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A Universe of Life?

1.1	 THE POSSIBILITY OF LIFE 
BEYOND EARTH
1.1.1	 What are we searching for?

1.1.2	 Is it reasonable to imagine 
life beyond Earth?

1.2	 THE SCIENTIFIC CONTEXT OF 
THE SEARCH
1.2.1	 How does astronomy help us 

understand the possibilities 
for extraterrestrial life?

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

1.2.3	 How does biology help us 
understand the possibilities 
for extraterrestrial life?

1.3	 PLACES TO SEARCH
1.3.1	 Where should we search for 

life in the universe?

1.3.2	 Could aliens be searching for 
us?

1.4	 THE SCIENCE OF 
ASTROBIOLOGY
1.4.1	 How do we study the 

possibility of life beyond 
Earth?

OV E R V I E W

1

▲ About the photo: Earth is home to an abundance of life, making us wonder if other worlds might also be home to life. 
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LEARNING OBJECTIVE 

Goals of Astrobiology

1.1	 The Possibility of Life 
Beyond Earth

Aliens are everywhere, at least if you follow the popu-
lar media (Figure 1.1). Starships on television and in 
movies are on constant prowl throughout the galaxy, 
seeking out new life and hoping it speaks English (or 
something close enough to English to be understood 
by a “universal translator”). In Star Wars, aliens from 
many planets gather at bars to share drinks and sto-
ries, and presumably to marvel at the fact that they 
have greater similarity in their level of technology 
than do different nations on Earth. Closer to home, 
movies like Independence Day, Men in Black, and War 
of the Worlds feature brave Earthlings battling evil al-
iens—or, as in the case of Avatar, brave aliens bat-
tling evil humans—while numerous websites carry 
headlines about the latest alien landings. Even seri-
ous newspapers and magazines run occasional arti-
cles about UFO (or UAP*) sightings or about claims 

LEARNING OBJECTIVE 

Chapter 1 Overview

The night sky glitters with stars, each a sun, much like our own 

Sun. Many stars have planets, some of which may be much like 

Earth and other planets of our own solar system. Among these count-

less worlds, it may seem hard to imagine that ours could be the only 

home for life. But while the possibility of life beyond Earth might seem 

quite reasonable, we do not yet know if such life actually exists.

Learning whether the universe is full of life holds great significance 

for the way we view ourselves and our planet. If life is rare or nonex-

istent 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 civilizations are common, we’ll be forced to accept that humanity 

is just one of many intelligent species inhabiting 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. We’ll begin in this chapter with a brief 

introduction to the subject and to why it has become such a hot topic 

of scientific research.

Sometimes I think we’re alone 

in the universe, and sometimes I 

think we’re not. In either case the 

idea is quite staggering.

Arthur C. Clarke (1917–2008)

FIGURE 1.1
Aliens have become a part of modern culture, as illustrated by 
this movie poster.

*UAP stands for “unidentified aerial phenomena,” which is some-
times used (particularly within the U.S. military) as an alterna-
tive to UFO, which stands for “unidentified flying object.” 
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that the U.S. government is hiding hardware or alien 
corpses at “Area 51.” 

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 else-
where, 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 
scanning for signals broadcast by other civilizations. 
Indeed, the study of life in the universe is one of the 
most exciting fields of active scientific research, large-
ly 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.

1.1.1	 What are we searching for?
When we say we are searching for life 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 microbes? 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, com-
plex, or intelligent. We don’t care if it looks exactly 
like life we are familiar with on Earth or if it is dra-
matically 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 ex-
amples of it. Ask yourself: What common attributes 
make us think that a bacterium, a beetle, a mush-
room, a tumbleweed, a maple tree, and a human are 
all alive, while we think that a crystal, a cloud, an 
ocean, or a fire is not? If you spend just a little time 
considering 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 scien-
tists 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 sci-
entific search for extraterrestrial life in the universe 
generally presumes a search for life that is at least 
somewhat Earth-like and that we could therefore rec-
ognize based on what we know from studying life on 

our own planet. 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.

Think About It  Name a few recent TV shows and 
movies that involve aliens of some sort. Do you think 
any of these shows portray aliens in a scientifically realis-
tic fashion? Explain.

1.1.2	 Is it reasonable to imagine life 
beyond Earth?

The scientific search for life in the universe is a rela-
tively recent development in human history, but the 
idea of extraterrestrial life is not. Many ancient cul-
tures told stories about beings living among the stars 
and, as we’ll discuss in Chapter 2, the ancient Greeks 
engaged in serious philosophical debate about the 
possibility of life beyond Earth.

Until quite recently, however, all these ideas re-
mained purely speculative, because there was no way 
to study the question of extraterrestrial life scientifi-
cally. It was always possible to imagine extraterrestrial 
life, but there was no scientific reason to think that it 
could (or could not) really exist. Indeed, the relative-
ly 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 ex-
ample, some scientists guessed that Venus might har-
bor a tropical paradise—a guess that was based on lit-
tle more than the fact that Venus is covered by clouds 
and closer than Earth to the Sun. Mars was the sub-
ject of even more intense speculation, 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 sophisti-
cated martian society.

Today, we have enough telescopic and spacecraft 
photos of the planets and large moons in our solar 
system to be quite confident that no civilization has 
ever existed on any of them. The prospect of large 
animals or plants seems almost equally improbable. 
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, multicellular life in our 
solar system seems unlikely anywhere but on Earth, 
recent discoveries in both planetary science and bi-
ology make it seem plausible that simpler life—per-
haps tiny microbes—might exist on other planets or 
moons of our solar system. Second, while we’ve long 
known that the universe is full of stars, we’ve only re-
cently gained concrete evidence that it is also full of 
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planets, which means there are far more places where 
we could potentially search for life. Third, advances 
in both scientific understanding and 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, and many of their moons, to 
consider which ones might be capable of harboring 
life. We are also rapidly developing the spacecraft 
technology needed to search for microbes on other 
worlds of our solar system and the telescope technol-
ogy 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 wide-
spread and that we might detect it if it is. 

LEARNING OBJECTIVE 

Three Contexts

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 ex-
ample, we use mathematics to do the many compu-
tations that help us understand all other areas of sci-
ence, and we use computers to simulate everything 
from the formation of stars and planets to the ways in 
which the molecules of life interact. However, three 
disciplines play an especially important role in fram-
ing the context of the scientific search for life: astron-
omy, planetary science (which includes geology and 
atmospheric science), and biology.

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

For most of human history, our conception of the cos-
mos was quite different from what it is today. Earth 
was widely assumed to be the center of the universe. 
Other planets of our solar system were mere lights in 
the sky, often named for mythical 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 stars might be other suns. Moreover, 

with the Sun and planets presumed to be orbiting 
around Earth, there was no reason to think that stars 
could have planets of their own, let alone planets on 
which there might be life.

When you consider that this Earth-centered, or 
geocentric, view of the universe dominated human 
thinking for thousands of years, it becomes obvious 
that astronomy plays a key role in framing the con-
text of the modern search for life. We will discuss in 
Chapter 2 how and why the human view of the cos-
mos changed dramatically about 400 years ago, and 
we’ll consider the modern astronomical context in 
some detail in Chapter 3. But the point should al-
ready be clear: We now know that Earth is but one 
tiny world orbiting one rather ordinary star in a vast 
cosmos, 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 impor-
tant enough to mention right now: By studying dis-
tant objects, we have learned that the physical laws 
that operate in the rest of the universe are the same 
as those that operate right here on Earth (Figure 1.2). 
This tells us that if something happened here, it is pos-
sible that the same thing could have happened some-
where else, at least in principle. We are not the center 
of the universe in location, and we have no reason 

FIGURE 1.2
The astronomical context tells us that our Sun is an ordinary star 
in a vast universe, implying that there could be an enormous 
number of stars with planets that might potentially host life. 
This Hubble Space Telescope photo shows a cluster of young, 
massive stars (NGC 3603) surrounded by a gas cloud in which 
Sun-like stars may still be forming. Careful study of distant stars 
and gas clouds shows that they are made of the same basic 
chemical elements and obey the same physical laws that we are 
familiar with on Earth. 
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to think we are “central” in any other way, either. To 
summarize, the astronomical context makes it clear 
that the universe holds an enormous number of stars 
that could potentially be orbited by planets with life. 

1.2.2	 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 differ-
ent ways, but two are especially important.

First, by learning how planets form, we devel-
op an understanding of how common we might ex-
pect 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 between the 
two possibilities [Section 3.5]. But during the lat-
ter half of the twentieth century, a growing under-
standing of the processes by which our own solar sys-
tem 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.

Nonetheless, as recently as 1995, no one was sure 
whether planets encircled other stars.* That was the 
year in which scientists obtained the first strong evi-
dence for the existence of exoplanets, or planets out-
side our solar system (exo means “outside” or “exter-
nal to”). Since that time, additional exoplanets have 
been discovered at an astonishing rate, so that the 
number of known exoplanets now far exceeds the 
number of planets of our solar system (Figure 1.3). 
Based on the statistics of these discoveries, it seems 
highly likely that 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.

A second way in which planetary science shapes 
the context for the search for extraterrestrial life is by 

helping us understand why planets differ. For exam-
ple, by studying planets and comparing them to one 
another, we have learned why some planets are rocky 
like Earth while others, like Jupiter, lack a well-de-
fined surface and 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 purposes, it also 
helps us understand what to look for as we search for 
habitable worlds—worlds that have the ingredients 
and conditions necessary 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 familiar 
plants, animals, or people could survive there. For 

*There was an earlier discovery (1992) of exoplanets orbiting an 
object called a pulsar, which is an object (a spinning neutron star) 
that forms only after a star dies in a supernova explosion. We 
ignore such “pulsar planets” in this book, since we generally pre-
sume that planets with life would have to be orbiting a “living” 
star that shines as a result of nuclear fusion.

FIGURE 1.3
Artist’s conception of the “Kepler 11” system, which contains 
at least six planets orbiting a Sun-like star. These planets are 
among thousands discovered by the Kepler spacecraft. 
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much of Earth’s history, nearly all life was micro-
scopic, 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 primar-
ily a search for places where microbes of some kind 
might survive, though we might find larger organ-
isms as well. To summarize, the planetary science 
context suggests that most of the stars in the universe 
should indeed have planets and that we should expect 
many of them to be at least potential homes for life 
(Figure 1.4). 

1.2.3	 How does biology help us 
understand the possibilities for 
extraterrestrial life?

Astronomy, planetary science, and other science dis-
ciplines play important roles in shaping the context 
for the search for life in the universe, but since we are 
searching for life, the context of biology is especial-
ly important. Just as you wouldn’t look for a house 
to buy without knowing 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 
question about the biological context of the search re-
volves around whether we should expect biology to 
be rare or common in the cosmos.

Wherever we have looked in the universe, we 
have found clear evidence that the same laws of nature 
are operating. We see galaxies sprinkled 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 observe orbital motions, we find that 
they agree with what we expect from the law of grav-
ity. These and other measurements 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 universal. Observations of distant stars 
show that they are made of the same chemical ele-
ments 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 com-
bine in the same ways throughout 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 fruit-
ful. If the answer is no, then life may be a rarity.

Because we haven’t yet observed biology any-
where beyond Earth, we can’t yet know whether bi-
ology is universal. However, evidence from our own 
planet gives us at least some reason to think that it 
might be. Laboratory experiments suggest that chem-
ical constituents found on the early Earth would 
have combined readily into complex organic (car-
bon-based) molecules, including many of the build-
ing 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 spectros-
copy [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 readily and may be common on many worlds.

Of course, the mere presence of organic mole-
cules does not necessarily 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 especially 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 geological 
time scale. If the transition from chemistry to biology 
were exceedingly improbable, we might expect that it 
would have required much more time. The early ori-
gin of life on Earth therefore suggests—but certainly 
does not prove—that life might also emerge quickly 
on other worlds with similar conditions.

Think About It  Microbial life on Earth predates 
intelligent life like us by at least 3 to 4 billion years. Do 
you think this fact tells us anything about the likelihood 
of finding intelligent life, as opposed to finding any life, 
on exoplanets? Explain.

FIGURE 1.4
The astronomical context showed us that vast numbers of stars 
could be hosts to planets. This diagram summarizes the plane-
tary science context, which suggests that these stars are indeed 
orbited by planets, many of which should be habitable. 
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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, re-
cent 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 circumstances 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 environments 
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 oth-
er worlds in our solar system—perhaps to Mars or Ju-
piter’s moon 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 or moons 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 1.5). 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 relatively 
new science devoted to the study of, and search for, 
life in the universe.

LEARNING OBJECTIVE 

Places to Search

1.3	 Places to Search
The study of life in the universe involves fundamen-
tal 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 extraterrestrial life 
goes far beyond simply searching for living organ-
isms. 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 in the search.

1.3.1	 Where should we search for life in 
the universe?

The search for life in the universe takes place on sev-
eral different levels. First, and foremost in many ways, 
it is a study of life right here on Earth. As we discussed 
earlier, we are still learning about the places and con-
ditions in which terrestrial life exists, and many sci-
entists are busy searching for undiscovered 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 many objects worthy of 
our attention: It has the planets and dwarf planets or-
biting the Sun, moons orbiting planets, and huge num-
bers of smaller objects such as asteroids and comets.

Figure 1.6 shows some of our best current views 
of the planets (and two of the five currently identified 
dwarf planets) in our solar system. Note that it is not 
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 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 some reason to think that liquid wa-
ter may always be 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 wa-
ter or some other liquid places constraints on where 
we might find life. Among the planets, Mars is the 

FIGURE 1.5
This diagram summarizes the biological context based on the 
study of life on Earth, which adds to the astronomical and plan-
etary contexts and gives us at least some reason to think that 
biology may be common among the many potentially habitable 
worlds in the universe.
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most promising candidate. As we’ll discuss in detail 
in Chapter 8, strong evidence tells us that the now-
barren surface of Mars (Figure 1.7) once had flow-
ing water, making it seem reasonable to imagine life 
having arisen on Mars at that time. Mars still has sig-
nificant 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 wa-
ter liquid. Past or present life seems much less likely 
on any of the other planets, though we can’t rule it 

Mercury Earth

SaturnJupiter Uranus Neptune

Ceres

Pluto

Venus Mars

FIGURE 1.6
A “family portrait” of the eight official planets that orbit our Sun, along with two dwarf planets: Ceres (located in the asteroid belt be-
tween Mars and Jupiter) and Pluto (located in the Kuiper belt beyond Neptune). Going across the top row and then the bottom row, 
the planets and dwarf planets are shown in order of increasing average distance from the Sun; the photos are not shown to scale.

FIGURE 1.7
The surface of Mars, photographed by NASA’s Curiosity rover. 
The martian surface is dry and barren today, but strong evidence 
points to liquid water on it in the distant past.

FIGURE 1.8
This photograph shows Jupiter and two of its moons: Io 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.

out completely. We’ll discuss general prospects for life 
within our solar system 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 five moons are potential candi-
dates for life, including Jupiter’s moon Europa (Fig-
ure 1.8). Current evidence strongly suggests that Eu-
ropa hides a deep ocean of liquid water under its icy 
crust. Indeed, if we are interpreting the evidence 
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correctly, the Europan ocean may have twice as 
much water as all of Earth’s oceans combined [Sec-
tion 9.2]. Because we suspect 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 oth-
er moons of Jupiter—Ganymede and Callisto—also 
show some evidence for subsurface oceans, though 
the evidence is less strong and other considerations 
(primarily availability of energy) make them poor-
er prospects for harboring life. Other candidates for 
life include Saturn’s moons Titan, which has a thick 
atmosphere and lakes of liquid methane, and Encela-
dus, which appears to have a subsurface ocean from 
which we observe fountains of ice spraying out into 
space [Section 9.3].

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 technology, 
journeys to even the nearest stars would take close to 
100,000 years.

With visits out of reach, telescopic searches rep-
resent our only near-term hope of finding life be-
yond our solar system. As we’ll discuss in Chapter 11, 

current telescopes can in most cases detect exoplan-
ets only indirectly, which means we don’t yet have 
images or spectra through which we might identify 
signs of life. But the technology is advancing rapidly. 
The recently launched James Webb Space Telescope 
(JWST)* may be able to obtain spectra of at least some 
exoplanet atmospheres, and within a couple of dec-
ades, even more advanced telescopes may be able to 
obtain moderate-resolution images of planets and 
moons around other stars. As a result, one impor-
tant area of research is trying to figure out the photo-
graphic or spectral “signatures” that would tell us we 
are looking at a world with life.

1.3.2	 Could aliens be searching for us?
So far we have talked about searching for life that we 
could identify only by seeing it with our spacecraft 
or telescopes. But if life really is common in the uni-
verse, there could be other places like Earth where life 
has evolved to become intelligent enough to be inter-
ested in searching for life beyond its home world. In 
that case, it is possible that other civilizations might 
actually be broadcasting signals that we could de-
tect. The search for extraterrestrial intelligence, 
or SETI, which we’ll discuss in Chapter 12, focuses 
on the search for such signals from alien civilizations 

*There has been considerable controversy about naming this tel-
escope after former NASA Administrator James Webb. As this 
book goes to press, NASA considers the matter closed, but some 
scientists are pushing for it to be reopened.

Movie Madness  cinema aliens

Aliens should probably join the Screen Actors Guild. Every 
year, Hollywood reliably cranks out a handful of films in 

which visitors from distant star systems mess with our minds,  
our bodies, or our entire planet.

Cinema aliens are typecast, usually available in only two fla-
vors: good and bad. A few, like loveable, 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 dither-
ing with our personal lives or blowing up famous landmarks just 
because they can.

Extraterrestrials didn’t snag many movie roles until after the 
Second 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 in-
evitable that our descendants would visit other worlds as casually 
as you might head for the coffee shop. And if we could do this, 
then it seemed only reasonable that advanced aliens were already 
roaming space, like motorcycle gangs on a Sunday afternoon. 

The movie moguls studiously ignored the fact (which you’ll 
encounter later in this book) that traveling between the stars is 
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 to abduct you for unauthor-
ized breeding 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 
aerial dogfights, or challenge them to a 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 almost 
certainly be thousands, 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?



10    Part  I
 

Introducing Life in the Universe

(Figure 1.9). 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 events in human histo-
ry—not to mention the fact that it would also proba-
bly answer many of our other questions about life in 
the universe.

LEARNING OBJECTIVE 

Goals of Astrobiology

1.4	 The 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 different specialties. 
Nevertheless, because it has become a prominent and 
important area of study, it’s useful to give the science 
of life in the universe its own name. A number of dif-
ferent names are in use, including “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 astrobi-
ology literally means “the study of life in the universe.”

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

Because astrobiology is a young science, scientists are 
still working to decide where to focus their research 
efforts. One major player in this effort has been the 
NASA Astrobiology Program, which encourages col-
laborations between scientists both within the Unit-
ed States and around the world. Similar efforts exist 
in many other countries, including the United King-
dom, Sweden, France, Spain, Russia, and Australia. 
These collaborations are among the most interdisci-
plinary in any area of science, bringing together as-
tronomers, biologists, geologists, chemists, and many 
others seeking to understand the prospects of finding 
life beyond Earth.

Although different groups concentrate on differ-
ent problems, most astrobiology research is concen-
trated in the following three areas:

	 1.	 Studying the conditions conducive to the ori-
gin 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

Astrobiology therefore includes much more than 
simply searching for extraterrestrial life or civiliza-
tions. At a fundamental level, astrobiology research 
seeks to reveal the connections between living organ-
isms and the places where they reside. In this sense, 
finding no life (on Mars, for example) is just as signif-
icant a result as finding life, because either way we 
learn about the conditions that can lead to the pres-
ence 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 three 
areas listed above. After discussing the scientific con-
text of the search in greater detail 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 history of life on our planet will help 
us understand the conditions under which we might 
expect to find life elsewhere. We’ll then discuss pros-
pects for life elsewhere in our solar system in Chap-
ters 7 through 10, and the prospects for finding life—
including intelligent life—beyond our solar system in 
Chapters 11 through 13. Along the way, we’ll also 
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 philosophical im-
plications of the search for—and potential discovery 
of—life beyond Earth.

FIGURE 1.9
This 140-foot radio telescope in West Virginia was used in 1996 
to search for signals from extraterrestrial civilizations.
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Summary of Key Concepts

1.1 The Possibility of Life Beyond Earth
1.1.1 What are we searching for?
The search for extraterrestrial life is in principle a 
search for any kind of life. However, the diffi culty of 
clearly defi ning 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 possi-
bilities, from bacteria-like microbes to complex plants 
and animals.

1.1.2 Is it reasonable to imagine life beyond Earth?
People have long considered 
the possibility 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 scientifi c understanding 

of the possibilities makes it reasonable to think that 
life could exist elsewhere.

1.2 The Scientific Context of the Search
1.2.1 How does astronomy help us understand the 
possibilities for extraterrestrial life?
Astronomy tells us that we live on a tiny planet orbit-
ing 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.

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

Based on current under-
standing of how planets form, 
we expect planets to be com-
mon around other stars—an 
idea that has been confi rmed 
by discoveries of exoplan-
ets. 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.

The Big Picture

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 do in every chapter, 
we conclude with a brief “big picture” recap of 
how these ideas fi t into the overall goals of the 
scientifi c study of life in the universe:

• Despite the abundance of aliens in popular 
media, we don’t yet have any convincing ev-
idence for life, even microscopic 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 wide-
spread, and the discovery of extraterrestrial life 
of any kind would have profound signifi cance 
to our understanding of life in the  universe.

• 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 fi nd many more pos-
sibilities when we consider 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.

• The prospect that life may be common in the 
universe has given rise to the science of astro-
biology, an exciting and interdisciplinary topic 
of research that focuses both on understanding 
the possibility of fi nding life elsewhere and on 
the actual search for life beyond Earth.
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1.2.3  How does biology help us understand the 
possibilities for extraterrestrial life?
Modern biology provides three lines of evidence sug-
gesting 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 organic mol-
ecules are common throughout the galaxy, suggest-
ing that we’ll find them on many other worlds. (3) 
The fact that some life on Earth survives even under 
extremely harsh conditions suggests that life is hardy 
enough to survive in many other places as well.

1.3	 Places to Search
1.3.1  Where should we search for life in the universe?

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 planets and moons, 
but current understanding 

suggests that the most promising candidates for life 
are Mars and a few moons, including Jupiter’s moon 
Europa or Saturn’s moon Enceladus. In the future, we 
should be able to conduct telescopic searches for life 
around other stars.

1.3.2  Could aliens be searching for us?
If life is common in the universe, civilizations might 
also be common, in which case other civilizations 
might be conducting their own searches and broad-
casting signals that would indicate their existence. We 
look for such signals from alien civilizations through 
the search for extraterrestrial intelligence, or 
SETI.

1.4	 The Science of Astrobiology
1.4.1  How do we study the possibility of life beyond 
Earth?

The science of life in the uni-
verse, or astrobiology, fo-
cuses 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 so-
lar system and around other 
stars; and (3) looking for the 
actual occurrence of life else-

where. Together, these studies should help us under-
stand the connections between living organisms and 
the places where they reside.

Exercises and Problems
You will find many of these questions and more, including guid-
ance and study aids, in the Life in the Universe courseware. 

QUICK QUIZ
Start with these questions as a quick test of your general under-
standing. Choose the best answer in each case, and explain your 
reasoning. Answers are provided in the back of the book. 

	 1.	An exoplanet is (a) a planet that orbits the Sun far 
beyond Pluto; (b) a planet that orbits a star other than 
our Sun; (c) a planet that orbits the center of another 
galaxy.

	 2.	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.

	 3.	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 sci-
ence.

	 4.	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 develop.

	 5.	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) Mercury, Venus, 
Earth, Mars, Jupiter, Saturn, Uranus, Neptune.

	 6.	Today, the research known as the search for extraterres-
trial intelligence, or SETI, is conducted primarily by (a) 
scanning the skies for signals from alien civilizations; 
(b) sending spacecraft to the planets; (c) using tele-
scopes to observe exoplanets.

	 7.	 If we sent a spacecraft to a nearby star (besides the 
Sun) using currently available rockets, the trip would 
take about (a) a decade; (b) a century; (c) 100,000 
years.

	 8.	Scientists today are interested in searching for life on 
Mars because (a) we see clear evidence of a past civ-
ilization 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.
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	 9.	Based on current evidence, which of these objects in 
our solar system is most likely to have a deep, subsur-
face ocean of liquid water? (a) Mars; (b) Europa; (c) 
Neptune

	10.	Based on the way scientists view the study of astro-
biology, 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 im-
portant lessons about the conditions that made life on 
Earth possible.

READING REVIEW QUESTIONS
You should be able to answer these questions by re-reading por-
tions of the chapter as needed. 

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

	12.	People have long speculated about life beyond Earth. 
What changed in recent times that now allows us to 
scientifically investigate the possibility of extraterrestri-
al life?

	13.	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.

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

	15.	What do we mean by a habitable world? Does a habita-
ble world necessarily have life?

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

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

	18.	Could we actually detect life on exoplanets or their 
moons with current technology? Explain.

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

	20.	What do we mean by astrobiology? What are the major 
areas of research in astrobiology?

CONCEPTUAL QUESTIONS
Answer each question in short answer or essay form. 

	21.	Astrobiology Course Goals. Assuming you are reading 
this book for a course in astrobiology, write a short 
statement about what you hope to learn in your 
course, and why. 

	22.	Aliens Among Us. Conduct an informal survey of 
friends or family, asking each person to tell you 
whether they believe we have been visited by aliens 
and why they think so (or why not). Write a brief 
summary of your survey results, and add a paragraph 
or two discussing whether the people you spoke with 
are likely or unlikely to reflect general public opinion 
on the topic of alien visits. 

	23.	Three Contexts. This chapter introduced the idea that 
astrobiology is informed by three major scientific 
“contexts”: astronomy, planetary science, and biology. 
Briefly explain how each of these contexts enables us 
to study astrobiology as a scientific endeavor. 

	24.	 Universal Laws. Briefly discuss how the idea that the 
laws of nature are universal is important to the study 
of astrobiology. Based on what you know about the 
universality of the laws of physics and chemistry, do 
you think it is likely that there are also universal laws 
of biology? Defend your opinion. 

	25.	 Conducting the Search. Given the large number of pos-
sible 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 our own solar system, 
and how would you come up with a search strategy 
for other star systems? Make a list of priorities and 
write a few sentences to explain your search strategy. 

	26.	Funding for Astrobiology. Imagine that you are a mem-
ber of Congress, so it is your job to decide how much 
government funding goes to research in astrobiology. 
What factors would influence your decision? Make a 
brief list of at least five important factors, then write a 
paragraph summarizing whether you would increase 
or decrease such funding from the current level and 
why. 

ACTIVITY AND DISCUSSION
These questions are intended to prompt additional research and/
or discussion.

	27.	Astrobiology News. Go to NASA’s Astrobiology home 
page and read some of the recent news from astrobi-
ology 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.

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

	29.	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.

	30.	Group Activity: Aliens in the Movies. Work in small 
groups to make a list of movies that involve aliens, 
listing as many as you can. Then come to a group 
consensus on ranking the top five such movies of all 
time, giving a brief reason for why you like each mov-
ie in your top five. Compare your top five list with the 
lists made by other groups. 
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Abductions, of humans by aliens, 423, 424
Aberration of starlight, 26n
Absorption line spectrum, 70, 71
AC (alternating current), 407
Acceleration of gravity, on Earth, A-1
Accretion, 84, 221
Accretion disk, 89
Acetylene, on Titan, 297, 301
Acidification, of oceans, 339–340
Adams, Douglas, 470
Adams, John, 38n
Adaptive optics, 358–359
Adenine, 159
ADP (adenosine diphosphate), 156
Aerobic, definition of, 191
Aerobic respiration, 306, 306n
Aerobraking, 236
Aether (ether or quintessence), 21
Agathodaemon (“canal” on Mars), 246
Akailia formation (Greenland), 180
Akatsuki spacecraft, 312
Alanine, 152
Albertus Magnus, Saint, 46
Aldebaran (star), 353, 379, 433
Aldrin, Buzz, 51
Alexander the Great, 22
Alexandria, Library of, 22
Algae, 193n, 196
ALH84001 (martian meteorite), 272–274, 

t273
Aliens, 2–3

abductions of humans by, 423, 424
in the movies, 2, 9, 469
signals from, 9–10
visitations of, evidence for, 422–426

A-life (artificial life), 210–213
Allen Telescope Array, 397, 414
ALMA. See Atacama Large Millimeter/sub-

millimeter Array (ALMA)
Almagest (Ptolemy), 19
Alpha Andromeda (star), 379
Alpha Centauri (star system), 51, 52–53, 349, 

353, 432–434, 437, 438, 441
Alpha decay, 103
Alphonso X (king of Spain), 23
Alternating current (AC), 407
Alvarez, Luis, 198
Alvarez, Walter, 198
Amazonian era, in martian history, 253
Amber, 108
Amino acids, 143, 152, 152n

genetic code for, 161–162
Amino group, 150, 152
Ammonia, as potential liquid medium for 

life, 223
Amoeba, 153
Anaerobic, definition of, 191
Anaximander, 17, 21, 144
Andromeda (constellation), 379

Great Galaxy (M31) in, 60–61, 443
Angular momentum, conservation of, 81–82
Angular separation, A-2
Animals

body plans of, 193
encephalization quotients of, 404–405
evolution of intelligence in, 405–406
mutilation of, by aliens, 423, 424
phyla of, 193
shell-forming, 127n

Ansari, Anousheh, 313
Antarctica, 166–167, 168

ice core data from, 333–335
melting of glacial ice in, 339, 340

Anthropic principle, 63
Antiproton, 443
Apeiron, 21
Apex chert (Western Australia), 179
Aphelion, 24
Apollo missions, 51, 131, 132, 436, 471
Apparent retrograde motion, 18–20
Aquinas, Saint Thomas, 21
Archaea, 153–154

as extremophiles, 165–166
Archaean eon, 108, 109
Arctic sea ice, and global warming, 338–339
Ardi (fossil of Ardipithecus ramidus), 207
Ardipithecus ramidus, 207
Area 51, 3, 423
Arecibo radio telescope, 410, 411, 419
Ares Vallis (Mars), 259
Argon, on Titan, 297, 299
Argon-40, 104–105
Aristarchus, 19, 21
Aristotelians, 21–22
Aristotle, 16, 17, 21, 25, 28, 36, 144, 170
Arks, interstellar, 441
Armageddon (film), 206
Armstrong, Neil, 51
Arnold, Kenneth, 420–421
Arrhenius, Svante, 331
Artemis program, of NASA, 227
Arthropoda, 193
Artificial life (A-life), 210–213
Artificial selection, 146
Asimov, Isaac, 28, 330
Asteroid belt, 78n, 79

gaps in, 288n
Asteroid(s), 49, 78–79, 85

impacts of, on Earth, 198–199, 204–206
orbital resonance and, 288n
robotic missions to, 238t
as source of organic molecules, 183, 

221–222
water in, 78n

Astro-engineering, 418–419
Astrobiology, 10, 35–36, 151, 169, 190, 304–

305, 313, 398. See also Life in the 
solar system; Life in the universe

global warming and, 330–331
impact of nebular theory on, 88
methane on Mars and, 268
missions to Mars and, 237, 238

Astrometric method, for detection of exoplan-
ets, 360, 361, 366, t368

Astronomers for Planet Earth, 471
Astronomical unit (AU), 24, A-1
Astronomy

and our place in the universe, 46–47
and the search for extraterrestrial life, 4–5
work in, by women at Harvard College 

Observatory, 387–388
Astrovirology, 142n
Atacama desert (Chile), 166
Atacama Large Millimeter/submillimeter 

Array (ALMA), 88, 356, 368, 369, 
415

Atmosphere(s)
of Earth, 110–112, 183, 191, 194, 384–385
of exoplanets, 372–374, t375
of Jupiter, 230–231
of Mars, 229, 248, 260, 262–265, 384
of Mercury and Moon, 225n, 226

of Neptune, 231
role of, in habitability, 323–324
of Titan, 297–298
of Uranus, 231
of Venus, 227–228, 316, 321, 384

Atomic mass number, 65, 66
Atomic number, 65, 66
Atomists, 21–22, 144
Atoms, 64, 65
ATP (adenosine triphosphate), 155–156
AU (astronomical unit), 24, A-1
Australopithecus afarensis, 207
Autotrophs, 156–158
Avatar (film), 2
Axis, semimajor, 24
Axis tilt

of Earth, 128, 248–249, 386
of Mars, 248–250, 264–265, 386

Bacillus anthracis, 167
Bacillus subtilis, 168
Bacteria, 153–154. See also names of specific 

bacteria
cyano-, 196
deep-sea, 222n
and mitochondria and chloroplasts, 192
possibility of, in martian meteorite, 

273–274
purple and green sulfur, 191
resistance to antibiotics of, 146
in Venter’s work on designer organisms, 

211
Band (of operation for radio receiver), 408
Banded iron formations, 196–197
Bandwidth, of a signal, 408
Barnard’s star, 439
Bartlett, Albert A., 188
Basalt, 100, 118, 167
Bayer, Johann, 379
Beagle, HMS, 144, 147
Bennu (asteroid), 237
BepiColombo mission, 227
Beta Andromeda (star), 379
Beta decay, 103
Betelgeuse (star), 353, 379
Bias, 34, t35
Big Bang, 54, 55–56
Binary star systems, 353–354, 356–358, 458
Bioastronomy, 10
Biochemistry, 143
Biology

comparative, 470
and search for extraterrestrial life, 6–7
synthetic, 211

Birds, 404, 405
Black hole(s), 39, 329, 353, 390, 446
Blackbody radiation, 71
Blue-green algae (cyanobacteria), 196
“Blueberries,” 257
Blueshift, 362
Body plans, of animals, 193
Boiling point, 67
Bond(s)

chemical, 66, 149–150, 224
double, 150
hydrogen, 224

Bradbury, Ray, 271
Brahe, Tycho. See Tycho
Breakthrough Listen, 412, t412, 419
Breakthrough Starshot, 441
Brightness. See Luminosity
Brown dwarfs, 351
Bruno, Giordano, 28
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Buffon, Georges, 86
Burgess Shale (Canada), 193
Byzantine empire, 22

Callisto (moon of Jupiter), 9, 232
composition of, 283
lack of orbital resonance of, 288, 296
possibility of life on, 296, 467
properties of, A-11
size of, 281–283
synchronous rotation of, 283–285

Cambrian explosion, 192–194, 193n, 403
Cambrian period, 109
Cannon, Annie Jump, 379, 388, 389
Capture model, of Moon’s formation, 130
Carbohydrates, 151
Carbon

and life on Earth, 149–150
in Mars’s atmosphere, 264
and metabolism, 156

Carbon assimilation experiment, of Viking 
missions, 266–267

Carbon-based life, 149–150, 221
Carbon dioxide

Earth’s atmospheric concentration of, 
331–332, 332n

and global warming on Earth, 197n, 
330–335

and high temperature on Venus, 228n
on Mars, 248, 250, 262–263, 265
on Venus and Earth, 316

Carbon dioxide cycle (CO2 cycle), 111, 126–
128, 128n, 316, 322

Carbon-12, 180
Carbon-13, 180
Carbon-14, 105n

decay of, 103, 104
Carbonate grains, in martian meteorite, 272, 

273
Carbonate rocks, 126, 127
Carbonates, 100
Carboniferous period, 195
Carboxyl group, 152
Carina Nebula, 45
Carson, Rachel, 98
Cassini, Giovanni Domenico, 281
Cassini division, 281n
Cassini–Huygens mission, 298–301
Cassini spacecraft, 235, 282, 297, 301–302
Catalysis, 143, 152
Catalyst, 152
Cathodoluminescence, 110
Catholic Church, 26, 28
Cech, Thomas, 184, 185, 211
Celestial sphere, 17
Cell(s), 143, 148–151

convection, 116
molecular components of, 151–152
structures of, 149
types of, 149

Cenozoic era, 109
Center of mass, of star system, 360, 361
Ceres (dwarf planet), 8, 79, 232, 233

geological activity on, 288
properties of, A-10

CFCs (chlorofluorocarbons), 271, 331n
Chandrayaan-1 spacecraft, 227
Chaotic terrain, of Europa, 290
Charge separation, in water molecules, 224
Charon (moon of Pluto), properties of, A-12
Chelyabinsk (Russia) asteroid, 205
Chemical analysis, of rock, 102
Chemical bond(s), 66, 149–150, 224
Chemical energy, 222, 304–307
Chemical evolution, 148
Chemical potential energy, 68
Chemical rockets, 432

and interstellar travel, 434–437
limitations of, 436–437

Chemistry
and early life on Earth, 184
organic, 143

Chemoautotrophs, 157, t 157, 191, 222
Chemoheterotrophs, t157, 158
CHEOPS (CHaracterising ExOPlanets Satellite), 

365
Chert, 179
Chicxulub crater, 199
Chimpanzees, 170–171, 207, 208–209

encephalization quotients of, 405
Chirality, 152
Chloroflexus, 158
Chlorofluorocarbons (CFCs), 271, 331n
Chloroplasts, 192
Chordata, 193, 403
Chryse Planitia (plain on Mars), 246
Chupacabras, 423, 424
Circumplanetary disk, 282
Civilizations, extraterrestrial. See Extraterres-

trial civilizations
Civiš, Svatopluk, 184
Clarke, Arthur C., 2, 417, 418, 454
Clay, 185n

and self-replicating RNA, 185–186
Climate

of Earth, 124–129, 386
of Mars, 262–265

Climate change, 124, 128–130, 330, 333. See 
also Global warming

and Cambrian explosion, 194
local and regional, 337–338
on Mars, 262–265

Climate modeling, and global warming, 
335–337

Climate regulation, 124, 126–128
Climate sensitivity, 335n
Climate stability, and rare Earth hypothe-

sis, 386
Close encounter model, 87, 87n
Coal, 195
Cocconi, Giuseppi, 398, 408, 409
Colonization

galactic, 448–452
of land, by early life-forms on Earth, 

194–195
Columbia River Basalt, 167
Columbus, Christopher, 17
Comet(s), 49, 78–80, 85

as source of organic molecules, 183, 
221–222

Comet Hale–Bopp, 80
Comet Shoemaker–Levy 9 (SL9), 204–205
Comet 67P/Churyumov-Gerasimenko, 236
Comparative biology, 470
Comparative evolution, 170
Compounds, 66

containing hydrogen, 78, 78n, 82t
Condensation, 82, 221, 221n
Conservation of angular momentum, 81–82
Conservation of energy, 68–69, 142
Contact (novel and film), 410, 411, 413, 419, 

446, 454, 470
Continental crust, 111, 118–119
Continental drift, 117, 118
Continental shelf, 119
Continents, arrangement of, 121
Continuous spectrum, 70–71
Continuously habitable zone, 326
Convection, 116
Convection cells, 116
Convergent evolution, 403
Cooling rate, of a world, 117
Copernican revolution, 22–29, 32–33, 46, 

47, 469
Copernicus, Nicholaus, 21, 22–23, 23n, 30
Coprolites, 107
Coral model, of galactic colonization, 450
Core, of Earth, 115
Corona, of Sun, 358n
Coronae, on Venus, 317, 318
Coronagraph, 358–359, 358n
Coronavirus, 142
COROT-14b (exoplanet), 379–380
Cosmic address, of Earth, 47, 48

Cosmic calendar, 59–60
Cosmic Dust Analyzer, 303
Cosmic microwave background, 55
Cosmic rays, 203, 272–273
COSMIC SETI program, 412, 413
Cosmic speed limit, 433–434, 445–447
Cosmos, 49. See also Universe (or cosmos)
Cosmos (TV series), 24n
Crab Nebula, 58
Creation science, 171
Critical, definition of, t35
Crop circles, 423–424
Crust

continental, 111, 118–119
of Earth, 115
seafloor, 111, 118–119

Cryovolcanism (icy volcanism), 300–301, 303
CubeSat, 226n
Cultural evolution, 209
Curiosity rover, 236–237, 243, t247, 253n, 256, 

257–258, 261, 265–266, 268
Cyanobacteria, 196

Dao Vallis (flood channel on Mars), 260
Dark energy, 53–54, 57
Dark matter, 53–54
Darling, David, 21n
DART (Double Asteroid Redirection Test), 206, 

440
Darth Crater (on Mimas), 302
Darwin, Charles, 140, 144, 147, 170, 171, 469
Daughter isotope(s), 105
Daughter nucleus, 103
DAVINCI+ mission, 321
Dawn spacecraft, 79, 232, 233
Days of the week, 18, t18
De Revolutionibus Orbium Coelestium (“Concern-

ing the Revolutions of the Heaven-
ly Spheres”; Copernicus), 22, 23n

Death bed (fossil site), 200
Deccan Traps (India), 201
Declaration of Principles Concerning Activities Fol-

lowing the Detection of Extraterrestrial 
Intelligence, 419–420

Deep-sea bacteria, 222n
Deep-sea volcanic vents, 139, 165–166, 182, 

183, 292, 305
Deimos (moon of Mars), 233, A-11
Deinococcus radiodurans, 167
Democritus, 21
Designer organisms, 211
Detection methods, for discovering exoplan-

ets, 358–368, t368
Deuterium, 318–319, 342n, 438n
Deviation, definition of, t35
Differentiation, 111, 116
Dinosaur National Monument (Utah and Col-

orado), 108
Dinosaur Ridge (Colorado), 108
Dinosaurs

extinction of, 198–201
fossils of, 107, 108

Dione (moon of Saturn), 302, 303, A-11
Direct imaging, for detection of exoplanets, 

358–359, 367, t368
Disequilibrium, 305
DNA (deoxyribonucleic acid), 143, 146, 152

and genetic code, 160–162
and heredity, 158–162
and life on other worlds, 164
molecular structure of, 159
noncoding, 160
replication of, 159–160
sequencing of, 160–161, 181

DNA bases, 159, 212–213
Dolphins, 403, 405, 406
Domains, of life, 143, 153–154, 181
Doppler effect, 71–72, 361
Doppler method. See Radial velocity method
Doppler shift(s), 71–72, 361–363, 369–370, 

A-2
Double bond, 150
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Double helix, 159
Dragonfly mission, 301
Drake, Frank, 399, 401, 409, 419
Drake equation, 398–402, 448
Draper, Henry, 379
Dry ice, 250n
Dual quadcopter (Dragonfly mission), 301
Dust

interplanetary, 183
interstellar, 80, 415

Dust storms and dust devils, on Mars, 250, 
251

Dwarf planets, 7, 8
Ceres as, 79, 232–233, 288
habitability and, 232–233, 303
Pluto as, 80, 232–233, 288
properties of, A-10

Dyson, Frank, 418
Dyson sphere, 418, 419
Dyson swarm, 418n

Earth, 78. See also Life on Earth
age of, 109–110
arrangement of continents on, 121
atmosphere of, 110–112, 183, 384–385
atmospheric concentration of carbon di-

oxide on, 331–333, 332n
climate of, 124–129, 386. See also Global 

warming
closest approach to Mars of, 269
compared to Venus, 316–320
cosmic address of, 47, 48
habitability of, 125–126, 129–130
history of, 99–110
interior structure of, 115–116
ionosphere of, 407
magnetic field of, 99, 122–124, 202–203
oceans on, 110–112
orbit of, 313
plate boundaries on, 117, 118
properties of, t73, 204n, t248, A-1, A-10
seasons on, 248–249
from space, 1, 465, 471
tides on, 284–285
in Voyage scale model, 49, 50

Earthquakes, 120
Eccentricity, of orbits, 24, 90, 369, t375, 

376–377
Eclipse, by an exoplanet, 364
Einstein, Albert, 38, 445, 455
Einstein’s formula relating energy to mass, 

437, 458
Einstein’s general theory of relativity, 34, 

38–39, 445
Einstein’s special theory of relativity, 433–

434, 441–442, 445, 455–456
evidence for, 458–459

Electrical charge, 65
Electromagnet, 123
Electromagnetic spectrum, 69, 70, 408
Electromagnetic wave, 69
Electron(s), 65

mass of, A-1
Electron acceptor, 306
Electron capture, 103
Electron donor, 306
Electron transport chain, 306
Electron-volt, A-1
Elements

abundances of, in universe, 59, 60
ancient Greek concept of, 21–22, 64
formation of, 58–59
heavy, 221, 221n, 350–351, 354
in human body, 150
in living organisms, 149, 221, 466–467
modern concept of, 64–65
periodic table of, 64, A-9

Ellipses, orbits as, 24, 249, 250, 283, 287, 369
Embedding diagram, 445–446
Emission line spectrum, 70, 71
Empedocles, 144

Enceladus (moon of Saturn), 9, 219, 232, 301–
303, 315, 467

properties of, A-11
Encephalization quotient (EQ), 404–405
End-Permian extinction, 201–202
Endoliths, 167
Endospore(s), 167, 168
Energy, 64

basic unit of, A-1
chemical, 68, 222, 304–307
conservation of, 68–69
dark, 53–54, 57
Einstein’s formula for, 437, 458
for interstellar travel, 434
law of conservation of, 142
for life on Europa, 292–293
of light, 69
from matter–antimatter annihilation, 444
for metabolism, 155–156, 222, 304–307
nuclear, 341–342, 459
orbital, 89–90, 89n
renewable sources of, 341
of sunlight, 222
types of, 67–68

Energy efficiency, 341, 434n
Energy utilization, by living organisms, 142, 

222
Enhance/enrich, definition of, t35
Environment, response of living organisms 

to, 142–143
EnVision mission, 321
Enzymes, 151–152, 155

and early life on Earth, 185
Eons, of geological time, 108–109
Epicurus, 21
Epsilon Eridani (star), 409
Equilibrium, of chemical reactions, 305
Equirectangular projection, 252
Eras

of geological time, 109
of martian history, 253

Eratosthenes, 17
Eris (dwarf planet), 80, 232, A-10
Eros (asteroid), 79
Erosion, 114
Error, definition of, t35
Escape and Plasma Acceleration and Dynamics Ex-

plorers (EscaPADE), t247, 269
Escape velocity, 435, A-1, A-2
Escherichia coli (E. coli), 213
Essay on the Principle of Population, An (Mal-

thus), 147
E.T. (film), 468
Ethane

as potential liquid medium for life, 223, 
t223

on Titan, 285, 297–298, 300
Ether, 21, 455
Eukarya, 153–154

evolution of, 153n, 191–192
Eukaryotes, 153, 191
Europa (moon of Jupiter), 8–9, 232

chaotic terrain of, 290
composition of, 283
existence of an ocean on, 289–291
orbital resonance of, 287–288
possibility of life on, 291–294, 315, 467
properties of, A-11
size and orbit of, 281–283
synchronous rotation of, 283–285, 285n

Europa Clipper mission, 291, 293
Evaporation, 67
Event Horizon Telescope, 39
Evolution, 143, 190–197, 469

chemical, 148
comparative, 170
convergent, 403–404
cultural and technological, 209
of eukarya, 153n, 191–192
of eyes, 403–404
of genetic complexity, 194
of humans, 206–210

of intelligence, 403–404, 405–406
mechanism of, 144–145
molecular basis of, 146, 163–164
rise of oxygen and, 195–197
role of, in defining life, 144–146
theory of, 143, 144, 169–170

Evolutionary adaptation, 143–144
Evolutionary tree, of Galápagos finches, 145
Exobiology, 10
ExoMars lander/rover, t247
ExoMars Trace Gas Orbiter (TGO), t247, 268
Exoplanets (extrasolar planets), 5, 49

detecting life on, 383–385
detection methods for discovering, 358–

368, t368
habitability of, 380–383
measuring properties of, 369–374, t375
names of, 379
number of, 374–376
orbital properties of, 369, 371, t375, 

376–377
physical properties of, 369–370, 372, 373, 

t375, 377–380
“pulsar,” 5n

Expansion, of the universe, 55–57, 329
Exponential growth, 188
Extrasolar planets. See Exoplanets
Extraterrestrial causes, of mass extinctions, 

203
Extraterrestrial civilizations. See also Fermi 

paradox (Fermi’s paradox); Search 
for extraterrestrial intelligence 
(SETI)

number of, in Milky Way Galaxy, 399–
400, 401, 448–449

types of, 418
Extraterrestrial life, 2. See also Life in the uni-

verse; Search for extraterrestrial 
intelligence (SETI)

Extreme weather, and global warming, 338
Extremely Large Telescope (ELT), 359
Extremophiles, 165–169
Eyes, evolution of, 403–404
Eyewitness testimony, 31

Fast radio bursts, 414
Fats, 151
Faults, 120
Feedback, definition of, t35
Feedback processes, 127
Fermi, Enrico, 447–448
Fermi paradox (Fermi’s paradox), 447–452

implications of, for human civilization, 
454–455

solutions to, 452–454
51 Pegasi (star), 358, 362, 379
Films

Armageddon, 206
Avatar, 2
Contact, 410, 411, 413, 419, 446, 454, 470
E.T., 468
Gravity, 36
Ice Age: Dawn of the Dinosaurs, 116
Independence Day, 2
Interstellar, 64
Martian, The, 267
Men in Black, 2
Star Trek, 434, 446, 447
Star Wars, 2, 383, 446
Theory of Everything, The, 329n
2001: A Space Odyssey, 231, 417, 454, 470
2010: The Year We Make Contact, 295
WALL-E, 330
War of the Worlds, 2, 165

Fireball, 203
Fission, nuclear, 438
Flamsteed, John, 379
Flattening, of solar nebula, 82
Fleming, Williamina, 379, 388
Floods, on Mars, 259
Florida, impact of sea level rise on, 339, 340
Flyby(s), 235–236
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“Flying saucers,” 420–421
Foote, Eunice Newton, 331
Fossil fuels, and global warming, 331–333, 

336
Fossil record, 100, 191, 195

and mass extinctions, 201
Fossils, 99, 100, 101–102, 111

in Burgess Shale, 193
determining age of, 103, 106–107
of dinosaurs, 107, 108
of eukarya, 192
formation of, 107–108
of hominids and early humans, 207–208

Franklin, Rosalind, 269n
Free-floating planets, 315

habitability of, 382–383
Frequency, 69
Friedman, Stanton, 422
Frost line (snow line), 84, 111–112
Fungi, 153

as extremophiles, 166
Fusion, nuclear, 56, 329, 438, 438n

GAIA mission, 361, 382
Galactic civilizations (Type III civilizations), 

418
Galactic colonization, 448–452
Galactic habitable zone, 385
Galápagos finches, 145
Galaxy, 47, 49
Galaxy cluster, 47
Galaxy M87, black hole in, 39
Gale Crater (Mars), 256, 257, 258, 266
Galilean moons, 280, 283. See also names of in-

dividual moons
habitability and, 288–296

Galilei, Galileo, 25–26, 28, 36, 37, 280
discovery of Saturn’s rings by, 281n
page from notebook of, 281

Galileo spacecraft, 236, 281, 285, 289, 293, 
295

Galle, Johanne, 38
Gamma-ray bursts, 203
Gamma rays, 69
Ganymede (moon of Jupiter), 9, 232

composition of, 283
orbital resonance of, 287–288
possibility of life on, 294–296, 315, 467
properties of, A-11
size and orbit of, 281–283, 294
synchronous rotation of, 283–285

Gas(es), 66–67. See also Outgassing
greenhouse, 125–126, 228n, 262, 331
juvenile, 112n

Gas chromatograph/mass spectrometer ex-
periment, of Viking missions, 267

Gas exchange experiment, of Viking missions, 
267

Gas giants, 78
Gauss, Karl, 414–415
Gene(s), 143, 160–161
Genesis, creation story in, 171
Genetic code, 143, 161–162
Genetic engineering, 164, 209–210, 211, 213
Genome(s), 143, 160–161
Genus, 144
Geocentric model (view) of the universe, 4, 

17, 46
Geological record, 100, 107–110, 111
Geological time scale, 108–109, 111
Geology, 99

and habitability, 114–124, 316
and life, 98–99
of Mars, 251–254

Geometry, 16
Geysers, on Encedalus, 219, 302–303
Giant impact, 110
Giant impact model, 130–133
Giant Magellan Telescope (GMT), 359
Giant stars, 328, 352, 353, 388, 389–390
GJ 1214b (exoplanet), 380
Gliese, Wilhelm, 379

Gliese 581 (star), 379
Global average temperature, 125

rise in, 333–335, 336
Global magnetic field, requirements for, 123
Global warming, 111, 330–331

consequences of, 337–341
evidence for, 331–337
solutions for, 341–342

Globular clusters, 354
Goddard, Robert, 435
Goodenough, Ursula, 178
Gorillas, 207, 208–209
Gould, Stephen Jay, 145
Grains (of rock), 101, 110
Grand Canyon, 101, 102
Grand Tack model (of solar system forma-

tion), 113n
Granite, 101
Gravitation, universal law of, 27, 37, A-2
Gravitational constant, 37, A-1
Gravitational force, inverse square law for, 37
Gravitational lensing, 368
Gravitational potential energy, 68
Gravitational slingshot, 235
Gravitational waves, and SETI, 416–417
Gravity, theory of, 34, 36–39
Gravity (film), 36
Great Galaxy in Andromeda (M31), 60–61, 

443
Great oxidation event, 197
Great Red Spot, 49
Greek science, 16–17, 46
Greenhouse effect, 111, 125–126, 197n

on free-floating planets, 382–383
on Mars, 262, 271
moist, 325
on Venus, 228, 318–319

Greenhouse gases, 125–126, 228n, 262
and global warming, 331

Greenland, melting of glacial ice in, 339, 340
Growth and development, in living organ-

isms, 142

Habitability
in binary star systems, 357
of dwarf planets, 232–233, 303
of Earth, 125–126, 129–130
environmental requirements for, 224–225
of exoplanets, 380–383
of free-floating planets, 382–383
of Galilean moons, 288–296
geology and, 114–124, 316
of jovian moons, 229–231
of jovian planets, 231
of Mars, 227, 265–266
of Mercury and Moon, 225–227
surface factors and, 321–324
of Venus, 227–229, 315–321
of worlds outside a star’s habitable zone, 

314–315
Habitable planet (or world), 5, 49, 220–221

atmosphere and, 323–324
distance from central star and, 322
planetary size and, 322–323

Habitable zone, 313–315, 315n, 326
galactic, 385
and Mars, 324–325
of stars, 314, 322, 355–356
of Sun, 324–327, 355
and Venus, 320–321, 324

Hadean eon, 108
and life on Earth, 110–114

Hadriaca Patera (Mars), 260
Hafnium-182, 131n
Haldane, J. B. S., 183
Half-life, 104–105, 111
Halley, Sir Edmund, 38
Halley’s Comet, 38
Hallmarks of science, 30, 170–171
Handedness, of amino acids, 152, 152n
Hansen, James, 342n
Harvard College Observatory, 379, 387–388

Hassol, Susan Joy, t35
HAT-P-32b (exoplanet), 379
Haumea (dwarf planet), 232, A-10
Hawaiian Islands, 120–121
Hawking, Stephen, 329
HD 189733 (star), 364
HD 189733b (exoplanet), 374
HD 209458 (star), 379
HD 209458b (exoplanet), 379
Heat deposition, 117
Heating, of solar nebula, 81
Heavy bombardment, 111, 113–114

and organic molecules, 184
Heavy elements, 221, 221n, 350–351, 354
Heliocentric, definition of, 19n
Heliocentric model, of planetary motion, 

19–20
Helium, 19n, 342n

as component of the universe, 54, 55, 58, 
59, 221, 350

as product of hydrogen fusion, 56–57, 
326, 342

in solar nebula, t82, 84, 86
Helix, double, 159
Hematite, 257
Henry, Joseph, 331n
Heredity, 142, 143, 158
Herschel, Caroline, 29, 244, 244n
Herschel, William, 28–29, 244–245, 244n
Hertz (Hz), 69, 408
Hertzsprung, Ejnar, 388
Hertzsprung–Russell diagram (H–R diagram), 

388–390
Hesperian era, in martian history, 253
Heterotrophs, 156–158
High-definition television (HDTV) signal, 408
Himalayas, 119, 120
Hindu scholars, 22
Hitchhiker’s Guide to the Galaxy (Adams), 470
Holocene extinction, 204
Hominids, 207–208
Homo floresiensis (“hobbits”), 208
Homo sapiens, 208, 403
Hope orbiter, t247
Horizon (boundary), of observable universe, 

61
Hot Jupiters, 362, 379, 380
Hot spot, 120–121
HR 8799 (star), 359
Hubble, Edwin, 56, 329
Hubble Extreme Deep Field, 62
Hubble Space Telescope, 4, 36, 45, 58, 62, 81, 

89, 250, 295, 328, 351
Human Genome Project, 160
Human population growth, 451
Hurricane Sandy, 339
Huygens, Christiaan, 281
Huygens probe, 297, 299
Hyades (star cluster), 388
Hydrated minerals, 255–256
Hydrocarbons, 150
Hydrogen

as component of the universe, 54, 55, 58, 
59, 221, 350

in Earth’s early atmosphere, 183
as fuel for interstellar ramjet, 444
fusion of, 56–57, 326, 342
in Mars’s atmosphere, 260, 263, 264
production of radio static by, 408
in solar nebula, t82, 84, 86

Hydrogen bond, 224
Hydrogen compounds, 78, 78n

in solar nebula, 82t
Hydrogen-fusing stars, 350–352, t352, 389
Hyperion (moon of Saturn), properties of, 

A-11
Hyperspace, 445–446
Hyperthermophiles, 166
Hypothesis, 29, 35t

versus theory, 34

Iapetus (moon of Saturn), 288, 302, A-11
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Ice
Arctic sea, 338–339
dry, 250n
flotation of, 223, 224
glacial, melting of, 339, 340
on Mars, 210, 261
on Mercury and Moon, 226, 227

Ice Age: Dawn of the Dinosaurs (film), 116
Ice ages, 111, 124, 128, 334
Ice core data, and global warming, 333–335
Ice giants, 78
Icy volcanism, 300–301, 303
Idunn Mons (volcano on Venus), 318
Igneous rock, 100–101, 106
Impact craters, 113

on Callisto, 296
and estimating surface ages, 114, 252–253
on Mars, 251–252, 255
on Moon and Mercury, 225–226

Impacts
and extinctions on Earth, 198–201
rare Earth hypothesis and, 386

Independence Day (film), 2
Indirect detection methods, for discovering 

exoplanets, 359–365
Infrared light, 69

and SETI, 415, 416, 418
Infrared spectra, of planets and exoplanets, 

384–385
Ingenuity helicopter, 247, t247
Inner core, of Earth, 115
InSight lander, t247
Intelligence

and development of science and technolo-
gy, 403, 406

evolution of, 403–404, 405–406
measuring, 404–405

Intelligent design, 171–172
Intelligent life, prevalence in the universe, 

402–403. See also Search for extra-
terrestrial intelligence

Intergovernmental Panel on Climate Change 
(IPCC), 333

Internal heat, of Earth, 116–117
International Astronomical Union, 379
International Thermonuclear Experimental 

Reactor (ITER), 342
Interplanetary dust, 183
Interstellar (film), 64
Interstellar dust, 80, 415
Interstellar ramjets, 444–445
Interstellar spacecraft, 437–447 

artists’ conceptions of, 431, 439, 440, 444
and SETI, 418
speed of light and, 441–445

Interstellar travel
difficulty of, 432–437
spacecraft for, 437–447

Inverse square law, 37, A-2
Io (moon of Jupiter), 280

composition of, 283
orbital resonance of, 287–288
properties of, A-11
size and orbit of, 281–283, 287
synchronous rotation of, 283–285
tidal heating of, 287, 287n
volcanism on, 287

Ion engine, 439–440
Ionosphere, 407
Ions, 65
IPCC (Intergovernmental Panel on Climate 

Change), 333
Iridium, in K–Pg boundary layer, 198, 199
Islamic scholars, 22
Isotope ratio(s)

of carbon, in microfossils, 179–180
of carbon, in Earth’s atmosphere, 332, 333
of hydrogen, in martian atmosphere, 260
of hydrogen, in venutian atmosphere, 

318–319
of oxygen, in martian meteorite, 272
of sulfur, in ancient rocks, 196–197

Isotopes, 65, 66, 102, 103
used for radiometric dating, 105, t105

Isotopic analysis, of microfossils and rock, 
102–103, 179–180

ITER (International Thermonuclear Experi-
mental Reactor), 342

James Webb Space Telescope (JWST), 9, 359, 
373

Jarosite, 257
JCVI-syn1.0, 211
Jeans, James, 87n
Jemison, Mae, 350
Jezero Crater (Mars), 255, 256, 258
Johnson, James, 422
Joint formation model, for Moon, 130
Jovian moons, 280–285. See also names of spe-

cific moons
Jovian planets, 78. See also Jupiter; Neptune; 

Saturn; Uranus
formation of, 83
habitability and, 229–231
interior structures of, 229–230
migration of, 85n
rings of, 78, 236
subgroups of, 78, 79

Junk DNA, 160
Juno mission, 291
Jupiter, 78

atmosphere of, 230–231
and center of mass of solar system, 360
Galileo’s observation of, 26, 280, 281
habitability and, 231
interior structure of, 230
moons of, 280–285, A-11
orbit of, 85n
properties of, t73, 229, A-10
and rare Earth hypothesis, 386
robotic missions to, t238
temperatures of, 230
in Voyage scale model, 49

Jupiter Icy Moons Explorer (JUICE), 291, 293, 
295–296

Juvenile gases, 112n

Kant, Immanuel, 86
Kardashev, Nikolai, 418
Kazachok lander, 269
KBOs (Kuiper belt objects), 80, 283
Keck telescopes, 359
Kepler, Johannes, 23–25, 28, 30, 432
Kepler 11 (star system), 5
Kepler 11g (exoplanet), 379
Kepler-444 (star), 354
Kepler mission, 354, 364, 365, 374–376, 379, 

385
Kepler’s laws of planetary motion, 24–25, 26

Newton’s version of third law, 234, A-2
Kiloparsec, A-1
Kinetic energy, 67–68, 434

nonrelativistic formula for, 434n
Kingdoms, of life, 153
K–Pg boundary, 198
K–Pg impact, 198–200, 403
Kuiper belt, 79–80, 85, 85n
Kuiper belt objects (KBOs), 80, 283

Labeled release experiment, of Viking mis-
sions, 267

Labrador (Canada) rock outcrop, 180
Lagrange, Joseph-Louis, 417
Lagrange points, 417–418
Lake Vostok, 168, 291
Lamarck, Jean Baptiste, 144, 170
Lander(s), 235, 236–237. See also names of spe-

cific landers
Laniakea (Local Supercluster), 47
Laplace, Pierre Simon, 86
Laser Interferometer Gravitational-Wave Ob-

servatory (LIGO), 416
Lasers, 226n

as energy source for interstellar space-
craft, 441

in SETI, 415–416
LaserSETI, 416, t416
“Last Question, The” (Asimov), 330
Late heavy bombardment, 113–114
Lateral gene transfer, 164
Lava, 115, 121
Law of conservation of energy, 68, 142
Laws of thermal radiation, 72
le Bouvier, Bernard, 220
Leaning Tower of Pisa, 36, 37
Leeuwenhoek, Anton Van, 153
“Letter to Herodotus” (Epicurus), 21n
Leverrier, Urban, 38, 38n
Library of Alexandria, 22
Lick Observatory, 416
Life, 3

artificial (A-life), 210–213
basic metabolic needs of, 155–159
on other worlds, 197, 383–385, 466–468

Life in the solar system, 7–9, 467
building blocks of, 221–225
environmental requirements for, 220–221
on moons of outer solar system, 291–294, 

315
Life in the universe, 3–4, 46–47, 467–468

ancient debate about, 15–16
DNA and, 164
implications of nebular theory for, 90
intelligence among, 402–403, 470
quest for a theory of, 35–36

Life on Earth
carbon-based, 149–150, 221
classification of, 152, 156–159
defining, 140, 148
domains of, 143, 153–154, 181
environment and, 164–169, 466, 467
future of, 326–330
kingdoms of, 153
non-carbon-based, 150–151
origins of, 178–190, 466, 467
properties of, 140–144
tree of, 143, 154–155

Ligeia Mare (lake on Titan), 300
Light, 69–72

speed of, 51, 433, 456–457, A-1
Light-year, 50–51, A-1
LIGO (Laser Interferometer Gravitation-

al-Wave Observatory), 416
Lipids, 151

in pre-cells, 185, 186
Liquid(s), 66–67. See also Water

and life, 222–224
Liquid-fuel rocket, 435
Lithosphere, 111, 115

and plate tectonics, 117
Living stromatolites, 177, 178–179
Local Group, 47
Local Supercluster (Laniakea), 47, 48
Loihi, 121
Lookback time, 61n
Los Alamos Scientific Laboratory, 438, 447
Lowell, Percival, 29, 34, 245–246
Lucy (fossil of Australopithecus afarensis), 207, 

208
Luminosity, 351

star’s habitable zone and, 322, 355
star’s mass and, 351–352
of Sun, A-1

Lunar Flashlight mission, 226n
Lunar highlands, 113
Lunar maria, 113
Lyell, Charles, 147

Machines, self-replicating, 449, 453
Mad cow disease, 142
Magellan spacecraft, 317, 318
Magnetic field

of Earth, 99, 122–124, 202–203
of Europa, 290–291
of Ganymede, 295
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of Mars, 263–264
of stars, 355n

Magnetite, in martian meteorite, 273, 274
Magnetosphere, 123–124
Main sequence, stars of, 351n, 388, 389
Makemake (dwarf planet), 232, A-10
Malaria, resistance to, 163n
Malthus, Thomas, 147
Malware, 213
Mammoth, in Siberian ice, 108
Mangalyaan orbiters, t247, 269
Mantle, of Earth, 115, 116
Marconi, Guglielmo, 407
Mariner spacecraft, 246, 253, 255
Mars, 78, 98

ancient riverbeds on, 14, 255
apparent retrograde motion of, 18, 19, 20
atmosphere of, 229, 248, 260, 262–265, 

384
axis tilt of, 248–250, 264–265
canals on, 29, 34, 245–246
climate of, 262–265
closest approach to Earth of, 269
color of sky on, 251
eras of history of, 253, t253
exploration of, 269–270
floods on, 259
geology of, 251–254
habitability and, 227, 265–266
human exploration of, 270–272
ice on, 260, 261
lack of plate tectonics on, 122, 253–254
meteorites from, 189, 254, 272–274
moons of, 233, A-11
oceans on, 260–261
orbit of, 249, 250, 264, 269
polar caps of, 250, 259–260
in popular culture, 244–246
possibility of life on, 266–269, 467, 470
properties of, t73, t248, A-10
robotic missions to, t238, t243, t247
spectrum of, 71, 72, 74–75
sunset on, 243
surface of, 246–248, 251–253, 266
terraforming of, 271–272
volcanism on, 253–254, 259
water on, 8, 229, 248, 255–262

Mars Express orbiter, 14, t247, 259, 262, 268
Mars Global Surveyor, 250, 252
Mars Observer mission, 247
Mars Odyssey orbiter, t247
Mars Reconnaissance Orbiter, 233, t247, 251, 

256, 261, 265
Martha (last passenger pigeon), 203
Martian, The (film), 267
Martian Chronicles, The (Bradbury), 272
Martian meteorites, 189, 254, 272–274
Martian Moons eXploration (MMX) orbiter, 

t247, 269
Mass-energy, 68
Mass extinctions, 201–204

and K–Pg impact, 198–200
Mass ratio, 436
Matter, 64

atomic structure of, 64–66
dark, 53–54, 53n
phases of, 66–67

Matter–antimatter annihilation, 443–444
MAVEN mission, t247, 263, 264, 269
Maxwell, James Clerk, 455
Maxwell’s equations, 455, 456
McKay, David, 272
Megaparsec, A-1
Melting point, 67
Membrane, cellular, 148, 151
Men in Black (film), 2
Mercury, 78, 98, 99

atmosphere of, 225n, 226
exploration of, 226–227
habitability and, 225–227
lack of liquid water on, 226
lack of plate tectonics on, 122

orbit of, 38, 39
properties of, t73, A-10
robotic mission to, t238
surface of, 225–226
transit of, 363
water ice on, 226, 227

Mesozoic era, 109
MESSENGER mission, 227
Messenger RNA, 162
Metabolic classification of living things, 156–

159, t157
Metabolism, 143, 155–159, 222, 405
Metals, in solar nebula, t82
Metamorphic rock, 100, 106
Meteor Crater (Arizona), 198
Meteorite(s), 110

impacts of, on Earth, 204–206
martian, 188–189, 254, 272–274
and origin of life on Earth, 184, 188–189

Meteors, 204, 204n
Methane, 384–385

as greenhouse gas, 197n, 331n
on Mars, 268–269
as potential liquid medium for life, 223, 

t223
on Titan, 285, 297–298, 300

Methanogenesis, 384
Methanol, 223, 223n, t223
Methanosarcina, 202
Metric system (SI), A-7
Michelson, A. A., 455
Michelson–Morley experiment, 455–456, 458
Microbes, 153–154, 467, 470. See also Bacte-

ria; Virus(es)
contamination of Earth or Mars by, 270
early evolution of, 190
as extremophiles, 165–168, 304
genomes of, 161
in mats, 177, 178–179
migration of, on meteorites, 189
use of redox reactions by, 306–307

Microbiome, 153
Microfossils, 179–180
Microlensing, 368, 382
Microwaves, 55, 69
Mid-ocean ridges, 118
Migration 

of life to Earth, 188–190
planetary, 85n, 89–90, 113n

Milankovitch cycles, 128, 334
Milky Way Galaxy, 47, 48, 415, 442

habitable zone of, 385
number of civilizations in, 399–400, 401, 

448–449
scale of, 52–53

Miller, Stanley, 183
Miller–Urey experiment, 183
Millimeter waves, 69
“Million-Year Picnic, The” (Bradbury), 

271–272
Mimas (moon of Saturn), 302, A-11
Mineral(s), 100, 111

hydrated, 255–256
Mineralogical analysis, of rock, 102
Mini-Neptunes, 380
Mitchell, Maria, 15
Mitochondria, 161n, 192
MMX orbiter, t247, 269
Model(s), 17, 30, t35

climate, 335–337
of galactic colonization, 449–450
of Moon’s formation, 130–131
nebular, 86–88
of solar system’s formation, 85, 85n, 113n

Moist greenhouse effect, 325, 327
Molecules, 66

organic, 6, 66, 143, 150, 182–184, 
221–222

polar, 224
of water, 149–150, 224

Mollweide projection, 251
Monera, 153

Moon, definition of, 49
Moon (Earth’s), 50, 51, 80, 84, 98, 99

age of, 110
atmosphere of, 225n, 226
exploration of, 226–227
formation of, 130–133
habitability and, 225–227
lack of liquid water on, 226
lack of plate tectonics on, 122
and life on Earth, 133
properties of, A-11
rare Earth hypothesis and, 386
robotic missions to, t238
rocks from, 110, 131
surface of, 25, 113, 225–226
synchronous rotation of, 283–285
water ice on, 226, 227

Moons (of exoplanets), 356
habitability of, 381

Moons (of other planets in our solar system), 
8–9, 84. See also names of specific 
moons

composition of, 283
discovery of, 280–281
geological activity on, 285–288
habitability and, 232, 285–288, 296–301
of Jupiter, 280–284, 288–296
of Neptune and Uranus, 304
properties of, A-11–A-12
robotic missions to, t238
of Saturn, 296–303
sizes and orbits of, 281–283
synchronous rotation of, 283–285

Moore, Gordon, 419
Moore’s law, 419
Morley, E. W., 455
Morrison, Phillip, 398, 408, 409
Motion

apparent retrograde, 18–20
Kepler’s laws of planetary, 21–25, 26, 234
Newton’s laws of, 27, 434, 458n
planetary, 18–20, 72, 76, 82
retrograde, 283

Moulton–Chamberlin hypothesis, 87n
Mount Etna, 97
Mount Sharp (Mars), 258
Mount St. Helens, eruption of, 112
M13 (globular cluster), 410
M31 (Great Galaxy in Andromeda), 60–61, 

443
Multicellularity, evolution of, 191–192
Multiverse, 63
Mutation rate changes, and mass extinctions, 

202–203
Mutations, 163–164
Mycoplasma mycoides, 211

Naked-eye observatories, 23
Nanometer (nm), 69
NASA Astrobiology Program, 10
NASA SETI research program, 409
National Radio Astronomy Observatory 

(NRAO), 399, 401, 409
Natural selection, 143, 145–146, 469

convergent evolution and, 404
and diversification of early life-forms, 191
and self-replicating RNA, 186, 188

Nazca drawings, 424, 425
Neanderthals, 208
Near-Earth Object Observation Program, 206
NEAR spacecraft, 79
Near Star survey, t412
Nebula, 80

planetary, 328, 328n
solar, 80–82

Nebular model, 86–88
Nebular theory, 80–86

history and development of, 86–90
Necessary condition, 141
Negative feedback, 127
Negative ion, 65
Neptune, 78
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atmosphere of, 231
discovery of, 38
habitability and, 231
interior structure of, 230
moons of, 130n, 281, 283, 304, 467, A-12
properties of, t73, 229, A-10

Neutrinos, and SETI, 416–417
Neutron star (pulsar), 58, 353, 390
New Horizons, 50, 80, 232, 233, 235, 236, 432
Newman, William, 453
Newton, Sir Isaac, 27, 37, 38, 46–47, 434
Newton’s laws of motion, 27, 434, 458n
Newton’s theory of gravity, 34, 37–38, 

169–170
Newton’s version of Kepler’s third law, 234, 

A-2
NGC 3603 (star cluster), 4
Nice model (of solar system formation), 113n
Nicholas of Cusa, 28
NIROSETI (Near Infrared Optical SETI), 416, 

t416
Nitrogen, in Titan’s atmosphere, 297, 298
Nitrous oxide, 331n
Noachian era, in martian history, 253
Noble gases, 299
Noncoding DNA, 160
North Star (Polaris), 16, 17
Nuclear energy, 341–342, 459
Nuclear fission, 438
Nuclear fusion, 56, 329, 438, 438n
Nuclear rockets, 437–439
Nucleic acids, 152

synthetic, 164n
Nucleus, 65
Nuvvuagittuq rock formation, 109n
NWA 7034 (martian meteorite), 189

Oberth, Hermann, 435
Observable universe, 61–62
Observatories, naked-eye, 23
Occam’s razor, 30–31, 424
Ocean(s)

acidification of, 339–340
on Earth, 110–112
on Europa, 289–291
on Mars, 260–261

Ocean trench, 119
Ohio State Radio Observatory, 419
Olympus Mons (Mars), 253, 254
On the Infinite Universe and Worlds (Bruno), 28
Oort cloud, 80, 85, 386
Opal, on Mars, 255, 256
Oparin, A. I., 183
Opportunity rover, t247, 256, 257–258
Optical SETI, 411–417
Optics, adaptive, 358–359
Orbital energy, 89–90, 89n
Orbital resonance, 90

of Jupiter’s moons, 287–288, 288n
Orbital velocity law, A-2
Orbiter(s), 235, 236. See also names of specific 

orbiters
Orbits

eccentricity of, 24, 90, 369, t375, 376–377
ellipticity of, 24, 249, 250, 283, 287, 369
of exoplanets, 368–369, 371, t375, 

376–377
of planets in binary star systems, 353–

354, 356–358
Order, in living organisms, 140–141
Ordovician mass extinction, 203
Organic chemistry, 143
Organic compounds, 66
Organic molecule(s), 6, 66, 143, 150, 182–

184, 221–222
Origin of Species, The (Darwin), 140, 144, 147
Orion Nebula, 52, 53, 88
Orphan planets. See Free-floating planets
O’Shaughnessy, Tam, 234
Osiris–REx mission, 237
Outer core, of Earth, 115
Outgassing, 111, 322–324

on Earth, 112, 112n, 126, 129, 316, 323
on Mars, 263–264, 323
on Mercury and Moon, 226
on Titan, 299–300
on Venus, 316–318, 323

Oxidation, in redox reaction, 306
Oxidation reactions, 195
Oxygen

in Earth’s atmosphere, 191, 194, 384
and evolution, 195–197
in Mars’s atmosphere, 264

Ozone layer, 182, 194–195

PAHs (polycyclic aromatic hydrocarbons) in 
martian meteorite, 273

Paleozoic era, 109
PANOSETI, 416, t416
Panspermia, 188
Paradigm, 34
Paradox, 448. See also Fermi paradox (Fermi’s 

paradox)
Parallax, stellar, 19–20, 25, 26n
Parallax formula, A-2
Parent isotope(s), 105
Parent nucleus, 103
Parsec, A-1
Particle accelerators, 458, 459
Pascal, Blaise, 432
Passenger pigeon, extinction of, 203
Pathfinder lander, 247, t247, 259
Payne-Gaposchkin, Cecilia, 388, 389
PDS 70 (star), 356
Perihelion, 24
Periodic table of the elements, 64, A-9
Periods, of geological time, 109
Perseverance rover, 236–237, 247, t247, 255, 

256–257, 258, 259, 261, 269
Petrified Forest National Park (Arizona), 107, 

108
Phanerozoic eon, 108, 109
Phases of matter, 66–67
Phobos (moon of Mars), 233, A-11
Phobos missions, 247
Phoebe (moon of Saturn), properties of, A-11
Phoenix lander, t247, 260, 268
Phonograph record, carried on Voyager space-

craft, 433
Phosphine, in Venus’s atmosphere, 321
Photoautotrophs, 157, t157
Photoheterotrophs, 157, t157
Photons, 69

wavelength and frequency of, A-2
Photosynthesis, 157, 191, 222, 222n, 292–293
Phyla (singular: phylum), 193

of the animal kingdom, 193
π+ (“pi plus”) meson, 458
Pickering, Edward, 387–388
Pioneer plaque, 433
Pioneer spacecraft, 432–433
Planck spacecraft, 55
Planck’s constant, A-1
Planet, 49
“Planet nine,” 78n
Planetary civilizations (Type I civilizations), 

418
Planetary Defense Coordination Office, of 

NASA, 205–206
Planetary migration, 85n, 89–90, 113n
Planetary motion, 18–20. See also Orbits

Kepler’s laws of, 24–25, 26, 234
patterns of, 72, 76, 82

Planetary nebula, 328
Planetary science, and SETI, 5–6
Planetary size, and surface habitability, 

322–323
Planetesimals, 84

and formation of Earth, 111–112
Planets. See also Dwarf planets; Exoplanets 

(extrasolar planets); names of specific 
planets

in our solar system, 7, 8, 72–79, t73, 
82–84

Plants, colonization of land on Earth by, 195
Plate boundaries, on Earth, 117, 118
Plate tectonics, 99, 111, 114–115

and Earth’s surface, 117–122
and Mars’s surface, 253–254
and planetary size, 322–323
and rare Earth hypothesis, 386

Plato, 16, 18
Pleiades (star cluster), 387, 388
Pluto (dwarf planet), 8, 80, 232, 233, 467

geological activity on, 288
moon of, A-12
properties of, A-10
in Voyage scale model, 50

Polar molecules, 224
Polycyclic aromatic hydrocarbons (PAHs), in 

martian meteorite, 273
Population growth, human, 451
Porco, Carolyn, 280
Positive feedback, 127
Positive ion, 65
Positrons, 443, 444
Potassium-40, decay of, 104–105, 253n
Potential energy, 68
Power, basic unit of, A-1
Powers of 10, A-3–A-4
Precambrian, the, 109n
Pre-cells (vesicles), 185–186, 212
Precipitation, patterns of, 337–338
Predators, and Cambrian explosion, 194
Primates

encephalization quotients of, 404
evolution of, 207

Principia (Newton), 27, 37, 434
Principles of Geology (Lyell), 147
Prions, 142
Probability, and radioactive decay, 103–104
Probe(s), 235, 236–237
Procyon B (white dwarf), 353
Project Daedalus, 439, 440
Project Mogul, 423
Project Orion, 438–439
Project Ozma, 401, 409
Project Rover, 438
Prokaryotes, 153
Protein(s), 143, 151–152
Proterozoic eon, 108, 109
Protista, 153
Proton(s), 65

mass of, A-1
Protoplanetary disk, 88
Protostar, 89
Proxima Centauri (star), 349, 353, 355
Pseudoscience, 31
Psychrophiles, 167
Ptolemaic model, of planetary motion, 18–19, 

22, 26
Ptolemy, 18
Pulsar (neutron star), 5n, 58
“Pulsar planets,” 5n
Pusher plate, 438, 439
Putorana Plateau (Siberia), 202
Pyrolobus fumarii, 165
Pythagoras, 17

Quartz, shocked, 199
Quaternary period, 109
Quintessence, 21

Radar, on orbiters, 236
Radial velocity method (Doppler method), 

for detection of exoplanets, 360, 
361–363, 366, t368

Radiative energy, 68
Radio, and SETI, 407–409, 411–414
Radio waves, 69
Radioactive, 103
Radioactive decay, 103–105
Radioactive isotope, 103
Radioisotope Thermoelectric Generator, 301
Radiometric dating, 103, 105–107, 111

isotopes used for, 105, t105
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reliability of, 106
Ramey, General Roger, 422
Ramjets, interstellar, 444–445
Rare Earth hypothesis, 385–387, 452
Ratios, A-8
Red giant, 328, 352
Red Rocks Amphitheater (Colorado), 196
Redox reactions, 306
Redshift, 362
Reduction, in redox reaction, 306
Renewable energy sources, 341
Replication, of DNA, 159–160
Reproduction, by living organisms, 141–142
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