, do we focus on carbon dioxide when we talk about
Earth's climate?

e What regulates Earth’s climate?

The case of Venus leads us to a crucial question about Earth’s hospitable
climate. As we’'ll discuss in Chapter 10, Venus’s extreme greenhouse
effect occurs because its atmosphere contains almost 200,000 times as
much carbon dioxide as Earth’s atmosphere. But Venus and Earth are
nearly the same size and both were made from similar materials, so vol-
canic outgassing should have released similar amounts of carbon dioxide
on both worlds. Moreover, outgassing from modern-day volcanoes on
Earth shows that they do indeed release plenty of carbon dioxide, and
over time, volcanoes must have outgassed nearly as much carbon diox-
ide into Earth’s atmosphere as we find in the atmosphere of Venus.
Where, then, did all of Earth’s carbon dioxide end up?

Geological studies reveal the answer: Most of Earth’s carbon dioxide
is locked up in carbonate rocks—sedimentary rocks, such as limestone,
that are rich in carbon and oxygen. By estimating the total amount of
carbonate rock on Earth, we find that these rocks contain about 170,000
times as much carbon dioxide as our atmosphere, which means that
Earth does indeed have almost as much total carbon dioxide as Venus.
Venus lacks carbonate rock (for reasons we’ll discuss in Chapter 10), so
all of its carbon dioxide remains in its atmosphere. Keep in mind that this
difference between the two planets in carbon dioxide location makes all
the difference in the world: If Earth’s carbon dioxide were in our atmo-
sphere rather than in carbonate rocks, our planet would be nearly as hot
as Venus and certainly uninhabitable.

Of course, the fact that Earth’s carbon dioxide is locked up in rocks
leads to a deeper question: How did it get there? The answer lies with a
mechanism closely tied to plate tectonics.

THE CARBON DIOXIDE CYCLE The mechanism by which carbon
dioxide has been removed from Earth’s atmosphere and by which the cur-
rent small amount of atmospheric carbon dioxide remains stable is called
the inorganic carbon dioxide cycle, or the CO, cycle for short. Let’s
follow the cycle as illustrated in Figure 4.27, starting with the carbon diox-
ide in the atmosphere:

e Atmospheric carbon dioxide dissolves in rainwater, creating a
mild acid.

¢ The mildly acidic rainfall erodes rocks on Earth’s continents, and
rivers carry the broken-down minerals to the oceans.

e In the oceans, calcium from the broken-down minerals combines
with dissolved carbon dioxide and falls to the ocean floor, making
carbonate rocks.*

*During the past half-billion years or so, carbonate minerals have been made by shell-
forming sea animals, falling to the bottom in the seashells left after the animals die. Without
the presence of animals, chemical reactions would do the same thing—and apparently did
for most of Earth’s history.



e Over millions of years, the conveyor belt of plate tectonics carries
the carbonate rocks to subduction zones, where they are carried
down into the mantle.

¢ As they are pushed deeper into the mantle, some of the subducted
carbonate rock heats up and releases its carbon dioxide, which then
outgasses back into the atmosphere through volcanoes.

In summary, the reason that Earth has so little carbon dioxide in its
atmosphere is that most of the carbon dioxide was dissolved in the oceans,
where chemical reactions converted it to carbonate minerals. In fact,
about 60 times as much carbon dioxide is dissolved in the oceans as is
present in our atmosphere, though this amount still pales in comparison
to the 170,000 times as much that the CO, cycle has locked up in rock.

THE CO, CYCLE AS A THERMOSTAT The CO, cycle acts as a thermo-
stat for Earth because of the way that changes in temperature feed back
into the cycle. You are probably familiar with what we generally call
feedback processes—processes in which a change in one property
amplifies (positive feedback) or counteracts (negative feedback) the
behavior of the rest of the system. For example, if someone brings a
microphone too close to a loudspeaker, it picks up and amplifies small
sounds from the speaker. These amplified sounds are again picked up by
the microphone and further amplified, causing a loud screech. This sound
feedback is an example of positive feedback, because it automatically am-
plifies itself. The screech usually leads to a form of negative feedback:
The embarrassed person holding the microphone moves away from the
loudspeaker, thereby stopping the positive sound feedback.

The CO, cycle has a built-in form of negative feedback that returns
Earth’s temperature toward “normal” whenever it warms up or cools
down. This negative feedback occurs because the overall rate at which
carbon dioxide is pulled from the atmosphere is extremely sensitive to
temperature: the higher the temperature, the higher the rate at which
carbon dioxide is removed. Figure 4.28 shows how it works. Consider
first what happens if Earth warms up a bit. The warmer temperature
means more evaporation and rainfall, pulling more CO, out of the atmo-
sphere. The reduced atmospheric CO, concentration leads to a weakened
greenhouse effect that counteracts the initial warming and cools the

° Too cool . . .
° r

Less precipitation.

/.

ter dissolves less Earth’s
Thermostat:

CO, Cycle

in the atmasphere.

Strengthened Weakened
° greenhouse greenhouse ° .
; effect will warm effect will cool .
More CO, builds up Earth up. Earth down. CO, concentration decreases

Figure 4.28

The carbon dioxide cycle acts as a thermostat for Earth
through negative feedback processes. Cool temperatures
cause atmospheric CO, to increase, and warm tempera-
tures cause atmospheric CO, to decline.
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Figure 4.29

Small changes in Earth’s axis tilt affect the climate: Greater tilt
tends to mean a warmer climate.

planet back down. Similarly, if Earth cools a bit, precipitation decreases
and less CO, is dissolved in rainwater, allowing the CO, released by vol-
canism to build back up in the atmosphere. The increased CO, concen-
tration strengthens the greenhouse effect and warms the planet back up.

Overall, the natural thermostat of the CO, cycle has allowed the
greenhouse effect to strengthen or weaken just enough to keep Earth’s
climate in a range that has allowed for liquid water, regardless of what
other changes have occurred on our planet. And, because subduction
plays a critical role in the CO, cycle, we now see the importance of plate
tectonics to Earth’s climate: Without plate tectonics, there would be no
CO, cycle to regulate our planet’s surface temperature.

e How does Earth’s climate change
over long periods of time?

While Earth’s climate has remained stable enough for the oceans to re-
main at least partly liquid throughout history, the climate has not been
perfectly steady. Numerous warmer periods and numerous ice ages have
occurred. Such variations are possible because the CO, cycle does not act
instantly. When something begins to change the climate, it takes time
for the feedback mechanisms of the CO, cycle to come into play, because
these mechanisms depend on the gradual action of mineral formation
in the oceans and of plate tectonics. Calculations show that the time to
stabilize atmospheric CO, through the CO, cycle is about 400,000 years.
That is, if the amount of CO, in the atmosphere were to rise because of,
say, increased volcanism, it would take some 400,000 years for the CO,
cycle to restore temperatures to their current values.*

ICE AGES 1Ice ages occur when the global average temperature drops
by a few degrees. The slightly lower temperatures lead to increased snow-
fall, which may cover continents with ice down to fairly low latitudes.
For example, the northern United States was entirely covered with glaci-
ers during the peak of the most recent ice age, which ended only about
10,000 years ago. In fact, relative to temperatures over at least the past
200 million years, we are still in an ice age. This ice age has persisted for
the past 35 million years or so, with periods of deeper cold interspersed
with periods of warmer temperatures, such as the present. Remarkably,
recent evidence indicates that we can enter or leave a cold period very
rapidly, within a time as short as a few decades.

The causes of ice ages are complex and not fully understood. Over
periods of tens or hundreds of millions of years, the Sun’s gradual bright-
ening and the changing arrangement of the continents around the globe
have at least in part influenced the climate. During the past few million
years—a period too short for solar changes or continental motion to have
a significant effect—the ice ages appear to have been strongly influenced
by small, cyclical changes in Earth’s rotation and orbit. These cyclical
changes are often called Milankovitch cycles, after the Serbian scientist who
suggested their role in climate change.

For example, while Earth’s current axis tilt is about 232°, the tilt
varies over time between about 22° and 25° (Figure 4.29). These small

*This time scale applies to ocean/atmosphere equilibrium only. The time scale for crust
recycling is much longer, while shorter-term climate variations in atmospheric CO, concen-
tration can occur through factors besides the inorganic CO, cycle, such as cycling of carbon
dioxide by life or the addition of CO, to the atmosphere through human activity.



changes affect the climate by making seasons more or less extreme.
Greater tilt means more extreme seasons, with warmer summers and
colder winters. The extra summer warmth tends to prevent ice from
building up, making the whole planet warmer on average. In contrast,
smaller tilt means less extreme seasons that tend to keep polar regions
colder and darker on average, allowing ice to build up. Earth’s past
periods of smaller axis tilt correlate well with colder climate and ice ages,
especially when considered along with other cyclical changes in Earth’s
rotation and orbit.

SNOWBALL EARTH Geologists have discovered evidence of several
particularly long and deep ice ages between about 750 and 580 million
years ago, and another similar set between about 2.4 and 2.2 billion
years ago. During these periods, glaciers appear to have advanced all the
way to the equator. Because ice can reflect up to about 90% of the sun-
light hitting it, this increase in global ice would have set up a positive
feedback process that would have cooled Earth even further. Geologists
suspect that in this way, our planet may have entered the periods we
now call snowball Earth. We do not know why these episodes occurred
or precisely how extreme the cold became. Some models suggest the
positive feedback may have driven the global average temperature as low
as —50°C (—58°F), causing the oceans to freeze to a depth of 1 kilometer or
more. Other models suggest the oceans never froze completely, making
Earth more of a “slushball” than a snowball. Either way, it seems that Earth
became far colder during these periods than in more recent ice ages.

How did Earth recover from a snowball phase? Figure 4.30 shows
the current model. Even if Earth’s surface got cold enough for the ocean
surface to freeze completely, the interior would still have remained hot.
As a result, volcanism would have continued to add CO, to the atmo-
sphere. Oceans covered by ice would have been unable to absorb this
CO, gas, and the CO, content of the atmosphere would have gradually
built up and strengthened the greenhouse effect. Eventually, the
strengthening greenhouse effect would have warmed Earth enough to
start melting the ice. The feedback processes that started the snowball
Earth episode then moved in reverse. As the ice melted, more sunlight
would have been absorbed, warming the planet further. Moreover, be-
cause the CO, concentration was so high, the warming would have con-  Figure 4.30

tinued well past current temperatures, perhaps raising the global average 1o CO, cycle rescues Earth from a snowball phase.
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temperature as high as 50°C (122°F). Thus, in just a few centuries, Earth
would have emerged from a snowball phase into what we might call a
hothouse phase. Geological evidence supports the occurrence of dramatic
increases in temperature at the end of each snowball Earth episode. Earth
then slowly recovered from the hothouse phase as the CO, cycle
removed carbon dioxide from the atmosphere.

Suppose Earth did not have plate tectonics. Could
the planet ever recover from a snowball phase? Explain.

The snowball Earth episodes must have had severe consequences for
any life on Earth at the time. Indeed, the end of the snowball Earth
episodes roughly coincides with a dramatic increase in the diversity of life
on Earth (the Cambrian explosion [Section 6.3]). Some scientists
suspect that the environmental pressures caused by the snowball Earth pe-
riods may have led to a burst of evolution. If so, we might not be here today
if not for the dramatic climate changes of the snowball Earth episodes.

EARTH'S LONG-TERM HABITABILITY We have covered a lot of
ground in this chapter, but it has given us a clear picture of the major
factors that have kept our planet habitable for the past 4 billion or more
years. Let’s briefly review a few of the key points:

¢ Volcanic outgassing released most of the gases that made the atmos-
phere and the water vapor that condensed to form the oceans.

e Earth has kept its atmosphere at least in part because the magnetic
field has protected atmospheric gases from being stripped away by
the solar wind.

e The greenhouse effect warms our planet enough for water to be
liquid, but not so much that the water would boil away.

e This moderate greenhouse effect is maintained by the self-regulating
mechanism of the CO, cycle, which depends on plate tectonics.

e Even with the regulation provided by the CO, cycle, the climate still
goes through changes influenced by variations in Earth’s axis tilt and
other properties of its rotation and orbit.

e The regulatory mechanism sometimes breaks down, leading to
periods such as the snowball Earth episodes, but the CO, cycle
ultimately brings the climate back into balance.

These ideas should help us understand the prospects for finding other
habitable worlds, especially those that might have the long-term habit-
ability that could allow for the evolution of intelligent species and civi-
lizations. Of course, these ideas also leave several questions unanswered.
For example, should we expect to find plate tectonics and a CO, cycle on
other worlds similar to Earth, or was some rare “luck” involved in Earth’s
getting these regulatory mechanisms? We might also wonder how long
Earth’s climate can continue to regulate itself as the Sun brightens with
time, a topic we’ll discuss in Chapter 10. Finally, and perhaps of the most
immediate importance, we might wonder whether we humans could
alter the regulatory mechanisms enough to cause serious consequences
for our civilization. Unfortunately, the answer appears to be yes, but we’ll
save this discussion for Section 10.5.
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4.6 Formation of the Moon

Earlier in this chapter, we stated without evidence the idea that the Moon
formed when a “giant impact” blasted away much of the material in the
young Earth’s outer layers. If you think about it, this is a rather astonish-
ing idea, since it postulates a single event at a time so far in the distant
past that we have little hope of finding rocks that survived the event and
could tell its tale. For this chapter’s case study in the process of science in
action, we’ll explore how and why this remarkable idea has gained wide-
spread acceptance in the scientific community.

e How did the giant impact model win out
over competing models?

The existence of the Moon has long been puzzling. As we discussed in
Chapter 3, the Moon counts as one of the “exceptions to the rules”
when we consider the overall formation of the solar system, because it
is unusually large compared to its planet (Earth). So how did the Moon
form?

THREE MODELS, ALL FLAWED During the mid-twentieth century,
three competing models were advanced to explain the Moon’s existence.
The first held that the Moon formed along with Earth through the same
process of accretion; in essence, this idea suggested that the two worlds
were born together. The second model suggested that the Moon had been
an independent “planet” orbiting the Sun that was somehow captured
into Earth’s orbit. The third model suggested that a young, molten Earth
had been spinning so rapidly that it split into two pieces, casting off the
piece that became the Moon.

All three models had difficulties right from the start. The joint forma-
tion model just didn’t seem to work when scientists tried to calculate ex-
actly what might have happened. If you try to build a planet and such a
large moon in close proximity, gravitational interactions between them
disrupt the process. Moreover, the Moon'’s average density is much lower
than Earth’s, which doesn’t make sense if both worlds accreted from the
same material.

The capture model seemed too improbable. It is difficult for a planet
to gravitationally capture a passing object under any circumstances, be-
cause the passing object has its own orbital energy carrying it around the
Sun. This energy cannot simply disappear, so an object can be captured
only if it somehow loses some of its orbital energy. Captures therefore
are most likely for small objects that lose orbital energy to friction with
gas surrounding a planet. Mars probably captured its two small moons in
this way, back at a time when it had a more extended atmosphere.
Jupiter and the other jovian planets probably also captured many of their
small moons in a similar fashion, back when they were still surrounded
by gas from the solar nebula. But Earth never had an atmosphere thick
enough to have slowed an object the size of the Moon. The only way that
Earth could have captured the Moon would have been if another, simi-
larly sized object had been passing by at precisely the same time as the
Moon, and if the Moon and this other object had exchanged just enough



energy for the Moon to end up in orbit of Earth. It’s possible in principle,
but highly unlikely.*

The splitting model also suffered from improbability. For example, it
seemed unlikely that Earth could ever have been spinning fast enough to
spin off the Moon. Still, like the other two models, it could not be ruled
out completely at the time.

The Apollo missions to the Moon ended this debate, because study of
rocks brought back by the astronauts ruled out all three models. The key
finding was that the Moon rocks differed significantly in composition
from Earth rocks. This immediately ruled out the joint formation model
in which both worlds would have accreted from essentially identical
material. The capture and splitting models were ruled out by chemical
processing that had apparently occurred in the Moon rocks: The Moon
rocks contained virtually no volatile, or easily vaporized, ingredients. In
this context, volatile ingredients include not only things such as water
but also elements such as lead and gold that vaporize at lower tempera-
tures than other metals and rocks. Because these volatile elements should
have been mixed in with other elements in any accreting object, the
Moon could not have accreted first and been captured later. And because
these volatiles are present in Earth, the Moon should also have had them
if it split off from a spinning, molten planet.

THE GIANT IMPACT MODEL With all three models fatally flawed, it
was back to the drawing board, which meant taking a closer look at the
clues. Two key pieces of evidence soon began to stand out:

1. The Moon’s average density is much smaller than Earth’s, and in
fact is about the same as the density of Earth’s mantle. This sug-
gests that the Moon lacks a large iron core like that of Earth and
the other terrestrial planets, and instead is made almost entirely
from material like that of Earth’s mantle.

2. The overall composition of the Moon rocks looked quite similar to
the composition of Earth’s mantle material, except for the lack of
volatile elements. Since heating could cause volatile elements to
vaporize and escape into space, the rock composition suggested
that the Moon was built from mantlelike material that had been
strongly heated before it collected to form the Moon.

Taken together, the evidence had an almost obvious implication: The
Moon was made from material that accreted in Earth orbit after first
being violently blasted out of Earth’s mantle. The idea that it was made
from mantle material would explain the Moon’s general resemblance to
Earth’s mantle, and the violence of being blasted out would explain the
heat necessary to have allowed volatiles to vaporize and escape. But what
could have blasted out a large portion of Earth’s mantle?

Recall that models of planetary formation suggest that the late stages of
accretion must have been extraordinarily violent [Section 3.3]. Rather than
the four terrestrial planets that exist in the inner solar system today, there
may have been a dozen or more planet-size bodies. The current planets are

*There is one case in the solar system in which a fairly large moon apparently was captured:
Neptune’s moon Triton has orbital characteristics that make it almost certain to be a cap-
tured object. One model for Triton’s capture assumes that it had a binary companion that
served as the “other object” to carry off energy. However, because the ratio of Neptune’s
mass to Triton’s mass is about 50 times that of Earth’s mass to the Moon’s mass, Triton’s
capture would have had a higher probability.



A Mars-sized planetesimal crashes into the young Earth,
shattering both the planetesimal and our planet.

Hours later, our planet is completely molten and rotating very rapidly. Debris
splashed out from Earth's outer layers is now in Earth orbit. Some debris rains
back down on Earth, while some will gradually accrete to become the Moon.

Less than a thousand years later, the Moon's

accretion is rapidly nearing its end, and relatively

little debris still remains in Earth orbit.

the survivors of the shattering collisions that must have occurred. The
current planets are the survivors both of close encounters of two bodies
that would have sent one of them entirely out of the young solar system
and of the shattering impacts that must have occurred. “Giant impacts” in
which one planet-size body struck another were not only possible but likely
during this period, and such an impact on Earth would have had enough
energy to blast much of the mantle into space.

Today, sophisticated computer models are used to test the giant im-
pact hypothesis, and it seems to work. The outcome of a giant impact de-
pends on many factors, including the mass and speed of the incoming
object and the precise place and angle at which it strikes Earth. By test-
ing many scenarios, scientists have developed the model of the Moon'’s
formation summarized in Figure 4.31. According to this model, a Mars-
size object blasted into the young Earth. The impact must have occurred
after Earth had differentiated but before the age of the oldest Moon rocks;
radiometric dating and other isotopic evidence tell us that the impact
occurred within about 10 to 20 million years after Earth’s iron sank to
the core, which occurred more than 4.50 billion years ago. The blast
shattered and melted our planet, splashing out molten debris from the
mantle. Much of this material fell back to Earth, but some remained
in orbit. There, with its volatile content having vaporized and escaped,
the material accreted to make the Moon.

e Does the giant impact model count as science?

The giant impact model works so well and so successfully explains the
compositional differences between Earth and the Moon that it is widely
accepted among planetary scientists. But is it really “scientific” to invoke

Artist's conception of the Moon’s formation by a giant impact.
As shown, the Moon formed quite close to a rapidly rotating
Earth, but over billions of years tidal forces have slowed
Earth’s rotation and moved the Moon’s orbit outward.



a single event for which we may never have more than indirect
evidence?

One way to decide whether the giant impact model should count as
science is to see how it stacks up against the hallmarks of science pre-
sented in Chapter 2. Looked at this way, the giant impact model certainly
qualifies as science. It invokes a natural explanation for the origin of the
Moon, one that even seems likely given what we know about the colli-
sions that must have occurred in the solar system’s early history. It also
makes testable predictions. The most important of these predictions are
the ones about composition—the idea that the Moon formed from man-
tle material leads to specific predictions about the composition of Moon
rocks, and these predictions match the evidence. Note that the fact that
the evidence was discovered before the model was proposed is not
important here: Just as Kepler came up with his model of planetary mo-
tion to explain data that Tycho had already collected, the key point is that
the model has been worked out in detail and it successfully matches the
observations. The model will also be subject to ongoing tests in the fu-
ture. For example, the Apollo astronauts collected Moon rocks from only
a handful of sites on the Moon. In the future, we will presumably collect
rocks from many other parts of the Moon. If these rocks were to turn up
compositional surprises, it would cause us to reconsider and perhaps even
discard the giant impact model. Thus, the giant impact model exhibits all
the hallmarks of science: It is natural and testable, and we can imagine
future discoveries that would cause us to call it into question.

Considering the evidence for the giant impact model,
do you think it qualifies as a hypothesis or a theory or something in between? Note
that even scientists disagree on this question, so be sure to defend your opinion.

The giant impact model has important consequences both for our
understanding of the solar system and for the search for life in the uni-
verse. For our solar system, it may help explain other “exceptions to the
rules.” If a giant impact really was as likely as we have presumed, then
Earth should not have been the only object to suffer one, and limited
evidence points to several other giant impacts. Mercury’s surprisingly
large iron core is easily explained if a giant impact also blasted away much
of its mantle, but without leaving a moon behind. Pluto’s moon Charon
also shows characteristics we’d expect if it formed in a giant impact.
A similar event might also account for the huge axis tilt of Uranus, and
perhaps for Venus’s slow, backward rotation.

In terms of life, the consequences of the giant impact model lie with
roles the Moon has played in shaping Earth’s biological history. The Moon
is the primary cause of Earth’s tides (the Sun contributes less than half as
much to Earth’s tides as the Moon), and many living organisms have bio-
logical cycles tied to the tides. If there had been no giant impact and no
Moon, these types of cycles might not have arisen. The Moon also plays a
role in Earth’s long-term climate stability. Recall that small changes in
Earth’s axis tilt can significantly change the climate, bringing on or ending
ice ages. Models show that Earth’s axis tilt would vary much more if we
did not have the Moon; the Moon’s gravity exerts a stabilizing influence
on axis tilt. Indeed, as we'll see in Chapter 8, evidence suggests that Mars
undergoes much more extreme changes in axis tilt, changes that are possi-
ble because it lacks a large moon. Some scientists therefore wonder if the
existence of the Moon, along with the axis tilt stability that it brings, was
necessary to our own evolution on Earth. If it was—and if the Moon really



is the result of a random giant impact—then the possibility of finding
intelligent life elsewhere may depend on the likelihood of giant impacts

that result in forming large moons around terrestrial planets.

Putting Chapter 4 in Perspective

In this chapter, we’ve explored the interconnections between geology
and habitability, learning about the conditions that have made life on
Earth possible. As you continue your studies, keep in mind the following

“big picture” ideas:

* We can read Earth’s geological history by studying the geological
record. This history is not mere speculation. It is recorded in ways
that we can verify independently in rocks and fossils from many
places around the world and through the well-verified technique of
radiometric dating for determining ages. While we probably won’t

ever know every detail of Earth’s history, we already have a

complete enough picture to understand the major processes and

events that have shaped our planet.

Earth’s surface has been shaped by active geology driven by internal
heat. This geology made life possible by causing the outgassing of
the material that made our oceans and atmosphere, while also
creating a magnetic field that may have helped preserve the
atmosphere. Moreover, through the action of plate tectonics and the
carbon dioxide cycle, geology has kept our planet’s climate stable
enough for water to remain liquid for the past 4 billion yea