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To my wife, Lisa,

and my beautiful children,

Grant and Brooke

May your lives be fi lled with laughter 

as you reach for the stars.





All this world is heavy with the promise of 

greater things, and a day will come, one day 

in the unending succession of days, when 

beings, beings who are now latent in our 

thoughts and hidden in our loins, shall stand 

upon this earth as one stands upon a foot-

stool, and shall laugh and reach their hands 

amidst the stars.

—H. G. Wells, 1902
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P r e fa c e

Alien Dreams

It has been a long time, but I distinctly recall the sounds and sights of my 
alien friends. I was only about 8 or 9 when they fi rst visited me. I fre-
quently heard their voices calling to me, as small sounds in the night, like 
whispers into my ear. I’d listen hard, trying to make out a few words. 
Sometimes I even saw them. They signaled with little fl ashes as the dawn 
light entered my room, or in daytime with dancing lights in rays of sun-
shine. They must have been quite tiny, these friends from other worlds. At 
night, I’d look for signs of their spaceships in the sky. I knew that someday 
they would invite me to take a trip with them, carry ing me far from ado-
lescent troubles to wondrous places of beauty, adventure, and joy. Out 
there, pain and suffering  were unknown. They would show me the galaxy, 
they would choose me as their ambassador to Earth, and I would bring the 
news of our great new future to all of humanity. It was only a matter of 
time, and of my ability to decipher their whispers in the night.

I’m now in my fi fth de cade of life, and I have not seen or heard from my 
friends since I was a teenager. I still believe they are out there, somewhere, 
but I am no longer convinced that they really visited me in my bedroom. 
Growing up can change your perspective in remarkable ways. The tooth 
fairy and Santa Claus don’t seem quite the same now as they did when I 
was a child. My little stuffed bear, whom I’d affectionately named Wilshire 
Boulevard, never did grow back the hair I clipped off him one day, even 
though I was sure he would. My alien visitors seemed so very real, but now 
it seems more likely that I saw refl ections from dust suspended in the air, 
and that the whispers in the night  were just the sounds that I still hear but 
now interpret quite differently.

Still, I have not given up hope of someday meeting my friends again. I 
am more convinced than ever that wondrous worlds really do await us, if 
only we can put aside our human hatreds and wars and survive long 
enough to meet those who have inhabited this universe for millions or bil-
lions of years before us. Yes, growing up can change your perspective in re-
markable ways. I no longer believe in the voices in the night, in the dancing 



lights in rays of sunshine, or in the world of magic. Instead, I now know 
that my imagination was far too limited, for the real world holds wonders 
far more mystifying and incredible than anything my young mind could 
ever have conjured up.

My personal journey from  wide- eyed child to  wide- eyed scientist was 
inspired not only by my alien friends but also by two real events of the late 
1960s. The most important by far occurred on July 20, 1969, when Neil 
Armstrong and Buzz Aldrin became the fi rst human beings to set foot on 
another world. The fact that the Apollo Moon landings occurred during a 
time of great turbulence, with both the Vietnam War and the Cold War in 
full swing, only amplifi ed their message of hope. For myself and other 
young children of the era, Apollo told us that the troubles of the present 
would eventually give way to a future that held new worlds. The other 
event was the release of the movie 2001: A Space Odyssey. This movie, 
which opened a year before Apollo reached the Moon, was my fi rst expo-
sure to the idea that the universe might have beings so advanced that they 
would seem incomprehensible to us. I became a science fi ction afi cionado, 
which allowed me to continue journeying into space even as the Apollo 
program wound down. It’s been over 35 years since the last real people 
walked on the Moon in December 1972, but at night my dreams routinely 
allow me to travel far beyond.

Between the movie, the Apollo reality, and my own alien friends, it’s no 
accident that I decided to pursue a career as a space scientist. Still, it was 
hardly a  straight- line path. I started college as an engineering major, think-
ing I might build spacecraft, but soon decided I was more interested in the 
places that spacecraft might visit than in the rockets themselves. By the 
time I graduated (from the University of California at San Diego) I had be-
come more pragmatic, majoring in biophysics because it seemed to offer 
more direct benefi ts to society than studying distant stars and galaxies. 
Luckily for me, Carl Sagan’s Cosmos series aired just in time to show me 
the error of my ways.

Sagan’s series is still remarkably fresh despite being more than two 
de cades old, and it beautifully illustrates the reason I altered my own ca-
reer path: It shows us that knowledge of the cosmos is not just idle knowl-
edge but rather is at the core of everything that makes us human. I took 
the message to heart and sent letters turning down the schools that had of-
fered me graduate study in biophysics. I had already been very interested 
in teaching, having worked through college as an elementary school teach-
ing aide (grades 2–3), and decided that my calling would be to try to follow 
Sagan’s footsteps as a pop u lar izer of astronomy. I ended up at the Univer-
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sity of Colorado in Boulder, because their program was fl exible enough to 
allow me to pursue my interest in teaching while still obtaining a doctoral 
degree in astrophysics. Thanks to my  ever- patient thesis advisor, Tom 
Ayres, I was even allowed to spend time nearly equivalent to what I spent 
on my thesis in pursuing an educational project that involved building a 
scale model of the solar system (discussed in chapter 3).

I don’t believe in fate, but with hindsight it’s rather striking how my de-
tours set me up perfectly to be writing about aliens today. Largely because 
I was one of the few people who actually volunteered to teach freshmen 
courses, I ended up teaching several courses each year throughout my 
graduate student career. My love of teaching and my work on the scale 
model solar system caused my name to come up in a faculty committee 
charged with helping to revise the university’s core requirements, and the 
timing worked out just right for me to become the director and lead teacher 
for a new mathematics program for liberal arts students, a program that we 
based on the idea that the ability to think critically about numbers and 
mathematical  ideas—what we call “quantitative  reasoning”—is for most 
students much more important than the  equation- solving skills taught in 
traditional mathematics courses such as college algebra. The lack of exist-
ing material for the new course caused me to start writing my own, which 
soon led me to a publishing contract for a college mathematics textbook. 
When the publisher found out that I was actually an astronomer rather 
than a mathematician, I was offered my next contract, this time for a col-
lege astronomy textbook. Both books proved fairly successful, setting me 
up for the fateful day when my astronomy editor, Adam Black, asked me if 
I’d consider writing a textbook about the search for life in the universe.

I said no, of course, because I didn’t feel I knew enough about the sub-
ject. Unlike the subjects of my prior textbooks, this was a course I’d never 
taken and never taught. However, Adam promised to team me up with 
some bona fi de experts in the fi eld, and with a little study I realized that 
my undergraduate background in biology would actually come in useful. 
The idea that my past detours would suddenly be of value was too much to 
let go of. I agreed to the project and Adam  arm- twisted two of the world’s 
foremost astrobiologists into working with me (Bruce Jakosky from Boul-
der, who left the project after the fi rst edition, and Seth Shostak of the SETI 
Institute, who continues to work with me). I often felt like I was an under-
graduate student again as they patiently tried to explain the science to me. 
I’m not always quick to grasp new things, and I probably asked more “stu-
pid questions” of them than all my students combined have ever asked of 
me. Nevertheless, I eventually learned enough so that we could successfully 
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complete the textbook, called Life in the Universe, which is now in its sec-
ond edition and has become the leading college textbook for  introductory-
 level courses in the young fi eld that NASA calls “astrobiology.”

And you know what I was thinking about the  whole time I worked on 
that project? Every time I saw rays of sunlight shining in through my win-
dow, I thought about my long lost alien friends. I realized that with my 
new understanding, I could fi nally start to think about them again, but this 
time with an eye toward real science instead of just dreams. I also realized 
that the questions raised by the search for life in the universe go far deeper 
than I had naively expected. They touch on issues of the origin of life, the 
origin of intelligence, the nature of the human mind, and the survivability 
of our civilization. Most relevant to the task at hand, I decided that these 
issues cut so deeply that both individuals and cultures might change for 
the better if all  were aware of them. I decided that I should take what I’d 
learned in writing a college textbook and present the crucial lessons in a 
format that could be read by anyone, in hopes of sharing my newfound un-
derstanding with as many people as possible. If you are reading these 
words, then I know I’ve succeeded at least in getting you through the fi rst 
few pages.

If you are willing to continue on, this book will take you on a short 
journey through the world of science and what it has to say about the possi-
bility of life beyond Earth. I will explain why life elsewhere seems ever 
more likely, why many scientists suspect that civilizations are also com-
mon, and the surprising things that we can say about alien visitors to 
Earth, even while I am personally skeptical of claims that they are  here. I’ll 
describe how the search for life on other worlds is helping us understand 
life on Earth, illuminating the remarkable circumstances of our planet and 
showing us how we may be unwittingly threatening our own existence. I’ll 
discuss the search for life elsewhere, both within our own solar system and 
beyond. Most important, I’ll tell you why I believe that the quest to fi nd 
life beyond Earth may help us overcome the ailment that I call center of 
the universe  syndrome—the syndrome that makes too many people be-
have as though the universe really does revolve around them. So with that 
introduction, let’s leave our alien dreams behind, and look into what sci-
ence really has to say about the search for extraterrestrial life and its aston-
ishing implications for our future.
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1
Worlds beyond

Imagination

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

—Saint Albertus Magnus (c. 1206–1280)

This is a book about possibilities. It is about the possibility that, within a 
de cade or two, robotic or human explorers will drill into the Martian sur-
face and discover microscopic life in subterranean pockets of liquid water. It 
is about the possibility of landing spaceborne submarines on Jupiter’s moon 
Europa, where they might melt their way through miles of ice and observe 
life swimming in a volcanically heated ocean. It is about the possibility of 
strange,  cold- adapted life forms on Saturn’s moon Titan, a world on which 
we have already landed a robotic emissary, despite its being located nearly 
a billion miles away. It is about the possibility of SETI researchers detect-
ing an unmistakable signal coming to us from a civilization that has grown 
up around a faraway star. It is about the possibility that we may already be 
surrounded by a galactic civilization, populated by beings who surpassed 
our own current level of development millions or even billions of years 
ago. Most of all, it is about the possibilities that await us, if and when we 
learn that we are not alone in the universe.

It  doesn’t take long to begin to appreciate these and other possibilities, 
but you have to be in the right frame of mind. If you’re reading at night 
and you happen to live in a place with clear, dark skies, take a moment to 
put the book down and go out and look at the stars. If you live in a city or it 
is cloudy or daytime, close your eyes and picture yourself at a favorite va-
cation spot on a perfect night. Personally, I like the mountain lakes not far 
from my home in Colorado, where the stars sometimes shine so brightly 
that I can make out the constellations by their refl ections in the still water. 



As you look out into the seemingly infi nite heavens, you should feel a 
change in your mental state as your thoughts shift from the daily trials of 
life to questions of who we are, how we got  here, why we exist, and whether 
we have companionship among the planets and stars.

The mere sight of the myriad stars may seem enough to answer the last 
question. After all, when you consider the fact that each star is a sun, possi-
bly orbited by planets of its own, it may seem inevitable that others are out 
there, looking at us as a dot of light in their own skies. But possibilities are 
not certainties, and despite everything we know about the universe today, 
we still have no proof that even the tiniest microbes live beyond the con-
fi nes of our small world. We may have good reason to be entranced by the 
possibilities for life beyond Earth, but it is also possible that such life exists 
nowhere except in our own minds.

That is where science comes in. Science is a way of distinguishing possi-
bilities from realities. We can imagine all the possibilities that we want, 
but science asks us to put them to the test. If we fi nd confi rming evidence 
for our possibilities, then we have at least some reason to think they refl ect 
reality. If our possibilities confl ict with reality, then we know they  were 
fi gments of our imagination. Of course, oftentimes we have no clear evi-
dence either way, as is the current case for the possibility of extraterrestrial 
life. In such cases, the job of science is to help us keep looking and learning, 
until we someday acquire the evidence we seek.

Today, many hundreds of scientists around the world are engaged in the 
scientifi c search for life in the universe, a topic of study that is often called 
astrobiology or exobiology. In the United States, NASA has established an 
Astrobiology Institute, which functions as a collaborative effort between 
scientists at NASA research centers and at more than a hundred universi-
ties and in de pen dent research laboratories. The Eu ro pe an  Union has a 
 similar collaborative effort with its Eu ro pe an Exo/Astrobiology Network. 
Australia, Great Britain, Spain, France, and Rus sia also have formal astro-
biology centers, and almost every other nation on Earth has at least a few 
scientists whose research bears on the question of life in the universe.

Given that we don’t yet know of any life beyond Earth, you might won-
der how so many scientists can be gainfully employed in its study. The an-
swer, like this book, is about possibilities. Only a few  scientists—those 
involved in the search for extraterrestrial intelligence, or SETI for  short—
are currently engaged in a direct effort to detect alien life. For all the oth-
ers, current efforts focus on learning about the possibility of life existing 
elsewhere. For example, planetary scientists explore other worlds in our so-
lar system either telescopically or by sending out robotic spacecraft. While 
their efforts could in principle turn up direct evidence of life, for the time 
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being they are more focused on helping us understand the conditions 
found on different worlds, thereby allowing us to evaluate whether those 
conditions might be conducive to life. Many scientists working in astrobi-
ology study the basic chemistry and nature of life, which should help us 
recognize alien life if we happen to come across it. Others seek to under-
stand the origin of life on Earth; after all, an understanding of how life 
arose on our own planet ought to make it easier for us to determine the 
likelihood that life might arise somewhere  else. Still others study Earth it-
self, which teaches us about how the geological nature of Earth helps make 
it home to abundant life. Even astronomers get in the game, seeking stars 
that could make good suns, looking for planets around those stars, and de-
veloping technologies that may someday help us detect life even on worlds 
that we can study only through telescopes.

Of course, all this effort is predicated on the idea that the possibility of ex-
traterrestrial life is worthy of scientifi c study.  Here, we must distinguish be-
tween an idea that is philosophically reasonable and one that is scientifi cally 
testable. The fact of our own existence makes it philosophically reasonable to 
wonder if life exists beyond Earth, but until quite recently there was no way 
in which we could actually test out the idea. In most of the rest of this chap-
ter, I will try to explain why, in just the past couple of de cades, the search for 
life in the universe has suddenly become a topic of intense scientifi c interest. 
First, however, it’s worth developing a bit of historical perspective on the 
philosophical question that drives us to wonder if we are alone.

The Ancient Question of Worlds beyond Earth

Even aliens need a place to call home. No matter whether we consider the 
tiny intelligent beings who I once imagined visiting my bedroom or the 
most primitive  single- celled slime, all life must have gotten its start some-
where. Thus, the question of life beyond Earth makes sense only if we have 
reason to think that there are other worlds upon which life could live.

Those of us who would like to meet aliens generally take it for granted that 
the universe is indeed full of hospitable planets on which life and civilizations 
might have arisen. We cannot yet be certain that this is the case, because our 
technology is not quite yet up to the task of discovering such planets around 
other stars. Nevertheless, as I’ll discuss in more detail shortly, the idea seems 
reasonable today because we know that other stars have at least some planets, 
and our understanding of planetary formation makes it plausible to imagine 
that planets with life could turn out to be common. But if we go back just a few 
centuries, the context for considering life beyond Earth was quite different.

Worlds beyond Imagination  3



Consider the quotation from Saint Albertus Magnus that opens this 
chapter, which begins: “Do there exist many worlds, or is there but a single 
world?” If you read Magnus’s quotation with a modern eye, you might 
think he’s using the term world in the sense of an  Earth- like world with 
life. But he was actually using it in a much more basic way. Before the time 
of Copernicus, Kepler, and Galileo, all of whom lived less than 500 years 
ago, scholars generally assumed that Earth held a central place in the uni-
verse. Our solid  home—which, by the way, had been known to be spherical 
since the time of the ancient  Greeks—was assumed to be surrounded by a 
great sphere of stars, and between Earth and the stars lay additional spheres 
that carried the Sun, the Moon, and the fi ve planets known at the time. 
 Thirteenth- century phi los o phers and theologians had no more reason to 
think of any of these objects as “worlds” than to think of them as  gods—an 
idea that had long since been rejected as ancient mythology.

In fact,  pre- Copernican scholars did not even consider Earth to be a 
planet. The word planet comes from the Greek for “wanderer,” and it origi-
nally referred only to objects that appear to wander among the stars in our 
sky. The idea will be clear if you think about the universe as it appears to 
the naked eye. We live on our seemingly central and unmoving home, 
while the stars appear to circle around us with each passing day, always 
staying in the fi xed patterns of the constellations. The Sun also makes a 
daily circle around us, but not quite at the same rate as the stars. That is 
why the Sun gradually makes its way through all the constellations of the 
zodiac over the course of a year. The Moon follows this same basic pattern 
of motion, but moves more quickly through the constellations than the 
Sun, completing a full circuit and cycle of phases in about a month (think 
“moonth”). Before the era of airplane lights and aside from an occasional 
comet, the only other objects that ever seemed to move against the back-
ground of the stars  were the fi ve bright points of light known as Mercury, 
Venus, Mars, Jupiter, and Saturn. Thus, from the perspective of people liv-
ing more than 500 years ago, there  were seven objects that appeared to 
wander among the stars and hence qualifi ed as “planets”: the Sun, the 
Moon, and the fi ve innermost planets besides Earth. The planetary status 
of these seven objects is enshrined in the names of the seven days of the 
week.1 In En glish, only Sunday, Moonday, and Saturnday are obvious, but 

1 Want an example of how deeply astronomy is intertwined with our everyday lives? 
Just think about the fact that the planet Uranus is faintly visible to the naked eye, and that 
if ancient people had noticed it wandering relative to the stars we probably would have had 
8 days a week instead of 7.
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if you know a romance language like Spanish you’ll be able to fi gure out 
the rest: Tuesday is Mars day (martes), Wednesday is Mercury day (miér-
coles), Thursday is Jupiter day ( jueves), and Friday is Venus day (viernes).

Because the  Earth- centered belief system implied that our world should 
be fundamentally different from any of the lights in the sky, you might 
wonder how Saint Albertus Magnus could even have conceived of other 
worlds. The answer is that, following a line of thought dating back to an-
cient Greece, he was considering the possibility of other worlds that  were 
more like what we might think of as separate  universes—each world the 
center of its own cosmos, circled by its own sun, planets, and stars. The 
question he asked also dated back to the ancient Greeks, inspired by his 
reading of Aristotle, which at the time had recently been translated into 
Latin.

It can be tempting to think that people who lived more than 2,000 years 
ago  were more primitive or simpleminded than we are, but in fact many 
ancient civilizations  were remarkably sophisticated. The ancient Greeks, 
geo graph i cally positioned at a crossroads that gave them access to ideas and 
inventions from cultures throughout Eurasia and northern Africa, devel-
oped philosophies that still resonate today. On the question of other worlds 
and extraterrestrial life, the Greeks split into two distinct camps.

On one side  were the atomists, Greek phi los o phers who held that every-
thing is made of tiny, indivisible atoms of four basic elements: fi re, water, 
earth, and air. The atomist doctrine was developed largely by Democritus 
(c. 470–380 b.c.), who argued that the  world—both Earth and the  heavens—
had been created by the random motions of infi nite atoms. For example, he 
imagined atoms of earth to be rough and jagged, like tiny pieces of a  three-
 dimensional jigsaw puzzle, so that they could stick together when they col-
lided and thereby explain how our world had formed in the fi rst place. 
Because the atomists believed the total number of atoms to be infi nite, they 
assumed that the same pro cesses that created our world should also have 
created others. This inevitably led them to conclude that other worlds and 
other life must exist, an idea summarized in the following quotation from 
the atomist phi los o pher Epicurus in about 300 b.c.: “There are infi nite 
worlds both like and unlike this world of ours. . . . we must believe that in 
all worlds there are living creatures and plants and other things we see in 
this world.”2

2 From Epicurus’s “Letter to Herodotus”; I found both this quotation and the next one 
from Aristotle in David Darling’s wonderful reference book, The Extraterrestrial Encyclo-
pedia (New York: Three Rivers Press, 2000).



Although it’s diffi cult to ascribe modern sentiments to ancient beliefs, 
the atomists seem to have been essentially atheistic. They did not see the 
need for any hand of God in creation, instead just seeing random events in 
infi nite time and space. However, in the  pre- Christian era it was not the 
question of God that bothered their detractors so much as the question of 
infi nity.

Aristotle (384–322 b.c.) represented the opposing camp. Like the atom-
ists, Aristotle assumed the world to be made of the four elements, fi re, wa-
ter, earth, and air. But he did not necessarily accept that these elements 
could be broken down into indivisible atoms, and he certainly didn’t agree 
that they fl oated randomly in an infi nite space. Instead, Aristotle held that 
all elements had their own natural motion and place. For example, he be-
lieved that the element earth moved naturally toward the center of the uni-
verse, an idea that offered an explanation for the Greek assumption that 
Earth resides in a central place. Water, being lighter, settled on top of earth, 
thus explaining oceans, while air settled above that to explain the atmo-
sphere. The element fi re, he claimed, naturally  rose away from the center, 
which is why fl ames jut upward into the sky. These incorrect ideas about 
physics, which  were not disproved until the time of Galileo and Newton al-
most 2,000 years later, caused Aristotle to reject the atomist idea of many 
worlds. If there  were more than one world, there would be more than one 
natural place for the elements to go, which would be a logical contradiction. 
Aristotle concluded: “The world must be unique. . . . There cannot be sev-
eral worlds.”

Aristotle also came to a very different conclusion than the atomists 
about the nature of the sky. Because he had natural places for all four ele-
ments to go, he concluded that the heavens must be made of something 
 else, which he called the ether (literally, “upper air”). That’s how the word 
ethereal came to mean “heavenly.” You may also recognize that the ether 
was in a sense a fi fth element after fi re, water, earth, and air, thus explain-
ing how the word quintessence—which literally means “fi fth  element”—
came to be associated with heavenly perfection.

Interestingly, Aristotle’s philosophies  were not particularly infl uential 
until many centuries after his death, when his books  were fi nally trans-
lated into Latin and came to the attention of people like Saint Albertus 
Magnus and one of his students, Saint Thomas Aquinas (1225–1274). Aqui-
nas found Aristotle’s philosophy particularly appealing and integrated it 
into Christian theology. The contradiction between the Aristotelian notion 
of a single world surrounded by heavens and the atomist notion of many 
worlds in an infi nite universe became a subject of great concern to Christian 
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theologians. Many even argued that extraterrestrial life could not be possi-
ble because it would contradict the Aristotelian notions of Earth and 
heaven. While a few biblical fundamentalists still take this position, it’s 
fairly clear that the Bible itself does not weigh in on the question of life be-
yond Earth. As a result, today you can fi nd fundamentalist Christians who 
also believe in UFOs.

From my own standpoint, the most fascinating part of this historical de-
bate is that it continued for some two thousand years and led many people 
to question the very foundations of theology, even though it not only 
lacked any facts to back it up but was based on something that we now 
know to be patently untrue: Earth is not the center of the universe, after 
all. You might think this would have been a lesson learned for later genera-
tions, but sadly, we humans never learn quite so easily.

If Aristotle Was Wrong . . . 

In 1543, Nicholas Copernicus published De Revolutionibus Orbium Coeles-
tium (“Concerning the Revolutions of the Heavenly Spheres”), a book in 
which he made the radical suggestion that Earth was not in fact the center 
of the universe, but instead was one of the planets going around the Sun. 
It was not an entirely new idea; some 1,800 years earlier, a Greek phi los o-
pher named Aristarchus (c. 310–230 b.c.) had proposed the same thing, 
and Copernicus was aware of Aristarchus’s work when he wrote his book. 
However, while Aristarchus had little success in convincing any of his 
contemporaries of the idea’s validity, Copernicus started a revolution. It 
took a few de cades and the help of people like Tycho Brahe, Kepler, and 
Galileo, but by the  mid- 1600s the idea of an  Earth- centered universe was 
essentially dead.

The death of the  Earth- centered idea had many profound, philosophical 
implications. Among other things, it forced a redefi nition of the word “planet”: 
Instead of being something that moved relative to the stars in our sky, it 
came to mean an object that orbits the Sun. Placing Earth among the plan-
ets also provided the fi rst actual evidence with which scientists could eval-
uate the ancient debate between Aristotle and the atomists, and the verdict 
 couldn’t have been more clear: Aristotle was wrong, because his entire ar-
gument for Earth’s uniqueness had been based on the suddenly discredited 
idea that it was located at the center of the universe.

Of course, the fact that Aristotle was wrong did not automatically mean 
that the atomists had been right, but many of the Copernican era scientists 



assumed that they had been. Galileo suggested that lunar features he saw 
through his telescope might be land and water much like that on Earth. Ke-
pler agreed and went further, suggesting that the Moon had an atmosphere 
and was inhabited by intelligent beings. Kepler even wrote a science fi ction 
story, “Somnium” (“The Dream”), in which he imagined a trip to the 
Moon and described the lunar inhabitants.

Later scientists took the atomist belief even further. William Herschel 
(1738–1822), most famous as  co- discoverer (with his sister Caroline) of the 
planet Uranus, assumed that all the planets  were inhabited. In the late 
nineteenth century, Percival Lowell famously imagined seeing canals on 
Mars, attributing them to an advanced Martian civilization, an idea that 
led H. G. Wells to write The War of the Worlds.

If all this debate about extraterrestrial life shows anything, it’s probably 
this: It’s possible to argue almost endlessly, as long as there are no actual 
facts to get in the way. With hindsight, it’s easy for us to see that every-
thing from the musings of the ancient Greek atomists to the Martian ca-
nals of Percival Lowell  were based more on hopes and beliefs than on any 
type of real evidence.

Nevertheless, the Copernican revolution really did mark a turning point 
in the debate about extraterrestrial life. For the fi rst time, it was possible to 
test one of the ancient  ideas—Aristotle’s—and its failure led it to be dis-
carded. And while the Copernican revolution did not tell us whether the at-
omists had been right about life, it did make clear that the Moon and the 
planets really are other worlds, not mere lights in the sky. This fact alone 
made it plausible to imagine life elsewhere in our solar system, even if we 
still knew little about the nature of those worlds.

The Nature of Worlds

The  post- Copernican optimism regarding life on other worlds of our solar 
system never fully subsided, as even today we regard a few  places—such as 
Mars, Europa, and  Titan—as potential homes for life. Nevertheless, scien-
tifi c enthusiasm for life in our solar system dampened signifi cantly during 
much of the twentieth century. Improvements in telescopic technology 
gave us better images of the Moon and planets, and scientists learned to 
use techniques of  spectroscopy—the dispersal of light into a  rainbow- like 
 spectrum—to learn about the composition and other properties of distant 
worlds.

8  chapter 1



Worlds beyond Imagination  9

Images and spectra quickly ruled out the idea of oceans and atmosphere 
on the Moon, and it likewise became clear that Lowell’s Martian canals 
simply did not exist. Spectroscopy helped scientists discover that Venus is a 
searing hot house, making life of any kind seem highly unlikely. By the 
 mid- 1960s, the advent of the space age had brought us our fi rst  close- up 
images of Mars, revealing a landscape littered with craters. Not only was 
there no sign of civilization, but the absence of liquid water made prospects 
look bleak even for much simpler forms of Martian life. Other worlds of-
fered little more encouragement, as we soon realized that, in our solar sys-
tem at least, surface liquid water is unique to Earth.

The Copernican revolution also opened the possibility of life among the 
stars. Once we learned that stars are distant suns, it seemed plausible to 
imagine that other stars could have their own planets, perhaps with life. 
However, even this idea suffered during the fi rst half of the twentieth cen-
tury, a time during which many scientists thought our solar system might 
have been created by a rare  near- collision between stars. Calculations showed 
that if our planetary system was born in such a stellar collision, the odds 
 were long against there being even a single other planetary system among 
the stars visible in the night sky. Prospects of life within our solar system 
looked dim, and prospects of worlds beyond seemed even dimmer. No won-
der that scientists in the  mid- twentieth century paid fairly little attention 
to the search for life beyond Earth.

So what changed to make extraterrestrial life such a hot topic of scientifi c 
research today? A lot. As we learned more about our own solar system, we 
began to realize that other planetary systems probably are not uncommon, 
making it seem much more reasonable that other stars could have  Earth- like 
planets. Moreover, while we now have enough spacecraft images to say con-
fi dently that no other world in our solar system has ever been home to a civi-
lization,  we’ve also learned that at least a few worlds have conditions that 
might allow for life of some kind. At the same time, astronomers began to 
get a real handle on the size and age of the universe, demonstrating not only 
that there must be an enormous number of worlds on which life might have 
arisen, but also that there has been plenty of time for life to arise and evolve. 
Meanwhile, as biologists learned more about the nature of life on Earth, we 
began to realize that humans and other animals are not really “typical” of 
most life. Instead, most life is microscopic, and lives under conditions that 
would seem quite alien to  us—so alien that it suddenly became plausible to 
imagine life surviving under the harsh conditions of places like Mars. Let’s 
discuss these ideas in a little more depth, so that you will understand why, 



 here at the dawn of the third millennium, it seems eminently reasonable to 
imagine that we’ll soon discover life beyond Earth.

The Planetary Context

Science often progresses in fi ts and starts, and the question of the origin of 
our solar system is a good case in point. Today, scientists think that our so-
lar system formed from the gravitational contraction of a giant cloud of gas 
and dust fl oating in interstellar space. This basic idea was fi rst proposed 
in 1755 by the German phi los o pher Immanuel Kant (1724–1804). About 
40 years later, French mathematician  Pierre- Simon Laplace (1749–1827) 
put forth the same idea in de pen dently.

According to the idea of Kant and Laplace, the Sun and the planets 
formed naturally as a result of pro cesses that should occur in any collaps-
ing cloud of interstellar gas. Their idea therefore leads almost automati-
cally to the conclusion that other stars should have formed similarly to our 
own Sun and should be similarly surrounded by planets. However, while 
Kant and Laplace had an idea that we now believe to be correct, they  were 
unable to back their idea with much in the way of evidence. Moreover, La-
place proposed a specifi c mechanism by which he claimed the planets  were 
made; by the early twentieth century, other scientists had concluded that 
the mechanism could not really work as Laplace had thought.

With no real evidence to back the  Kant- Laplace hypothesis and at least 
some reason to think that it could not work,  early- twentieth- century sci-
entists sought alternate explanations for the birth of our solar system. 
Many began to favor an even older idea: In 1745, ten years before the pub-
lication of Kant’s hypothesis, French scientist Georges Buffon (1707–1788) 
suggested that the planets had been born when a massive object collided 
with the Sun and splashed out debris that coalesced into the planets. In the 
 twentieth- century version of Buffon’s idea, a direct collision was no longer 
necessary; instead, scientists imagined that the planets formed from blobs 
of gas that  were gravitationally pulled out of the Sun during a  near-
 collision with another star. As I noted earlier, the  near- collision idea would 
have had dire consequences for the possibility of fi nding other  Earth- like 
planets and life, because it would have meant that planets could form only 
in exceedingly rare events rather than as a natural part of the star forma-
tion pro cess.

The ascendance of the  near- collision hypothesis caused scientists to 
study it in much more depth, and to try to work out the precise physics by 
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which the planets would have formed. As the calculations improved, the 
 near- collision idea began to run into problems similar to those that had ear-
lier plagued the  Kant- Laplace hypothesis. In par tic u lar, try as they might, 
scientists could not come up with any way by which a  near- collision could 
explain either the precise orbits of the planets in our solar system or the fact 
that the four inner planets (Mercury, Venus, Earth, and Mars) are made 
mostly of rock, while the four large outer planets (Jupiter, Saturn, Uranus, 
and Neptune) contain huge amounts of hydrogen and helium gas.

It was back to the drawing board, or more accurately, back to reconsider 
old ideas in a new light. The same efforts at calculation that led scientists to 
conclude that the  near- collision idea would not work also helped them real-
ize that Laplace’s specifi c mechanism might not be the only way to form 
planets from a collapsing gas cloud. As they worked out the details anew, 
scientists soon found that the  Kant- Laplace idea could explain nearly all the 
observed characteristics of our solar system. The idea returned to favor.

In science, it is diffi cult if not impossible ever to prove an idea true be-
yond all doubt. Nevertheless, it now seems a near certainty that our solar 
system did indeed form from the gravitational collapse of an interstellar 
gas cloud. Like any idea in science, this one has gained support because of 
evidence. In this case, the evidence is so overwhelming that the idea has 
risen in status to become what scientists call a theory. Note that, by this 
scientifi c defi nition, a theory is very different from a guess or a hypothesis; 
it is an idea that has been carefully checked and tested and that has passed 
every test yet presented to it. As we’ll discuss more later, this difference in 
the way scientists defi ne theory from the way it tends to be defi ned in ev-
eryday language explains why things like stickers reading “it’s only a the-
ory” don’t make any scientifi c sense.

Part of the support for our current theory of the solar system’s birth lies 
in the fact that it explains so many characteristics of our own solar system. 
Perhaps more important, the theory makes predictions that have been borne 
out with recent observations. In par tic u lar, it predicts that other star sys-
tems should form similarly from clouds of interstellar gas and that planets 
should be common around other stars. Both predictions have been verifi ed. 
Scientists using the Hubble Space Telescope and other observatories have 
photographed stars that are in the pro cess of being born today. These stars 
are clearly forming from the gravitational collapse of gas clouds, and they 
are forming in just the way our theory predicts they should form, with the 
stars surrounded by spinning disks of material just like the disk in which 
we think the planets of our own solar system formed. While these observa-
tions prove only that other stars have the potential to have planets around 



them, recent discoveries of bona fi de planets demonstrate that, in at least 
some cases, the potential becomes a reality.

As recently as 1995, we still did not know for certain whether planets 
like those that orbit our Sun existed around any other star. In the little 
over a de cade since, discoveries of extrasolar  planets—planets in other so-
lar  systems—have come so rapidly that we now know of far more planets 
outside our solar system than within it. So far, most of these new planets 
are closer in size to Jupiter than to Earth, but that is probably just an arti-
fact of the remarkable technology required to fi nd them. I’ll discuss this 
technology in some depth in chapter 8, but for now I can put it to you like 
this: Detecting a planet the size of Jupiter in another star system is rather 
like detecting a marble in a haystack from a distance of thousands of miles 
away. It is truly astonishing that we can now do this successfully for many 
 Jupiter- size planets, and perhaps not too surprising that we cannot yet do 
it for planets the size of Earth, which would be like pinheads in the same 
haystack. Scientists are rapidly improving their  planet- detection capabili-
ties, however, and a NASA mission called Kepler, scheduled for launch in 
2009, ought to be capable of fi nding at least a few  Earth- size planets. Thus, 
if all goes well, within the next 5 to 10 years we will have a defi nitive an-
swer to the question of whether planets similar in size to Earth exist 
around other stars. I’d bet my shirt that the answer will be “yes.”

At the same time that  we’ve been learning that planetary systems ought 
to be common,  we’ve also been learning much more about what makes 
planets tick. In the inner solar system, we now understand why Venus is so 
much hotter than Earth, despite the fact that, relatively speaking, it is only 
slightly closer to the Sun. We understand why the Moon is desolate, even 
though it is essentially at exactly the same distance as Earth from the Sun. 
We even think we understand why Mars is cold and dry today, but shows 
clear evidence of having had rivers and perhaps seas in the distant past. In 
the outer solar system, we now understand why the large outer planets 
have moons that in some cases (such as Europa) might have underground 
oceans. This general understanding of planetary science means that we 
can evaluate the different worlds of our solar system in terms or their po-
tential suitability for life, even though we are not yet capable of making 
defi nitive searches for life. The preliminary indications are  promising—
while we don’t expect to fi nd anything large or complex, at least a few 
other worlds in our own solar system seem good candidates for simple or 
microscopic life.

If you put all these ideas together, the planetary context for the search 
for life beyond Earth boils down to these three facts: First, there is at 
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least some possibility that other worlds in our own solar system are capa-
ble of harboring life, although it would probably be very primitive life. 
Second, it is virtually inevitable that planets similar to those in our solar 
system exist in other star systems, making primitive life equally likely in 
those systems. Third, while we do not yet know it for sure, it seems likely 
that planets very much like Earth exist in many other star systems, 
opening up the possibility that they could harbor abundant and complex 
 life—and perhaps even beings curious about whether life exists beyond 
their own world.

The Astronomical Context

The planetary context tells us that it is reasonable to imagine planets with 
life around other stars. But if we really want to understand just how rea-
sonable it is, we need to turn to astronomy. Perhaps my background as an 
astronomer makes me biased, but it is the astronomical context that I fi nd 
the most amazing of all.

The night sky may seem crowded with stars, but even under the best of 
conditions, you can see no more than a few thousand stars with your naked 
eye. If you want to understand the real meaning of the word “astronomi-
cal,” you need to think about what lies beyond the naked eye limit.

I like to think about our place in the universe by considering what you 
might call our “cosmic address” (fi gure 1.1). We live on a planet, Earth, 
that is the third planet out from the star that we call the Sun. Our Sun, in 
turn, is one of a vast collection of stars that make up what we call the 
Milky Way Galaxy. Our galaxy travels through the universe along with 
about 40 other galaxies that, together, make up what astronomers call the 
Local Group of galaxies. Most other galaxies also reside in groups, which 
are called clusters when they have hundreds or thousands rather than just 
dozens of member galaxies. Groups and clusters are also grouped together, 
making what astronomers call superclusters of galaxies. Together, all the 
superclusters and all the spaces between them make up what we call our 
universe.

In terms of possibilities for life in the universe, the fi rst thing to under-
stand is that the universe is big, really BIG. I’ll talk more about the scale of 
the universe in chapter 3, but for now let’s just think about the number of 
stars and planets, starting with our own Milky Way Galaxy.

We do not know the precise number of stars in our galaxy, but it is at 
least 100 billion and perhaps one trillion or more. Are you wondering why 



we don’t know the exact number? Imagine that you are having diffi culty 
falling asleep to night, perhaps because you are contemplating the possibili-
ties of life beyond Earth. Instead of counting sheep, you decide to count 
stars. Let’s be conservative, and suppose that our galaxy has only our min-
imum number of 100 billion stars. How long would it take you to count 
them? If you could count them at a rate of one per second, then it would 

approx. size: 1021 km

approx. size: 3 x 1019 km

approx. size: 1018 km

approx. size: 1010 km

approx. size: 104 km

Local Supercluster

Local Group

Milky Way Galaxy

Earth

Solar System
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Figure 1.1. Our cosmic address. (Illustration courtesy of Addison Wesley, 
an imprint of Pearson Education)
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 obviously take you 100 billion seconds.3 But how long is that? You can get 
the answer quite easily by dividing 100 billion seconds by 60 seconds per 
minute, 60 minutes per hour, 24 hours per day, and 365 days per year. If 
you do this calculation, you’ll fi nd that 100 billion seconds is nearly 3,200 
years. In other words, you would need thousands of years just to count the 
stars in the Milky Way Galaxy, let alone to study them or search their 
planets for signs of life. And this assumes you never take a  break—no 
sleeping, no eating, and absolutely no dying!

Now, take a look at the photo in color plate 1, which was made with 11 
days of exposure time by the Hubble Space Telescope. To understand what 
you are seeing in this photo, imagine holding a grain of sand at arm’s 
length against the sky; everything you see in this photograph would fi t 
within the fi eld of view directly behind that grain of sand. Almost every 
blob and dot that you see in the photo is an entire  galaxy—each with so 
many stars that it would take thousands of years just to count them. Try to 
imagine the total number of stars located in this  sand- grain- size piece of 
the sky, and then try to imagine the total number of stars in all directions 
around the entire sky. In truth, it’s unimaginable, but I’ll give you some-
thing that you can at least grasp onto: The total number of stars in the sky 
is roughly the same as the total number of grains of sand on all Earth’s 
beaches, put together.

With as many stars as grains of sand on all Earth’s beaches, it might 
seem almost impossible to believe that ours could be the only star orbited by 
a planet with life and a civilization. But numbers alone cannot tell the  whole 
story. After all, if our solar system is very different from  others—as would 
have been the case if, for example, the  near- collision idea for the birth of the 
planets had turned out to be  correct—then planets and life elsewhere might 
be quite unlikely. Since we do not yet have the ability to detect  Earth- like 
planets around even nearby stars, we have no direct data from which we can 
decide whether such planets are common. However, everything we have 
learned about the universe since the Copernican revolution all points in the 
same direction: While we do not yet have proof of the existence of other 
planets like ours, we should expect them to be fairly common.

3 When I give this question to children, they invariably object that they can count 
faster than that. However, while most kids can indeed count from 1 to 10 in less than 10 sec-
onds, I like to point out that it’s much more diffi cult to maintain a pace of one per second when 
you get to, say, “sixty- two billion, four hundred  seventy- nine million, three hundred  eighty-
 one thousand, fi ve hundred  forty- four” (and can you even remember what comes next?).



I say this because the central lesson of the Copernican revolution and 
nearly everything we have learned since has been that we are not central, 
after all. We are not the center of our solar system. Our Sun is not the cen-
ter of the Milky Way Galaxy. Our galaxy is not the center of the Local 
Group. The Local Group is not the center of the Local Supercluster. The Lo-
cal Supercluster is not the center of the universe; indeed, as we understand 
it today, the universe does not even have a center. Our place in the uni-
verse is completely ordinary, which makes it reasonable to think our planet 
is quite ordinary as well.

Could it be that, despite our ordinary location, there is something un-
usual about right  here? Observations say no. We can mea sure the chemical 
compositions of distant stars, gas clouds, and galaxies by studying their 
spectra. The results tell us that the composition of our Sun and solar sys-
tem are, like our location, ordinary. Spectra also tell us about the physical 
laws operating in distant objects; for example, if the laws of chemistry in 
distant stars  were different from those on Earth, we’d be able to tell be-
cause the spectra of chemical elements in those stars would be different 
from the spectra of the same elements on Earth. But they are not, demon-
strating that the same laws of nature act throughout the universe.

Our understanding of the origin of chemical elements gives us further 
reason to think that other stars should be like our Sun, making it possible 
for them to have planets like Earth. Observations show that chemical 
content of the universe consists almost entirely of just two elements: hy-
drogen and helium. These two lightest and simplest of the chemical ele-
ments make up at least 98 percent of the matter found in all stars and all 
gas clouds in space.4 All the rest of the elements, from the carbon and ox-
ygen that make up a large proportion of our bodies to the gold and silver 
that we wear as jewelry, make up no more than 2 percent of the overall 
chemical content of the universe. Moreover, we fi nd that older stars have 
even smaller proportions than younger stars of elements besides hydro-
gen and helium, suggesting that the heavier elements have somehow 
been manufactured through time. I won’t go into the details  here, but we 
now think we know how: They  were manufactured by nuclear fusion in 

4 When I speak of the chemical composition of the universe, I mean the “ordinary” mat-
ter made of atoms. As some readers may know, we now have reason to think that most of 
the mass of the universe consists of  so- called “dark matter,” which is presumably not chem-
ical in nature. But this matter is not found in planets or stars, and thus should have little 
bearing on the search for life.
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stars. In other words, we now think the universe was born containing 
only hydrogen and  helium, and the rest of the elements have been made 
by stars. This idea implies that the same elements should be found in the 
same proportions everywhere, because the basic nature of stars is the 
same everywhere. It also implies that almost every atom in our bodies 
and in our planet Earth (except for the hydrogen) was made inside a star 
that lived and died before our Sun was born. As Carl Sagan was fond of 
saying, we are “star stuff.”

Given that we live in an ordinary location in a solar system with ordi-
nary composition and that the same laws act in all the other ordinary loca-
tions, is there anything  else that could make our situation unusual? Some 
people point to time, but there’s nothing special about the present, either: 
According to current understanding, our solar system was born about four 
and a half billion years ago, at a time when the universe as a  whole was al-
ready nearly 10 billion years old. In other words, most of the stars in the 
universe are older than our own Sun, so even if life needs billions of years 
to arise and evolve into intelligence, plenty of stars with plenty of planets 
should have had plenty of time.

The last refuge of those who want to believe that our circumstances 
are unique is to imagine that it is some combination of multiple factors 
that, together, makes planets like Earth extremely rare. Proponents of 
this “rare Earth” hypothesis make some very interesting arguments, 
though as we’ll see in chapter 8, there are also seemingly good counterar-
guments to each point they raise. Scientifi cally speaking, we simply do 
not yet have enough data to decide whether the rare Earth arguments 
have merit. But philosophically, and to remove the suspense, I’ll tell you 
where I stand right now: For thousands of years, people have used every 
argument at their disposal to make the case that we humans somehow 
hold a central or special place in our universe. And every time that data 
have allowed us to evaluate one of those arguments in detail, the argu-
ments have turned out to be fl awed, removing us from our central place. 
I don’t think the fate of the new “rare Earth” arguments will be any dif-
ferent from the fate of Aristotle’s arguments about why other worlds 
could not exist at all.

So now you know how this chapter got its title: Like the number of grains 
of sand on all the beaches on Earth, our universe is fi lled with worlds that are 
truly beyond imagination. Neither I nor anyone  else can yet prove that even 
a single one of those worlds harbors even the most primitive  single- celled 
 organisms, but it sure seems worth looking.



The Biological Context

Together, the planetary and astronomical contexts tell us that we should 
expect to fi nd lots of planets that are capable of harboring life. But the 
potential to have life and actually having life are not the same thing. 
Could it be that, even under perfect conditions, biology is extremely 
rare?

Until just a few de cades ago, we did not even know where to start in ad-
dressing this question. The theory of evolution told us how life gradually 
changed through time, but by itself it gave no clue as to how life got started 
in the fi rst place. The existence of life, with all of its biochemical complex-
ity, remained beyond scientifi c understanding.

We still do not know how life on Earth got started, and it’s possible that 
we never will. Nevertheless, recent biological discoveries give us at least 
some reason to think that life could prove to be almost as common as 
worlds capable of harboring it. Three lines of evidence point us in this 
direction.

First, laboratory experiments have demonstrated that chemical constitu-
ents found on the early Earth would have combined readily into more com-
plex organic (carbon- based) molecules, including virtually all the building 
blocks of life (such as amino acids, nucleic acids, sugars, and lipids). Indeed, 
scientists have found organic molecules in meteorites and, through spec-
troscopy, in clouds of gas between the stars. The fact that organic molecules 
form even under the extreme conditions of space suggests that they form 
quite readily. In that case, the building blocks of life should be present on 
many worlds.

Of course, the mere presence of organic molecules does not necessarily 
mean that life will arise, but the history of life on Earth gives us some rea-
son to think that it will. The relevant evidence comes from geological stud-
ies of the early Earth which, as we’ll discuss further in chapter 5, tell us 
that life on Earth arose almost as early as it possibly could have after the 
Earth’s formation. What does this early arrival of life on Earth prove? Ab-
solutely nothing, because you cannot draw general conclusions from the 
single example of Earth. Nevertheless, it is at least suggestive of the idea 
that it’s fairly easy for a planet to go from simply having organic material 
to actually having life. If the transition from organic chemistry to biology 
 were diffi cult, we might expect that it would have required much more 
time. While we cannot say anything defi nitively, the early origin of life on 
Earth makes it reasonable to think that life would emerge just as quickly 
on other worlds with similar conditions.
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If life really can emerge easily under the right conditions, the only re-
maining question is the prevalence of those “right” conditions.  Here, too, 
recent discoveries give us reason to think that biology could be common. In 
par tic u lar, biologists have found that life can survive and prosper under a 
much wider range of conditions than was believed only a few de cades ago. 
For example, we now know that life exists in extremely hot water near 
 deep- sea volcanic vents, in the frigid conditions of Antarctica, and inside 
rocks buried a mile or more beneath the Earth’s surface. If we  were to ex-
port the strange organisms that live in these extreme environments to 
other worlds in our solar  system—perhaps to Mars or  Europa—it seems 
possible that at least some of them would survive. This suggests that the 
range of “right” conditions for life may be quite broad, in which case it 
might be possible to fi nd life even on planets that are quite different in 
character from Earth. Figure 1.2 summarizes the three lines of evidence 
that suggest life could be common.

Now, before we go any further, it’s important to address a question that 
is probably on many of your minds: Where does God fi t into this picture? 
The way I’ve described the possibility of getting life, it may sound like it 
requires nothing more than random interactions of atoms, much as the 
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Figure 1.2. Three lines of evidence that give us at least some reason to 
think that biology may be common in the universe. (Illustration cour-
tesy of Addison Wesley, an imprint of Pearson Education.)



Greek atomists might have claimed some 2,300 years ago. But if you’ve fol-
lowed my words closely, you’ll see that I’ve said no such thing. In essence, 
we are still in the same place as Kepler and Galileo after they confi rmed the 
Copernican idea: We know that Aristotle was wrong, but that  doesn’t nec-
essarily mean the atomists  were right. As far as current scientifi c evidence 
goes, we have no means of distinguishing whether we are a random acci-
dent in a universe without purpose or the pinnacle of creation in a miracu-
lous pro cess that God has directed from start to fi nish. So if a scientist tries 
to tell you that there’s no room for God in our present understanding of 
life and evolution, he’s just plain wrong: We may not have any scientifi c 
evidence of a role for God, but neither do we have any scientifi c evidence 
against it.

Of course, the same idea should also hold on the other side. The Bible is 
a complex and beautiful book that different people can interpret quite dif-
ferently, even while believing that it is the word of God. Pope John Paul II, 
for example, believed in the literal truth of the Bible yet saw no contradic-
tion between that truth and the scientifi c theory of evolution. If someone 
tries to tell you that science and evolution contradict the Bible, you can be 
quite certain that they are expressing their personal interpretation of God’s 
words, not the actual words themselves. You can be a good  Christian—or a 
good Jew, good Muslim, good Buddhist, or anything  else—and a good sci-
entist at the same time.

Indeed, the lack of confl ict between science and religion seems to me so 
 self- evident that I’m fl abbergasted at the fact that not everyone  else sees it 
the same way.  Can’t everyone just calm down, and realize that science and 
religion do not pose threats to one another? I say these things not just be-
cause I enjoy getting up on my soapbox (I admit it), but because I don’t want 
anyone to miss out on the human joy of science. I am a scientist because I 
fi nd the pro cess of discovery to be inherently exciting, and I’m a writer be-
cause I want to share that excitement with others. I’ve chosen to write about 
the scientifi c search for life in the universe because, in my opinion, it is a 
topic brimming with more excitement than any other. It may not qualify as 
the greatest story ever told, but it’s a darn good one, and if and when we fi nd 
other life or other civilizations, I believe that it will cause a revolution in the 
way we think about ourselves that will be every bit as profound as the revo-
lution that occurred some 400 years ago when we learned that Earth moves. 
I’d like to think that everyone, regardless of culture or religion, can be a 
part of this ongoing story of discovery. So perhaps I’m too naive . . . but, at 
least, I hope that those of you with deeply religious beliefs will not feel 
threatened by reading the rest of this book.
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Beyond UFOs

I’ve briefl y addressed religion, so now there’s one more group of people I 
need to address before we go on: the roughly half of the public who, accord-
ing to polls, believe we are already being visited by UFOs. Rest easy, be-
cause I will not tell you that you are wrong.

How could I? I’ve spent the entire chapter explaining why, according to 
current scientifi c understanding, it is eminently reasonable to think that life 
could be quite common on worlds that number beyond imagination. And 
while we  haven’t yet discussed the scientifi c issues that differentiate get-
ting intelligent life and civilizations from just getting life of some kind 
(that will come in chapters 5 and 9), sheer numbers suggest that if life is 
very common, civilizations ought to be at least somewhat common. More-
over, if civilizations are common, the age of the universe ought to ensure 
that many of them have had time to advance far beyond us technologically, 
in which case they might well have the ability to travel from their home 
worlds to  here. As I see it, it would not be at all surprising if aliens really 
are visiting Earth.

Still, I am personally very skeptical of any and all the claims I’ve ever 
heard of UFOs and other alien visitation to Earth. This might sound strange: 
How can I say that alien visitation is likely and then, in nearly the same 
breath, doubt the reports of visits? My answer is twofold. First, there’s the 
issue of evidence. In science, we  can’t accept an idea just because it’s reason-
able; we need verifi able evidence, and the evidence presented for UFOs just 
 doesn’t mea sure up to scientifi c standards. Second, once you understand the 
technology that aliens must have if they really are visiting us, you’ll see 
that most of the claims that people make about the supposed visits don’t 
make any sense. But don’t just take my word for these things now; read on, 
and in the next two chapters I’ll explain these ideas and their remarkable 
consequences.



2
What Makes It Science?

All our science, mea sured against reality, is primi-
tive and  childlike—and yet it is the most precious 
thing we have.

—Albert Einstein

I’d always wanted to see a real  UFO—something in the sky that I could not 
explain and that would therefore qualify as an unidentifi ed fl ying object. 
Then, even without proof, I could at least hope that I’d seen an alien space-
craft. For most of my life, it never happened. Sure, I saw lots of strange 
things in the sky. But with a little thought, I’d soon conclude that I’d only 
seen a distant airplane or a rocket trail or the planet Venus seeming to dart 
about as clouds passed in front of it. Ironically, I fi nally saw my fi rst UFO 
just a few weeks after I started working on this book.

I was outside with my then 6- year- old son, Grant, watching the stars in 
the predawn sky. Venus was shining brightly in the east, which made me 
do a double take when I suddenly saw another object shining just as brightly 
in the west. Over the next few seconds, the object grew brighter and 
brighter until it was by far the brightest object in the sky. I called to Grant 
to look over at it. “Wow!” he said. Then, as quickly as it had brightened, it 
faded away. To my eyes it merely disappeared. But Grant, who as a child 
has much better night vision, said it darted off to the right as it vanished 
from view. The entire episode lasted no more than about 10 seconds.

No airplane could have moved in that way, nor could it have been a sat-
ellite or rocket trail. It  wasn’t a planet, and it  wasn’t a cloud. In fact, my fi rst 
thought as I watched it brighten was that I was witnessing the explosion of 
a distant  star—a nova or a supernova. But its rapid disappearance ruled out 
this idea, because stellar explosions take days or weeks to fade from view. 
So what was it? Had I fi nally witnessed an alien spacecraft fl ying in for a 
quick glimpse of my town?
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Possibly, but I also came up with an alternative explanation. I love my 
sleep almost as much as I love the stars, and we  were outside at 4 am only 
because it was the night of the annual Perseid meteor shower. By the time 
we saw the strange light, Grant and I had already seen a couple dozen me-
teors streaking across the sky. Could our strange light simply have been 
another meteor?

Meteors are created when  pebble- size pieces of dust from space burn up 
high in our atmosphere. Particles of space dust typically plunge into the at-
mosphere at a speed in excess of 30,000 miles per hour. This high speed 
generates intense friction, making the air around the particle so hot that it 
glows. In other words, the fl ash of a meteor is the glow of hot air surround-
ing a  high- speed particle, rather than the particle itself. The fl ash ends 
when the particle has fully disintegrated. Most of the dust particles that 
crash into Earth  were shed by comets that passed near Earth’s orbit. We get 
annual meteor showers because our planet crosses the same trails of comet 
dust at the same time each year. The Perseid meteors get their name be-
cause the geometry of the meteor shower makes the meteors appear to em-
anate from the constellation Perseus as they burn up in the atmosphere.

The trouble with thinking of my light in the sky as a meteor is that it 
didn’t act like a Perseid meteor should. It did not streak across the sky, and 
it did not appear to come from the direction of Perseus. In fact, because it 
appeared to stay nearly stationary as it brightened and faded, it could have 
been a meteor only if had been coming almost straight toward us, so that it 
would appear motionless but brighter as it came closer. Even then, I still 
don’t have a good explanation for the sudden movement that Grant saw at 
the end. Perhaps what he saw was a secondary fl ash as a fragment of the 
dust particle fl ew off in one direction. Or perhaps he saw an illusion created 
by the movement of his own head.

The bottom line is that I cannot conclusively identify the light I saw in 
the sky as a meteor or as anything  else, which means I can truly claim to 
have seen an unidentifi ed fl ying object. However, I cannot automatically 
conclude that my UFO was an alien spacecraft. It might indeed have been 
evidence of alien visitation, but it might also have been a rather unusual 
meteor. The heart of science lies in the way we choose among such compet-
ing explanations.

If I let my wishes get the best of me, I would choose the explanation of 
alien visitors. After all, I really want to believe that the universe is full of 
life and that we’ll someday make contact with other civilizations. If I could 
just accept the idea that I experienced such contact on the night when I saw 



the light in the sky, then I could join the legions of people who believe with 
all their hearts that aliens are  here among us.

But I’m either blessed or cursed with a scientifi c mind, and I’d therefore 
bet about 25 million to one that my UFO was actually an unusual meteor 
rather than an alien spacecraft. Why? Because every day, about 25 million 
pieces of space dust enter the atmosphere and burn up as meteors some-
where in Earth’s sky. It seems far more reasonable to think that I saw an 
odd one among those 25 million rather than something as extraordinary as 
beings from another world. I’m reminded of a dictum from the great Carl 
Sagan: “Extraordinary claims require extraordinary evidence.”

I tell this story not to discredit other UFO sightings but rather to em-
phasize what I consider to be the most basic difference between science and 
beliefs. Science is supposed to be based on verifi able evidence, while beliefs 
are matters of faith or opinion. I could believe with all my heart that I re-
ally did see an alien spacecraft, but if you don’t believe me, there’s nothing 
that either of us can do to convince the other. For an idea to be science, it 
has to be something that we can come to agreement on, at least in principle, 
by comparing notes on evidence that we both can study.

The idea that science is a way of helping people come to agreement may 
seem surprising in light of the cultural wars we often read about in the 
news, but it explains why science has been so successful in advancing hu-
man knowledge. Think back to the debate between Aristotle and the atom-
ists over the question of whether there could be worlds beyond Earth. For 
nearly 2,000 years, this ongoing debate went essentially nowhere, because 
there was no way for the two sides to come to agreement on any of the is-
sues involved. But as soon as we had solid, verifi able evidence showing that 
Earth is a planet going around the Sun, we knew that Aristotle’s position 
had been wrong. To be fair, while Aristotle turned out to be fundamentally 
incorrect in many of his beliefs about physics and astronomy, he was actu-
ally quite a good observer and made many important discoveries in other 
subject areas. In biology, for example, he correctly described numerous 
 relationships between species. Where he erred, he did so because he had 
nothing solid to go on. If Aristotle could have returned to life in the  mid-
 1600s and examined the overwhelming evidence demonstrating that Earth 
is not the center of the universe, I think he would have been quite con-
vinced. The evidence certainly convinced the scientifi c community, and the 
agreement on this point led people to ask new questions, such as what holds 
Earth in its orbit as it goes around the Sun. The quest to answer these new 
questions ignited the scientifi c and technological revolution that has made 
our civilization what it is today.
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OK, you may ask, but if science is supposed to help people come to 
agreement, why does it so often seem to do the opposite? Why, for exam-
ple, do some religious people think that science is out to destroy their faith, 
and why do so many UFO believers think that science is trying to hide the 
truth from them? Honestly, I don’t really know, but my suspicion is that 
those who feel threatened by science don’t really understand it. If they did, 
they’d realize that science is indeed a tool for bringing people together with 
common understandings. I doubt that anyone could fi nd fault with that, no 
matter what their personal views of God.

So as I step back down off my soapbox, you can probably see where 
 we’re going next. If I’m going to achieve this book’s stated goal of helping 
you understand what science really tells us about extraterrestrial life, we 
need to be very clear about what science is and what it is not. Otherwise, 
we’ll be stuck like Aristotle and the atomists in endless debate over things 
like my UFO in the night sky, talking and talking but never actually learn-
ing anything.

The Ancient Roots of Science

Just as we can understand a fellow human being better by knowing what 
she experienced in childhood, we can understand science better if we un-
derstand how it grew up. Science grew up primarily through attempts to 
understand the motions of the Sun, Moon, planets, and stars in the sky.

Why is it that astronomy was so important to ancient people? The fi rst 
answer was practicality. In the days before mechanical and electronic de-
vices, the only clocks and calendars  were in the sky. If you wanted to know 
the time of day or the time of  year—clearly critical information for agrar-
ian  societies—you had to know how to read them from careful observa-
tions of the Sun’s position in the sky. Around the world, you can still see 
many amazing structures constructed largely for the purpose of telling the 
time or date by the Sun; famous examples include Stonehenge, Egyptian 
obelisks, and the Native American Sun Dagger in New Mexico. The Moon 
was only slightly less important. Many civilizations grew up along coast-
lines, so keeping track of the Moon enabled them to predict and work with 
the tides.

The practical importance of marking the motions of the heavens did not 
automatically mean that people needed to understand why the movements 
occurred. After all, you can use a watch without knowing what’s going 
on inside of it. But just as many kids like to take watches apart to see 



what makes them tick, ancient people  were curious about the clockwork of 
the sky.

Early on, in what we might call mythological times, people tended to 
attribute what they saw in the sky to the supernatural. If you imagined 
the Sun or the planets as gods, it was easy to “explain” their motions as the 
prerogative of those gods. Science began as people tried to move beyond 
the supernatural, instead trying to come up with physical mechanisms by 
which they could not only explain what they saw in the sky but also pre-
dict what they would see in the future. Because most ancient cultures left 
relatively few written  records—and those few  were more likely to be 
about politics or religion than about the search for physical  explanations—
we really do not know how many people in how many different cultures 
might have been early practitioners of science. What we do know is that 
this type of science was under way in Greece by about 500 b.c., and that 
we can trace a nearly straight line from the ancient Greek meditations to 
the methods of modern science.

As we discussed briefl y in chapter 1, the Greeks generally assumed 
that Earth lay unmoving at the center of the universe, a very natural idea 
given that our world feels quite stationary and the sky appears to circle 
around us. But if they  were actually going to predict the future positions 
of the Sun, Moon, and planets in the sky, the Greeks needed much more 
than just this idea. They needed a physical model of the universe, one 
that would allow them to calculate future positions with the aid of 
mathematics.

The fi rst step in creating such a model is to search for patterns of motion 
that the model must explain. The motion of the stars was very easy: The 
stars stay fi xed in the same constellations from night to night and year to 
year, and all seem simply to circle around our world once each day. Thus, to 
explain the motions of the stars, the Greeks envisioned a great, rotating ce-
lestial sphere surrounding our central world, with the stars arranged on 
the great sphere in the patterns of the constellations.

The Sun follows an only slightly more complex pattern of motion in our 
sky: It circles daily around us much like any star, but over the course of the 
year it gradually moves through the constellations along the path that we 
call the ecliptic. The Greek phi los o phers could explain this motion by imag-
ining that the Sun turned around Earth on its own sphere, with the turning 
rate tuned so that from our viewpoint it reproduced the Sun’s annual mo-
tion along the ecliptic. A third sphere took care of the Moon, which also 
moves steadily through the constellations, though not precisely on the same 
path from one month to the next.
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The real diffi culties for the Greek model came with the planets. Unlike 
the Sun and Moon, the planets do not move steadily through the constella-
tions. The Sun moves along the ecliptic at a rate of just under 1 degree 
per day, which is why it takes just a few more than 360 days to circle all 
the way around. The Moon moves through the constellations somewhat 
 faster—about 12 degrees per day, which is enough that you can notice this 
motion even on a single night by comparing the Moon’s position relative to 
a bright star early in the eve ning to its position a few hours later. The plan-
ets, in contrast, seem to move among the stars in a very erratic way. Some-
times they move relatively fast from one night to the next, other times 
more slowly. Most strangely of all, they sometimes reverse course entirely, 
moving “backward” relative to the stars for a few weeks or  months—a phe-
nomenon known as apparent retrograde motion. For example, the com-
posite photo in fi gure 2.1 shows Mars over a period of about six months; 
notice its retrograde loop in the middle, during which it turned around and 
moved “backward” compared to its normal direction of motion through 
the constellations.

This complex motion could not be explained just by adding another sphere 
for each planet, unless you  were to allow the sphere’s rate and direction of 
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Figure 2.1. This composite of 29 photographs, each taken at fi ve- to eight-
 day intervals, shows Mars between early June and late November 2003. 
Notice the period of “backward” motion in the middle of the loop. The 
white dots in a line just right of center are the planet Uranus, which by 
coincidence was in the same part of the sky. Photo by Tunc Tezel.



rotation to vary over time. But the Greeks did not allow such variations, in 
part because such arbitrary variations still  wouldn’t have offered a set of 
rules by which to predict future planetary positions, but more importantly 
because it would have violated a central tenet of Greek thought. In a doc-
trine enunciated most clearly by Plato (428–348 b.c.), the Greeks held that 
the heavens must be “perfect,” which they took to mean that heavenly ob-
jects must move in “perfect” circles with perfectly constant speeds. This 
doctrine was so deeply ingrained in Greek thought that, as far as we know, 
they never seriously considered dumping it, no matter how much it seemed 
to disagree with observations. And why did they hold this doctrine so 
dear? We really don’t know; they just did. It certainly  wasn’t backed by any 
actual evidence. It was just something they believed.

In any event, faced with the reality that the planets sometimes move 
backward relative to the stars, the Greeks faced essentially two choices for 
how they could go about trying to explain this phenomenon. Behind Door 
#1 (so to speak) lay the choice that we now know to be the truth: The plan-
ets don’t really ever go backward, they just seem to as we pass by them in 
our orbit of the Sun. You can see how this works with the simple demon-
stration shown fi gure 2.2. Have a friend walk in a circle to represent Mars’s 
orbit while you walk in a circle to represent Earth’s orbit; be sure you walk 
faster than your friend, since inner planets orbit the Sun faster than outer 
planets. If you watch your friend’s position against objects in the back-
ground, you’ll see that your friend seems to go backward as you “lap” her 
in your orbit, even though she never really reverses course. As the second 
illustration shows, the same idea explains why we see the real Mars some-
times move backward relative to the stars. Alternatively, the Greeks could 
choose the explanation behind Door #2, in which they could hold to their 
notion of spheres surrounding Earth by attempting to come up with an ex-
traordinarily convoluted and complex model of spheres turning inside of 
other spheres, with each sphere in some different rotational orientation, 
with the ultimate hope of making the  whole combination lead to some-
thing that would predict planetary positions at least moderately well.

With our  modern- day hindsight, it might seem strange to think that any-
one would choose Door #2 over Door #1, but with a few notable  exceptions—
such as Aristarchus, whom we encountered in chapter  1—that’s exactly 
what the Greeks did. Why did they choose a complex and convoluted expla-
nation when a far simpler one was available? In part, it’s because the cor-
rect answer would have forced them to throw out the idea of Earth as the 
center of the universe, and many of them probably thought that to be a far 
too radical solution. However, many Greek phi los o phers apparently gave 
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 serious consideration to Aristarchus’s suggestion, and actually rejected it 
on its merits as they  were understood at the time.

In par tic u lar, Aristarchus’s idea seemed inconsistent with observations 
of stellar positions in the sky. To understand why, imagine what would 
happen if you placed the Sun rather than Earth at the center of the celestial 
sphere, with Earth orbiting the Sun some distance away. In that case, Earth 
would be closer to different portions of the celestial sphere at different 
times of year. When we  were closer to a par tic u lar part of the sphere, the 
stars on that part of the sphere would appear more widely separated than 
they would when we  were farther from that part of the sphere, just as the 
spacing between the two headlights on a car looks greater when you are 
closer to the car. This would create annual shifts in the separations of 
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Figure 2.2. The real explanation for the fact that planets sometimes move 
“backward” relative to the stars: The demonstration on the left shows the 
basic idea, and the diagram on the right shows how it applies to Mars. (Il-
lustration courtesy of Addison Wesley, an imprint of Pearson Education)



 stars—but the Greeks observed no such shifts. They knew that there  were 
only two possible ways to account for the lack of an observed shift: Either 
Earth was at the center of the universe, or the stars  were so far away as to 
make the shift undetectable by eye. To most Greeks, it seemed unreason-
able to imagine that the stars could be that far away, which therefore left 
them with the conclusion that Earth must hold a central place.

Signifi cantly, this basic argument still holds when we allow for the real-
ity that stars lie at different distances rather than all on the same sphere. 
As Earth orbits the Sun, we look at the stars from different positions in 
space at different times of year. Just as your fi nger will seem to shift back 
and forth against the background if you hold it arm’s length and alternately 
blink your left and right eyes, nearby stars should seem to shift against the 
background of more distant stars as we look at them at different times of 
year from opposite sides of Earth’s orbit. Although such shifts (called stel-
lar parallax) are much too small to mea sure with the naked eye, they are 
easily detectable with modern telescopes and therefore represent concrete 
proof that Earth really does go around the Sun. In fact, precise mea sure-
ment of these shifts provides us a direct way to mea sure the distances to 
stars; the method is essentially the same method of “triangulation” that 
construction workers use to mea sure distances  here on the ground.

Unable to detect these stellar shifts and therefore having concluded that 
Earth must really be in the center of things, for several centuries the Greeks 
developed new and  ever- more complex ways of getting their  Earth- centered 
model to make predictions that agreed with reality. This long effort culmi-
nated with the work of the Greek astronomer Ptolemy (pronounced TOL-
 e-mee; c. a.d. 100–170), who published a detailed and mathematically 
precise treatise that could be used to predict the future positions of planets 
among the stars. The required calculations  were both very complex and ex-
traordinarily tedious; many centuries later, while supervising calculations 
based on the Ptolemaic model, the Spanish monarch Alphonso X (1221–
1284) is said to have complained that “If I had been present at the creation, I 
would have recommended a simpler design for the universe.” Nevertheless, 
Ptolemy’s model worked remarkably well, as it generally allowed plane-
tary positions to be predicted to an accuracy of a few  degrees—roughly 
equivalent to the size of your hand viewed at arm’s length against the 
sky. This was an astonishing achievement at the time, and may be even 
more impressive with modern hindsight, since we now know that Ptol-
emy got these good answers even though he started from the fundamen-
tally wrong idea that Earth is the center of the universe. When Arabic 
scholars translated Ptolemy’s book describing the model, around a.d. 800, 
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they gave it the title Almagest, derived from words meaning “the greatest 
compilation.”

The great success of Ptolemy’s model represented both the best and the 
worst of ancient Greek science. On the positive side, the model gained ac cep-
tance because it made predictions that agreed reasonably well with reality, 
and insistence on such agreement remains at the heart of modern science 
today. On the negative side, the model was so convoluted that it’s unlikely 
that anyone, including Ptolemy himself, thought that it actually repre-
sented the true nature of the cosmos. Indeed, the model was not even fully 
 self- consistent, as different mathematical tricks needed to be used to calcu-
late the positions of different planets. Today, these negatives would weigh so 
heavily against any scientifi c idea that people would go immediately back to 
the drawing board in search of something that worked better. But in Ptole-
my’s time, these negatives  were apparently acceptable, and it was another 
1,500 years before they  were revisited.

The Copernican Revolution

The Greek ideas gained great infl uence in the ancient world, in large part 
because the Greeks proved to be as adept at politics and war as they  were at 
philosophy. In about 330 b.c., Alexander the Great began a series of con-
quests that expanded the Greek Empire throughout the Middle East. Alex-
ander was deeply interested in science and education, perhaps because he 
grew up with Aristotle as his personal tutor. Alexander established the city 
of Alexandria in Egypt, which soon became home to the greatest library 
the world had ever seen. The Library of Alexandria remained the world’s 
preeminent center of research for some 700 years. At its peak, it may have 
held more than a half million books, all handwritten on papyrus scrolls. 
When the library was fi nally destroyed during a time of  anti- intellectual 
fervor in the fi fth century a.d., most of the ancient Greek writings  were 
lost forever.

Much more would have been lost if not for the rise of a new center of 
intellectual achievement in Baghdad (in  present- day Iraq). While Eu ro-
pe an civilization fell into the Dark Ages, scholars of the new religion of 
Islam sought knowledge of mathematics and astronomy in hopes of 
 better understanding the wisdom of Allah. The Islamic  scholars—often 
working collaboratively with Christians and  Jews—translated and 
thereby saved many of the remaining ancient Greek works. Building on 
what they learned from the Greek manuscripts, they went on to develop 



the mathematics of  algebra as well as many new instruments and tech-
niques for astronomical observation.

The Islamic world of the Middle Ages was in frequent contact with Hindu 
scholars from India, who in turn brought ideas and discoveries from China. 
Hence, the intellectual center in Baghdad achieved a synthesis of the sur-
viving work of the ancient Greeks, the Indians, the Chinese, and the contri-
butions of its own scholars. This accumulated knowledge spread throughout 
the Byzantine Empire (the eastern part of the former Roman Empire). 
When the Byzantine capital of Constantinople (modern- day Istanbul) fell in 
1453, many Eastern scholars headed west to Eu rope, carry ing with them the 
knowledge that helped ignite the Eu ro pe an Re nais sance.

The Re nais sance brought a new spirit of inquiry, and technology helped 
fuel its spread. The most signifi cant new technology was the printing press 
with movable type, invented by Johannes Gutenberg around 1450. Prior to 
its invention, books had to be laboriously copied by hand or printed from 
 hand- carved pages of type. Indeed, books  were so expensive and rare that 
few people had access to them, which is probably a major reason why most 
people of the time remained illiterate. The printing press changed all that. 
By 1500, some 9 million printed copies of some 30,000 works  were in cir-
culation. With books cheap and widely available, many more people learned 
to read. This had the effect of demo cratizing knowledge and naturally led 
to a much larger pool of scholars. The stage was set for a dramatic rethink-
ing of our place in the universe, and of the principles of science as a means 
for advancing knowledge. The revolution began with Nicholas Copernicus 
(1473–1543).

The dramatic story of the Copernican revolution has been recounted 
many times; if you are interested in details, I encourage you to read (or 
watch) Carl Sagan’s Cosmos, which is where I fi rst learned of many of 
these details myself.  Here, I want to focus only on how the Copernican 
revolution helped shape the nature of modern science.

Copernicus has his name attached to the revolution because he started 
people thinking about whether they should switch to his new  Sun- centered 
model or stick with Ptolemy’s old  Earth- centered model. However, while 
his new model generated intense interest in the scholarly community, it ac-
tually won very few converts in the de cades after its publication, and this 
failure came about for a very good reason: Despite having put Earth in its 
correct place, Copernicus’s model did no better than Ptolemy’s at predicting 
planetary positions.

Why didn’t it work better? Blame it on Plato. In removing Earth from its 
central position, Copernicus willingly overthrew thousands of years of tra-
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dition and suggested an idea that would radically alter our view of our 
place in the universe. But he was not willing to overturn Plato’s ancient 
dictum that heavenly motion must be in perfect circles. Because planets do 
not really orbit the Sun in perfect circles, Copernicus could not get his 
model to work any better than Ptolemy’s, even when he added his own set 
of rather unrealistic orbital complexities.

Still, with things like its much more natural explanation for retrograde 
motion of the planets, the  Sun- centered model offered an aesthetic attrac-
tion that many other scientists could not resist. Instead of ignoring Coper-
nicus, they sought ways to make his model work better. The key players in 
this effort  were Tycho Brahe (1546–1601) and his  one- time apprentice, 
 Johannes Kepler (1571–1630). Tycho, recognizing the importance of qual-
ity data against which any model could be checked, spent some three de-
cades carefully recording what  were by far the most accurate observations 
of planetary positions that had ever been made. Working before the inven-
tion of the telescope, he built large,  naked- eye observatories that worked 
much like giant protractors, and he used them to mea sure planetary posi-
tions in the sky accurate to within 1 minute of  arc—equivalent to less than 
the thickness of a fi ngernail held at arm’s length. Kepler inherited these 
data after Tycho’s death in 1601, and then set about trying to come up with 
a model of planetary motion that could match Tycho’s observations.

Copernicus was a revolutionary, Tycho collected the key data, and later 
fi gures like Galileo and Newton did the work that sealed the case for the 
Copernican revolution. But for my money, it is Kepler to whom we most 
owe the birth of modern civilization, because he did something that no one 
 else had been willing to do in the preceding 2,000 years: He trusted the 
data more than he trusted his own deeply held beliefs.

Kepler was a devout Christian and believed that understanding the ge-
ometry of the heavens would bring him closer to God. Like Copernicus, he 
believed in Plato’s dictum about circular motion in the heavens, so he worked 
diligently to match circular orbits to Tycho’s data. After years of effort, he 
found a set of circular orbits that matched Tycho’s observations quite well. 
Even in the worst cases, which  were for the planet Mars, Kepler’s predicted 
positions differed from Tycho’s observations by only about 8  arcminutes—
meaning that his model predicted a position that differed from Tycho’s writ-
ten position by an amount barely  one- fourth the angular size of the full 
moon. Ask yourself: What would you have done in Kepler’s place, having 
spent years developing a model that was that close to perfection? Would 
you have said, “Well, Tycho must have made a mistake when he recorded 
those few observations that don’t match my work”? Or would you have 



trusted the data, thrown out your years of effort, chucked your deep belief 
in perfect circles, and started all over again? It gives me goose bumps every 
time I really think about the fact that Kepler chose option 2. About this 
choice, it is worth reading the words of Kepler himself:

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

Kepler abandoned perfect circles and began testing other orbital shapes. 
It again took him some years of work, but he fi nally hit upon the correct 
answer: Planetary orbits are not circles, but rather are the special types of 
ovals known as ellipses. Using his talents at mathematics, he worked out 
the mathematical details of the elliptical orbits, which we now describe as 
Kepler’s laws of planetary motion. With these laws, anyone could predict 
the past, present, or future positions of any of the planets known at the 
time. Kepler’s model not only produced a perfect match to Tycho’s data, but 
its predictions of future planetary positions  were also a perfect match to 
what was eventually observed. I’m no historian myself, but as I understand it 
from Harvard historian Owen Gingerich, one of the most crucial events oc-
curred in 1631, a couple of de cades after Kepler published his model. During 
that year, astronomers observed a relatively rare event called a transit of 
Mercury, when Mercury appears to pass directly across the face of the Sun. 
The transit occurred precisely as Kepler’s laws predicted it would. Neither 
Ptolemy’s model nor Copernicus’s model nor any other model that anyone 
came up with could claim the same success.

It’s important to realize that the failure of other models did not necessar-
ily mean that Kepler’s model was right, and even the great success of Ke-
pler’s laws did not prove they are true. Indeed, while there are many cases 
in the history of science where a model has been proven wrong, it is virtu-
ally impossible to prove a model right. The reason is that no matter how 
many successes a model may have, you can never be absolutely certain that 
it will still work in new cases. If, after Kepler’s work, astronomers had dis-
covered a new planet that did not obey Kepler’s laws, they would have been 
forced to conclude that Kepler’s laws did not always work and therefore 
would have either modifi ed them or dumped them in favor of something 
 else. That’s just the way science works.

In fact, Kepler’s laws are not perfect. Applied strictly, we know of many 
cases in which planets deviate from them in small but mea sur able ways. So 
why do we still accept that Kepler was right about planets orbiting the Sun 
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along elliptical paths? The answer to this question is a key to understand-
ing the difference between science today and science in ancient times, and 
hence to understanding why human knowledge is now advancing so rap-
idly: Back in ancient times, once a model (such as Ptolemy’s) worked “good 
enough,” people basically left it at that. But in modern science, we turn ev-
ery answer into the next question.

From the moment that Kepler published his laws of planetary motion, 
other scientists asked questions about them. Some questioned whether 
they  were consistent with other physical laws, since the idea of a moving 
Earth violated Aristotle’s  still- pop u lar claims of natural motion. It took 
Galileo’s work to prove that Aristotle had been wrong about physics, too, 
and thereby to seal the triumph of the Copernican idea. (Galileo’s tele-
scopic observations also played a major role, since these observations 
 were consistent with Earth going around the Sun but could not be ex-
plained by the geocentric model.) Other scientists asked why Kepler’s 
laws worked so well; after all, there was no known reason why orbits 
should be ellipses rather than circles or even squares. Scientists wrestled 
with this question for nearly 70 years before Sir Isaac Newton (1642–
1727) came up with an answer. And in fi nding this answer, Newton not 
only discovered the more general laws of motion and the law of gravity, 
but he also had to invent the mathematics of calculus in order to prove 
that these new laws did indeed explain Kepler’s laws.

Newton’s laws did not stop the questioning either, even after they proved 
so successful that later scientists used them to predict the existence of the 
planet Neptune before it was actually discovered through a telescope. Mes-
sage to those who believe their horoscopes: Astrology claims to be able to 
predict the future based on planetary positions among the stars; and, yet, 
for thousands of years, no astrologer ever realized that they  were missing 
an undiscovered planet that is more than a dozen times as large as Earth. 
Astronomy found it, astrology didn’t. That  doesn’t necessarily prove that 
astronomy will always be right, but it sure looks bad for the competition.

So while the astrologers just added Neptune to their horoscopes and 
went on like nothing  else had changed, the astronomers keep questioning. 
And, by the late 1800s, they had indeed found something that didn’t per-
fectly match the predictions of Newton’s law of gravity. It was Mercury’s 
orbit that  wasn’t quite obeying Newton, and it forced scientists to think 
again about what might be going on. The eventual result was Einstein’s 
general theory of relativity, which gives essentially the same answers as 
Newton’s theory for planets farther from the Sun, but a slightly different 
answer for  close- in  Mercury—an answer that matches the observations. In 



other words, at its core, Einstein’s theory is a description of gravity, and it 
is the best description of gravity that we have because it works in every 
case that Newton’s description worked and more. But scientists kept ques-
tioning, and today we know that even Einstein’s theory cannot be the en-
tire story, because it fails to explain what happens to gravity on the smallest, 
subatomic scales.

The quest to fi nd an improvement on Einstein is one of the driving 
forces in physics today. Scientists have a lot of ideas about what this im-
provement might look like but, so far, no actual evidence with which to 
choose among the competing ideas. As a result, today we are in a position 
of knowing that a deeper understanding of gravity must be out there, but 
not knowing what it actually is. This type of unanswered question is what 
makes science so exciting, and it drives home the point I began with, that 
science is a way of helping people come to agreement. Today, many differ-
ent scientists have many different ideas about what the new theory of 
gravity should be, but ultimately, when the evidence comes in, we’ll be 
able to choose among the competing ideas and come to agreement about 
which ones must go and which ones are worth taking forward into the 
future.

Hallmarks of Modern Science

 We’ve discussed how the Copernican revolution gave rise to modern sci-
ence, but we still  haven’t said exactly what science is. Indeed, you may have 
noticed that I’ve described science in several different ways already. In 
chapter 1, I said that science is a way of distinguishing possibilities from 
realities. In this chapter, I’ve said that science is a way of choosing among 
alternate explanations, and of getting people to agree. All these things are 
true, but they don’t give us a clear way of deciding what qualifi es as science 
and what does not. For that, we need a clearer defi nition of science.

Defi ning science is a surprisingly tall order. The word itself comes from 
the Latin scientia, meaning “knowledge,” but not all knowledge is science. 
For example, you may know what music you like best, but your musical 
taste is not a result of scientifi c study. So what exactly is it that makes 
something science?

Scientists, historians, and phi los o phers have written hundreds of books 
and articles attempting to come up with a clear defi nition of science. Not 
everyone agrees on all the key points, which we can take as an illustration 
of the fact that semantics is not itself a science, since it does not offer us a 
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clear way to come to agreement. Nevertheless, if you sift through all the 
history from the Greeks to the Copernican revolution and beyond, I be-
lieve that you’ll fi nd that everything that qualifi es as science shares the fol-
lowing three characteristics, which I will refer to as the three hallmarks of 
science:1

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

•  Science progresses through the creation and testing of models of  nature 
that explain the observations as simply as possible.

•  A scientifi c model must make testable predictions about natural 
 phenomena that would force us to revise or abandon the model if the 
predictions do not agree with observations.

We can see each of these hallmarks in the story of the Copernican revo-
lution. The fi rst shows up in the way Tycho’s careful observations of plane-
tary motion motivated Kepler to come up with a better explanation for 
those motions. The second is evident in the way several competing models 
 were compared and tested, most notably those of Ptolemy, Copernicus, and 
Kepler. We see the third in the fact that each model could make precise pre-
dictions about the future motions of the Sun, Moon, planets, and stars in 
our sky. Kepler’s model gained ac cep tance because it worked, while the 
competing models lost favor because their predictions failed to match the 
observations.

These three hallmarks are so important that it’s worth considering each 
of them in a little more detail. Let’s start with the fi rst, which happens to 
lie at the root of the current debate about whether “intelligent design” 
should be taught in science classes. Proponents of intelligent design claim 
that life is so intricate and complex that it could not have arisen naturally, 
and they therefore claim that life must have been deliberately designed by 
an intelligent Designer. Personally, I fi nd their evidence of design far less 
than compelling, but that’s really beside the point. The real question is 
whether their idea should qualify as a competing scientifi c model that 
could then be taught as an alternative to the theory of evolution. If you ac-

1 These three hallmarks are not part of any generally accepted defi nition of science; 
rather, they are something that I have come up with in consultation with my textbook  co-
 authors (especially Mark Voit, Megan Donahue, Nick Schneider, Seth Shostak, and Bruce 
Jakosky) and professors who use my textbooks. So far, we have received very positive feed-
back about using these hallmarks as a defi nition of science, but we are always looking to im-
prove them as more people examine them.



cept the usual defi nition of science, then intelligent design clearly does not 
qualify, because it violates the fi rst hallmark: Rather than seeking natural 
causes for life, intelligent design posits that life is the work of a supernatu-
ral Designer2 who is beyond our scientifi c comprehension. That is why 
those who want to teach “ID” in science classes (such as the Kansas Board 
of Education in 2005) have attempted to redefi ne science so that it does not 
have to be solely about natural causes.

The trouble with these attempts to redefi ne the fi rst hallmark is that 
they would render science pointless. As a simple analogy, consider the col-
lapse of a bridge. If you choose to believe that the collapse was an act of 
God, you might well be  right—but this belief won’t help you design a bet-
ter bridge. We learn to build better bridges only by assuming that collapses 
happen through natural causes that we can understand and learn from. In 
precisely the same way, it is the scientifi c quest for a natural understanding 
of life that has led to the discovery of relationships between species, ge ne-
tics, DNA, and virtually all modern medicine. Many of the scientists who 
made these discoveries, including Charles Darwin himself, believed deeply 
that they could see God’s hand in creation. But if they had let their belief 
stop them from seeking natural explanations, they would have discovered 
nothing. Intelligent design may or may not be true, and it may be worth 
discussing in philosophy classes. But if we allow science to be redefi ned to 
accommodate it, we will undermine everything that makes science so suc-
cessful in advancing human knowledge.

Let’s turn next to the second hallmark, where it is the criterion of sim-
plicity that is most often misunderstood. To see why this idea is so im-
portant, you need only to remember that Copernicus’s original model did 
not match the data noticeably better than Ptolemy’s model. If scientists 
had judged Copernicus’s model solely on the accuracy of its predictions, 
they might have rejected it immediately. However, many scientists found 
elements of the Copernican model appealing, such as the simplicity of its 
 explanation for apparent retrograde motion. They therefore kept the model 
alive until Kepler found a way to make it work.

2 When a similar discussion in a sidebar in my astronomy textbook drew complaints from 
a few ID proponents, I learned that some of them claim that the Designer need not be super-
natural. But this is just semantics: If you believe that you’ve found evidence that life could 
not have evolved through the natural mechanisms of evolution, then by defi nition you are 
saying that a  non- natural pro cess intervened. To me, supernatural and  non- natural are syn-
onymous, but if you disagree, just substitute “a pro cess that cannot be explained by Darwin’s 
theory of evolution by natural selection.” The meaning of my sentence won’t change.
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In fact, if agreement with data  were the sole criterion for judgment, we 
could imagine a  modern- day Ptolemy adding millions or billions of addi-
tional complexities to his  Earth- centered model in an effort to improve its 
agreement with observations. In principle, a suffi ciently complex model 
could reproduce the observations with almost perfect  accuracy—but ac-
cording to the way we view science today, the model still would not con-
vince us that Earth is the center of the universe. We would still choose the 
Copernican view over the geocentric view because its predictions would be 
just as accurate yet would follow from a much simpler model of nature. The 
idea that we should prefer the simpler of two models that agree equally 
well with observations is often called Occam’s razor, after the medieval 
scholar William of Occam (1285–1349). Like the idea that science should 
seek natural rather than supernatural causes, it is not any sort of absolute 
rule, but rather a guideline that has proven its value in the cause of scien-
tifi c progress.

The third hallmark of science begs the question of what counts as an “ob-
servation” against which a prediction can be tested. To take us back to the 
main topic of this book, consider the claim that aliens are visiting Earth in 
UFOs. Proponents of this claim say that the many thousands of eyewitness 
observations of UFO encounters provide evidence that it is true. But should 
these personal testimonials count as scientifi c evidence? On the surface, the 
answer may not be obvious, because all scientifi c studies involve eyewitness 
accounts on some level. For example, only a handful of scientists have per-
sonally made detailed tests of Einstein’s theory of relativity, and it is their 
personal reports of the results that have convinced other scientists of the 
theory’s validity. However, there’s a very important difference between 
personal testimony about a scientifi c test and an observation of a UFO: The 
fi rst is at least in principle verifi able by anyone, while the second is not.

Understanding this difference is crucial to understanding what counts 
as science and what does not. Even though you may never have conducted 
a test of Einstein’s theory of relativity yourself, there’s nothing stopping 
you from doing so. It might require several years of study before you have 
the necessary background to conduct the test, but you could then confi rm 
the results reported by other scientists. In other words, while you may cur-
rently be trusting the eyewitness testimony of scientists, you always have 
the option of verifying their testimony for yourself.

In contrast, there is no way for you to verify someone’s eyewitness ac-
count of a UFO. Without hard evidence such as photographs or pieces of 
the UFO, there is nothing that you could evaluate for yourself, even in 
principle. (In the next chapter I’ll discuss those cases where “hard evidence” 



for UFO sightings has been presented.) Moreover, scientifi c studies of eye-
witness testimony show it to be notoriously unreliable. For example, dif-
ferent eyewitnesses often disagree on what they saw even immediately 
after an event has occurred; my own story at the beginning of this chapter 
is a case in point, since Grant and I have different versions of what hap-
pened to the fl ash of light as it disappeared from view. As time passes, 
memories of the event may change further. In some cases in which mem-
ory has been checked against reality, people have reported vivid memories 
of events that never happened at all. This explains something that virtu-
ally all of us have experienced: disagreements with a friend about who did 
what and when. Since both people cannot be right in such cases, at least one 
person must have a memory that differs from reality.

The demonstrated unreliability of eyewitness testimony explains why it 
is generally considered insuffi cient for a conviction in criminal court; at least 
some other evidence, such as motive, is required. And it is for the same rea-
son that we cannot accept eyewitness testimony by itself as evidence in sci-
ence, no matter who reports it or how many people offer similar testimony.

Beyond UFOs

My personal UFO remains unidentifi ed, leaving me free to believe what I 
want of it. If I want to, I can decide to follow my heart and imagine that 
I caught a glimpse of some of the intelligent beings who I really do believe 
share our universe with us. Or, I can keep my usual skepticism, and hold 
fast to my argument that it was more likely just a meteor.

And now I think you can understand the title of this book. No matter 
what I may believe about my UFO, there is nothing I can do to convince 
you that my belief is correct, especially if you are as skeptical as me. Some 
people think that makes skepticism bad, but I don’t. It just means that in-
stead of trying to convince you that aliens exist by telling you what I saw 
with my eyes, I need to go about it by concentrating on evidence that we 
can examine together. And that means we need to go beyond UFOs, and 
beyond arguments based solely on personal beliefs and opinions, and turn 
to science. Only through science will we actually learn something about 
other life in the universe, if indeed it exists.
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3
What I Know about Aliens

Yet across the gulf of space, minds that are to our 
minds as ours are to those of the beasts that perish, 
intellects vast and cool and unsympathetic, regarded 
this earth with envious eyes, and slowly and surely 
drew their plans against us.

—H. G. Wells, from The War of the Worlds

From its title, you might expect this to be a very short chapter. I’ve never 
met an alien, I don’t know that I’d recognize an alien if I saw one, and I’m 
not even sure that aliens exist. So what do I know about aliens? Nothing, 
absolutely nothing.

But you didn’t really expect me to end the chapter quite so quickly, did 
you? I may not be able to say anything about aliens with 100 percent cer-
titude, but as we discussed in chapter 2, science rarely can prove anything 
to be true beyond all doubt. Instead, science gives us a way to examine 
evidence and then to choose among possibilities. Sometimes the evidence 
for a par tic u lar possibility will become so overwhelming that we will re-
gard it as truth. For example, that is the case for the idea of Earth going 
around the Sun rather than vice versa, an idea for which the evidence is 
so strong that it’s diffi cult to imagine anyone seriously arguing with its 
reality.

We can also use science to consider various possibilities about aliens. If 
you knew nothing at all about life or the universe, you might guess that 
beings like us could live just about anywhere, including in space and on the 
Sun. Indeed, many ancient myths incorporated ideas much like this, since 
they often imagined mortals joining the gods among the stars. Today, based 
on what we know about the needs of life, we can be pretty confi dent that 
the best place to fi nd life is on a planet or a large  moon—an idea that we’ll 
discuss in more detail in coming chapters. We can be similarly confi dent 
that we won’t fi nd beings traveling through space unless they fi rst grew up 



on a planet or moon around some distant star, and then became smart 
enough to build spaceships. Those are the beings that I want to talk about 
in this chapter.

My knowledge of alien visitors to Earth is actually quite limited. I can-
not tell you what they look like, or whether they have arms, legs, and eyes. 
I cannot tell you what their biochemistry is like, or whether their cells use 
DNA as ge ne tic material. I don’t know what they eat or breathe, or why 
they might be coming  here, if indeed they are. But there’s one thing that I 
can tell you: Technologically speaking, at least, they are very, very smart. 
If aliens really are visiting Earth and if they are drawing their plans 
against  us—as in the excerpt from The War of the Worlds that opens this 
 chapter—we don’t stand a chance.

Now, I can cut a break  here for H. G. Wells. The invaders of his novel 
came from Mars, a planetary neighbor that we ourselves can already 
reach with robotic spaceships. If there really  were intelligent Martians, 
they  wouldn’t need to be much more technologically advanced than we 
are to plot their war against Earth. We’d presumably stand a fi ghting 
chance in such an invasion, especially if they had been lax enough in 
their study of biology to neglect the danger that earthly germs could 
cause them.

Hollywood  doesn’t deserve quite so much slack. The recent movie ver-
sion of The War of the Worlds was vague about where the invaders came 
from, presumably since we now know that Mars is not home to an ad-
vanced civilization. Other movies with Earth invasions have been more di-
rect in showing us fi ghting for survival against beings from the stars. 
Sorry, but we’d be squashed like bugs in any such battle, and that’s not just 
my opinion. Rather, it’s a conclusion that we can reach by scientifi cally ex-
amining the case for alien visitors, whom we may hope to be much less ma-
licious than Hollywood usually thinks.

How Smart Are They?
Part 1: Evidence from Space

If you want to know how smart aliens would have to be to visit Earth, you 
need to understand how far they’d have to come. The best way to do that is 
to think about what space really looks like.

To our eyes, space looks crowded with stars, but this crowding is an illu-
sion created by our lack of depth perception for very distant objects. Even 
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stars that appear right next to each other in a constellation may in reality 
be separated by vast distances. I’ve devoted a large portion of my career to 
trying to explain just how vast those distances really are, and my method 
of choice is to start with our own solar system, and then move outward.

Suppose the Sun  were the size of a grapefruit, so that you could hold it 
easily in your hands. How big would Earth be, and how far away would it 
orbit the Sun? Take a guess before I tell you the answer. Got your guess? 
Good. . . . 

Most people guess that Earth would be something like the size of a golf 
ball on this scale, orbiting a few feet from the  grapefruit- size Sun. These 
“most people” are right in realizing that Earth is smaller than the Sun, but 
pretty far off in realizing just how much smaller. In fact, with the Sun the 
size of a grapefruit, Earth would be no larger than the ballpoint in a pen, 
and would orbit far enough from the Sun for almost two fi rst downs in 
football. The Moon, even smaller in size, would orbit only about an inch 
and half from the  ballpoint- size Earth. In other words, the entire Earth–
Moon system could fi t with ease inside the Sun, and on this scale you can 
hold both Earth and the complete orbit of the Moon in the palm of your 
hand.

We can give the model a bit more precision by using an exact scale. The 
model sizes that I’ve described turn out to be almost precisely one  ten-
 billionth of the actual sizes, so we’ll use a scale of 1 to 10 billion. If you 
want to know any planet’s size or distance from the Sun on this scale, you 
simply need to look up the real value and divide it by 10 billion. If you’re 
interested in the numbers, this means the model Sun is 14 centimeters (5.5 
inches) in diameter, Earth is 1.2 millimeters (1/20 inch) across, and Earth 
orbits at a distance of 15 meters (16.5 yards) from the Sun. Even more re-
markably, if you calculate the circumference of Earth’s orbit, you’ll fi nd 
that it is slightly greater than the length of a football fi eld. So to envision 
our planet and its moon in space, just imagine holding the  ballpoint- size 
Earth and even smaller Moon in your hand (careful not to drop  them—
they’re important to us!), and taking a year to walk a distance as long as a 
football fi eld as you carry them through their orbit around the  grapefruit-
 size Sun.

What about the rest of the planets? Mercury is smaller than Earth and 
Venus is roughly the same size as Earth, so you can think of them as two 
more tiny ballpoints orbiting between the Sun and Earth. Mars is about 
half the size of Earth, and located another 8 yards from the Sun. The next 
four planets are somewhat  larger—Jupiter and Saturn are the size of 



marbles on this scale, and Uranus and Neptune are  peas—and are spread 
much farther apart. Jupiter orbits the Sun fi ve times as far as away as 
Earth, Saturn is twice that far, and Uranus twice that far again. By the 
time you got to Neptune, you’d have walked more than a quarter mile 
from the Sun.

The best way to picture all this is to visit (or at least imagine visiting) an 
actual scale model of the solar system. There are quite a few such models 
around the world, but I know of only two that use the 1- to- 10 billion scale. 
These are the two models that I’ve had a hand in building. The fi rst, built 
with the help of my thesis advisor Tom Ayres and several undergraduate 
students, is on the campus of the University of Colorado, Boulder (starting 
outside the Fiske Planetarium). The second, pictured in fi gure 3.1 and built 
under the leadership of my friend Jeff Goldstein, is on the National Mall in 
Washington, D.C. This model, called Voyage, has its inner solar system 
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Figure 3.1. This photo shows the pedestals housing the Sun (the gold sphere 
on the nearest pedestal) and the inner planets in the Voyage scale model 
solar system. The building at the left is the National Air and Space Mu-
seum. The model planets are encased in the  sidewalk- facing disks that are 
visible at about eye level on the planet pedestals. (Photo by the author)
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just outside the east end of the National Air and Space Museum.1 The outer 
planets are found along the walkway to the west, with Neptune and Pluto 
near the Smithsonian Castle.2

The fi rst thing you’ll notice as you walk through a scale model solar sys-
tem is that the planets are really tiny compared to the spaces between 
them. To show the complete orbits of the planets around the Sun (rather 
than just showing the planets arranged in a straight line), the Voyage 
model would require an area equivalent to more than 300 football fi elds ar-
ranged in a grid. Spread over this large area, only the  grapefruit- size Sun, 
the planets, and a few moons would be big enough to see with the naked 
eye. Perhaps you’re beginning to see why we call it space.

Just to drive the point home, let me tell you a few more things you can 
learn as you imagine walking through a model solar system. First, think 
about the fact that while the solar system (out to Pluto) would require an 
area of 300 football fi elds in our model, the farthest a human being has 
ever traveled is the inch and a half to the Moon. Twelve people landed on 
the Moon as part of the Apollo program between July 1969 and December 
1972. Next, to understand why a human trip to Mars would be so much 
more challenging, compare the distances of the Moon and Mars. At its 
closest, Mars is still about 150 times as far away as the Moon, and most of 
the time it is much farther. Using current technology for a trip timed to 
closest approach, your trip to Mars would take four to six months. Then, 
because Mars lines up with Earth in its orbit only about every 26 months 
(which is when it becomes brightest in our night sky), you’d have to stay 
there nearly two years until Mars again was close enough for your return 
trip home. For one more example, consider a trip to Pluto, the primary tar-
get of the New Horizons spacecraft. New Horizons, launched in January 
2006, is traveling faster than any other spacecraft ever built. But even with 

1 Voyage was created as a joint project by NASA, the Smithsonian Institution, and the 
Challenger Center for Space Science Education. Our goal is to replicate the model at 100 or 
more other science museums and universities, so that people everywhere can learn to ap-
preciate the scale of the solar system. If any readers are interested in sponsoring such a 
model (cost is approximately $180,000, including construction, installation, and educa-
tional materials), please contact me and I’ll put you in touch with the right people.

2 You’ve probably heard that the International Astronomical  Union demoted Pluto to be-
ing a “dwarf planet” at their 2006 meeting. But Pluto is still part of the Voyage model, and 
we have no plans to bulldoze  it—especially since the offi cial defi nitions may yet change 
again.



its high speed, it won’t reach Pluto until 2015. In other words, while you 
can walk the model distance from Earth to Pluto in just a few minutes, the 
real trip with current spacecraft technology will take nearly a de cade. Fi-
nally, it’s worth noting that the true scale of the solar system is so awesome 
that even professional astronomers are surprised. A typical reaction when 
I’ve taken professional astronomers on tours of the model solar system is 
“that  can’t be right,” followed by a moment when they do the calculations 
in their heads and realize that it is. So you see, even for people who spend 
their lives studying this stuff, space is still much bigger than they usually 
think.

Indeed, when you think about the distances involved, it’s quite amazing 
to realize that  we’ve now sent spacecraft to photograph all of the planets in 
our solar system and many of their moons (as well as several asteroids and 
comets). But if aliens are visiting Earth, they don’t come from around  here. 
Our spacecraft photographs make it quite clear that no advanced civiliza-
tion exists anywhere  else in our own solar system. Visiting aliens must 
come from the stars, so the next question to ask is this: Using our scale of 
the model solar system, where are the nearest stars?

When I ask this question of children, typical answers start at about a 
mile away. A few might guess several miles. Then a child will shout out 
“100 miles!” and everyone will laugh, thinking it is so silly. But it’s not. 
Imagine that you start at the Voyage model Sun in Washington, D.C. You 
walk the roughly 1⁄3- mile distance to Pluto and then decide to keep going 
to fi nd Alpha Centauri, the nearest star besides the Sun.3 The Voyage 
model  doesn’t actually include Alpha Centauri, but if it did, you’d want to 
bring a good backpack with plenty of food and several pairs of shoes, be-
cause you’d be walking to California. That’s right: On the same scale where 
the Sun is a grapefruit with the  ballpoint- size Earth orbiting just 15 meters 
away, you’d have to cross the United States to fi nd the very next grapefruit. 
And that’s just the model distance to the nearest star. Most stars are much, 
much farther away.

Given the vast distances to the stars, it may seem surprising that we can 
see them at all. After all, you  wouldn’t expect to be able to look from 
Washington, D.C., and see a grapefruit in San Francisco, even if you ne-
glect the problems introduced by the curvature of the Earth. But  we’re 
talking about really bright grapefruits! Alpha Centauri is just as bright as 

3 If you are aware of and concerned about the fact that Alpha Centauri is actually a 
 three- star system, just presume that I’m talking  here about Alpha Centauri A, the brightest 
of the three stars and hence the one that we see with the naked eye.
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the Sun, which is why we can see it as a tiny dot of light in the night sky 
despite its tremendous distance. This idea should also give you some per-
spective on seeing planets around other stars. If Alpha Centauri  were or-
bited by a planet just like Earth, seeing this planet would be like trying to 
look across the United States to a ballpoint shining only with light that it 
refl ects from the really bright grapefruit that it orbits. A planet like Jupiter 
would be slightly easier, but still like looking through a telescope for a 
marble some 2,500 miles away and hidden in the glare of a very bright 
street light. When I wish to be amazed about modern technology, I think 
about the fact that we can now detect such planets around nearby stars 
(though as we’ll discuss in chapter 8, usually through their gravitational 
effects on their stars, rather than by actually “seeing” them), and that 
within a few years we should be capable of discovering planets as small as 
Earth.

The distances to the stars are so vast that ordinary distance units, such as 
miles or kilometers, cannot do them justice. Instead, we describe stellar dis-
tances in units of light- years. One  light- year is defi ned to be the distance 
that light can travel in one year. If you think about how fast light moves, 
you’ll realize that a  light- year is a very long way. Light travels through 
space at a speed of 300,000 kilometers per second, or equivalently 186,000 
miles per second. Stop and think for a moment about racing a light beam 
from your fl ashlight, and you’ll realize that you just made a big mistake: 
During the second or so that you paused, the light could have circled eight 
times around the Earth. Light from the Sun reaches Earth in about eight 
minutes; the same trip in a car traveling 65 miles per hour would take you 
more than 160 years. The trip to Pluto, which will take the New Horizons 
spacecraft nearly a de cade, is completed by light in under six hours. In a 
year, well . . . if you do the calculation by multiplying the speed of light by 
the number of seconds in a year, you’ll fi nd that a  light- year is about 10 
trillion kilometers, or 6 trillion miles. But it takes several years for light to 
reach even the nearest stars.

Alpha Centauri is a little over four  light- years away, meaning that in the 
unlikely event that it exploded tomorrow, we  wouldn’t see the explosion 
until more than four years from now. Betelgeuse, the star at the upper left 
shoulder of Orion, is about 425  light- years away. Someone living on a 
planet around Betelgeuse with a telescope powerful enough to see the do-
ings of people on planet Earth could at this moment be watching Tycho 
Brahe at work, collecting the data that would ultimately help us learn that 
Earth is not the center of the universe. On a planet orbiting Deneb, one of 
the three bright stars that make up the pattern known as the summer 



 triangle, astronomers would see Earth at the time of the early Greeks, be-
fore the debate between the atomists and Aristotle had even begun.4

With all that in mind,  we’re ready to get back to our question of alien 
 intelligence. The very minimum technology required for aliens to travel 
from their home stars to  here might look something like a huge, multigen-
erational spaceship. Using nuclear rocket technology not too far beyond 
our own, they might be able to achieve speeds of a few percent of the speed 
of light, so that they could make the trip in only a few centuries if they are 
coming from nearby stars. But a ship like this would simply drift past 
Earth, so that if we saw it at all we’d see it as a steadily moving light for the 
few seconds during which it might be near enough to be seen. To explain 
the reports we hear of UFOs, the alien technology would have to be far 
more advanced.

Alien visitors of the type that people claim to see in UFO sightings are 
able to travel quite easily among the stars. They appear often, and in sub-
stantial numbers, and apparently don’t mind visiting for just a few minutes 
or hours at a time even after the long journeys from the stars. It would 
seem that, for them, a journey to Earth is little more troubling than an in-
tercontinental fl ight is for us, and certainly no more diffi cult than it is for 
us to reach the Moon. Let’s put this in terms of our model solar system. 
Remember that, on our 1- to- 10 billion scale, both Earth and the Moon fi t 
in the palm of your hand, while the nearest stars are thousands of miles 
of way. To scale, they can cross a continent while we can barely travel 
an inch.

And there you have it: Alien visitors can in essence do the equivalent of 
fl itting back and forth across the United States as easily as you can run 
your fi nger around in the palm of your hand. I have no idea what kind of 
technology they might have that would enable them to do that. What I do 
know is that this technology is far beyond what we have, and very likely 
beyond what we can even yet conceive of.

4 I  can’t resist adding one more note: You know how people used to tell you to behave, 
because bad behavior would go on your “permanent record”? Well, get this: Suppose little 
Johnny just hit Suzie, but thinks he got away with it because you didn’t catch him in the 
act. You might remind him that while you  can’t prove he did it, someone  else might, be-
cause the image of his action is traveling outward through space at the speed of light. Tech-
nologically it might be a bit unrealistic, but in principle, 50 million years from now, beings 
living in a galaxy 50 million  light- years away could point their suffi ciently powerful tele-
scope at Earth and catch Johnny in the act. So next time you hear someone say, “The truth 
is out there,” you’ll know that it really, truly is.
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How Smart Are They? 
Part 2: Evidence from Time

So far, I’ve shown that aliens would have to be very advanced to visit us, 
considering how far they would have to travel. But this distance argument 
is only part of the full equation. I’ll now show you that when we consider 
time, we come to expect the aliens to be even more technologically 
advanced.

The time argument is a little more subtle, and it begins with our modern 
understanding of the age of the universe and the age of the Earth. I can just 
tell you the answers: The evidence shows that our universe is about 14 bil-
lion years old, while Earth is about 4 1⁄2 billion years old. If you take my 
word on these ages, then I can complete an argument showing you that we 
should expect any visiting aliens to have technology that is at least tens of 
thousands of years beyond ours. But polls show that at least half of the 
public does not believe it when scientists state these ages, so it would not be 
any more fair for me to ask you to take my word for them than it would be 
for you to ask me to take your word about a UFO sighting. So if you’ll bear 
with me for a bit, I will explain how the scientifi c evidence points to these 
old ages for Earth and the universe, and then return to the implications to 
alien technology.

Let’s start with Earth. There are actually quite a few ways to put at least 
some rough limits on the minimum age of the Earth. For example, you can 
mea sure the rate at which a river causes erosion, and then estimate how 
long it must have taken to make the huge canyon that it runs through. 
These types of estimates will be very imprecise, but they show that our 
planet is quite old. Even some of the ancient Greeks guessed that Earth was 
at least hundreds of thousands to millions of years old, and by Darwin’s 
time the geologists  were quite confi dent that Earth’s age was at least hun-
dreds of millions of years. Today, we can mea sure Earth’s age with remark-
able precision through a technique known as radiometric dating.

To understand the technique, you need to know just a little about atoms. 
Atoms are made of protons, neutrons, and electrons, with the protons and 
neutrons bound together in what we call the nucleus of the atom. Every 
different chemical element has a different number of protons in its nucleus. 
For example, hydrogen has 1 proton, helium has 2 protons, and carbon has 
6 protons. The number of neutrons can vary; in the case of carbon, the nu-
cleus may contain either 6, 7, or 8 neutrons. The diagrams in fi gure 3.2 
show the relevant terminology: The number of protons is called the atomic 
number, the combined number of protons and neutrons is called the atomic 



mass (or, more technically, the atomic mass number), and atoms of the 
same element with different numbers of neutrons are called isotopes of one 
another.

The key to radiometric dating lies in the fact that some isotopes are “ra-
dioactive,” which is just a fancy way of saying that their nuclei tend to un-
dergo some type of spontaneous decay (such as breaking into two pieces or 
having a neutron turn into a proton), and that laboratory studies allow us 
to mea sure their precise rates of decay. Let’s take a specifi c example that 
happens to be very useful in determining the age of the Earth. The radio-
active isotope  potassium- 40 happens to turn into stable  argon- 40 when it 
undergoes decay. While the decay of any single nucleus is an instantaneous 
event, laboratory studies show that a large collection of  potassium- 40 at-
oms decay according to a very clear pattern. You don’t have to watch for all 
that long (typically months or years) before you’ll know the pattern, and 
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Figure 3.2. Terminology of atoms. (Illustration courtesy of Addison Wes-
ley, an imprint of Pearson Education.)
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you can use the decay pattern to calculate what we call the half- life: the 
time it would take half the atoms in any large collection to undergo decay. 
For  potassium- 40, the  half- life turns out to be a fairly long 1.25 billion 
years.

Now, imagine a rock that has just solidifi ed from molten lava and hap-
pens to contain, say, 1 microgram of  potassium- 40. Once solidifi ed, the 
 potassium- 40 atoms are locked in place, which means that over time, 
you’d gradually fi nd the  potassium- 40 atoms being replaced by  argon- 40 
atoms. More precisely, because of its  half- life, you’ll fi nd that after 1.25 
billion years the 1 microgram of  potassium- 40 will have become 1⁄2 micro-
gram of  potassium- 40 and 1⁄2 microgram of  argon- 40. After another 1.25 
billion years, making 2.5 billion years total, you’ll have 1⁄4 microgram of 
 potassium- 40 and 3⁄4 microgram of  argon- 40. And so on, with  in- between 
times having  in- between amounts.

I think you can now see the essence of radiometric dating. Suppose you 
fi nd a rock that contains equal numbers of atoms of  potassium- 40 and 
 argon- 40. If you assume that all the argon came from potassium decay, 
then it must have taken precisely one  half- life for the rock to end up with 
equal amounts of the two isotopes. You could therefore conclude that the 
rock is 1.25 billion years old. The only question is whether you are right in 
assuming that the rock lacked  argon- 40 when it formed. Answering this 
question about the original content of the decay product is usually the most 
diffi cult part of radiometric dating, but in this case it is pretty easy. 
 Potassium- 40 is a natural ingredient of many minerals in rocks, but  argon-
 40 is a gas that never combines with other elements and that could not con-
dense in the cloud that gave birth to our solar system. Therefore, if you 
fi nd  argon- 40 gas trapped inside minerals, you can be confi dent that it 
came from radioactive decay of  potassium- 40.

Radiometric dating is possible with many other radioactive isotopes as 
well. For example, rocks that the Apollo astronauts brought back from the 
lunar highlands contain minerals with a very small amount of  uranium-
 238, which decays (in several steps) into  lead- 206 with a  half- life of about 
4.5 billion years. Lead and uranium have very different chemical behav-
iors, and some minerals start with virtually no lead. Laboratory analysis of 
such minerals in lunar rocks shows that they now contain almost equal 
numbers of atoms of  uranium- 238 and  lead- 206. We conclude that half the 
original  uranium- 238 has decayed, turning into the same number of  lead-
 206 atoms. The lunar rock therefore must be about one  half- life old, or 
about 4.5 billion years old. More precise work shows these lunar rocks to be 
about 4.4 billion years old.



So how old is the Earth? The rocks we fi nd on Earth’s surface have a 
great variety of ages, since different rocks solidifi ed at different times from 
molten lava. The very oldest Earth rocks are about 4 billion years old, but 
Earth itself must be older than this, because the entire surface has been re-
shaped through time. Mineral grains found within some Earth rocks date 
back as far as 4.4 billion years, about the same age as the Moon rocks, 
which must also be younger than Earth if, as currently thought, the Moon 
formed when a  Mars- size object blasted part of Earth’s outer layers into or-
bit (a hypothesis we’ll discuss in chapter 5). The very best estimates of 
Earth’s age come from radiometric dating of meteorites. The oldest meteor-
ites are chunks of rock that must have solidifi ed very early in the solar sys-
tem’s history, at the time when Earth and the other planets  were just 
beginning to form. These meteorites are about 4.55 billion years old, which 
means that our planet began to form at about that time.

If you read a few Creationist web sites, you may fi nd people trying to ar-
gue that radiometric dating  doesn’t really work. But as you’ve just seen, the 
scientifi c principles behind it are quite simple and the basic physics is very 
well understood: From our theory of nuclear structure we can determine 
which nuclei will decay and which will remain stable, and mea sured decay 
rates are in good accord with theoretical predictions. The technique of radio-
metric dating gains further support from the fact that, in many cases, rocks 
contain more than one type of radioactive isotope. If radiometric dating 
 weren’t valid, you might expect that different isotopes would give different 
ages for the same rock. But they don’t: Within margins of mea sure ment un-
certainty, we invariably fi nd that dating the same piece of rock with several 
different isotopes gives the same age, adding to our confi dence in the valid-
ity of the technique. Moreover, we can often check the results we obtain 
from radiometric dating against other methods of mea sur ing ages, giving 
us even more confi dence that the technique works. For example, with many 
fairly recent archaeological artifacts, we can confi rm the ages obtained from 
radiometric dating by mea sur ing ages from tree ring data or even from 
dates written on the artifacts. In addition, astronomers have discovered 
completely in de pen dent methods for estimating the ages of stars, including 
the Sun. Although none of these methods give an age as precise as the age 
we obtain from radiometric dating, they all confi rm that the Sun’s age is in 
the range of 4 to 5 billion years. Overall, the technique of radiometric dat-
ing has been checked in so many ways and relies on such basic scientifi c 
principles that there is no longer any serious scientifi c debate about its 
validity.
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With Earth’s age under our belts, let’s turn our attention to the age of 
the universe. Again, astronomers today have many in de pen dent ways of 
estimating this age. For example, the same stellar models that help confi rm 
the age of the Earth enable us to estimate the ages of the oldest stars in the 
universe, which turn out to be about 13 billion years old. But the real key 
to estimating the universe’s age lies with a discovery made in 1929 by 
 Edwin Hubble (for whom the Hubble Space Telescope was named).

When Hubble began his work at the Mount Wilson Observatory in 
1919, no one even knew whether other galaxies existed. Galaxies could be 
seen in telescopes, but astronomers  were not sure whether they  were gi-
gantic and faraway collections of stars or small and relatively nearby clouds 
of interstellar gas. The ones that we now know to be spiral galaxies  were 
dubbed “spiral nebulae,” a name taken from their shapes and the Latin 
word for “cloud.” Indeed,  Pierre- Simon Laplace, whom we jointly credit 
with Immanuel Kant for the idea that our solar system was born from the 
collapse of a cloud of gas (see chapter 1), incorrectly guessed that the spiral 
nebulae  were solar systems undergoing this birth pro cess. Interestingly, 
Kant had a different idea. He thought that the birthplaces of stars lay in 
more diffuse nebulae, and we now know that he was generally correct in 
this belief. Meanwhile, he guessed that the  dense- looking spiral nebulae 
 were distant collections of stars that he dubbed “island  universes”—and 
that we now call galaxies. Kant was very good guesser.

But guesswork isn’t good enough in science, and until Hubble there was 
no conclusive evidence with which astronomers could settle the debate re-
garding the nature of the spiral nebulae. At Mount Wilson, Hubble had ac-
cess to what was then the largest telescope in the world and the dark skies 
outside the  then- small town of Los Angeles. By 1924, he had collected enough 
data to prove that the spiral nebulae consisted of individual stars and  were 
indeed located far beyond the Milky Way. The debate was over, and we sud-
denly learned that rather than a universe that extended only as far as stars of 
the Milky Way, we live in just one of the many billions of galaxies that make 
up the cosmos. In one fell stroke, Hubble had discovered the universe to be 
some 100,000 times larger than anyone had previously imagined.

Over the next few years, Hubble not only continued to expand human 
knowledge, but he discovered that the universe itself is expanding. By mea-
sur ing the distances and speeds of many galaxies, he uncovered what we 
now call Hubble’s law: With the exception of a few nearby galaxies, all gal-
axies in the universe are moving away from us, and the farther away they 
are, the faster they’re going.
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Figure 3.3. An expanding raisin cake offers an analogy to the expanding 
universe.  (Illustration courtesy of Addison Wesley, an imprint of Pearson 
Education)
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A simple analogy will show you how Hubble’s law implies that the uni-
verse is expanding. Imagine a raisin cake in which you’ve carefully placed 
all the raisins exactly 1 centimeter apart. As shown in the diagram in 
 fi gure 3.3, you place the cake into an oven, and over the next hour it 
 expands until all the raisins are 3 centimeters apart. From the outside, the 
expansion of the cake is pretty obvious. But suppose you  were a little raisin 
person living inside the raisin cake; how could you tell that your cake is 
expanding?

The diagram and table in fi gure 3.3 show the answer. Pick any raisin (it 
 doesn’t matter which one), call it your Local Raisin, and then notice what 
you would observe as you looked to other raisins before and after baking. 
Raisin 1, for example starts out at a distance of 1 centimeter before baking 
and ends up at a distance of 3 centimeters; this means that you’d see it 
move a distance of 2 centimeters during the hour of baking, which means 
it must appear to be moving away from you at a speed of 2 centimeters per 
hour. Raisin 2 starts out at 2 centimeters and ends up at 6 centimeters after 
the hour, which means it has moved a distance of 4 centimeters and hence 
has a speed of 4 centimeters per  hour—twice as fast as Raisin 1. The pat-
tern should already be clear: If you live inside an expanding raisin cake, 
you’ll see all the raisins moving away from you, with more distant raisins 
moving faster. That is exactly what we observe galaxies to be doing and 
hence is how we know that the universe is expanding.

The fact of expansion almost immediately leads us to an estimate of the 
universe’s age. The raisin cake in our analogy started out with the raisins 
already separated by 1 centimeter, but in the real universe we would not 
expect that type of arbitrary starting point. Instead, we assume that the 
current expansion implies that the universe was  ever- smaller in the past, 
and that the expansion must have begun at some long ago moment in time 
when everything in the universe was all squeezed as closely together as 
possible. We call that moment the Big Bang. To see how we estimate when 
the Big Bang occurred, imagine that you thought the raisin cake had begun 
with its own Big Raisin Bang. Look again at the diagram and table, and no-
tice that at the fi rst time shown, Raisin 1 is 1 centimeter away and moving 
away from you at a speed of 2 centimeters per hour. Because it takes only 
1⁄2 hour to travel 1 centimeter at this speed, you’d conclude that Raisin 1 
must have been right on top of you 1⁄2 hour ago, which therefore must be 
when the Big Raisin Bang occurred. Note that you get the same answer no 
matter which raisin you choose. For example, Raisin 3 is initially 3 centi-
meters away and moving at 6 centimeters per hour, which again leads to 
the conclusion that it was right on top of you just 1⁄2 hour ago. In precisely 



the same way, Hubble’s law tells us the rate at which galaxies are moving 
apart, so it is simple to work backward to estimate when the expansion 
started.

The only complication in doing this calculation is that  we’ve been assum-
ing that the rate of expansion now is the same as the rate that it was in the 
past. In reality, we don’t expect that to be the case. We would expect that 
gravity would slow the expansion over time. However, in an example of why 
we should never go by intuition alone in science, astronomers have recently 
discovered strong evidence that the reality is precisely the opposite: Rather 
than slowing down, the expansion has actually been speeding up. The quest 
to understand this surprising discovery is now a  full- time job for many of 
the world’s leading scientists . . . but it is not the topic of this book.

Here, the important point is that we now can mea sure how the expansion 
rate has changed with time, and combining that information with the cur-
rent expansion rate allows us to pin down the age of the universe with rather 
astonishing precision, given the task at hand. And the answer is: The uni-
verse is 13.7 billion years old, give or take a few hundred million years. We’ll 
call it 14 billion years, which is close enough and well within the range of ac-
curacy. Again, doubters may try to tell you that this is all a misinterpreta-
tion of the data; even a few dissidents within the astronomical community 
have tried to claim that the Big Bang didn’t really happen. I’ll admit that our 
confi dence level in the Big Bang is not quite as high as it is for, say, the age of 
the Earth. But it’s still quite  high—personally, I’d put it at 99  percent—
 because the idea of the Big Bang is supported by several in de pen dent lines of 
evidence. For example, by assuming that the Big Bang really occurred, scien-
tists can successfully explain both the micro wave background radiation that 
fi lls space and the overall proportions of the chemical elements in the uni-
verse. No competing model can claim the same success. Similarly, the age mea-
sured from expansion gains further support since it agrees so well with ages 
of very old stars: Just as we would expect, the oldest stars seem to be a few 
hundred million years younger than the universe itself. So while I  wouldn’t 
be entirely surprised if, a century from now, someone picks up this book and 
laughs at what we thought about the Big Bang, I’d bet at least 100 to 1 that the 
evidence for the Big Bang by then will be even stronger.

Writing a book can be a strange thing. As I sit  here, I feel like I’m really 
talking to you. But I don’t actually know who you are, and I  can’t see your 
expression to see whether I’ve really convinced you that we live on a 4 1⁄2-
 billion- year- old planet in a 14- billion- year- old universe. I hope so, but if 
not, at this point I’m going to have to ask you to play along with me so we 
can get back to the aliens.
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The ages we have found tell us that the universe predates our solar system 
by nearly 10 billion years. Moreover, as we discussed in chapter 1, other evi-
dence shows that the elements necessary for life are scattered throughout the 
universe. The abundance of these elements has risen through time as they are 
produced in stars, and there’s some debate about how high the abundance 
needed to be before  Earth- like planets could form. Nevertheless, it seems pretty 
clear that, at least in the Milky Way Galaxy,  Earth- like worlds with life could 
have formed any time during the past 9 or 10 billion years, and possibly even 
earlier. Even if we then assume that, as on Earth, intelligent life could not 
arise until a planet was at least 4 to 5 billion years old, we are still left with an 
astonishing conclusion: In principle, intelligent life and civilizations could 
have begun to appear in our galaxy at least 5 billion years ago, which means 
some time before the birth of our own solar system.

This conclusion is even more astonishing if we consider its implications 
to alien technology. Recall that our galaxy has at least 100 billion stars. We 
do not know how many of these stars have  Earth- like planets and civiliza-
tions, but we need to start somewhere, so let’s guess. Let’s suppose that the 
odds of a star having a suitable planet that eventually gets a civilization are 
about the same as the odds of winning the lottery, roughly 1 in 1 million. 
These may seem like long odds, but do the math: A billion is 1,000 times as 
large as a million, and 100 billion is 100 times larger still. In other words, 
even if only 1 in 1 million stars has a planet that ever gives rise to a civili-
zation, we would still expect there to have been some 100,000 civilizations 
among the 100 billion stars in the Milky Way Galaxy.

Although this “calculation” of 100,000 civilizations is essentially a wild 
guess, it gives us a useful starting point. Stars come in all different ages, so 
there’s no reason to think that any two civilizations would arise at the same 
time in the galaxy. Instead, the arrival of new civilizations in the galaxy 
would presumably be random, somewhat like the popping of kernels of pop-
corn. And  here’s the kicker: If we assume that the 100,000 civilizations have 
arisen randomly over the 5 billion years during which civilizations seem to 
have been possible, then the average time between the arrival of one civili-
zation and the next is 5 billion years divided by  100,000—which is 50,000 
years!

Think about this. If the assumption of 1 in 1 million stars getting a civi-
lization is correct, then over the past 5 billion years our galaxy should have 
seen a new civilization rising up somewhere about every 50,000 years. Hu-
man civilization is only a few thousand years old, so statistically speaking 
we are almost undoubtedly the newest civilization on the galactic block. 
And how far ahead of us are the others? Assuming they have survived to 



the present, we’d expect the very next youn gest civilization to have a 
50,000- year head start on us, and the next to have a 100,000- year head 
start, and so on. The oldest civilizations would by now have already been 
around for many billions of years.

It literally takes my breath away. Under very simple and scientifi cally 
credible assumptions, if aliens are really visiting us, then at minimum we 
should expect them to come from a civilization that predates us by some 
50,000 years, and possibly one that predates us by millions or billions of 
years. Changing the assumptions hardly changes the conclusion. If we re-
ally are being visited, then civilizations have arisen somewhere. If the 
number of civilizations is more than the 100,000 we guessed, then the av-
erage time between civilizations would be little shorter, so maybe the 
youn gest are only 10,000 years instead of 50,000 years ahead of us. If the 
number of civilizations is smaller than 100,000, then the average time 
between them would be longer than the 50,000 years we found. No matter 
how you look at it, visitors to Earth must be thousands or tens of thou-
sands of years beyond us technologically.

Alien Technology

So what does alien technology look like? If aliens are really  here, then we 
automatically know that they can make easy journeys among the stars, 
proving that they are capable of things far beyond what we can now achieve. 
But the time argument makes them even more powerful. Let’s take our 
earlier assumptions, and suppose we are being visited by the youn gest civi-
lization besides our own, the one that we might expect to be some 50,000 
years ahead of us. Then fi guring out what their technology might look like 
requires only that we imagine what our own technology will be like if we 
continue to develop it for the next 50,000 years.

Except it’s unimaginable. The human rate of technological development 
has been rapidly accelerating. If you read science fi ction from 50 years ago, 
you’ll fi nd that the writers rarely got anywhere close to envisioning what our 
present technology would look like. For example, I know of no one who envi-
sioned the sudden rise of the Internet. Extrapolating into the future, I’ll wager 
that none of us has any real idea of what technology will look like just 50 
years from now, let alone in 500 years, 5,000 years, or 50,000 years. All I can 
say is that the technology will be incredible, and I’d expect it to look no more 
like our  present- day technology than silicon chips look like the tools chimps 
use to dig out termites. To quote the science fi ction writer Arthur C. Clarke, 
“Any suffi ciently advanced technology is indistinguishable from magic.”
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Beyond UFOs

And now we come full circle back to The War of the Worlds. A battle be-
tween us and visiting aliens would, at best, be like a group of cavemen try-
ing to hold off the United States Army. The mere fact that we are still alive 
therefore proves that no one with intentions on our world has visited us 
lately, because if they had, the world would already be theirs. You can there-
fore breathe a sigh of relief, because we can be quite certain that any current 
visitors must be either benign or benevolent.

But could we really know that they’re  here? In light of what  we’ve learned 
about their technology, most claims of “evidence” for alien visitation look 
downright silly. Again, remember that we are talking about beings who we 
should expect to possess technology at least about 50,000 years beyond 
ours. If they chose to make their presence known to us, does it really seem 
possible that they’d decide to do it by drawing patterns in wheat fi elds? (See 
fi gure 3.4.)

Claims of debris from alien crashes are hardly more plausible. Indeed, 
if you assume that debris from places like Roswell really is from alien 

Figure 3.4. Crop circles. Does this really seem plausible as the chosen 
method of communication by extraterrestrials with technology 50,000 
years beyond ours? (Photo by Joze Pojbic)



spaceships, the most remarkable thing about it is that alien spacecraft ma-
terial  doesn’t look all that different from ours. But it should. After all, the 
composites used in modern military aircraft don’t really look a  whole lot 
like the wood used to build chariots in ancient times. Given the rate at 
which materials science is advancing, I’d be shocked if spacecraft a century 
from now bear much resemblance to anything we use today. Rather than 
being evidence of alien visitation, odd pieces of metal seem far more likely 
to be proof of human origin.

Indeed, I fi nd the entire idea of crashed aliens to be very hard to swallow. 
Even with our current, primitive technology, we manage to build aircraft 
that hardly ever crash. That’s why most of us are far more concerned with 
terrorists than with accidents when we board an airplane. Aircraft of the 
future will be even safer, thanks to technologies already in the pipeline 
that should drastically reduce accident rates. So if you ask me how often 
aircraft or spacecraft will crash in 50,000 years,  here’s my answer: essen-
tially never. Even if true perfection cannot be achieved, the idea that multi-
ple alien spacecraft could have crashed on farms and military installations 
in just the past few de cades makes no sense at all when you consider how 
far they’ve come and how long they’ve had to perfect their technology.

Finally, the writing pro cess demands that I address one more common 
claim about aliens, because this really did just happen to me: As I was 
working on these last couple of paragraphs on my own computer, Micro-
soft Offi ce crashed, and I lost several sentences that I had to retype after re-
starting the program. And this brings me to claims that the government 
developed our current computer technology by “reverse engineering” alien 
computers recovered from crashed spacecraft. For the record, Bill Gates is 
one of my personal heroes for the tremendous charitable work he is doing 
with his money, but as my personal experience shows, his software is not 
always reliable. So if you want to believe that modern computing is the re-
sult of reverse engineering of alien technology, you’d have to believe that 
aliens could traverse interstellar distances with Microsoft software. Sorry, 
but I don’t think they’d make it. Moreover, we all know that software is 
rapidly improving as people write more and better code. Given their 50,000-
 year head start, is it really conceivable that aliens would have been using 
code that looked like what we had in the 1970s, when the reverse engineer-
ing supposedly began?

The bottom line is that virtually any claim of “hard” evidence of alien 
visitation quickly collapses under its own weight of implausibility. But ab-
sence of evidence is not evidence of absence, and I’ll be the fi rst to admit that 
it’s still possible that aliens are visiting us. In fact, based on the arguments 
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I’ve made about the number of civilizations, it seems diffi cult to believe that 
they’re  not—which presents a very interesting paradox that we’ll discuss in 
the book’s fi nal chapter. Meanwhile, we are left with a simple reality: With 
extremely high confi dence, we can conclude that any aliens who are visiting 
Earth are so far beyond us that there’s virtually no chance of them leaving 
evidence behind by accident. If they want us to know they’re  here, they’ll 
tell us. And if they don’t want us to know, it’s highly unlikely that we could 
discover them, no matter how hard we might try.

And yet, I still won’t tell anyone who claims to have seen a UFO that 
they’re wrong. Because with all this considered, there are still laws of na-
ture that must be obeyed. I suspect that aliens will have discovered laws of 
which we are unaware, perhaps allowing them to do things like “cloaking” 
their spacecraft to prevent us from seeing them. But if that kind of hiding 
isn’t possible, and if they really are visiting, then no matter how good their 
technology, we might catch an occasional glimpse of one of their spacecraft 
as it darts by. I highly doubt that such craft would look at all like fl ying sau-
cers or anything  else that is commonly reported. But if you see a strange 
light in the sky, indistinct but unmistakable and moving in a way that defi es 
ordinary explanation, then maybe, just maybe, you’ve seen them. Maybe 
even I’ve seen them, back when I saw my own UFO during the meteor 
shower.

So now, we really are ready to move beyond UFOs. I hope I’ve convinced 
you that even if UFOs are real, we probably won’t be able to fi nd the hard 
evidence that science demands to prove it. It’s time to turn our attention to 
things that we can study through science, such as life on Earth, the possi-
bility of life elsewhere in our solar system, and possibilities for life among 
the stars.



4
What Is Life?

There is grandeur in this view of life, with its sev-
eral powers, having been originally breathed by the 
Creator into a few forms or into one; and that, 
whilst this planet has gone cycling on according to 
the fi xed law of gravity, from so simple a beginning 
endless forms most beautiful and most wonderful 
have been, and are being, evolved.

—Charles Darwin, The Origin of Species, 1859

If intelligent aliens someday land in Times Square or Red Square or Ti-
ananmen Square and announce themselves to the world, the implications 
to life in the universe will be immediately clear. Their advanced technol-
ogy will prove they are from a distant world, and even if they themselves 
are robots or androids or ge ne tically engineered organisms bearing little 
resemblance to their forebears, they’ll still represent indisputable proof 
that life has arisen elsewhere. A SETI success in receiving a message from 
another civilization would be only slightly less dramatic, and equally pro-
found in demonstrating that we are not alone in our universe. But unless 
or until something this spectacular occurs, our only realistic hope of fi nd-
ing life beyond Earth lies with using spacecraft or telescopes to search for 
it. And in that case, it’s important to know exactly what it is that we are 
searching for.

You might think that it would be easy to defi ne life, but it’s not. Con-
sider a cat and a car, which turn out to have a lot in common. Both require 
energy to  function—the cat gets energy from food, and the car gets energy 
from gasoline. Both can move at varying speeds and can turn corners. Both 
expel waste products. But a cat clearly is alive, while a car clearly is not. 
What’s the difference?

In the case of a cat and a car, we can fi nd many important differences 
without looking too far. For example, cats reproduce themselves, while cars 
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must be built in factories. But as we look deeper into the nature of life, it 
becomes increasingly diffi cult to decide what characteristics separate living 
organisms from rocks and other nonliving materials. Indeed, the question 
can be so diffi cult to answer that we may be tempted to fall back on the fa-
mous words of U.S. Supreme Court Justice Potter Stewart, who, in avoiding 
the diffi culty of defi ning pornography, wrote: “I shall not today attempt 
further to defi ne [it]. . . . But I know it when I see it.” If living organisms 
on other worlds turn out to be much like those on Earth, it may prove true 
that we’ll know them when we see them. But if the organisms are fairly dif-
ferent from those on Earth, we’ll need clearer guidelines to decide whether 
or not they are truly “living.”

The Diversity of Life on Earth

Part of the diffi culty in defi ning life arises from the fact that, even  here on 
Earth, most life is quite different from the life we see all around us. If you 
went strictly by appearances, you’d probably conclude that all life belongs 
to one of just two kingdoms of  life—the plant kingdom and the animal 
kingdom. But this “obvious” view of life, held in various forms for thou-
sands of years, is just as misleading as the equally old and “obvious” idea 
that the Sun, Moon, and stars circle around us each day. In truth, we are no 
more the center of Earth’s biological universe than Earth is the center of 
the physical universe.

The idea that our biological status is less impressive than we generally 
presume is much less well known than the idea that we live on one small 
planet in a vast universe, in part because the true breadth of biological di-
versity on Earth has only recently been recognized. Indeed, up until just a 
couple de cades ago, most biology textbooks continued to emphasize the 
idea that the plant and animal kingdoms represented a large part of life on 
Earth. But as we now know, these kingdoms are “large” only in the sense 
that many of their members are big enough to see with the naked eye. In 
any other  sense—such as in the total biomass they represent or in the im-
portance of their roles in shaping Earth’s  atmosphere—they are much less 
dominant than other forms of life on Earth.

The fi rst evidence that biological reality is different than it appears to 
the naked eye came around the same time that the Copernican revolution 
was concluding. Not long after Galileo turned his telescopes to the heavens, 
other scientists began to employ similar lens technology to study the world 
of the very small. The precise origin of the microscope is not known, but 



the fi rst practical microscopes used for scientifi c study  were built by the 
Dutch scientist Anton van Leeuwenhoek (1632–1723; last name pronounced 
 lay- ven- hook). During de cades of observations beginning around 1674, 
Leeuwenhoek discovered the world of microscopic life. He was the fi rst to 
realize that drops of pond water are teeming with  microorganisms—a dis-
covery now repeated by almost every elementary school student.

The discovery of the microbial world came as a big surprise, but for a 
long time it did not fundamentally alter human perceptions of the bio-
logical universe. Microbes  were thought of as tiny plants or animals; for 
example, bacteria  were considered plants, while mobile protozoans, such 
as amoebas,  were classifi ed as animals. It was only in the 1960s that biol-
ogists generally accepted that these organisms really didn’t fi t the tradi-
tional  two- kingdom classifi cation scheme. The kingdom list therefore 
expanded from two to fi ve, with two of the new kingdoms (monera and 
protista) reserved for microorganisms; the third new addition was fungi, 
such as mushrooms, by then recognized to be different from both plants 
and animals.

You can still fi nd this  fi ve- kingdom scheme in many old or  not- quite-
 up- to- date textbooks, but biological science has come a long way since 
then. As scientists began to learn more about the biochemistry of cells, 
they realized that microbes that look similar under a microscope often 
have striking biochemical differences, such as fundamental differences in 
the chemical structures of their cell membranes or of the proteins that 
regulate metabolism. More recently, the same type of technology that 
made possible the Human Genome  Project—the project that determined 
the sequence of all 3 billion or so base pairs in human DNA (short for de-
oxyribonucleic acid)—has been used to determine the ge ne tic relation-
ships between many different species, including microbial species.

To understand the basic concept, it’s helpful to review the way that DNA 
encodes hereditary information, by which we mean the “operating instruc-
tions” that a living organism passes on to its descendants. The molecular 
structure of DNA, a double helix, is one of the most familiar scientifi c 
icons of our time (see fi gure 4.1). A helix is a  three- dimensional spiral, 
such as you would make by extending a Slinky toy; a double helix has two 
intertwined strands, each in the shape of a helix. The structure looks much 
like a zipper twisted into a spiral. The fabric edges of the zipper represent 
the “backbone” of the DNA molecule, while the zipper teeth that link the 
two strands represent molecular components called DNA bases. The chem-
ical structure of the backbone is interesting and important in its own right, 
but it is the DNA bases that hold the key to heredity. All known life on 
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Earth makes use of only four DNA bases: adenine (abbreviated A), guanine 
(G), thymine (T), and cytosine (C).

In order to pass heredity information down through generations, living 
cells must be able to pass their DNA to their offspring. This is possible be-
cause of “base pairing rules” that dictate the way the two strands of DNA 
can be linked together: T can pair up only with A, while C can pair up only 
with G. Figure 4.1 shows the idea by representing the different bases with 
different shapes. For example, the shape of A, which is depicted as ending 
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Figure 4.1. (Left) The double helix structure of a DNA molecule, which 
looks much like a zipper twisted into a spiral. The important hereditary 
information is contained in the “teeth,” or DNA bases, linking the strands. 
Only four DNA bases are used, and they can link up only in specifi c ways: 
T attaches only to A, and C attaches only to G. (Right) These base pairing 
rules make it possible for a DNA molecule to be copied. (Illustration cour-
tesy of Addison Wesley, an imprint of Pearson Education)



with an open triangle, fi ts only into the notch in T. Similarly, what is 
shown as the curved end of G fi ts only into the curved notch in C. These di-
agrams are only schematic  representations—there aren’t literally notches 
and curves of these  shapes—but the real chemical bases work much the 
same way: Their actual chemical structures determine how they pair up.

The base pairing rules mean that when the two strands separate, new 
strands can be assembled by following the rules along each one. The pro-
cess of DNA replication begins when other molecules in a living cell come 
in and “unzip” the double helix. Once it is unzipped, DNA bases fl oating 
freely within the cell can be brought in to pair up with each of the two sep-
arated DNA strands. Because these new bases must link to the bases on the 
existing strands according to the base pairing  rules—T with A and C with 
 G—they ultimately form complementary new strands that are joined to 
the existing ones. (By saying that two strands are complementary, we 
mean that one contains the precise sequence of bases needed to match the 
other in accord with the base pairing rules.) As long as no errors occur, the 
end result is two identical copies of the original DNA molecule. When a cell 
divides, one copy goes to each daughter cell, ensuring that the daughters 
have the same ge ne tic information as the parent cell.

Besides having the ability to be replicated, DNA also determines the 
structure and function of the cells within any living organism. In es-
sence, the “operating instructions” for a living organism are contained in 
the precise arrangement of chemical bases (A, T, C, and G) in the organ-
ism’s DNA. Within a large DNA molecule, isolated sequences of DNA 
bases represent the instructions for a variety of cell functions. For exam-
ple, a par tic u lar sequence of bases may contain the instructions for build-
ing a protein or for carry ing out or regulating one of these building 
pro cesses. The instructions representing any individual  function—such 
as the instructions for building a single  protein—make up what we call 
a gene.

Interestingly, among plants and animals, most of the DNA is not part of 
any gene; that is, it does not appear to carry the instructions for any par tic-
u lar cell function. For example, this  so- called noncoding DNA (sometimes 
called “junk DNA”) makes up more than 95 percent of the total DNA in 
human beings. Biologists suspect that most of this noncoding DNA repre-
sents evolutionary  artifacts—pieces of DNA that may once have had func-
tions in our ancestors but that no longer are important, much like the 
appendix is an organ that no longer plays an important role in our bodies. 
However, recent discoveries suggest that at least some of the noncoding 
DNA may play important roles that are not yet fully understood.
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The complete sequence of DNA bases in an organism, encompassing all 
of the organism’s genes as well as all of its noncoding DNA, is called the 
organism’s genome. Different organisms have genomes that vary signi-
fi cantly both in total length (number of bases) and in their numbers of 
genes. For example, some simple microbes have DNA that extends only a 
few hundred thousand bases and contains only a few hundred genes.1 We 
humans have a genome that contains an estimated 20,000 to 25,000 genes 
among its sequence of some 3 billion DNA bases. Note that, ge ne tically 
speaking, we are by no means the most complex organisms on Earth. Rice, 
for example, has signifi cantly more genes than we  do—recent sequencing 
of the rice genome shows that it has about 37,000 genes, though it has a 
shorter total DNA sequence. Other organisms have far more DNA than 
people. For example, the simple plant known as the “whisk fern” (Psilotum 
nudum) has more than 70 times as many bases in its genome as humans, 
though most of this extra DNA is probably noncoding.

I’ve taken you on this little digression through molecular biology be-
cause you can now understand how biologists map ge ne tic relationships be-
tween living species. Today, biologists have technology that allows them to 
determine the sequence of bases in almost any strand of DNA. This tech-
nology has been used to determine the DNA sequences that code for many 
cell functions, as well as to determine the complete DNA sequences of many 
living organisms, including humans. While there is always some variation 
among individuals, every member of a par tic u lar species has the same basic 
genome. By comparing the DNA sequences in similar genes among differ-
ent species, biologists can determine how closely the species are related. For 
example, two species with very similar DNA sequences must be closely re-
lated, while two species with very different DNA sequences must be much 
more distant relatives.

And  here’s where the big surprise comes: Plants, animals, and fungi, 
which seem so different to us, are in reality far more closely related to one 
another than almost any two microbial species that you might pick up at 
random. Biologists show the ge ne tic relationships between different types 
of organisms with the “tree of life,” pictured in fi gure 4.2. The fi rst thing 
you’ll notice is that it’s not your grandfather’s tree, with just two large 

1 Many viruses are far simpler, with just a few thousand bases and a handful of genes. 
Mitochondria within plant and animal cells, which are thought to have had  free- living an-
cestors, are also much simpler than the simplest bacteria sequenced to date. For example, 
human mitochondria have fewer than 17,000 DNA base pairs representing fewer than 40 
genes.



trunks for plants and animals. Instead, there are now three trunks, iden-
tifi ed as Bacteria, Archaea, and Eukarya, and the entire plant and animal 
kingdoms are just two small, closely linked branches within the trunk la-
beled Eukarya. The three trunks are technically referred to as domains, 
though it may be easier to think of them as “superkingdoms.” To sum-
marize, we now know that there are dozens of different “kingdoms” of 
life, each with at least as much variety as we fi nd within the plant and an-
imal kingdoms, and that these kingdoms can be grouped into the three 
domains (or superkingdoms) Bacteria, Archaea, and Eukarya.

This new understanding of the tree of life has astonishing implications. 
It immediately shows that creatures like us are not the dominant forms of 
life on Earth, and that plants and animals come nowhere close to represent-
ing the full range of life forms even  here on our own planet. Instead, the 
true diversity of life on Earth is found almost entirely within the micro-
scopic realm. Moreover, because the vast majority of microscopic species 
probably remain undiscovered, we are likely to fi nd much more diversity 
as we continue to study biology. We will certainly discover many more 
branches within the three domains, and it is even possible that entirely 
new domains will be discovered in the future.
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Figure 4.2. The tree of life, as it is known today, has three major do-
mains: Bacteria, Archaea, and Eukarya. Note that all plants and ani-
mals represent just two small branches of the domain Eukarya. Only a 
few of the many known branchings within each domain are shown. 
(Illustration courtesy of Addison Wesley, an imprint of Pearson Educa-
tion, developed with the assistance of the Pace Lab at the University of 
Colorado)
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This tremendous diversity among microbes extends beyond their ge ne-
tics and into the places in which they live, a fact with important implica-
tions to the search for extraterrestrial life. In par tic u lar, we now know that 
the search for life need not be limited to a search for places with environ-
ments in which we could survive. We humans, along with all other ani-
mals and plants, need oxygen and a fairly narrow range of temperatures, 
water salinities, and other things to survive. But there are microbes living 
under a much broader range of conditions, including conditions likely to 
exist on many other worlds that we would hardly categorize as  Earth- like. 
The diversity of these  so- called extremophiles (“lovers of the  extreme”)—
meaning microbes adapted to environments that are extreme by human 
 standards—is truly remarkable, so let’s consider just a few examples, start-
ing with the hyperthermophiles that survive in conditions of unusually 
high temperature.

You probably know that the best way to kill bacteria when you are cook-
ing is to make sure you raise the temperature high enough: You’ll kill sal-
monella by cooking your meat to above about 180°F, and you’ll make sure 
your soup is safe by bringing it to a boil at 212°F. These heat techniques 
work because, in general, DNA and other biologically important molecules 
fall apart at such high temperatures. And yet, in recent de cades, scientists 
have discovered  life—mostly microbes of the domain  Archaea—thriving 
in the very hot water around black smokers, which are volcanic vents on 
the ocean fl oor (color plate 2, top). For example, an organism called Pyrolo-
bus fumarii, whose name means “fi re lobe of the chimney,” was actually 
discovered in the walls of a black smoker, where it grows in water heated to 
as high as 235°F. (The water  doesn’t boil because it is kept liquid by the 
high pressure at the bottom of the ocean.) And in 2003, researchers discov-
ered another species of Archaea living near the black smokers that can 
grow in even hotter water. This species does not yet have an offi cial name 
but is being called “Strain 121” because it can grow in water as hot as 121 
degrees Celsius, or 250°F; in addition, it can survive in the lab for up to two 
hours at temperatures of 266°F. Similar organisms thrive in hot springs on 
the Earth’s surface, such as in the springs found in Yellowstone National 
Park (color plate 2, bottom).

Other extremophiles live in conditions far too cold, acidic, alkaline, or 
salty for “ordinary” life to survive, and some seem like they should be able 
to survive even on other worlds of our own solar system. For example, mi-
crobes called endoliths (meaning “within rocks”) can live as much as a cou-
ple of miles below Earth’s surface, as long as there are microscopic amounts 
of liquid water fi ltering through the subterranean rock. These microbial 



species live almost completely in de pen dent of the surface environment. 
They do not eat, instead getting nutrients from chemicals and air trapped 
within the rock, and they do not depend on sunlight in any way, since they 
get energy from chemical reactions between the liquid water and minerals 
in the rock. One community of endoliths, discovered in 1995, consists of 
bacteria living deep beneath the surface of Oregon and Washington in a 
rock formation known as the Columbia River Basalt. Other  rock- dwelling 
microbes survive in the cold, dry valleys of Antarctica, and some are known 
to survive temperatures as low as about −4°F, as long as even a very thin 
fi lm of liquid water is available. As strange as these microbes may seem, 
they are very common on Earth; indeed, some biologists suspect that the 
total mass of subsurface organisms living in rock may exceed that of all the 
life on Earth’s surface. Moreover, as we’ll discuss in chapter 7, the type of 
subsurface environment in which they live almost certainly exists in simi-
lar form on other worlds, including Mars.

The range of conditions in which various species can survive is truly 
astonishing, and new record holders for temperature, salinity, depth in 
rock, or other conditions are discovered almost every year. Still, one 
known species will be hard to beat for its sheer audacity: the bacterial spe-
cies known as Deinococcus radiodurans, which can survive radiation more 
than 1,000 times that which would be lethal to humans and other ani-
mals. These remarkable organisms actually thrive in radioactive waste 
dumps! How do they do it, when the radiation can easily destroy the DNA 
upon which they depend for heredity? Amazingly, they apparently have 
cellular mechanisms that can repair the DNA faster than it is destroyed, 
an ability clearly of great interest to medical researchers. From the stand-
point of astrobiology, D. radiodurans (as the species is known for short) is 
important because it could survive the radiation exposure on many worlds 
with atmospheres less protective than Earth’s. Perhaps more signifi cantly, 
if an asteroid hit our planet and blasted a rock into space with hitchhiking 
D. radiodurans aboard, the microbes might well survive long enough for 
their meteorite to land on Mars.2 As we’ll discuss in the next chapter, this 
idea raises the possibility that life might have migrated among the inner 
planets of our solar system in the past.

2 Other microbes can survive trips through space by going into a “dormant” state. For 
example, the deadly bacteria anthrax can form “resting cells,” or endospores, that can sur-
vive a complete lack of water, extreme heat or cold, and most poisons. Some endospores can 
remain dormant for centuries.
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It’s worth keeping in mind that while extremophiles may seem “ex-
treme” to us, they would probably say the opposite if they could talk. For 
example, many hyperthermophiles die when brought to “normal” temper-
atures, because their enzymes have evolved to function only at the high 
temperatures in which they live. Indeed, many extremophiles are anaero-
bic (meaning they live without oxygen), and they are poisoned by the oxy-
gen on which our own lives depend. And this leads me to another very 
important point about human capabilities.

I count myself as an environmentalist, and I’m very concerned about 
what we are doing to our planet and to many of the beautiful species 
that share it with us. But when I hear people claim that we might some-
how wipe out life on our planet, I know it’s pure hubris. Sorry, folks, 
but we just aren’t that powerful. Sure, we could lay waste to our own 
civilization with nuclear bombs, and we might even change the climate 
enough to lead to our own demise as a species, sadly taking millions of 
other animal and plant species along with us. But the endoliths living 
miles beneath our cities in Oregon and Washington, the hyperthermo-
philes living near the black smokers, and D. radiodurans and others 
won’t even bat a proverbial microscopic eye. We could destroy the ozone 
layer, raise the temperature, change the oxygen fraction, and radiate 
the surface with nuclear waste, and most life on Earth won’t even 
notice.

The fact that we probably cannot harm most microbes has a positive 
side, because while microbes could care less about us, we depend heavily on 
them. Although microbes are most likely to make the news when they do 
something bad, like cause a disease, most microbes are harmless and many 
are crucial to our survival. For example, bacteria in our intestines provide 
us with important vitamins, and bacteria living in our mouths prevent 
harmful fungi from growing there. Other microbes play crucial roles in 
cycling carbon and other vital chemical elements between organic matter 
and the soil and atmosphere; for example, microbes are responsible for de-
composing dead plants and animals. We even owe the existence of the oxy-
gen we breathe to microbes; according to present understanding, Earth’s 
atmosphere began essentially  oxygen- free, and gained oxygen only as it 
was produced by tiny, photosynthetic bacteria. Without microbes, all plant 
and animal life would be doomed. In contrast, microbes could survive just 
fi ne without plants and animals, as they did during most of the history of 
life on Earth. We are not the center of Earth’s biological universe, let alone 
of the rest of the universe.



What Living Things Do

The great diversity of life on Earth might give you some pause when you 
think about the question of how to defi ne and recognize life. After all, how 
would you know whether the rock you pick up contains microscopic organ-
isms? For  Earth- based biologists, however, this question isn’t too diffi cult, 
because there are chemical tests we can do to look for life on Earth. For ex-
ample, all known life on Earth uses DNA as its hereditary material, so we 
should fi nd traces of DNA if a rock contains living organisms.

The question really only becomes diffi cult when we think about possi-
bilities beyond Earth. Although life anywhere would presumably have 
some sort of hereditary material, we have no reason to expect that it would 
be DNA. (It’s even possible that  non- DNA life remains undiscovered right 
 here on Earth, though it seems unlikely.) So if we picked up a rock from 
Mars or from the cold surface of Titan, how would we know whether it 
contained something that qualifi es as life?

One way to answer this question is by making a list of the properties 
that seem to be common to life but in de pen dent of a par tic u lar biochemis-
try. In this way, we can look for characteristics that we might expect to be 
shared among all life forms, regardless of where they exist or how they 
arose. Different scientists have made such lists in many different ways, and 
they don’t always fully agree with one another. Nevertheless, I believe 
you’ll fi nd general agreement that all life must share at least the following 
three properties:

1. Life creates order out of chaos.
2. Life makes copies of itself, but not quite perfectly.
3. Life evolves through time.

Let’s consider each of these properties in a little more detail. The fi rst 
expresses the fact that living organisms can take fairly random assort-
ments of molecules and arrange them into orderly patterns that make cell 
structures and govern the metabolism of life. We sometimes fi nd order in 
the physical world as  well—for example, rock crystals are highly  ordered—
but the order comes about in a different way. Living organisms use energy 
to create the order upon which their survival depends. This is an important 
and often misunderstood concept that is related to something called the 
second law of thermodynamics. Thermodynamics is a branch of science 
that deals with energy and the rules by which it operates. The fi rst law of 
thermodynamics, also known as the law of conservation of energy, tells us 
that energy can neither be created nor destroyed but only transformed from 
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one form of energy to another. The second law of thermodynamics states 
that, when left alone, the energy in a system undergoes conversions that 
lead to increasing disorder (mea sured quantitatively as entropy). Living 
organisms are a perfect example of this law’s importance: If you place a liv-
ing organism in a sealed box, it will eventually use up the available energy 
and therefore no longer be able to build new molecules or fuel any of the 
molecular pro cesses needed for life. Its molecules will therefore become 
more disordered with  time—for example, the molecules may decay or may 
lose the orderly relationships they maintain with other molecules when 
the organism is  alive—causing the organism to die. Thus, to maintain or-
der and survive, a living organism must have a continual source of energy 
that it can use to counter the tendency for disorder to take over. As we’ll 
discuss more later, this need for energy to maintain order helps constrain 
the list of places that seem possible abodes of extraterrestrial life.

The second property is what we generally think of as reproduction: Liv-
ing organisms reproduce their own kind. Reproduction seems necessary to 
a defi nition of life because, without it, there would be no way for life as a 
 whole to survive the deaths of individuals. However, if the reproduction 
 were perfect, like the copying of digital computer fi les (hopefully!), all in-
dividuals of a species would always be exactly alike. This type of unifor-
mity would be disastrous to life for a variety of reasons. For example, if all 
wheat  were ge ne tically identical, it would take just one infectious disease to 
wipe out all the wheat in the world, since there’d be no hope of fi nding a 
wheat plant with a ge ne tic variation that could enable it to resist the dis-
ease. (Indeed, for just this reason agricultural scientists are concerned about 
the trend toward mass production of ge ne tically similar crop strains.) Liv-
ing organisms must reproduce themselves, but they must do it in a way 
that is not quite perfect so that there will always be individual variation. 
For life on Earth, this necessary imperfection comes from slight changes, 
or mutations, that sometimes occur in DNA, which is why the individuals 
within species are not all perfect clones of one another.3

The third property, that life evolves through time, is what makes it pos-
sible for species to adapt to changes in the environment around them. 
Without the ability for evolutionary adaptation, life probably would not be 
possible over the long haul. The physical environment inevitably under-
goes change. Earth’s climate has seen substantial changes over time, from 

3 Of course, we humans differ from our parents primarily because of the way genes are 
shuffl ed in sexual reproduction, rather than due to new mutations. But without mutations, 
sexual reproduction never would have evolved in the fi rst place.



deep ice ages to very warm periods. Adaptation to such change has allowed 
life to survive and thrive on our planet. More important, we presume that 
life must have somehow got started long ago, with some ancestral microbes 
that  were the fi rst to be able to create order from chaos and reproduce on 
our planet. Without evolutionary adaptation, these microbes would never 
have changed and blossomed into the diversity of life that we fi nd today.

If you think about it, these three properties form a simple hierarchy. 
The fi rst property, creating order out of chaos, is implicit in the second, the 
ability to reproduce. And the second,  not- quite- perfect reproduction, is im-
plicit in the fact that life is able to evolve through time. And that is why, 
despite the public controversy over evolution, biologists today recognize 
evolution as the central, unifying theme of all biological science. Indeed, if 
you’re looking for a simple defi nition of life, this will probably suffi ce: Life 
is a chemical system with the ability to evolve through time.

Understanding Evolution

Evolution is probably the single most misunderstood idea in all of science, 
which probably explains why so many people do battle over it. After all, it’s 
a lot easier to argue with something by drawing caricatures of it than by 
actually digging in to understand it. But like most of the great, unifying 
principles of science, the theory of evolution has an underlying simplicity 
that anyone can appreciate with just a little bit of effort. Because evolution 
is so important to defi ning life, and hence to the search for life in the uni-
verse, I hope you won’t mind if I spend a few pages in an attempt to demys-
tify it.

The word evolution simply means “change with time,” and the idea that 
life might evolve through time goes back more than 2,500 years. The 
Greek scientist Anaximander (c. 610–547 b.c.) promoted the idea that life 
originally arose in water and gradually evolved from simpler to more com-
plex forms. A century later, Empedocles (c. 492–432 b.c.) suggested that 
creatures poorly adapted to their environments would perish, foreshadow-
ing the modern idea of evolutionary adaptation. Many of the early Greek 
atomists probably held similar beliefs, though the evidence is sparse. Aris-
totle, however, maintained that species are fi xed and in de pen dent of one 
another and do not evolve. This Aristotelian view eventually became en-
trenched within the theology of Christianity, with the result that evolu-
tion was not taken seriously again for some 2,000 years.
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By the  mid- 1700s, scientists  were beginning to recognize that many fos-
sils represented extinct ancestors of living species, and the idea that Earth 
was quite old was gaining widespread ac cep tance. However, no one yet knew 
how species might change with time. For that, we needed a model that could 
describe the mechanism of evolutionary change.

The fi rst serious model for evolution was proposed in the early 1800s by 
the French naturalist Jean Baptiste Lamarck. He proposed a mechanism 
known as “inheritance of acquired characteristics,” in which he suggested 
that organisms develop new characteristics during their lives and then pass 
these characteristics on to their offspring. For example, Lamarck would 
have imagined that weightlifting would enable a person to create an adap-
tation of great strength that could be ge ne tically passed to his or her chil-
dren. While this hypothesis may have seemed quite reasonable at the time, 
it has not stood up to scientifi c scrutiny and, following the scientifi c prac-
tices I outlined in chapter 2, it has therefore has been discarded as a model 
of how evolution occurs. It has been replaced by a different model, pro-
posed by the British naturalist Charles Darwin.

Charles Darwin described his theory of evolution in his book The Ori-
gin of Species, fi rst published in 1859. In this book, Darwin laid out the 
case for evolution in two fundamental ways. First, he described his obser-
vations of living organisms, made during his  fi ve- year voyage on the HMS 
Bea gle, and showed how they supported the idea that evolutionary change 
really does occur. Second, he put forth a new model of how evolution oc-
curs, backing up his model with a wealth of evidence. In essence, the fossil 
record and the observed relationships between species together provide 
strong evidence that evolution has occurred, while Darwin’s theory of evo-
lution explains how it occurs.

You can fi nd descriptions of Darwin’s theory in almost any biology text 
(at least at the college level; sadly, po liti cal pressures have caused it often to 
be watered down for the high school level), but its basic logic was described 
with par tic u lar elegance by biologist Stephen Jay Gould (1941–2002). As 
Gould put it, Darwin built his model from “two undeniable facts and an in-
escapable conclusion”:

Fact 1: Overproduction and competition for survival. Any localized 
population of a species has the potential to produce far more offspring 
than the local environment can support with resources such as food and 
shelter. This overproduction leads to a competition for survival among 
the individuals of the population.



Fact 2: Individual variation. Individuals in a population of any species 
vary in many heritable traits (traits passed from parents to offspring). No 
two individuals are exactly alike, and some individuals possess traits that 
make them better able to compete for food and other vital resources.

Inescapable conclusion: Unequal reproductive success. In the struggle 
for survival, those individuals whose traits best enable them to survive 
and reproduce will, on average, leave the largest number of offspring that 
in turn survive to reproduce. Therefore, in any local environment, herita-
ble traits that enhance survival and successful reproduction will become 
progressively more common in succeeding generations.

It is this unequal reproductive success that Darwin called natural selec-
tion: Over time, advantageous ge ne tic traits will naturally win out (be “se-
lected”) over less advantageous traits because they are more likely to be 
passed down through many generations. This pro cess explains how species 
can change in response to their  environment—by favoring traits that im-
prove  adaptation—and thus is the primary mechanism of evolution. That 
is, life evolves as natural selection leads over time to evolutionary adapta-
tions that make species better suited to their environments. When the ad-
aptations are signifi cant enough, organisms carry ing the adaptations may 
be so different from their ancestors that they constitute an entirely new 
species.

Darwin backed his logical claim that evolution proceeds through natural 
selection by carefully documenting a prodigious amount of evidence. His 
most famous evidence came from his studies of the unique species of the 
Galápagos Islands. For example, the islands have 13 distinct fi nch species 
(“Darwin’s fi nches”), with different species on different islands and each 
species adapted to survive in its own peculiar way. Darwin recognized that 
this made perfect sense when considered in the context of natural selection: 
Some time in the past, an ancestral pair of fi nches reached the Galápagos 
from the mainland (perhaps by being blown off course by winds). Over 
time, local populations of island fi nches gradually adapted to different envi-
ronments, ultimately becoming the distinct species that he observed.

Darwin recognized similar patterns among many other species in the 
Galápagos and elsewhere in his  round- the- world voyage on the HMS Bea-
gle, as well as in patterns he saw when comparing fossils of extinct organ-
isms to modern species found in the same regions. He also found strong 
support for his theory of evolution by looking at examples of artifi cial 
 selection—the selective breeding of domesticated plants or animals by hu-
mans. Dogs offer a powerful example: Breeds as different as Rottweilers 
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and Chihuahuas  were bred from a common ancestor within just a few 
thousand years. Darwin recognized that if artifi cial selection could cause 
such profound changes in just thousands of years, natural selection could 
do far more over the millions or billions of years during which it has 
operated.

Today, we can observe natural selection occurring right before our eyes. 
In many places on Earth, species have changed in time spans as short as a 
few de cades in response to  human- induced environmental changes. On a 
microbial level, natural selection is what allows a population of bacteria to 
become resistant to specifi c antibiotics; those few bacteria that acquire a ge-
ne tic trait of re sis tance are the only ones that survive in the presence of the 
antibiotic. Indeed, bacterial cases of natural selection pose a diffi cult prob-
lem for modern medicine, because bacteria can quickly develop re sis tance 
to almost any new drug we produce. As a result, pharmaceutical companies 
are constantly working to develop new antibiotics as bacteria become resis-
tant to existing ones. Viruses can evolve even faster, which is one reason it 
has proven so diffi cult to fi ght viral diseases such as the common cold, in-
fl uenza, and AIDS.

All of this observational evidence makes an incredibly strong case for 
the theory of evolution, but in the past few de cades the case has grown far 
stronger still. Not only do we now observe the results of evolution, but 
thanks to our modern understanding of DNA, we can explain exactly what 
takes place on a molecular level. The molecular basis of evolution comes di-
rectly from the same imperfect copying of DNA that enables individual 
variation.

DNA replication proceeds with remarkable speed and accuracy. Some 
bacteria can copy their complete genomes in a matter of minutes, and copy-
ing the complete 3- billion- base sequence in human DNA takes a human cell 
only a few hours. In terms of accuracy, the copying pro cess generally oc-
curs with less than one error per billion bases copied. Nevertheless, errors 
(mutations) do sometimes occur. For example, the wrong base may occa-
sionally get attached in a base pair, for example linking C to A rather than 
to G. In other cases, an extra base may be accidentally inserted into a gene, 
a base may be deleted, or an entire sequence of bases might be duplicated or 
eliminated. Absorption of ultraviolet light or nuclear radiation or the ac-
tion of certain chemicals (carcinogens) can also cause mutations to occur in 
DNA, and once these changes are made they can be copied when the DNA 
gets copied.

When a daughter cell inherits a mutated DNA molecule, the mutation 
can affect the functionality of the cell. Many mutations are lethal, in 



which case the daughter cell does not live to reproduce. However, if the 
cell survives, the mutation will be copied every time the DNA is repli-
cated. In that case, the mutation represents a permanent change in the 
cell’s hereditary information. If the cell happens to be one that gets 
passed to the organism’s  offspring—as is always the case for  single- celled 
organisms and can be the case for animals if the mutation occurs in an 
egg or sperm  cell—the offspring will have a gene that differs from that of 
the parent. It is this pro cess of mutation, along with the shuffl ing of 
genes in sexual reproduction, that leads to variation among individuals in 
a species (Fact #2 above). Each of us differs slightly from all other hu-
mans because we each possess a unique genome with slightly different 
base sequences.

Mutations therefore provide the molecular basis for evolution.4 Given 
that different individuals of a species possess slightly different genes, it is 
inevitable that some genes will provide advantageous adaptations to the 
environment. As outlined above, the combination of individual variation 
and population pressure leads to natural selection, in which the advanta-
geous adaptations are preferentially passed down through the generations. 
Thus, what was once a random mutation in a single individual can eventu-
ally become the “normal” version of the gene for an entire species, thereby 
explaining how species evolve through time.

Our detailed understanding of how evolution proceeds on a molecular 
level, coupled with all the other evidence for evolution collected by Darwin 
and others, puts the theory of evolution by natural selection on a solid 
foundation. In other words, it is a true scientifi c theory, by which we mean 
a model that has been carefully checked and tested and that has passed ev-
ery test yet presented to it. Like any scientifi c theory, the theory of evolu-
tion can never be proven beyond all doubt. But to say it is “only a theory” 
reveals only ignorance of what it is all about.

4 Evolution sometimes occurs in an even more dramatic way: In some cases, organisms 
can transfer entire genes to other organisms, a pro cess called lateral gene transfer. This pro-
cess is one of the primary ways that bacteria gain re sis tance to antibiotics. We humans have 
also learned to use this pro cess for our benefi t through what we call ge ne tic engineering, in 
which we take a gene from one organism and insert it into another. For example, ge ne tic en-
gineering has allowed us to produce human insulin for diabetic patients: The human gene 
for insulin is inserted into bacteria, and these bacteria produce insulin that can be extracted 
and used as medicine. Lateral gene transfer can change a species more rapidly than individ-
ual mutations, but mutations are still the underlying basis, since they created the genes in 
the fi rst place.
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Evolution in the Classroom

We have covered enough to understand the importance of evolution and 
how it helps shape our defi nition of life, which means we should be ready to 
move on and discuss the implications of these ideas to the search for life on 
other worlds. But by this point in the book, you probably know I  can’t step 
off my soapbox quite so quickly when I’m on a roll, and this topic is way 
too important to the future of our nation to let it go quite yet. I’m not kid-
ding; you’ve seen the studies about how America is falling behind in math 
and science education, and the poor state of education about evolution is a 
key reason why. After all, if we  can’t teach our children about the most im-
portant and unifying discovery in the history of biology, how can we ex-
pect them to learn science at all?

When the opponents of teaching evolution offer their “only a theory” 
stickers, they are trying to make a distinction between “facts” and “theo-
ries.” There are some cases in which such a distinction is valid, but in this 
case it is a false choice, analogous to asking whether gravity is fact or a the-
ory. Gravity is a fact in that objects really do fall down and planets really 
do orbit the Sun, but we use the theory of gravity to explain exactly how 
and why these things occur. The theory of gravity is not presumed to be 
perfect and indeed has at least one known fl aw (its inconsistency with 
quantum mechanics on very small scales). Moreover, Newton’s original 
theory of gravity is now considered only an approximation to Einstein’s 
improved theory of gravity, which itself will presumably be found to be 
an approximation to a more complete theory that has not yet been 
discovered.

The same idea holds for evolution. Nearly all scientists consider evolu-
tion to be a fact, because both the fossil record and observations of modern 
species make clear that living organisms really do change with time. We 
use the theory of evolution to explain how and why these changes occur. 
The theory of evolution clearly explains the major features of life on Earth, 
but as with the theory of gravity, scientists still debate the details. For ex-
ample, there is considerable debate about the rate at which evolution pro-
ceeds: Some scientists suspect that evolution is “punctuated,” with periods 
of rapid change followed by long periods in which species remain quite sta-
ble, while others suspect that evolution proceeds at a steadier pace. This 
debate can be quite heated between individual scientists, but it does not 
change the overall idea that life evolves, and it is a debate that will eventu-
ally be settled by evidence. Indeed, we can draw a direct analogy between 
Darwin’s original theory of evolution by natural selection and Newton’s 



original theory of gravity: Just as Newton’s theory captured the main fea-
tures of gravity but has been refi ned and improved over time, Darwin’s 
theory captured the main features of evolution and has been refi ned and 
improved as  we’ve gained a deeper understanding of DNA and relation-
ships among species. And like the theory of gravity, the theory of evolu-
tion remains a work in progress. Perhaps someday we’ll be able to broaden 
the theory through the study of comparative evolution, in which we’ll ex-
plore the similarities and differences among living organisms on multiple 
worlds. But it is highly unlikely that we’ll ever fi nd any fundamental fl aw 
in the basic theory of evolution by natural selection.

Another incorrect claim often made by opponents of teaching evolution 
is that evolution is not really science. To understand the fallacy in this 
claim, we need only to look at how evolution stacks up against the three 
hallmarks of science that I outlined in chapter 2. Evolution clearly satisfi es 
the fi rst hallmark, which states that science seeks explanations for observed 
phenomena that rely solely on natural causes. It also clearly meets the sec-
ond, which states that science progresses through the creation and testing 
of models. For example, the very idea of evolution won out over Aristotle’s 
competing idea of species that never changed, and Darwin’s theory won out 
over Lamarck’s earlier model because it explained the observations so much 
more successfully. The objections from the opponents therefore usually re-
volve around the third hallmark, which states that a scientifi c model must 
make testable predictions that would lead us to revise or abandon the model 
if the predictions do not agree with observations.

In essence, the opponents claim that evolution is a matter of faith be-
cause it does not make testable predictions. But it does. For example, the 
modern theory of evolution, understood on a molecular level, predicts 
that diseases can and will evolve in response to medicines designed to 
combat them, a prediction borne out in the rapid way that many diseases 
acquire drug re sis tance. It also predicts that ge ne tically similar species 
should respond to medicines in similar ways, a prediction confi rmed by 
the fact that we can test many medicines in other primates and they do 
indeed have effects similar to those they have in humans. The theory of 
evolution also provides a road map that we can use to modify organisms 
through ge ne tic engineering; in this sense, every ge ne tically engineered 
grain of rice or corn represents a success of the predictive abilities of the 
theory of evolution.

In fact, even Darwin’s original theory made testable predictions. For 
natural selection to be possible, Darwin had to assume that living organ-
isms have some way of passing on their heritable traits from parent to off-
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spring. So although he did not predict the existence of DNA per se, his 
theory clearly predicted that some type of mechanism had to exist to carry 
the hereditary information. Moreover, now that we understand DNA and 
its role in heredity, the theory of evolution predicts that closely related spe-
cies should also be ge ne tically similar, a prediction that has been confi rmed 
in just the past few years by genome sequencing. For example, in the order-
ing of their base sequences, the DNA of humans and chimpanzees is 98.5 
percent identical. Similarly, DNA studies show that primates are all more 
closely related to one another than to other animals, that animals are all 
more closely related to one another than they are to plants, that plants and 
animals together are more closely related to each other than to bacteria, 
and so on. These relationships are clearly expected according to the theory 
of evolution, and they would make no sense if we  were incorrect about the 
mechanism by which mutations in DNA make possible natural selection.

Note that none of this makes any statement at all about whether a God 
or anyone  else has had a guiding hand in evolution. Indeed, as you can see 
in the quotation at the beginning of this chapter, even Darwin himself 
thought he might be seeing God’s hand in creation. Like Darwin and count-
less other scientists, you are free to believe in your religion and evolution 
at the same time. You’re even free to believe that none of it is true, and that 
all the scientists who accept it are sadly misguided. But the fact is that these 
same scientists are using the theory of evolution to advance medicine, agri-
culture, ecol ogy, and human knowledge of the biological universe. Whether 
you believe them or not, if you want your kids to grow up able to make 
similar contributions to our civilization, it is crucial that we teach evolu-
tion in school, and teach it well.

The Environmental Requirements for Life

Leaving school behind, let’s head back out into the universe. Based on 
the properties of life described in this chapter, we should now be able to 
come up with a list of the environmental requirements for life. Having 
such a list should help us to decide which of the many worlds in our solar 
system or beyond seem like reasonable candidates for harboring life. So 
without further ado, if we hope to fi nd life on some other world, we expect 
that it will need:

1.  A source of molecules from which to build its own cellular structures 
and for reproduction.



2.  A source of energy to maintain biological order and to fuel the many 
chemical reactions that occur in life.

3.  A liquid  medium—most likely liquid  water—for transporting the 
molecules of life.

These three requirements should make sense in light of what  we’ve dis-
cussed. The fi rst simply refl ects the fact that life creates order out of chaos 
and reproduces itself. Creating order requires building blocks from which 
to make it, and making copies requires even more building blocks. Without 
molecules to serve as such building blocks, it’s diffi cult to see how life 
would be possible. The need for an energy source is probably similarly  self-
 evident, since the second law of thermodynamics tells us that life would 
decay into disorder without energy input. The third requirement is a little 
more subtle, but probably equally universal. If you’re going to have lots of 
chemical reactions with lots of molecular building blocks, you need a way 
of moving those molecules around both within a living organism and into 
and out of the organism. Molecules don’t move easily through solids, and 
they tend to be too widely dispersed in gases to be of much use. That means 
we need a liquid in which the molecular building blocks can be suspended 
and transported.

Notice that none of these requirements are specifi c to Earth life; that 
is, we expect them to be necessary even for alien life that might be bio-
chemically quite different from Earth life, as long as it meets our basic 
defi nition of being something that creates order from chaos, reproduces, 
and evolves. But we can constrain the possibilities more tightly if we fo-
cus not only on these most general properties of life, but also on a few 
specifi c properties of life on Earth that might also be very common, if not 
universal.

Let’s start with the molecular building blocks. To decide what types of 
molecules are necessary, we need to think about what life is made of. If you 
neglect the ubiquitous water that makes up a large part of the mass of all 
living organisms on Earth, the most important ingredient of life is carbon. 
We say that life on Earth is carbon- based because all the important mole-
cules of  life—including proteins, fats, carbohydrates, and  DNA—are es-
sentially long chains of carbon atoms attached to various other atoms such 
as hydrogen, oxygen, and nitrogen. These atoms exist throughout the uni-
verse, because they are “star stuff ” as we discussed in chapter 1. But to be 
useful to life, they must be available in a form that allows them to be ex-
tracted from the environment. In practice, the availability of carbon is 
probably the limiting factor.
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Where can living organisms obtain their carbon? There are two basic 
possibilities, illustrated by plants and animals. Plants obtain their carbon 
directly from the environment, taking in carbon dioxide from air and ex-
tracting the carbon for use in building molecules of life. Animals get their 
carbon by eating plants or other animals. These same basic possibilities 
hold for all other life on Earth as well. Even the most extreme extremo-
philes still need a carbon source, which is generally carbon dioxide in the 
environment. For example, the  rock- dwelling endoliths obtain carbon from 
tiny bubbles of carbon dioxide that have fi ltered down from the surface, 
while hyperthermophiles like P. fumarii and Strain 121 get carbon from 
carbon dioxide dissolved in the ocean.

Of course, when we consider the possibility of extraterrestrial life, it’s 
natural to wonder whether it might be based on an element besides car-
bon. In truth, we cannot say for sure whether other elements would work. 
However, carbon has something going for it that seems quite useful to 
life: It has the ability to form chemical bonds to up to four other atoms at 
once, and it sometimes forms stronger double bonds to other carbon at-
oms. Given the importance of these bonding properties of carbon, we 
might expect that any other elemental basis for life would have to have 
the same capabilities. Among the elements common on Earth’s  surface—
and likely to be common on other  planets—silicon is the only element be-
sides carbon that can bond to four atoms at once. As a result, science 
fi ction writers have often speculated about fi nding  silicon- based life on 
other worlds.

Unfortunately for science fi ction, silicon has at least three strikes against 
it as a basis for life. First and most important, the bonds formed by silicon 
are signifi cantly weaker than equivalent bonds formed by carbon. As a re-
sult, complex molecules based on silicon are more fragile than those based 
on  carbon—perhaps too fragile to form the structural components of living 
cells. Second, unlike carbon, silicon does not normally form double bonds; 
this fact limits the range of chemical reactions that  silicon- based molecules 
can engage in as well as the variety of molecular structures that can form. 
Third, while carbon can be easily extracted from the environment in the 
form of gaseous carbon dioxide, silicon is generally found only in solid 
forms (such as silicon dioxide, which makes up quartz and several other 
minerals); as a result, there would be no easy way for life to extract silicon 
from the environment. Given the three strikes against silicon, most scien-
tists consider it unlikely that life can be  silicon- based. Moreover, observa-
tional evidence on Earth also argues against silicon: Silicon is about 1,000 
times as abundant as carbon in Earth’s crust, so the fact that life  here is 



 carbon- based despite the greater abundance of silicon suggests that carbon 
will always win out over silicon as a basis for life.

A few other elements have also been suggested as possibilities for re-
placing carbon on other worlds, but many scientists believe carbon’s nat-
ural advantages will still win out. We have found  carbon- based molecules 
even in space (as identifi ed in meteorites and interstellar clouds), sug-
gesting that carbon chemistry is so easy and so common that even if life 
with another basis  were possible,  carbon- based life probably would arise 
fi rst and then reproduce so successfully that it would crowd out the possi-
bility of any other type of life. We cannot be certain that carbon is a gen-
eral requirement for life, but it seems reasonable to at least start the 
search for life elsewhere by focusing on places where carbon should be 
available.

Let’s turn next to the energy requirement. For energy, life on Earth uses 
one of three basic sources. The fi rst source is sunlight: Plants and many mi-
crobes obtain energy directly from sunlight through the pro cess of photo-
synthesis. The second is food: Animals (and many microbes) obtain energy 
by breaking down molecules that  were built by plants or other organisms 
that they consume. The third and perhaps most amazing energy source is 
chemical reactions in the surrounding environment. This is the energy 
source for many extremophiles that need neither organic food nor sunlight 
to survive. For example, the archaea known as Sulfolobus live in volcanic 
hot springs and obtain energy from chemical reactions involving sulfur 
compounds, while P. fumarii supplements the nutrition it obtains from dis-
solved carbon dioxide with energy from chemical reactions between hot wa-
ter and the rock walls of the black smokers in which it lives. Notice that this 
type of chemical energy can be found almost anywhere that even tiny 
amounts of liquid water are moving among minerals in rock, which leads 
us to the third requirement, the liquid medium.

The need for a liquid medium of some type seems hard to get around, 
but does it really need to be water, or might other liquids work as well? 
Again, we really don’t know, but there are several constraints to consider. 
For example, a substance that might fulfi ll the roles of water must, like wa-
ter, be fairly common. On Earth, the only common liquid besides water is 
molten rock, which is so hot that it’s diffi cult to imagine life surviving 
within it. However, several other common substances can take liquid form 
on colder worlds. For example, liquid methane apparently can exist on the 
surface of Saturn’s moon Titan, and liquid  ammonia—or an ammonia–
water  mixture—may be found beneath the surfaces of numerous moons of 
the outer solar system.
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The primary problem with these “other” liquids is that they exist in liq-
uid form only at extremely cold temperatures: Liquid ammonia boils away 
at a temperature of about −28°F, while liquid methane exists only at tem-
peratures below about −260°F. Chemical reactions generally proceed much 
more slowly at these cold temperatures than at the warmer temperatures at 
which water is liquid, and some biologists argue that the pace of chemical 
reactions in these liquids would be too slow to support life (though other 
biologists disagree, arguing that slow reactions are not necessarily an im-
pediment to life). And even if the pace of chemical reactions is not enough 
to rule out life, water has at least two other properties that seem poten-
tially important to life and that these other liquids lack: Water ice is less 
dense than liquid water, which is why ice fl oats, and water molecules have 
electrical charge separation (“polarity”) that enables them to form types of 
chemical bonds that the other liquids cannot. The fact that ice fl oats is use-
ful to life on Earth because it allows ice to insulate liquid water beneath it 
in ponds and lakes, leaving a place where life can survive in winter. The 
chemical bonding properties of water come into play in a great variety of 
the biochemical pro cesses that occur in living organisms on Earth. Overall, 
while it’s marginally possible that cold liquids such as methane or ammo-
nia might support life, it seems far more likely that any life we someday 
discover will be using water as its liquid medium.

Beyond UFOs

I began this chapter with the idea that short of an alien landing or a clear 
SETI detection,  we’re going to have to rely on science to determine whether 
life exists elsewhere in the universe. With the vast number of worlds that 
exist out there, this means we need a way of intelligently planning and or ga-
niz ing a search. The fi rst step in such a search is to understand what we are 
searching for, which is why we spent some time discussing the basic proper-
ties and defi nition of life. The next step is to decide where to look, and  we’ve 
found that our understanding of life gives us some reasonable guidance: 
While it’s always possible that we may be too limited in our thinking about 
life, the best way to start seems to be by looking for worlds that have a car-
bon source, available energy, and a liquid medium that is most likely to 
work if it is liquid water.

In fact, the availability of carbon and energy are probably covered auto-
matically whenever the liquid requirement is met, especially if it is liquid 
water. As  we’ve discussed, all the important chemical elements for life 



should be widely available on most worlds, and the only real question is 
whether they exist in a form that allows them to be extracted by life. When-
ever liquid water is present, it is likely to have dissolved minerals and gases 
that mean the elements would indeed be in an extractable form. Similarly, 
because a  rock- water interface can almost always support  energy- releasing 
chemical reactions, the presence of liquid water also means at least some 
available energy for life. Putting these ideas together, we can consolidate the 
requirements for life into a single “litmus test” for the habitability of an-
other world: A world can be  habitable—meaning that it offers the poten-
tial to support  life—only if it has a liquid medium, probably meaning 
liquid water.

This litmus test certainly narrows the possibilities for abodes of life, but 
not as much as you might at fi rst guess. The wide variety of habitats in 
which we fi nd both liquid water and life on Earth, including the deep ocean 
and rocks buried deep underground, tells us that habitability requires only 
the presence of a liquid somewhere, not necessarily on the surface. As we’ll 
discuss further in chapter 7, a large fraction of the worlds in our solar sys-
tem have probably met this condition at least some time in the past, and 
several may still meet  it—including Mars, Europa, and Titan. The possibil-
ities are surely much greater if we look to other star systems.

And this idea brings us to our next step. Based on our discussions in this 
chapter, it seems reasonable to imagine that if we put life on various other 
worlds such as Mars or Europa, it might actually survive and perhaps even 
 thrive—which is one reason that scientists take great care not to contami-
nate other worlds with spacecraft that we send to them. But could these 
worlds already have their own, indigenous life? More to the point, should 
we expect to fi nd life on the numerous but widely separated worlds found 
around the myriad other stars in our galaxy and universe? The answer to 
these questions depends not just on having conditions for the survival of 
life, but on how easily life can arise on a world that offers habitable condi-
tions, which will therefore be the topic with which I’ll start the next 
chapter.

86  chapter 4



5
Getting Life Started

The more I examine the universe and study the de-
tails of its architecture, the more evidence I fi nd 
that the universe in some sense must have known 
we  were coming.

—Freeman Dyson, in Disturbing the Universe

As a scientist who speaks frequently to audiences ranging from school 
children to college students, teachers, and the general public, I’ve learned 
not to be too surprised when audience expectations differ from my own. 
For one thing, I never expect an audience to be particularly large, unless 
the professors at a local college are offering extra credit for their students 
to attend (extra credit works like a charm at fi lling lecture halls!), which is 
why I’m always fl attered by the two people who show up a half hour early 
because they’re worried about fi nding seats. My talk topics can also lead to 
mismatched expectations. I was at the College of Charleston a few years 
back, where the astronomy faculty had graciously arranged for me to offer 
a public talk based on my prior book for the general public. They’d warned 
me that few students would be able to attend, and that other public talks on 
astronomy rarely drew more than a few dozen people. So imagine our sur-
prise when the room with 75 chairs was packed standing room only with 
crowds overfl owing out the door! There was a simple explanation, of course: 
The local newspaper had misprinted my credentials, saying that I was an 
astrologer rather than an astronomer. To their credit, not a single person 
walked out when I explained that I’d have nothing at all to say about horo-
scopes, and was instead planning to limit my remarks to topics such as the 
scale of space and time and the birth and fate of the universe. Did I disap-
point them? I suppose I’ll never know.

These days, most of my talks for general audiences are either talks for 
kids based on my children’s books or talks for grownups based on this 
book. The kids tend to come without any major expectations, aside from 



hoping that I won’t be boring. Still, at least for the lower grade levels, I 
know they’re usually a little disappointed to learn that my stories about 
Max the Rottweiler going to the Moon and Mars and Jupiter are not really 
true, and that I’ve never even been to those places myself. I guess they 
thought they  were going to meet a real astronaut. Fortunately, a few cute 
photos of Max and our new dog Cosmo usually do the trick at overcoming 
this disappointment. For the grownups at my Beyond UFOs talks, I’ve 
found that as much as half the audience may have come because they 
thought I was going to talk about UFOs rather than moving beyond them. 
Indeed, that’s one of the reasons I now emphasize the word search in my 
subtitle, hoping to make clear that I don’t plan to spend much time on fl y-
ing saucers.

Even then, however, the most common audience expectation is that I’m 
going to talk primarily about SETI, the search not just for extraterrestrial 
life of any kind but for extraterrestrial intelligence. For most people, SETI 
is the public face of astrobiology, holding out the potential promise of in-
troducing us to advanced new friends in the cosmos. So most people are 
usually surprised when I explain that, while SETI is an important part of 
the search for life in the universe, it is not by any means the only focus of 
scientifi c research. It isn’t even the sole focus of research at the SETI Insti-
tute in Mountain View, California; as the SETI scientists well know, there’d 
be little point in searching for intelligence if we  weren’t at least moderately 
confi dent that there are many worlds with microbial life. But should we re-
ally be so confi dent?

Way back in chapter 1, I argued that the biological context gives us 
three reasons for thinking that life might indeed be common (see fi gure 
1.2). So far,  we’ve come back to touch on only one of those reasons: the 
idea that the great diversity of life on Earth suggests that life can survive 
in a much wider range of conditions than we thought possible just a few de-
cades ago. As we discussed in the prior chapter, some of the extremophiles 
discovered in recent years  here on Earth seem like they might survive the 
conditions found even on other worlds of our own solar system, not to 
mention countless worlds beyond. But the potential for life to survive on a 
distant world is not enough to make life likely. For that, we need reason to 
think that life could get started in the fi rst place, and that brings us to the 
other two reasons we discussed in chapter 1: that the building blocks of 
life are common and that life arose quickly  here on Earth. Together, these 
two ideas would give us reason to think that life might arise with similar 
speed elsewhere. But what makes us think these ideas are true? In this 
chapter, I’ll try to explain the evidence behind them. Then, once we un-
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derstand why it seems reasonable to imagine an in de pen dent origin of life 
on other worlds, we’ll explore the question of whether it also is likely for 
life to go from the microbial to the more complex, perhaps ultimately giv-
ing rise to civilizations.

The Origin of Life on Earth

One of the hottest areas of research in astrobiology concerns not the search 
for actual life elsewhere, but instead the search to understand life’s origins 
right  here on Earth. There’s a simple reason for this: Earth is the only place 
we know of that without doubt has life, so anything we learn about how 
life might have started  here should give us deep insights into the possibili-
ties for elsewhere. We can break the quest to understand life’s origins into 
three related questions: When, where, and how did life arise on Earth? We 
do not yet know precise answers to any of these questions, and it’s possible 
that we never will; after all, we have only the limited clues left in rocks, 
fossils, and the life that survives to this day to reconstruct what happened 
in the distant past. Still, like detectives at a crime scene, we can use these 
clues to construct a timeline and plausible scenarios of what must have oc-
curred. Let’s start with the timeline, which gives us clues about when life 
fi rst arose.

In many places around the world, you can see canyon walls layered with 
Earth’s history. The rock layers of the Grand Canyon, for example, record a 
fairly continuous history of the past 500 million years. Geologists can date 
the layers with the technique of radiometric dating (see chapter 3), and the 
fossils within the layers then tell us about the history of life on Earth. By 
combining data from many different sites around the world, scientists have 
put together a timeline of Earth’s history, usually called the geological 
time scale and shown in color plate 3.

One of the fi rst things that will jump out at you as you study the geologi-
cal time scale is that we know a lot more about recent times than older 
times. There are at least three reasons for this fact. First, older rocks are 
rarer than younger ones, because many rocks are destroyed over time. Sec-
ond, the demarcations between periods, eras, and eons are based on changes 
in the fossils and sediments that we fi nd for each time range, and fossils also 
become rarer as we look back in time. Third, life itself has changed with 
time; prior to the start of the Cambrian explosion about 540 million years 
ago (which marks the boundary between the Proterozoic and Phanerozoic 
eons), most life on Earth was microscopic, and fossils of microscopic life are 



much more diffi cult to fi nd than, say, fossils of dinosaur bones. These three 
diffi culties mean the fossil record will never be fully “complete,” since there 
will always be life forms that existed but that left no fossils that we have yet 
discovered. Creationists sometimes claim this to be a fl aw in our reading of 
the past, but it is really no different than the crime scene analogy I de-
scribed above. The past always leaves an incomplete record, but with careful 
study and enough clues we can still determine what happened.

Incidentally, since I’m relatively new to geology myself (having been 
trained as an astronomer), I was curious about where all the time periods 
on the geological scale got their names. So I looked it up and now I can tell 
you, too. The names of the four eons have Greek roots. The Phanerozoic 
eon, which extends from the present back to about 540 million years ago, 
takes its name from the Greek for “visible life” because it is marked by the 
presence of fossils visible to the naked eye. The Proterozoic eon, which ex-
tends from 540 million to about 2.5 billion years ago, means the eon of 
“earlier life” because it shows fossils of  single- celled organisms that lived 
before the Phanerozoic. The Archean eon extends from 2.5 to about 3.85 
billion years ago and is named for “ancient life”; it got this name after the 
discovery of fossils from the fi rst half of Earth’s history. The Hadean eon, 
which dates from 3.85 billion years ago back to Earth’s birth some 4.55 bil-
lion years ago, got its name because scientists used to presume that the 
early Earth would have had “hellish” conditions (Hades was the Greek myth-
ological name for the underworld); however, recent evidence from very old 
mineral grains suggests that the Hadean may not have been quite that bad, 
and that Earth may have had oceans and continents as early as 4.4 to 4.5 
billion years ago.

The fact that the geological record is much richer for more recent times 
is refl ected in the more detailed naming system used for these times. The 
Phanerozoic eon is subdivided into three major eras: the Paleozoic, Meso-
zoic, and Cenozoic. These names also have Greek roots and mean, respec-
tively, “old life,” “middle life,” and “recent life.” The three eras are further 
subdivided into periods. The periods do not follow any consistent naming 
scheme. For example, the Cambrian period gets its name from the Roman 
name for Wales (in Great Britain), the Jurassic period gets its name from 
rocks found in the Jura mountains of Eu rope, and the Tertiary period sim-
ply means “third” period. The recent geologic periods are even further 
subdivided into epochs and ages, but these are not shown on the timeline 
in color plate 3.

The fossil record does not tell us exactly when life arose, because there is 
no way to know if we have found fossil evidence of the earliest life forms. 
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However, if we have a fossil of a certain age, then life must be at least that 
old. So how old is the oldest fossil evidence? Alas, it’s not an easy question 
to answer. Very old rocks are not only rare, but they are also likely to have 
been distorted (metamorphosed) by heat or pressure over time, thereby 
breaking up any microscopic fossils that they might contain. As a result, 
we must study very old rocks with extreme care if we seek evidence of life, 
and the required mea sure ments are diffi cult enough that they often engen-
der scientifi c controversy. But putting aside the details, I’ll give you the 
bottom line  here.

The oldest,  well- accepted evidence for fossil life comes from rocks called 
stromatolites that date to ages as old as about 3.5 billion years. In size, 
shape, and interior structure, ancient stromatolites look virtually identical 
to sections of mats formed today by colonies of microbes sometimes called 
“living stromatolites” that are found in places including the World Heri-
tage site at Shark Bay, Western Australia. Living stromatolites contain lay-
ers of sediment intermixed with different types of microbes. Microbes 
near the top generate energy through photosynthesis, and those beneath 
use organic compounds left as waste products by the photosynthetic mi-
crobes. The living stromatolites grow in size as sediments are deposited 
over them, forcing the microbes to migrate upward in order to remain at 
the depths to which they are adapted. The similarity of structure between 
the ancient stromatolites and the  modern- day mats suggests a similar ori-
gin, and recent studies (by Abigail Allwood, now at NASA’s Jet Propulsion 
Laboratory, and her colleagues) offer further support for the conclusion 
that stromatolites  were made by ancient microbes. Moreover, if the mi-
crobes that made the stromatolites are like the microbes in the living mats 
today, then the implication is that at least some of these ancient microbes 
produced energy by photosynthesis. Because photosynthesis is a fairly so-
phisticated metabolic pro cess, we presume that it must have taken at least a 
moderately long time for this pro cess to evolve in living organisms. In 
other words, the existence of 3.5- billion- year- old stromatolites suggests 
that life itself had already been around for some time when they formed.

Other evidence for life long ago comes from  microfossils—structures 
that appear to be fossils of individual microorganisms. Like the oldest stro-
matolites, the oldest microfossils date to about 3.5 billion years ago, though 
there’s some controversy over whether these par tic u lar structures are truly 
fossils or if they  were created by mineral pro cesses (rather than biological 
pro cesses) and only bear a coincidental resemblance to fossilized cells. 
Further study will eventually settle the question of whether these struc-
tures are truly fossilized cells, but in the meantime they hardly change the 



more general picture, because other microfossils are nearly as old and 
much less controversial. For example, microfossils have been found at two 
sites in southern Africa in rocks that date to between 3.2 and 3.5 billion 
years old. By the time you get to rocks just a little younger than 3 billion 
years old, microfossil evidence seems abundant and clear.

Together, the stromatolites and microfossils make a strong case for life 
already being abundant and fairly sophisticated (at least for microbes) by 
3.5 billion years ago. Another line of evidence takes us back even farther. 
As shown in fi gure 3.2, carbon comes in three different forms, or isotopes, 
known as  carbon- 12,  carbon- 13, and  carbon- 14. The latter is radioactive, 
and its relatively short  half- life of 5,700 years ensures that none at all can 
remain from billions of years ago. The other two isotopes of carbon are 
stable, and in inorganic material they are always found in a characteristic 
ratio of about one  carbon- 13 atom for every 89  carbon- 12 atoms. The ratio 
changes in living organisms, however, because they incorporate  carbon- 12 
atoms into cellular molecules slightly more easily than they do  carbon- 13 
atoms. As a result, living  organisms—and fossils of living  organisms—al-
ways show a slightly lower fraction of  carbon- 13 atoms than that found in 
inorganic material. On the island of Akilia off the coast of Greenland, Uni-
versity of Colorado geologist Stephen Mojzsis has found this lower ratio of 
 carbon- 13 to  carbon- 12 in rocks that are more than 3.85 billion years old, 
seemingly making a clear case that life already existed by that time (fi gure 
5.1). A few scientists have questioned Mojzsis’s interpretation of the data, 
but because he works at my home institution I had a chance to sit down 
with him and learn for myself some of the details behind the confl icting 
claims. He makes a strong case, and personally I’ll be very surprised if his 
claims do not hold up under further scrutiny. Moreover, because the geo-
logical record is so sparse for such early times, the carbon isotope evidence 
would imply not only that life existed at that time, but that life must al-
ready have been widespread on Earth.

Given that Earth formed about 4.55 billion years ago, the evidence of 
widespread life prior to 3.85 billion years ago suggests that the origin of 
life occurred within the fi rst 0.7 billion, or 700 million, years of our plan-
et’s history. Geologically speaking, this is quite early in Earth’s history, 
and it already demonstrates that life took hold fairly quickly on our planet. 
However, if you look again at the timeline in color plate 3, you’ll see some-
thing that makes it likely that life arose much faster still.

Notice the segment on the timeline marked “heavy bombardment” ex-
tending from Earth’s formation to about 3.9 billion years ago. Radiometric 
dating of Moon rocks shows that most of the Moon’s visible impact craters 
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must have formed during this early period of the solar system’s history. 
This is not surprising: According to our modern theory of solar system 
formation, the planets  were built as larger and larger chunks of rock (some-
times mixed with metal or ice), or planetesimals, collided with one an-
other. When a colliding planetesimal stuck to a growing planet, the planet 
got larger, increasing its gravity and allowing it to draw in even more plan-
etesimals. Even after the planets had reached essentially their current sizes, 
there must still have been many planetesimals fl oating around; some of 
them still remain today, as the objects we call asteroids and comets. Those 
planetesimals that had orbits intersecting the orbits of the planets  were 
doomed to eventual collisions, and most of those collisions must have oc-
curred early in the solar system’s history, when the number of planetesi-
mals was still large. In other words, the heavy bombardment was the 
period of time during which impacts  were most common, and the evidence 
from the Moon tells us that this period ended by about 3.9 billion years 
ago.

Some of the planetesimals  were quite big. Indeed, although I won’t go 
into the details in this book, we have good reason to think that the Moon 
itself was created when a planetesimal the size of the planet Mars struck 
the young Earth within just 20 to 30 million years after Earth’s forma-
tion. This “giant impact” (also shown on the timeline) is thought to have 

Figure 5.1. Dr. Stephen Mojzsis, standing with the rock formation off the 
Greenland coast that contains evidence that life on Earth was already 
widespread more than 3.85 billion years ago. (Photo courtesy of Stephen 
Mojzsis.)



blasted rock from Earth’s outer layers into space, where some of it settled 
into Earth orbit and then was collected together by gravity to make the 
Moon.

Once the Moon formed, it became a record of the continuing impacts, 
not only telling us when the heavy bombardment occurred but also telling 
us about the sizes of the impacting objects from the sizes of the craters 
they left. Because the Apollo missions visited and brought back rocks from 
only six sites on the Moon, we have only incomplete data about lunar cra-
tering. Nevertheless, these data point to two key ideas: First, while there 
 were no more  Mars- size impacts (fortunately!), the Moon continued to be 
pelted by objects tens of miles to a couple hundred miles across. Second, 
some of the largest impacts occurred as the heavy bombardment was end-
ing, marking what many scientists now call the “late heavy bombard-
ment.” These large impacts created the smooth, lunar maria that you can 
see easily with a pair of binoculars.

Because the heavy bombardment was a phenomenon of the solar sys-
tem, it cannot have been unique to the Moon. This explains why we see 
craters on so many other planets and moons. Earth, too, must have been 
frequently scarred by large impacts during the heavy bombardment. In 
fact, Earth should have been hit even more than the Moon, because our 
planet presents a bigger target and Earth’s stronger gravity would have 
drawn in more objects and accelerated them to higher speeds by the time 
they hit the ground. The only reason we don’t see the craters from these 
impacts on Earth is that they  were erased long ago by volcanic eruptions, 
erosion, and other geological pro cesses that occur  here but not on the 
Moon (for reasons we’ll discuss in the next chapter).

What does all this have to do with the origin of life? Calculations sug-
gest that some of the larger impacts would have had devastating effects on 
life. For example, the impact of an object larger than about 225 miles across 
would have released enough energy to completely vaporize the oceans and 
raise the global surface temperature to more than 3,000°F. Such an impact 
probably would have sterilized our planet, wiping out any life that existed 
when it occurred. Somewhat smaller impacts would have vaporized all but 
the deepest ocean water, killing off any life that  wasn’t either living near 
the ocean bottom or in rock deep underground.

Because Earth does not retain a cratering record like the Moon’s, we 
have no way to know the precise size or timing of the large impacts on the 
early Earth. Nevertheless, the example of the Moon tells us that at least a 
few impacts large enough to sterilize much or all of our planet should have 
occurred during the heavy bombardment, quite likely continuing through 
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the late heavy bombardment. In other words, if life existed on Earth before 
the end of the heavy bombardment about 3.9 billion years ago, there’s a 
good chance that it would have either been wiped out completely or at least 
wiped out to the point that only deep ocean and underground life could 
survive. If you combine this idea with the fact that we have evidence of life 
before 3.85 billion years  ago—or just 50 million years or so after the end of 
the heavy  bombardment—the implication should be clear: While we know 
that life got started on Earth in no more than several hundred million to a 
billion years, there’s a very good chance that it got started in a far shorter 
time, perhaps just tens of millions of years or less.

By itself, this rapid origin of life proves nothing about life elsewhere, 
since it is always possible that Earth was just the lucky benefi ciary of a 
highly improbable event. However, if we assume that what happened  here 
would be typical of what might happen elsewhere, then the early origin of 
life is profoundly important: It suggests that we could expect life to arise 
similarly rapidly on any other world with similar conditions. And the best 
way to determine whether we should think that what happened  here would 
be “typical” is to continue on to the where and how questions about the 
origin of life on Earth.

Where Life Arose on Earth

We are even less likely to learn precisely where or how life arose on Earth 
than to learn exactly when it happened, but we still have clues that can give 
us good ideas about the most probable scenarios. Perhaps surprisingly, the 
most important clues for the where question come from ge ne tic studies of 
 modern- day microbes.

All known life on Earth shares a number of striking biochemical simi-
larities that, as far as we know, could easily have been different. For exam-
ple, all life uses DNA and the same basic ge ne tic code, but we know of no 
reason why some other molecule or some other code could not have worked 
equally well. Similarly, all life on Earth stores and releases cellular energy 
with the same molecule, adenosine triphosphate (ATP), and all life on 
Earth builds proteins from the same set of about 20 amino acids, even 
though dozens of other amino acids exist in nature. These commonalities 
cannot be coincidental, so unless there are some unknown physical laws 
that make these the only possible molecules of life, they are telling us that 
all known life on Earth evolved from a common ancestor that used these 
par tic u lar molecules.



The idea that all life on Earth shares a common ancestry gives us a re-
markable power: It means that we should be able to reconstruct the evolu-
tionary history of much of life on Earth simply by comparing the genomes 
of different organisms that are living today. You can understand the idea 
by thinking about the DNA of the organism that long ago became the com-
mon ancestor of all life today. Mutations created variations on this DNA, 
and each new species therefore had slightly different DNA sequences than 
did the older species from which it evolved. Over millions and billions of 
years, continuing evolution led to new species with DNA molecules in-
creasingly different from the DNA of the common ancestor. But, always, 
the new molecules  were built by changes to the older ones so that, in prin-
ciple, the changes are traceable in the precise base sequences of living or-
ganisms. All you need to do is compare the DNA sequences among similar 
genes in different species: The more closely two species are ge ne tically re-
lated, the more recently they must have diverged from a shared ancestor.

This technique of ge ne tic comparison is the same one that I talked about 
in the prior chapter in describing how biologists put together the tree of life 
(see fi gure 4.2). The idea of common ancestry just adds a new layer of in-
terpretation: In addition to telling us how closely species are related, the 
tree also tells us how far back in time their genes evolved. As we get closer 
to the “root” of the tree, we must be looking at organisms that have genes 
more similar to those of the common ancestor than do species on the outer 
branches. In other words, our best guess of what the common ancestor 
must have been like some 4 billion years ago is that it probably looked 
somewhat like the  modern- day organisms nearest to the root of the tree. 
And what organisms are these? Drum roll, please. . . . The organisms clos-
est to the root of the tree of life, and hence most likely to resemble the 
common ancestor of life, are hyperthermophiles living in the hot water 
near the  deep- sea volcanic vents that we call black smokers.

If you think about it, the idea that life might have fi rst arisen near  deep-
 sea vents makes perfect sense. Early life could not survive on land, because 
the lack of oxygen in Earth’s early atmosphere meant no ozone layer (ozone 
is a form of molecular oxygen with three oxygen atoms per molecule rather 
than the two that are in the oxygen we breathe), and no ozone meant no 
protection from lethal ultraviolet radiation from the Sun. You  wouldn’t have 
had to go far underwater to gain protection, but being near the surface 
would have been of little use: As I noted earlier, photosynthesis is a fairly 
complex pro cess that probably could not have existed in the earliest life 
forms, and without photosynthesis they would have had no way to take 
advantage of the energy of sunlight.  Deep- sea vents offered energy of a dif-
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ferent sort, through chemical reactions between the hot water and minerals. 
Moreover, life near  deep- sea vents would have been protected from all but 
the largest impacts of the heavy bombardment.1 While we may never know 
for sure,  deep- sea vents look like a good bet for the site at which life fi rst 
took hold on Earth.

How Life Arose on Earth

Darwin’s theory of evolution explains how a single common ancestor could 
have evolved over 4 billion years into all the diversity of life on Earth to-
day, but it does not tell us how the common ancestor itself came to be. The 
fossil record is of no help either, because it’s unlikely that any evidence of 
the pro cesses would remain from such a distant time in Earth’s past, and 
even if it did we have no idea how we’d recognize it. Moreover, the nature 
of modern life seems to pose a chicken and egg question; for example, DNA 
is copied with the help of proteins that are made according to instructions 
in the DNA, making it diffi cult to see how this interde pen den cy originated. 
Nevertheless, over the past few de cades laboratory experiments have given 
us insights into the types of chemical pro cesses that likely occurred on the 
early Earth. While these experiments have not yet told us precisely how 
life fi rst arose, and it’s possible that they never will, they give us good rea-
son to think that life may have started through natural, chemical pro cesses. 
To see why, we need to start by asking how the chemical building blocks of 
life came to be.

Life today is based on the chemistry of a wide variety of organic mole-
cules, making it logical to assume that the fi rst life was somehow assembled 
from  pre- existing organic molecules on the early Earth. But how would 
those molecules have come to exist? Turns out, it was probably easy. Since 
about the 1950s, scientists have been conducting laboratory experiments in 
which they attempt to re create the chemical conditions that existed on the 
early Earth, and then see what happens under those conditions. The only 
major uncertainty in these experiments is in deciding what composition to 
assume for Earth’s early atmosphere, but the uncertainties today are much 

1 This protection from large impacts means we  can’t necessarily conclude that the  deep-
 sea vents are the likely site of life’s origin; we can only say that this is where the life that 
evolved to the present day survived after the last major impact. Still, given the other advan-
tages of the  deep- sea- vent environment, it seems reasonable to suppose that life actually 
arose in these locales.



less than they  were a few de cades ago. The results can vary dramatically de-
pending on the precise assumptions, but the general conclusion is this: The 
major molecules of  life—including amino acids, nucleic acids, carbo hydrates, 
and  lipids—form naturally under conditions that prevailed in at least some 
places in the early oceans of Earth. The only real question is the abundance 
of these molecules, which remains a topic of great scientifi c debate. How-
ever, there’s one place where the experiments tell us that the organic mole-
cules should have formed with par tic u lar ease: in the warm mix of water, 
carbon dioxide, and minerals that would have surrounded the  deep- sea 
vents that  we’ve identifi ed as the most likely sites for an origin of life.

In addition, Earth should have received abundant organic molecules from 
space. Studies of asteroids and comets show they contain lots of organic 
molecules, including complex molecules such as amino acids, and these mol-
ecules would therefore have come to Earth with every impact of the heavy 
bombardment. Theoretical studies show that organic material also would 
have been produced as solar ultraviolet light irradiated grains of interplan-
etary dust fl oating throughout the solar system, and these grains should 
have rained down on the young Earth as well. Overall, the combination of 
local chemical reactions and organic molecules from space means that our 
planet had all the necessary building blocks from which to assemble life. In 
essence, the young Earth had at least some places, including the  deep- sea 
vents, that served as giant, natural laboratories for organic chemistry. Be-
fore I go on, notice that this idea fi lls in the upper left bubble from fi gure 
1.2. That is,  we’ve found that organic material forms easily and naturally, 
both under the conditions of the young Earth and in space, giving us rea-
son to believe that many other worlds should also be loaded with the build-
ing blocks of life.

Of course, to paraphrase the late Carl Sagan, these organic building 
blocks represent only the notes of the music of life, not the music itself. 
Viewed in terms of probability, the likelihood of a set of simple building 
blocks ramming themselves together to form a complete living organism is 
at least as small as that of letting monkeys loose in a roomful of musical in-
struments and hearing Beethoven’s Ninth Symphony. It simply  wouldn’t 
happen, even if the experiment  were repeated over and over again for bil-
lions of years. If we are going to fi nd a natural explanation for the origin of 
life, it must include a few intermediate  steps—each involving a chemical 
pathway with a relatively high probability of  occurring—that eased the 
transition from chemistry to biology.  Here, too, recent experiments give us 
at least some reason to think that going from building blocks to actual life 
was also much easier than we might have guessed.
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Since  we’ve defi ned life as a chemical system that can reproduce and 
evolve, the key to getting life started would seem to lie with getting a 
molecule that can serve the hereditary function of DNA. As I’ve already 
noted, DNA itself poses a chicken and egg problem: DNA seems far too 
complex, and its replication far too intertwined with proteins and other 
molecules, to have been the ge ne tic material of the fi rst living organisms. 
We are therefore looking for a molecule that is simpler than DNA but still 
capable of making fairly accurate copies of itself. The most obvious candi-
date is the molecule called RNA, which like DNA has long strings of 
chemical bases that can encode ge ne tic information and serve as a tem-
plate for replication but is much simpler in its overall chemical structure 
and has only a single strand (rather than the  double- stranded helices of 
DNA).

RNA is indeed capable of replication, and is actually used as the ge ne-
tic material in some viruses (including HIV). However, the replication of 
RNA, like that of DNA, is intertwined with numerous other molecules, 
which for a while made it seem subject to the same chicken and egg di-
lemma. A way around this dilemma was discovered in the early 1980s by 
Thomas Cech and his colleagues at the University of Colorado, Boulder. 
They found that RNA can catalyze biochemical reactions in much the 
same way enzymes do (work for which Cech shared the Nobel Prize in 
1989). We now know that RNA molecules play this type of catalytic role 
in many cellular functions, and we call such RNA catalysts ribozymes 
(by analogy to enzymes).  Follow- up work has shown that some RNA 
molecules can at least partially catalyze their own replication. These dis-
coveries have led biologists to envision that modern,  DNA- based life may 
have arisen from an earlier RNA world, in which RNA molecules served 
both as genes and as chemical catalysts for copying and expressing those 
genes.

How might an RNA world have gotten started? The fi rst requirement 
would have been the spontaneous production of  self- replicating strands of 
RNA. Even under the most optimistic assumptions, the concentration of 
organic molecules on the early Earth would have been far too low to allow 
those building blocks to assemble spontaneously into  full- fl edged RNA 
molecules. RNA assembly almost certainly would have required some sort 
of catalytic reaction to facilitate it.  Here, again, laboratory experiments of-
fer evidence for such a pro cess.

Experiments show that several types of inorganic minerals can facili-
tate the  self- assembly of complex, organic molecules. Minerals of the type 
that geologists call clay may have been especially important to the origin 



of life.2 Clay is extremely common on Earth and in the oceans, where it 
forms through simple weathering of silicate minerals; indeed, studies of 
the oldest mineral grains found on Earth suggest the widespread abun-
dance of clays more than 4.4 billion years ago, so we expect clay to have 
been common at the time of the origin of life. Moreover, clay minerals 
contain layers of molecules to which other molecules, including organic 
molecules, can adhere. When organic molecules stick to the clay in this 
way, the mineral surface structure can force them into such close proxim-
ity that they react with one another to form longer chains. Laboratory ex-
periments with this pro cess have already produced strands of RNA up to 
nearly 100 bases in length. Although these strands are still quite primi-
tive compared to what might be needed to start any sort of RNA life, the 
experiments suggest that clays in Earth’s early oceans could have served 
as natural chemical “factories” that could potentially have produced  self-
 replicating molecules of RNA. Indeed, given the millions of years and the 
countless grains of clay that could have facilitated chemical reactions, it 
seems reasonable to expect that  self- replicating RNA molecules would at 
some point have been produced.

Adding further to the mix, the same clay minerals also enable the natu-
ral formation of tiny, spherical enclosures made from  lipids—in essence, 
“pre- cells” that would have served to further concentrate potential chemi-
cal reactants. Some of the RNA strands would have ended up enclosed with 
these  pre- cells (experiments by Jack Szostak at Harvard have demonstrated 
this pro cess), thereby creating conditions for a molecular analog to natural 
selection: The RNA molecules that replicated faster and more accurately 
would have spilled out of their  pre- cells and become enclosed in new ones, 
thereby allowing them to rapidly dominate the population. Soon, there 
would have been trillions upon trillions of tiny,  not- quite- alive  pre- cells, 
each containing its own  self- replicating RNA molecules.

Like DNA replication, the RNA replication would have been subject to 
copying errors, or mutations; in fact, because modern organisms have nu-
merous repair mechanisms that would not have existed for early life, there 
should have been many more mutations. The mutations would have essen-
tially tested all sorts of variations on the replication pro cess, inevitably 
leading the RNA molecules to gain complexity and evolve more effi cient 
replication pathways. At some point, the RNA  pre- cells would have become 

2 In this context, clay refers to silicate minerals with a par tic u lar physical structure; this 
mineralogical defi nition is somewhat different from what you may think of as clay in the 
context of pottery or sculpture.
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suffi ciently good at reproducing and evolving that we would have consid-
ered them to be “alive.” At this point, biological natural selection could 
take over, and it seems easy to understand why an RNA world would have 
eventually given way to the present DNA world: DNA is a more fl exible 
hereditary material and is less prone to copying errors than RNA. Thus, 
because DNA is structurally so similar to RNA, it seems natural that the 
RNA molecules serving hereditary functions would have eventually 
evolved DNA, while other RNA molecules would have continued the cellu-
lar roles that they still play today.

Figure 5.2 summarizes the steps to life that we have outlined. We may 
never know for certain whether life actually originated in this way, in 
some similar way, or in some completely different way. Nevertheless, this 
scenario seems quite reasonable and perhaps even “easy” given geological 

1. Organic precursor
molecules appear.

2. RNA molecules
become self-replicating.

3. Membrane-enclosed
pre-cells arise.

4. True cells with RNA
genome appear.

5. Modern cells with
DNA genome evolve.

RNA

RNA genome DNA
genome

primitive cell

Figure 5.2. A summary of the steps by which chemistry on the early 
Earth might have led to the origin of life. (Illustration courtesy of Addi-
son Wesley, an imprint of Pearson Education)



time scales. It seems especially reasonable given that a number of different 
components of the scenario have been demonstrated in laboratory experi-
ments. Even if life did not originate in this way, it seems that it could 
 have—which suggests that the actual path to life must have been equally 
easy, or  else it would have followed the path  we’ve described. As  Nobel-
 prize winning chemist Harold Urey once said, “If God didn’t do it this way, 
He missed a good bet.”

Regardless of God’s chosen mechanism, or even of whether God really 
did choose, the scenario  we’ve discussed gives us reason to think that life’s 
early origin on Earth  wasn’t due to luck but instead was to be expected. In 
that case, we might expect the same to have happened on many other 
worlds, which is the major reason why so many scientists suspect that life 
will prove to be common in the universe.

Migration Scenarios

Before we move on to the next topic, it’s worth briefl y noting that some 
people have proposed that life did not originate on Earth at all, but instead 
migrated  here from some other planet. This idea, sometimes called pan-
spermia, once seemed outlandish. After all, it’s hard to imagine a more 
forbidding environment than that of space, where there’s no air, no water, 
and constant bombardment by dangerous radiation from the Sun and 
stars. However, the presence of organic molecules in meteorites and com-
ets tells us that the building blocks of life can survive in the space envi-
ronment, and  we’ve already discussed some Earth microbes (such as D. 
radiodurans and anthrax) that are capable of surviving at least moderate 
periods of time in space. It therefore seems possible that life could migrate 
from one planet to another, if it could hitch a suitable  ride. And rides are 
indeed available.

We know that meteorites can and do travel from one world to another. 
Among the more than 20,000 meteorites that scientists have identifi ed 
and cata loged, careful chemical analysis has so far revealed about three 
dozen with compositions that clearly suggest that they came from Mars; 
even more have been found that come from the Moon. Apparently, these 
meteorites  were blasted from their home worlds by large impacts, then 
followed orbital trajectories that eventually caused them to land on Earth. 
Observations of these meteorites, along with theoretical calculations 
based on the amount of material blasted into space by impacts, suggests 
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that over time the inner planets have exchanged many tons of rock. As 
my astronomy textbook  co- author Nick Schneider puts it, Earth, Venus, 
and Mars have in effect been “sneezing” on each other for billions of 
years.

The chance of surviving the trip between planets probably depends on 
how long the meteorite spends in space. Once a rock is launched into space, 
it orbits the Sun until its orbit carries it directly into the path of another 
planet. Most meteorites will orbit for many millions of years before reach-
ing Earth, even if they come from a world as nearby as Venus or Mars, and 
it seems highly unlikely that living organisms could survive in space for 
such long periods of time. However, a few meteorites are likely to be 
launched into orbits that cause them to crash to Earth during one of their 
fi rst few trips around the Sun. For example, calculations suggest that about 
1 in 10,000 meteorites may travel from Mars to Earth in a de cade or  less—a 
short enough time that some known microbial species could probably sur-
vive the journey. Note, however, that the same considerations almost cer-
tainly rule out the possibility of migration from other star systems. Under 
the best of circumstances, meteorites from planets around other stars 
would spend millions of years in space before reaching Earth, and any liv-
ing organisms would almost surely be killed by exposure to cosmic rays 
during this time.

We therefore encounter the intriguing possibility that if Venus or Mars 
for some reason got life before Earth, this life might have seeded our 
planet, avoiding the need for an indigenous origin of life on Earth. As I’ll 
discuss in chapter 6, we do indeed have good reason to think that the young 
Venus and young Mars may both have had conditions similar to those on 
the young Earth, making this scenario plausible, if not likely. Still, it would 
hardly seem to change our basic scenario for the origin of life, as it simply 
moves it to another world. But while migration to Earth might have little 
impact on our ideas about the origin of life, migration from Earth raises 
some interesting issues. The numerous impacts that have occurred over the 
past 4 billion years have surely offered many opportunities for microbes to 
hitch rides on meteorites blasted off Earth’s surface, which means that if it 
 were possible for Earth life to survive on any nearby worlds, we should ac-
tually expect to fi nd it there. If we someday fi nd life on Mars, for example, 
we may be  hard- pressed to determine whether it originated there or mi-
grated from Earth. We can only hope that the life will show enough bio-
chemical differences or similarities with Earth life to allow us to distinguish 
migration from a separate origin.



Going beyond Microbes

I’ve made the case that we have good reason to think that microbial life will 
prove to be common in the universe. That would be very good for biology 
and probably for medicine, since comparisons between alien microbes and 
terrestrial microbes would surely teach us a lot. But if we want someone  else 
to talk to, we need to fi nd life that has gone well beyond the microbial stage. 
And some of the same type of evidence that suggests that getting life might 
be easy tells us that moving beyond microbes may be far more diffi cult.

Take another look at the timeline in color plate 3. From an  animal-
 centric perspective, we might describe the history of life on Earth like this: 
First there  were microbes, starting nearly 4 billion years ago. Then, for the 
fi rst billion years or so, there  were microbes. And for the next billion years 
after that, there  were microbes. And then it almost got interesting, but not 
 really—it’s still microbes during the third billion years of life on Earth. 
We have to look all the way to about the last 15 percent of life’s history be-
fore we fi nd even the most primitive animals, and we can see big things 
like dinosaurs and mammals only during about the last 5 percent. Given 
that I’ve argued earlier that the rapid origin of life on Earth suggests that 
we might expect the same to happen as easily on other worlds, does the 
long time to animals suggest that most other worlds might never get past 
the microbial stage?

Maybe, but we really don’t know. Although it was indeed “all microbes, 
all the time” for some 3 billion years or more, evolution was not sitting 
still. Rather, it was producing the great microbial diversity that we see 
among the three domains of life, Bacteria, Archaea, and Eukarya. Given all 
this diversity, perhaps it was inevitable that something more complex, like 
animals, would eventually arise. In that case, the only question is whether 
the 3+ billion years it took for this to happen on Earth was slow, typical, or 
fast. If it was slow or typical, then the same thing has probably happened 
on many other worlds because, as we discussed in chapter 3, there are lots 
of stars and planetary systems that are much older than our own Earth and 
solar system. But if Earth was fast, and the average time from microbes to 
complexity is much longer than 3 billion years, then the universe might be 
fi lled with microbial life, while more advanced life is exceedingly rare. To 
me, this raises the biggest unanswered question in the search for extrater-
restrial intelligence. For reasons I’ll discuss in chapter 9, my personal guess 
is that once you get animals, it’s only a matter of time until you get intelli-
gence and civilization. But I’m a lot less confi dent that the step from mi-
crobes to animals will prove common.
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Regardless of the general answer to the question of how long it might 
take animal life to arise on other worlds, the rise of animals on Earth was 
clearly tied to the rise of oxygen in the atmosphere. Aerobic respiration 
with oxygen can generate cellular energy much more effi ciently than an-
aerobic pro cesses, so oxygen was probably necessary to the evolution of 
 energy- intensive animals. It seems likely that photosynthesis was already 
occurring by 3.5 billion years ago, given that the stromatolites look so much 
like modern mats with photosynthetic bacteria, so it is possible that oxygen 
was already being released into the atmosphere by that time. However, 
chemical and isotopic evidence from rocks shows that oxygen did not begin 
to build up in the atmosphere until more than a billion years later. Appar-
ently, chemical pro cesses  were removing the oxygen as fast as the bacteria 
could make it. Even once the buildup began, the limited available evidence 
suggests it occurred quite slowly. Although we don’t know for sure, the oxy-
gen level probably did not reach 10 percent of the overall atmospheric com-
position (versus its current 21 percent) until around or shortly before the 
time of the Cambrian explosion, when animal diversity exploded onto the 
scene between about 540 and 500 million years ago.3 Perhaps the rise of ox-
ygen helped trigger this fairly sudden evolutionary change.

Incidentally, the fi rst clear evidence of oxygen reaching  present- day lev-
els does not appear in the fossil record until about 200 million years ago. 
That is when we fi rst fi nd charcoal in the fossil record, implying that enough 
oxygen was present in the atmosphere for fi res to burn. In that case, if you 
could play Rus sian roulette with a time machine dial and randomly spin it 
to take you back to any point in Earth’s history, you’d have only about a 1 in 
20 chance of appearing at a time recent enough so that you could step out 
and breathe the air. There’s an important lesson  here: Our planet may be a 
great home to us today, but it has not always been so, and unless we take 
good care of it, we have no guarantees that it will remain so in the future.

Random Acts of Evolutionary Kindness

Although my personal opinion is that once animal life gets going, intelli-
gence will ultimately follow, I have to admit that it’s diffi cult to back my 

3 It’s worth remembering that this is an “explosion” only in a geological sense. The 
Cambrian explosion unfolded over about 40 million years, so if you went to visit Earth at 
any par tic u lar time during that period, you would not have noticed anything unusual go-
ing on.



opinion with evidence. In fact, if you look at the history of life on Earth 
over the past few hundred million years, you might conclude that we are 
 here only as a result of a series of evolutionary accidents. In par tic u lar, nu-
merous deep ice ages have exerted evolutionary pressure that probably 
played a big role in paving the way for our existence, as did some even more 
dramatic  events—impacts of asteroids or comets from space. Of course, in 
keeping with my personal guesses, I prefer to think of these events not as 
accidents but rather as evolutionary acts of kindness.

Between ice ages, impacts, major volcanic eruptions, and perhaps some 
other events, there have indeed been a lot of random acts of kindness that 
have made our existence possible today. But the best known and arguably 
most important of these events concerns the death of the dinosaurs, and it 
bears a bit of discussion because it also holds implications to the possibili-
ties of fi nding other civilizations.

In 1978, while analyzing geological samples collected in Italy, a scientifi c 
team led by Luis and Walter Alvarez (father and son) made a startling dis-
covery in the thin layer of sediments that marks the  Cretaceous- Tertiary 
boundary, or the K-T boundary for short (the K comes from the German 
word for Cretaceous, Kreide). The K-T boundary layer separates the sedi-
ments of the Cretaceous period, which ended 65 million years ago, from 
those of the Tertiary period. The boundary was already notable because it 
marked the extinction of the dinosaurs: Dinosaur fossils are present in the 
Cretaceous rocks, but not in the Tertiary. The Alvarez team discovered that 
the boundary layer (typically about an inch thick) is unusually rich in 
 iridium—an element that is rare on Earth’s surface but more common 
in meteorites. Subsequent studies found the same  iridium- rich sediment 
marking the K-T boundary at many other sites around the world. The Al-
varez team proposed a stunning hypothesis: The extinction of the dino-
saurs was caused by the impact of an asteroid or comet. They calculated 
that it would take an asteroid about 10–15 kilometers in diameter to pro-
duce as much iridium as is apparently distributed worldwide in the K-T 
boundary layer.

In fact, the death of the dinosaurs was only a small part of the biological 
devastation that seems to have occurred 65 million years ago. The fossil re-
cord suggests that up to 99 percent of all individual living plants and ani-
mals died around that time, and this loss drove up to 75 percent of all 
existing plant and animal species to extinction. This makes the event a 
clear example of a mass  extinction—the rapid extinction of a large per-
centage of all living species. Could it really have been caused by a random 
impact?
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There’s still some scientifi c controversy about whether the impact was 
the sole cause of the mass extinction or just one of many causes, but there’s 
little doubt that a major impact coincided with the death of the dinosaurs. 
Key evidence comes from further analysis of the K-T sediment layer. Be-
sides being unusually rich in iridium, this layer contains four other un-
usual features: (1) high abundances of several other metals, including 
osmium, gold, and platinum; (2) grains of “shocked quartz,” quartz crys-
tals with a distinctive structure that indicates they experienced the  high-
 temperature and  high- pressure conditions of an impact; (3) spherical rock 
“droplets” of a type known to form when drops of molten rock cool and so-
lidify in the air; and (4) soot that appears to have been produced by wide-
spread forest fi res.

All these features point to an impact. The metal abundances look much 
like what we commonly fi nd in meteorites rather than what we fi nd else-
where on Earth’s surface. Shocked quartz is also found at other known im-
pact sites, such as Meteor Crater in Arizona. The rock “droplets” presumably 
 were made from molten rock splashed into the air by the force and heat of 
the impact. Some debris would have been blasted so high that it  rose above 
the atmosphere, spreading worldwide before falling back to Earth. On their 
downward plunge, friction would have heated the debris particles until 
they became a hot, glowing rain of rock. The soot probably came from vast 
forest fi res ignited by radiation from this impact debris.

The “smoking gun” for the impact is a large crater that appears to match 
the age of the sediment layer. The crater, about 200 kilometers across, is lo-
cated on the coast of Mexico’s Yucatán Peninsula, about half on land and 
half underwater. (It is not visible to the eye, but shows up clearly in mea sure-
ments of small, local variations in the strength of gravity.) Its size indicates 
that it was created by the impact of an asteroid or a comet mea sur ing about 
10 kilometers across (craters are typically 10 to 20 times as large as the ob-
jects that make them), large enough to account for the iridium and other 
metals. It is named the Chicxulub crater, after a nearby fi shing village.

If the impact was indeed the cause of the mass extinction,  here’s how it 
probably happened: On that fateful day some 65 million years ago, the as-
teroid or comet slammed into Mexico with the force of a hundred million 
hydrogen bombs. It apparently hit at an angle, sending a shower of  red- hot 
debris across the continent of North America. A huge tsunami sloshed 
more than 1,000 kilometers inland. Much of North American life may 
have been wiped out almost immediately. Not long after, the hot debris 
raining around the rest of the world ignited fi res that killed many other 
living organisms.



Dust and smoke remained in the atmosphere for weeks or months, 
blocking sunlight and causing temperatures to fall as if Earth  were experi-
encing a global and extremely harsh winter. The reduced sunlight would 
have stopped photosynthesis for up to a year, killing large numbers of spe-
cies throughout the food chain. This period of cold may have been followed 
by a period of unusual warmth: Some evidence suggests that the impact 
site was rich in carbonate rocks, so the impact may have released large 
amounts of carbon dioxide into the atmosphere. The added carbon dioxide 
would have strengthened the green house effect, so that the months of 
global winter immediately after the impact might have been followed by de-
cades or longer of global summer. The impact probably also caused chemi-
cal reactions in the atmosphere that produced large quantities of harmful 
compounds, such as nitrous oxides. These compounds dissolved in the oceans, 
where they probably  were responsible for killing vast numbers of marine 
organisms. Acid rain may have been another  by- product, killing vegetation 
and acidifying lakes around the world.

Perhaps the most astonishing fact is not that up to 75 percent of all plant 
and animal species died but that some 25 percent survived. Among the survi-
vors  were a few small mammals. These mammals may have survived in part 
because they lived in underground burrows and managed to store enough 
food to outlast the global winter that immediately followed the impact.

The evolutionary impact of the extinctions was profound. For 180 mil-
lion years, dinosaurs had diversifi ed into a great many species large and 
small, while most mammals (which had arisen at almost the same time as 
the dinosaurs) had mostly remained small and  rodent- like. With the dino-
saurs gone, mammals became the new animal kings of the planet. Over the 
next 65 million years, the small mammals rapidly evolved into an assort-
ment of much larger  mammals—ultimately including us. Had it not been 
for the K-T impact, dinosaurs might still rule the Earth.

The K-T layer is just one of several rock layers that reveal evidence of 
mass extinctions that fundamentally changed the evolutionary history of 
life on Earth. Some of the others may also have been caused by impacts, 
though the evidence is less clear; alternatively, they may have been caused 
by massive volcanic eruptions, or perhaps even by vast increases in muta-
tion rates caused by external events, such as a nearby supernova that might 
have produced radiation that directly affected life or that might have de-
stroyed much of Earth’s protective ozone layer.

What ever their causes, without the past mass extinctions we probably 
would not be  here today. These random acts therefore seem kind only if 

108  chapter 5



Getting Life Started  109

they ultimately lead to  benefi ciaries—like  us—who can appreciate the way 
they made our existence possible. The dinosaurs, if they had known what 
hit them, presumably would have been less thrilled. And this idea leads to 
an important question: If not for the par tic u lar series of accidents that oc-
curred on Earth, would intelligent life ever have arisen  here? If the dino-
saurs  were still  here, for example, would they have ultimately evolved 
intelligence and started to build spaceships, or would Earth still be overrun 
with lumbering giants? Again, we really don’t know, but keep in mind that 
impacts and other major events that can cause mass extinctions are inevita-
ble. The dinosaurs may have been “got” by the K-T impact, but if it hadn’t 
been that, something  else probably would have got them eventually. Over 
hundreds of millions and billions of years, change will always occur, and 
my guess remains that if we hadn’t come along, someone  else would even-
tually have come in our place.

The topic of mass extinctions also holds a cautionary lesson for us. Hu-
man activity is driving numerous species toward extinction. The  best-
 known cases involve relatively large and  wide- ranging animals, such as 
the passenger pigeon (extinct since the early 1900s) and the Siberian ti-
ger (nearing extinction). But most of the estimated 10 million or more 
plant and animal species on our planet live in localized habitats, and most 
of these species have not even been cata loged. The destruction of just a 
few square kilometers of forest may mean the extinction of species that 
live only in that area. According to some estimates, human activity is 
driving species to extinction so rapidly that half of today’s species could 
be gone within a few centuries or less. On the scale of geological time, the 
disappearance of half the world’s species in just a few hundred years 
would certainly qualify as another of the Earth’s mass extinctions, poten-
tially changing the global environment in ways that we are unable to 
predict. During past mass extinctions, the dominant animal  species—
those at the top of the food  chain—have never made it through to the 
other side. Today, we are the dominant animal species. Perhaps our intel-
ligence would enable us to fi nd a way to survive while other species per-
ish around us, but I  wouldn’t count on it. Those who ignore history are 
doomed to repeat it, and geological history tells us that perpetrating a 
mass extinction is not in our best interest. Unless we want to be replaced 
soon by the next dominant animal  species—some type of insect, 
 perhaps—then we’d be wise to heed the lesson of the past, and start doing 
a much better job of preserving the remarkable biodiversity upon which 
our survival depends.



Beyond UFOs

If we step back to summarize what our study of life on Earth tells us about 
the possibilities for life elsewhere, I believe we can draw two key lessons. 
First, while the single example of Earth can never prove anything, since we 
are dealing with statistics of one, our understanding of life on this planet 
gives us good reason to think that microbial life will prove to be common 
throughout the universe. A century from now, I suspect we’ll know of many 
other worlds with microbial life, including a few right  here in our own so-
lar system and many more beyond. The second lesson is that the transition 
from microbial to complex is much more diffi cult, and we do not yet under-
stand it well enough to be able to make clear statements about whether 
such a transition would be rare or common. But there is one thing we can 
say, and it will bring us to the topic of the next chapter.

Even if you accept my guess that intelligence is an inevitable outcome 
once you get animal life, there’s no guarantee of ever getting even that far. 
Moreover, life on most worlds probably cannot get that far, because the na-
ture of the worlds themselves won’t allow it. For example, if Venus or Mars 
ever had life, the current conditions on those planets would limit any sur-
viving life to living in only a few places, such as in  water- infi ltrated under-
ground rocks on Mars, or in droplets of acidic water in the clouds of Venus. 
It’s hard to imagine anything beyond microbial life surviving under such 
constraints.

If life is going to get beyond the basics, it needs a planet not only where 
hospitable conditions make possible an origin of life, but where those con-
ditions remain stable for the billions of years necessary to give life a chance 
to take itself to the next level. In our solar system, Earth is the only world 
that has had such conditions over the long haul. Indeed, because we have 
not yet discovered any  Earth- size planets around other stars, let alone 
 Earth-like planets, for the moment Earth remains the only planet we know 
of in the universe on which the planetary conditions gave evolution the 
opening it needed to produce intelligence. It is therefore time for us to ex-
plore just what it is that makes Earth so unique among the known worlds.
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6
The Makings of a Truly 

Great Planet

A Rock, A River, A Tree
Hosts to species long since departed
Marked the mastodon,
The dinosaur, who left dry tokens
Of their sojourn  here
On our planet fl oor,
Any broad alarm of their hastening doom
Is lost in the gloom of dust and ages.
—Maya Angelou, from “On the Pulse of the Morning”

You’ve probably heard this one: The reason our planet is so great for life is 
the extreme good fortune of our location in the solar system. If Earth 
moved just a mile closer to the Sun, we would all burn up, and if it moved 
just a mile farther away, the oceans would freeze. I’ve heard this claim 
from so many  people—students, school teachers, friends, and even 
 preachers—that it’s apparently attained the status of an urban legend.

It sounds pretty good, and like most urban legends it contains a kernel 
of truth: There must indeed be some distance from the Sun that would be 
too hot for life to survive on Earth, and some distance at which it would 
be too cold. But the distance isn’t a mile, nor even a few million miles, as 
you can realize just by thinking about Earth’s orbit around the Sun: 
Earth’s orbit is not a perfect circle, but rather is an ellipse (oval) in which 
our distance from the Sun varies from a minimum of about 91 million 
miles each January to a maximum of about 94 million miles each July. 
Thus, according to the urban legend, our  whole planet would burn up 
each January and freeze each July. In reality, this 3- million- mile varia-
tion in distance has virtually no effect on the weather at all, a fact that 
becomes obvious when you remember that the northern hemi sphere has 



summer during the time that Earth is farthest from the Sun and winter 
when Earth is closest to the Sun.

In fact, based on our understanding of how the Sun produces energy, the 
“acceptable” range of distances for a planet like Earth must be considerably 
wider than this 3- million- mile range. The Sun generates the energy that 
makes it shine by fusing hydrogen into helium deep in its core. Each fusion 
reaction converts four hydrogen nuclei into one helium nucleus. The helium 
nucleus weighs slightly less (by about 0.7 percent) than the four hydrogen 
nuclei that make it, which means a small amount of mass “disappears” with 
each reaction. This disappearing mass turns into energy in accord with Ein-
stein’s famous formula E = mc2, and this energy is what makes the Sun shine. 
The overall numbers are remarkable: Deep in the core of the Sun, some 600 
million tons of hydrogen fuses into 596 million tons of helium every second, 
with the remaining 4 million tons being converted into energy.

You might worry that the Sun would soon run out of fuel at this rate, 
but the Sun is so massive that, at birth, it had enough core hydrogen to last 
some 10 billion years. Since the Sun is only about 4 1⁄2 billion years old at 
present, it’s got a long life still ahead of it. However, over billions of years 
the Sun does not stay perfectly steady in brightness; instead, it must grad-
ually brighten, for a reason you can understand if you remember some-
thing from high school called the “ideal gas law.” The core of the Sun is 
essentially an extremely hot gas, and the ideal gas law tells us that the 
pressure in a gas depends on the total number of in de pen dent particles fl y-
ing around within it. Because every fusion reaction turns four in de pen dent 
particles (the four hydrogen nuclei) into just one particle (the helium nu-
cleus), the total number of particles in the Sun is gradually decreasing with 
time. This gradual decrease in the number of particles causes the solar core 
to shrink, because there are fewer particles to generate the pressure that 
supports the core against the weight of overlying layers of the Sun. The 
slow shrinkage, in turn, gradually increases the core temperature and the 
fusion rate, causing the Sun to brighten gradually with time.

More detailed calculations of this pro cess show that the Sun must be 
about 30 percent brighter today than it was some 4 billion years ago when 
life fi rst arose on Earth. In other words, even a 30 percent increase in the 
Sun’s brightness has not had a detrimental effect on the ability of our 
planet to be a home to life. This fact clearly tells us that our planet could re-
main much as it is even if it  were moved signifi cantly outward from its 
current location, since such movement would just put it at a place where the 
current energy of sunlight is the same as it was at Earth’s distance a few 
billion years ago.
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The region around the Sun within which Earth (or a similar planet) 
could remain  Earth-like, by which we mean having conditions that allow 
abundant surface water, is often called the habitable zone. It’s a bit of a 
misnomer, since it might well be possible for worlds outside this zone to 
be habitable in the sense of having life underground, or even in clouds. 
But it’s still a useful idea, because according to what  we’ve learned about 
the evolution of life on Earth, having liquid water oceans on the surface 
seems a clear requirement for getting past the microbial stage and on to 
animals and intelligence. In other words, while microbial life could be 
widespread on many types of worlds, only worlds located within their 
stars’ habitable zones would seem to have a reasonable chance of allowing 
the  long- term evolution of a huge diversity of life, perhaps ultimately 
leading to civilizations.

conservative estimate

Habitable zone

optimistic estimate

Mercury orbit

Venus orbit

Earth orbit

Mars orbit

Sun

Figure 6.1. Boundaries of the Sun’s  present- day habitable  zone—the re-
gion in which Earth could maintain surface oceans of liquid water. The 
narrower set of boundaries (darker shading) represents a model based on 
the more conservative assumptions, while the wider set (lighter shading) 
represents the most optimistic scenarios. (Illustration courtesy of Addi-
son Wesley, an imprint of Pearson Education)



We do not yet know the precise boundaries of the Sun’s habitable zone, 
but it certainly ranges over many millions of miles. Figure 6.1 shows the 
boundaries of the habitable zone under two sets of assumptions, one fairly 
conservative and one more optimistic. Even with the conservative assump-
tions, the habitable zone extends over a range of more than 40 million 
miles; thus, the fact that at least one planet (Earth) was born at an accept-
able distance from the Sun does not seem all that remarkable. With the 
more optimistic assumptions, we might wonder why Mars is not a much 
nicer planet today, since under those assumptions it is within the present 
habitable zone.

The answer must be that one or more things besides distance from the 
Sun must be important to making Earth such a truly great planet for life. 
But you already knew that: If you think back to the model of the solar sys-
tem that I described in chapter 3, you’ll realize that for all practical pur-
poses the Moon is at exactly the same distance from the Sun as Earth. But 
the Moon is dead as a doornail. To understand why, and to really under-
stand what makes Earth unique in our solar system, we need to learn a lit-
tle about why Earth is so nice and about how our neighbors went bad.

Why Earth Isn’t Frozen

It’s easy to mea sure how much energy Earth receives in sunlight; after all, 
it’s this type of mea sure ment that goes into calculations of how many solar 
panels you’d need on your rooftop in order to quit paying the electric com-
pany. Once you know how much energy Earth receives from the Sun, it’s 
almost equally easy to calculate the surface temperature you would expect 
Earth to have if sunlight  were the only factor. I won’t take you through the 
calculation  here (though it’s easy enough that we do it in my introductory 
astronomy text for nonscience majors), but I’ll tell you the result: Our planet 
should be frozen solid, right down to the bottom of equatorial oceans. 
Speaking more precisely, when we calculate Earth’s expected global aver-
age temperature based solely on its distance from the Sun and the amount 
of incoming sunlight absorbed by its surface, we fi nd that it would be about 
3°F, well below the 32°F freezing point of water.

This might sound like another one of those urban myths, but it’s not. It’s 
really true: Without some sort of “blanket” to keep it warm, Earth would 
be too cold for life (at least on the surface). So what kind of blanket warms 
our planet enough for our lives to be possible? A naturally occurring type 
of blanket called the green house effect.
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You’ve probably heard of the green house effect, because it’s often in the 
news in the context of the environmental issue known as global warming. 
However, the green house effect itself is not a bad thing, since it is what 
makes our planet livable. It’s easy to understand how it works.

Sunlight consists mostly of visible light, which passes easily through 
most atmospheric gases and reaches Earth’s surface. Some of this visible 
light gets absorbed by the ground, while the rest is refl ected back to space. 
The ground must return the energy it absorbs back to space, because if it 
didn’t the energy would make the ground heat up very rapidly. However, 
the fact that the ground  doesn’t glow in the dark tells us that the ground 
does not return the energy in the same visible light form that it absorbs it. 
Instead, the ground returns the energy in the form of infrared  light—an 
invisible form of light that has wavelengths somewhat longer than those of 
visible light.

The green house effect works by “trapping” some of the infrared light, 
thereby slowing its return to space. This trapping occurs because some 
atmospheric gases can absorb the infrared light. Gases that are particu-
larly good at absorbing infrared light are called green house gases. The 
most important green house gases are water vapor (H2O), carbon dioxide 
(CO2), and methane (CH4). These gases absorb infrared light effectively 
because their molecular structures make them prone to begin rotating or 
vibrating when struck by an infrared photon (an individual “piece” of 
light); diatomic molecules, such as nitrogen (N2) and oxygen (O2), gener-
ally cannot rotate or vibrate in these ways and hence do not absorb infra-
red light.

After a green house gas molecule absorbs the energy of an infrared pho-
ton, it quickly releases the energy by emitting a new infrared photon. 
However, the new photon will be emitted in some random direction that is 
unlikely to be the same direction from which the original photon came. 
The new photon is then usually absorbed by another green house gas mole-
cule, which does the same thing. The net result is that green house gases 
tend to slow the escape of infrared radiation from the lower atmosphere, 
while their molecular motions heat the surrounding air. In this way, the 
green house effect really does work like a blanket. You stay warmer under a 
blanket not because the blanket itself provides any heat, but rather because 
it slows the escape of your body heat into the cold outside air. In the same 
way, the green house effect keeps Earth’s surface (and lower atmosphere) 
warmer than they would be otherwise because it slows the escape of the 
heat radiated by the ground back toward space. Figure 6.2 summarizes the 
pro cess.



We therefore have a “simple” answer to the question of why Earth is 
warm enough for life: Our planet’s atmosphere contains just the right 
amount of green house gases to make the temperature warm enough for 
liquid oceans, but not so warm that the oceans would start to boil away. But 
it  doesn’t take long to realize that this simple explanation really creates 
more questions than it answers. For example, given that all the green house 
gases are essentially trace components of an atmosphere made almost en-
tirely of nitrogen (77 percent) and oxygen (21 percent), how is it that the 
green house gas content is so fi nely tuned to the needs of life? And given 
that the Sun has brightened by some 30 percent over the past 4 billion 

The surface absorbs 
visible light and emits 
thermal radiation in infrared.

Visible light passes through the atmosphere.

Some visible light is reflected by 
clouds, haze, and the surface.

Greenhouse gases absorb and
reemit infrared radiation, thereby
heating the lower atmosphere.

Figure 6.2. The green house effect makes the surface (and lower atmo-
sphere) much warmer than it would be without green house gases such as 
water vapor, carbon dioxide, and methane. Without the naturally occur-
ring green house effect, Earth would be too cold to have liquid oceans. (Il-
lustration courtesy of Addison Wesley, an imprint of Pearson Education)
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years, how is it that our planet has stayed within a temperature range ac-
ceptable to life throughout that time? Remarkably, the answers to these 
questions come down to the fact that Earth has a  self- regulating, natural 
thermostat that automatically adjusts the atmospheric concentration of car-
bon dioxide as needed to keep temperatures within a reasonable range.

It sounds almost miraculous, and I won’t argue with you if you are in-
clined to believe it is. But regardless of whether it is evidence of God’s 
handiwork, we now understand how the miracle occurs through a combi-
nation of pro cesses that are all quite natural. The easiest way to understand 
the basic idea is to start with our planet as it was a long, long time ago, 
shortly after it was born.

Earth must have been born without any atmosphere to speak of, because 
its gravity was too weak to hold on to the hydrogen and helium gas that 
surrounded the planets as they formed. However, Earth must have had 
gases trapped within its interior, brought to our planet by planetesimals 
that contained ices (which are essentially frozen gases). These gases  were 
held under pressure in the interior in much the same way that the gas in a 
carbonated beverage is trapped in a pressurized bottle. When molten rock 
erupts onto the surface as lava, the release of pressure violently expels the 
trapped gas in a pro cess we call outgassing. Outgassing released the gas 
that made up Earth’s early atmosphere. Some volcanoes today are appar-
ently little different from those of long ago, so by studying them we learn 
the composition of the gas that was expelled to make the early atmosphere. 
The major gases released by such volcanoes are water vapor (H2O), carbon 
dioxide (CO2), nitrogen (N2),  sulfur- bearing gases (H2S or SO2), and hy-
drogen (H2).

1

Notice that the fi rst two gases on the list, water vapor and carbon diox-
ide, are both green house gases. These warmed our planet enough to raise 
the global average temperature above the freezing point, even though the 
Sun was dimmer at the time. And this led to an amazing chain of events. 
Because the temperature was warm enough for liquid water, the water va-
por in the atmosphere condensed to make rain, and the rain fi lled Earth’s 
oceans. Carbon dioxide also dissolved in rain water, and as the oceans 
formed it became dissolved within  them—even today, there is about 60 

1 The outgassed hydrogen eventually escaped to space (though the precise rate at which 
it escaped is a matter of debate at this time), and the fate of the water and carbon dioxide is 
described below. That primarily leaves nitrogen, which is why Earth’s atmosphere is made 
mostly of nitrogen. As described in the prior chapter, the oxygen in Earth’s atmosphere was 
released by life, through photosynthesis.



times as much carbon dioxide dissolved in the oceans as in the atmosphere. 
Once in the oceans, the carbon dioxide underwent chemical reactions with 
dissolved minerals that made carbonate rocks, such as limestone. The vast 
amount of water in Earth’s oceans therefore tells us how much water vapor 
was released by volcanism, and the amount of carbon dioxide now found in 
carbonate rocks tells us how much carbon dioxide was released. Hold onto 
your hats, because the answer is shocking: Carbonate rocks contain close to 
200,000 times (more precise estimates put it at about 170,000 times) as 
much carbon dioxide as Earth’s atmosphere. If all this carbon dioxide had 
somehow remained in the atmosphere instead of having been dissolved in 
the ocean and trapped in rock, Earth’s surface would be baked to a crisp, 
and certainly would be lifeless.

You may wonder: If this much carbon dioxide got trapped in the carbon-
ate rock, why didn’t all of it get trapped, and why is the amount remaining 
in our atmosphere “just right” to keep the oceans liquid? The answer has to 
do with the way in which carbonate rock is recycled. As we’ll discuss mo-
mentarily, some carbonate rock is continually being melted, causing it to 
release its carbon dioxide back into the atmosphere. This carbon dioxide 
can then be absorbed into new carbonate rock, but the precise rate at which 
the new rock forms depends on how rapidly carbon dioxide is dissolved in 
the ocean. This rate turns out to be very sensitive to temperature: Higher 
temperature increases the rate of absorption. If our planet starts to warm 
 up—for example, as we might expect it to have done as the Sun gradually 
brightened with  time—the increased evaporation of ocean water means 
more rain, which means more atmospheric carbon dioxide dissolves in the 
rain and ends up in the ocean. This effectively pulls carbon dioxide out of 
the atmosphere, reducing the strength of the green house effect and cooling 
the planet back down. Conversely, if the planet cools, the lower rainfall al-
lows carbon dioxide to build up in the atmosphere, strengthening the green-
house effect and warming the planet back up.

The last piece of this puzzle known as the carbon dioxide cycle is the 
question of why the carbonate rock eventually gets recycled rather than 
just piling up at the bottom of the ocean. The answer lies with the basic ge-
ology of Earth itself, and in par tic u lar with the pro cess that we call plate 
tectonics. Earth’s outer layer of fairly cool and rigid rock, technically know 
as its lithosphere (which encompasses the thin crust and the very upper 
part of the mantle) extends downward to a depth of only about 60 miles. 
There, it essentially “fl oats” on top of the underlying, warmer rock of 
Earth’s mantle. Because Earth is hot inside, the mantle rock is not motion-
less, but instead moves gradually in a pattern that we call convection—the 
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same pattern that we see in weather when warm air rises and cool air falls. 
That is, the warmer mantle rock from deep below gradually rises up toward 
the base of the lithosphere, while the cooler mantle rock near the top sinks 
back down. Figure 6.3 shows a diagram of Earth’s interior, with looped ar-
rows representing the mantle convection. By the way, if you’re surprised 
by the idea that the “solid” rock of the mantle can fl ow, don’t be; solids do 
fl ow, just a lot more slowly than liquid. The pop u lar toy Silly Putty pro-
vides a good analogy: The putty can feel pretty solid, especially when it is 
cold; you can even form it into a ball and bounce it. But if you put a pile of 
it on a table or inside its “egg” container, after a few days you’ll see that it 
has fl owed slowly outward. The mantle fl ows more slowly still: Typically, 
mantle rock fl ows at a rate of perhaps ten centimeters per year, slow enough 
that it would take about 100 million years for a par tic u lar piece of rock to 
be carried from the base to the top of the mantle.

Mantle convection has apparently caused Earth’s lithosphere to fracture 
in numerous places, so that rather than being solid the lithosphere is bro-
ken into about a dozen “plates.” These are the plates you hear about when-
ever you hear of an earthquake, since most (but not all!) earthquakes occur 

solid
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Figure 6.3. Earth’s interior structure (determined from seismic studies) 
with the lithosphere and the underlying mantle convection indicated. (Il-
lustration courtesy of Addison Wesley, an imprint of Pearson Education.)
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Volcanoes outgas CO2.

Atmospheric CO2 
dissolves in rainwater.

Rainfall erodes rock on 
land; rivers carry broken-
down minerals to the sea.

Broken-down minerals 
react with dissolved CO2 
to form carbonate rocks.

Carbonate rocks 
subduct and melt, 
releasing CO2.

Figure 6.4. This diagram shows how the carbon dioxide cycle continually 
moves carbon dioxide from the atmosphere to the ocean to rock and back 
to the atmosphere. Note that plate tectonics (subduction in par tic u lar) 
plays a crucial role in the cycle. The cycle acts as a natural thermostat for 
our planet.

along plate boundaries. At some plate  boundaries—in par tic u lar, those that 
occur along the  mid- ocean  ridges—new mantle material comes upward to 
the surface, creating new seafl oor. Over millions of years, this new seafl oor 
moves across the ocean bottom until it reaches the boundary between a 
seafl oor plate and a continental plate. The seafl oor rock then plunges back 
down into the mantle (a pro cess called subduction), where it can melt and, 
most important for our discussion, release the carbon dioxide that had be-
come trapped in seafl oor rock.

So there you have it, and if I’ve lost you in the details I’ll just summarize 
the bottom line: Thanks to plate tectonics and the existence of our oceans, 
the amount of carbon dioxide in Earth’s  atmosphere—and hence the 
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strength of the green house  effect—is automatically regulated by the car-
bon dioxide cycle. Figure 6.4 summarizes how it works.

Now, I know I shouldn’t play pop psychologist, but I have to ask: How 
does it make you feel to know that our planet can regulate its own temper-
ature so nicely? On the one hand, it should make you feel very good; after 
all, without this natural regulation we could not be  here today. But don’t let 
it make you feel too good, because while Earth can indeed take care of it-
self, it does so on geological time scales, not human time scales. I’m not 
trying to be facetious; there are some people out there who might hear this 
stuff and say, “See, we have nothing to worry about with global warming, 
because Earth’s climate will automatically fi x what ever damage we cause.” 
Don’t be fooled. On time scales of de cades, centuries, millennia, and even 
longer, other factors can easily overwhelm the natural thermostat, which is 
why Earth has suffered through so many ice ages and warm periods in the 
past. If we choose to muck with our planet enough to wreck our civiliza-
tion, nature ain’t going to step up to save us.

I’ll have more to say about global warming and its relevance to the search 
for life in the universe a little later in this chapter. First, however, we need 
to turn our attention to neighboring worlds. For almost everything that has 
gone “right” with Earth, our neighbors offer examples of what can instead 
go wrong. They therefore hold critical lessons to our understanding of the 
prospects for fi nding  Earth- like planets elsewhere in the universe, as well as 
to the future of our own species.

Lessons from Our Neighbors I: The Dead Moon

Although the Moon is clearly within the Sun’s habitable zone, it is not hab-
itable, because it has no liquid water anywhere. In fact, the Moon lacks wa-
ter of any type, except perhaps for some ice that remains permanently 
frozen in craters near the Moon’s poles.2 The Moon’s almost complete lack 
of water is thought to be a result of the way it was formed. Recall that the 
leading hypothesis holds that the Moon formed from material blasted out 
of Earth’s outer layers by a giant impact; the heat of the impact would have 
vaporized all the water from these layers, and once it was in gaseous form 

2 Comet impacts must bring water ice to the Moon, so the polar craters that lie in perpetual 
shadow might still have this ice at their bottoms. Elsewhere on the Moon, sunlight causes the 
ice to sublimate away. If it really exists (the current evidence is unclear), this polar ice could 
prove useful to future human colonists, who could use it as a local source of water.



the water would have been unable to participate in the pro cess of accretion 
that assembled the Moon from the impact debris. But it  wouldn’t have mat-
tered even if the Moon had been born with water, because the Moon has a 
much more severe problem when it comes to habitability: It is too small.

Now, size isn’t everything when it comes to life. As we’ll discuss in 
chapter 7, some relatively small moons of the outer solar system could po-
tentially be homes to life. But these worlds owe their good fortune to two 
things that the Moon lacks: a composition that includes vast amounts of ice 
and a heating source (called tidal heating) that can be signifi cant only when 
a planet has multiple moons. For an isolated, rocky world like the Moon, 
size alone explains its lack of habitability.

Why is size so important? Just think about baked potatoes: The small 
ones cool more quickly than the big ones. The same basic idea holds true for 
planets and other worlds. All worlds start out with fairly hot interiors, pri-
marily as a result of the heat deposited by the collisions that form them 
and of heat released by the decay of radioactive elements within them. 
Over time, this heat gradually escapes to space. Because the total amount 
of heat within a world is proportional to the world’s total interior volume, 
and because the heat escapes only through the world’s surface, the rate at 
which heat leaks away is proportional to what we call the surface area to 
volume ratio. Small objects always have greater surface area to volume ra-
tios than bigger ones,3 which is why they lose heat more quickly. Inciden-
tally, the same basic idea explains why crushed ice cools a drink faster than 
ice cubes: The small bits of crushed ice have a greater total surface area 
than the same volume of ice cubes, and more surface area means more ice 
in contact with the liquid drink that you are trying to cool.

With a radius barely 1⁄4 that of Earth, the Moon has by now cooled so 
much that its interior  can’t support volcanism; in fact, the Moon’s interior 
has probably been this way for at least 3 billion years by now. With no vol-
canism, there is no outgassing that could release atmospheric gases. More-
over, the Moon’s small size means weak gravity, so even if the Moon had 
released some atmospheric gas long ago, the gases would have quickly es-
caped into space. The cool interior has also allowed the Moon’s rigid litho-
sphere to thicken to the point that it now extends a large fraction of the 
way toward the Moon’s center, ensuring that it is too strong to fracture 
into plates. And even if it  were fractured, the lack of internal heat means no 

3 Mathematically, volume is proportional to radius cubed while surface area is propor-
tional to radius squared. The surface area to volume ratio is therefore proportional to 
1/radius, which means it is larger for smaller objects.
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mantle convection, and hence no plate tectonics. Putting all these ideas to-
gether, we see that the Moon is airless and lifeless because its small size 
means that it has no way to release or recycle gases, and any gas from long 
ago is long gone. The planet Mercury is dead for the same reason, since its 
radius is barely 1⁄3 that of Earth. Of course, from the standpoint of life, 
Mercury was probably doomed anyway, because it is located too close to 
the Sun.

The lesson of the Moon should be clear: When it comes to the making of 
an  Earth- like world, size matters. The world has to be large enough to re-
tain internal heat for billions of years, so that volcanism can release inte-
rior gases to create an atmosphere, and so that plate tectonics can support a 
gas recycling system that can serve as a planetary thermostat.

Lessons from Our Neighbors II: 
The  Freeze- Drying of Mars

Mars is intermediate in size between the Moon and Earth, with a radius 
slightly over half that of Earth. We therefore expect it to retain at least 
some internal heat, but not nearly as much as Earth. We cannot yet study 
Martian history by digging through layers of rock, but thanks to the many 
spacecraft  we’ve sent to Mars, we can use features of the Martian surface 
to learn about how its geology has changed with time. Visually, Mars pres-
ents a complex story.

The complexity should become clear with your fi rst glance at the map of 
Mars shown in color plate 4. Notice, for example, that the southern hemi-
sphere is heavily cratered. Because most craters  were made during the an-
cient heavy bombardment, the dense cratering tells us that this surface has 
not been repaved by volcanic eruptions or other pro cesses over the past 
4 billion years or so. However, the northern hemi sphere tells a different 
story, as its relative absence of craters suggests geological activity well af-
ter the end of the heavy bombardment. Smoking guns for volcanic activity 
take the form of the many large volcanoes that dot the Martian landscape, 
including Olympus Mons and the other nearby volcanoes of the Tharsis 
Bulge.

No one knows why Mars shows such a dichotomy of landscapes between 
its northern and southern hemi spheres, but for our purposes it may not 
matter. Since Mars has volcanoes, it has had outgassing, so we have an ex-
planation for why Mars has an atmosphere. By counting craters on the 
slopes of the volcanoes, we can estimate how long it has been since the 



volcanoes have been active. The answer is that it’s been quite a  while—
probably at least tens to hundreds of millions of  years—but not long 
enough to conclude that the volcanoes are dead. In fact, one of the Martian 
meteorites that we have found  here on Earth shows evidence that Mars has 
had volcanic activity within the past 200 million years, a short enough 
time compared to the age of the solar system that it is a virtual certainty 
that at least some of the volcanoes are still active. It may be tens of millions 
of years or longer between eruptions, but Mars apparently still retains 
some internal heat.

The real surprise comes when we examine  close- up photos, both from 
spacecraft orbiting Mars and from the robotic landers  we’ve sent to the 
surface. Orbital photos show numerous features telling us that Mars once 
had fl owing water (fi gure 6.5). These features include ancient riverbeds, 
lake beds at the bottoms of craters, and crater rims that appear to have been 
eroded by rainfall. Studies of the surface conducted by the Spirit and Op-
portunity rovers show numerous minerals and rock outcroppings that ap-
pear to have formed in water, adding further support to the basic idea that 
Mars was once a wet planet.

Why should the wetness be a surprise? It’s because Mars does not have 
any liquid water on its surface today. Although Mars has an atmosphere, 
the air is very thin compared to air on Earth. In fact, the air pressure on 
Mars is so low that if you went outside without a spacesuit, you’d die 
within a minute or two due to the pressure difference between your inside 
tissues and the outside air. The low air pressure also makes liquid water 
unstable on the Martian surface: If you put on a spacesuit and took a cup of 
water outside a pressurized spaceship on Mars, the water would almost im-
mediately either freeze or boil away (or some combination of both). When 
temperatures are warm enough, water ice on Mars does what dry ice (which 
is frozen carbon dioxide) does on Earth: It sublimates directly from the 
solid phase into the gas phase, without fi rst melting into liquid.

We therefore reach an important conclusion: Some time in the distant 
 past—probably at least 2–3 billion years ago, based on crater counts around 
 rivers—Mars underwent a dramatic and permanent change in climate. It 
changed from being a world that must have been at least somewhat  Earth-
 like, with fl owing rivers, lakes, and perhaps even an ocean, into the cold, 
dry planet that it is today. In other words, Mars apparently got off to a 
good start in terms of potential for being a world with life like that on 
Earth, but something then went terribly wrong.

To understand what went wrong on Mars, we need to think more deeply 
about how Mars was different in the past. In order to have had liquid water, 
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the air pressure must have been much greater than it is today; that is, Mars 
must have had a much thicker atmosphere in the past than it does now. In 
addition, Mars must have been warmer in the past, since it is now generally 
too cold for liquid water, which means it must have had a much stronger 
green house effect. We can explain both the greater pressure and the stron-
ger green house effect by assuming that Mars once had an atmosphere con-
taining a few hundred times as much carbon dioxide as it does today.

This idea actually makes sense. Even today, the Martian atmosphere is 
composed mostly (about 95 percent) of carbon dioxide, so we know that 
Martian volcanoes must have outgassed both water vapor and carbon diox-
ide. If we assume that Martian volcanoes release these gases in the same 
proportions as Earth volcanoes, then Mars should indeed have had plenty 
of water vapor to condense as rain into rivers and lakes and possibly oceans, 
and plenty of carbon dioxide to make a much thicker and warmer atmo-
sphere than it has today. The real question is where all this gas went.

Before I tell you the likely answer, I need to tell you of a point of scien-
tifi c controversy that I’ve glossed over so far: Models of the Martian cli-
mate suggest that carbon dioxide alone cannot produce a strong enough 
green house effect to fully explain the warming needed in the past, especially 
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Figure 6.5. This photo, taken by NASA’s Viking Orbiter looking down on 
Mars, shows what appear to be  dried- up river beds. Toward the top of the 
image we see many individual tributaries, which merge into the larger 
“river” near the lower right. Counts of craters near the channels indicate 
that they formed at least 2–3 billion years ago.



since the Sun was dimmer at that time. The most likely explanation for 
this discrepancy (at least in my opinion) is that other green house gases, 
such as methane, made up the difference. However, some scientists suspect 
that the discrepancy cannot be so easily explained, and therefore argue 
that Mars never had an extended  Earth- like period and instead had only in-
termittent periods during which it was warm enough for water to fl ow. 
Since life seems more likely to have started with an extended wet period, 
the resolution of this debate could have important implications to the pos-
sibility of life on Mars. So keep this issue in mind for when we discuss life 
on Mars in the next chapter, and also keep it in mind as another lesson in 
the idea that science is a way of getting people to come to agreement: Sci-
ence will eventually resolve this debate one way or the other, because fur-
ther studies of the Martian surface, perhaps along with radiometric dating 
of Martian rocks that we’ll someday collect and study, will tell us whether 
the wet period was extended or intermittent.

Regardless of the details, the fact that Mars once had fl owing water and 
no longer does tells us that it really did lose a lot of atmospheric gas; in fact, 
it probably lost hundreds of times as much gas as it still has today. Our best 
guess about how it lost this gas comes back to Mars’s relatively small size, 
but in a way somewhat less direct than the escape to space through which 
the Moon or Mercury would have lost their early atmospheric gas.

Mars is large enough so that we  wouldn’t expect “heavy” (in terms of mo-
lecular weight) gases such as water vapor or carbon dioxide to be able to es-
cape to space on their own. However, gases can be lost to space in other ways 
as well. For example, gas can be blasted into space by impacts, and Mars’s 
relatively small size would have allowed gas to be blasted away like this more 
easily than gas could be blasted away on a world the size of Earth. In addi-
tion, the Sun blows a constant stream of charged particles into space, making 
up what we call the solar wind, and these particles can essentially strip gas 
molecules out of a planetary atmosphere as they pass by. We have some 
reason to think that this type of “solar wind stripping” was the primary 
mechanism by which Mars lost its atmosphere.

“Wait,” you might say, “Earth is even closer to the Sun than Mars, so 
if the solar wind stripped away Mars’s atmosphere, why didn’t it do the 
same to Earth’s?” Easy: Earth’s atmosphere is protected from the solar 
wind by our planet’s global magnetic fi eld. The same magnetic fi eld that 
makes your compass needle point north creates a large magnetosphere 
surrounding our planet; the magnetosphere defl ects most solar wind par-
ticles past our planet, and channels those that remain toward the poles, 
where they create the dancing lights in the sky known as the auroras. And 
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not to put words in your mouth, but your next question must be, “OK, 
then, but why  doesn’t Mars also have a magnetic fi eld to protect it?” 
 Here’s where size comes in.

If you think back to experiments you probably performed in elementary 
school, you’ll remember that there are two basic ways to get a magnetic 
fi eld. First, there are  objects—the iron bars we call  magnets—whose atoms 
are arranged in such a way that they essentially have permanent magnetic 
fi elds. But while these magnets may be impressive on your refrigerator, 
their magnetic fi elds are fairly weak compared to those we can create with 
the second type of magnet: electromagnets, which you can make by coiling 
a wire around a metal screw and attaching the ends to the positive and neg-
ative terminals of a battery. Electromagnets work because charged particles 
going in circles generate magnetism, and they can be very powerful. Earth’s 
magnetic fi eld is essentially generated by an electromagnet, but instead of 
having the charged particles moving in circles due to a battery, they move 
in circles due to their fl ow within Earth’s liquid outer core. The outer core 
is liquid because Earth has enough internal heat to melt metal in this re-
gion of the interior, and the freely moving electrons within this molten 
metal move in circles through a combination of Earth’s rotation and con-
vection within the liquid outer core. To summarize, Earth has a global mag-
netic fi eld because it is hot enough to have a layer of convecting molten 
metal inside it and it is rotating fast enough to get that molten metal really 
fl owing. Mars rotates at about the same rate as Earth, but it has cooled 
enough so that any molten metal in its core is no longer convecting enough 
to generate a protective magnetic fi eld.

With that in mind, the likely history of the Martian atmosphere is as 
follows: Long ago, when Mars was still very hot inside, volcanism released 
gases that gave Mars an  Earth- like atmosphere with a strong green house 
effect, allowing water to fl ow on the surface. During that time, Mars had 
a convecting molten region in its core much like that in Earth’s core today, 
and this region generated a magnetic fi eld that protected the early Mar-
tian atmosphere. However, because Mars is smaller than Earth, it has lost 
much more of its internal heat through time. By some time between about 
2 and 3 billion years ago, Mars had cooled enough so that convection 
stopped in its metal core, and the magnetic fi eld went away. With the mag-
netic fi eld gone, the Martian atmosphere was left vulnerable to the solar 
wind, which gradually stripped the atmospheric gas away. This gas loss 
weakened the green house effect until the Martian surface essentially 
froze over, and the decreased pressure made it impossible for liquid water 
to be stable on the surface today.



This  freeze- drying of Mars holds at least two important lessons as we 
seek to understand what makes a world like Earth so “right” for life. First, 
in addition to reinforcing the general lesson about the role of size that we 
learned from the Moon, it also tells us that a world with  long- term habit-
ability probably also needs a decent rotation rate, since both size (for inter-
nal heat) and rotation are necessary to generate a protective magnetic fi eld. 
Second, it tells us that worlds can get off to promising starts in terms of 
prospects for life, but then undergo dramatic change. While we have no 
reason to think that Earth could ever freeze in the same way that Mars did, 
the idea that things can change dramatically should be a cautionary tale as 
we alter the balances that maintain the climate  here on our world.

Lessons from Our Neighbors III:
The Overgreening of Venus

You know how some people like to shout obscenities in foreign languages, 
presumably in hopes that others somehow won’t notice? Well,  here’s some-
thing  else you can try: The next time you want to tell someone where you 
think they should go, tell them to “go to Venus.” Because if you’re looking 
for the real location of hell, Venus is your best bet in this solar system. The 
surface temperature is an incredible  880°F—hotter than your  self- cleaning 
oven and easily hot enough to melt  lead—and this temperature persists 
 planet- wide, both day and night. All the while, an extremely thick atmo-
sphere bears down on the surface with a pressure 90 times that on Earth’s 
 surface—equivalent to the pressure at a depth of more than half a mile in 
the oceans. Besides this crushing pressure and searing temperature, the at-
mosphere of Venus contains sulfuric acid and other toxic chemicals. Venus 
is certainly worthy of scientifi c study, but you’ll have a hard time fi nding 
human volunteers to set up shop there.

It might be tempting to attribute this extreme heat directly to Venus’s 
proximity to the Sun, but a little thought shows that this idea  doesn’t work. 
For one thing, Venus’s average surface temperature is hotter than Mercu-
ry’s, even though Mercury is a lot closer to the Sun. Getting more precise, 
Venus is only about 30 percent closer to the Sun than Earth, a distance dif-
ference that makes the intensity of sunlight about twice as much (because 
the intensity of sunlight follows an inverse square law with distance). Twice 
the sunlight might sound like a lot, but you get that much change in sun-
light intensity on Earth just by moving from the equator to the Arctic Cir-
cle. The equator is warm, but it’s not Venus.
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In fact, when you remember that Earth would be frozen if not for the 
green house effect, you might guess that Venus’s closer distance to the Sun 
would put it in about the right place to be a tropical planet. Indeed, past 
generations of science fi ction writers sometimes pictured it that way, popu-
lating Venus with dinosaurs roaming through steaming forests. Venus 
 doesn’t look like this because its atmosphere is not like Earth’s. Instead, its 
thick atmosphere is made almost entirely of carbon dioxide, and this car-
bon dioxide generates an extreme green house effect that causes the high 
temperature. Given that  we’ve already seen that the green house effect is 
a very good thing for life on Earth, since we could not be  here without it, 
Venus stands as a clear example of the fact that it’s possible to have too 
much of a good thing.

To understand why Venus has such a baking hot green house effect, we 
need to start from the idea that, at least on the inside, Venus is a lot like 
Earth. Venus is only about 5 percent smaller in radius than Earth, a dif-
ference in size that seems unlikely to cause any fundamental difference 
in planetary character or internal heat. Venus’s average density is also 
very similar to Earth’s, suggesting that it has about the same overall 
 composition—just as we should expect for a world that formed in the same 
general region of the solar system. Once we accept that Venus is a lot like 
Earth in these ways, we can understand what happened to Venus just by 
asking what would happen to Earth if we moved it to Venus’s orbit.

At fi rst, things might not look so bad on our moved Earth. The greater 
intensity of sunlight would almost immediately raise the global average 
temperature from its current 59°F to about 113°F. It would be hot, but for 
most of the planet no worse than Las Vegas on a summer day. However, the 
weather would rapidly turn for the worse. The higher temperature would 
lead to increased evaporation of water from the oceans, and at the same 
time the atmosphere would increase its capacity for holding water vapor 
before the vapor condensed to make rain (think of how much more humid 
hot days are than cold). This combination would substantially increase the 
total amount of water vapor in Earth’s atmosphere. Now, remember that 
water vapor, like carbon dioxide, is a green house gas. The added water 
vapor would therefore strengthen the green house effect, driving tem-
peratures a little higher. The higher temperatures, in turn, would lead to 
even more ocean evaporation and more water vapor in the  atmosphere—
strengthening the green house effect even further. In other words, we’d 
have a positive feedback loop in which each little bit of additional water va-
por in the atmosphere would mean higher temperature and even more wa-
ter vapor. The pro cess would careen rapidly out of control, resulting in 



what we call a runaway green house effect. The runaway pro cess  wouldn’t 
stop until our planet became so hot that the oceans would be completely 
evaporated and the carbonate rocks would have released all their carbon di-
oxide back into the atmosphere. At that point, the atmosphere of our moved 
Earth would contain almost 200,000 times as much carbon dioxide as it 
does  today—which is about the same amount that we fi nd in the atmo-
sphere of Venus. In short, moving Earth to Venus’s orbit would essentially 
turn our planet into Venus.

So now you know how Venus went bad. It was close enough to Earth in 
size and composition that it should have had similar volcanic outgassing 
and a similar early atmosphere. Indeed, because the intensity of sunlight 
from the young Sun should have been roughly the same at Venus’s orbit 
then as it is at Earth’s orbit today, it’s quite possible that Venus got off to a 
good start, with water vapor condensing to make rain and form oceans. It’s 
even possible that Venus had plate tectonics and a carbon dioxide cycle in 
its early years, though it’s unlikely we’ll ever be able to fi nd out, because 
any rocks that might tell the tale have probably undergone too much change 
due to the high heat over the years. Whether or not Venus had an  Earth-
 like early history, the brightening Sun doomed it to suffer a runaway 
green house effect.

To close the loop on Venus, we need to ask what happened to the water 
vapor that once was released as atmospheric gas. Inventories made by space-
craft show that Venus has virtually no water in any form today, except in 
some clouds at altitudes high enough that temperatures have dropped to 
the point where acidic droplets can condense. There’s probably not even wa-
ter trapped in the interior any more, because the heat would by now have 
baked it out of the crust and mantle and there’s no way to recycle it back in. 
The leading hypothesis for the disappearance of the water invokes ultravio-
let light from the Sun. Venus lacks an ozone layer (because it lacks life and 
therefore lacks oxygen), so water vapor in the atmosphere is vulnerable to 
ultraviolet light, which breaks water molecules apart. The hydrogen from 
the water molecules then escapes to space, which means the water cannot 
be reconstituted. As a result, the runaway green house pro cess is not re-
versible: The water is gone for good, so Venus could not recover even if we 
moved it to Earth’s orbit.

The runaway green house effect sealed Venus’s fate, but we might ask 
whether Venus could have been  Earth- like if it formed a little farther from 
the  Sun—far enough so that it would still be within the habitable zone to-
day. The answer is a defi nite maybe. Although Venus is a lot like Earth, 
two things would seem to work against its having ever become as good of 
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a home to life as Earth. First, Venus rotates too  slowly—about once every 
243 days, and in a “backward” direction compared to its  orbit—to generate 
a protective magnetic fi eld, leaving its atmosphere vulnerable to stripping 
by the solar wind. Venus has probably lost even more gas to solar wind 
stripping than Mars (because it is closer to the Sun), but its atmosphere is 
so thick that this gas loss has been negligible by comparison. However, if 
Venus had an atmosphere as thin as  Earth’s—as it might have if it had never 
undergone a runaway green house  effect—the percentage gas loss could 
have been signifi cant. The second potential problem is that while some 
type of tectonics operates on  Venus—the entire planet has very few impact 
craters, telling us that it has somehow been repaved over  time—it is clearly 
not plate tectonics of the same type that operates on Earth. Without plate 
tectonics, Venus would seem to lack the ability to have a  climate- regulating 
thermostat.

However, before we take these two strikes against Venus and conclude 
that it would be out as a habitable world even if it had formed in the same 
place as Earth, we might ask why Venus rotates so slowly and lacks plate 
tectonics. In fact, both strikes may be consequences of the runaway green-
house effect, rather than intrinsic properties that Venus was born with.

Venus’s slow, backward rotation may have arisen from a drag effect cre-
ated by interactions between tidal forces from the Sun and the extremely 
thick atmosphere. This hypothesis is relatively recent and still controver-
sial, but it suggests that Venus would have rotated at a more “normal” 
 rate—that is, a rate similar to the rates at which Earth and Mars  rotate—if 
it had not undergone the runaway green house effect. Remember that, if 
not for the runaway pro cess, we would expect Venus to have ended up with 
oceans of water and with its carbon dioxide trapped in carbonate rock, and 
hence with an atmosphere as thin as that of Earth. With a much thinner at-
mosphere, any atmospheric drag effect would have been minimal, leading 
some scientists to speculate that Venus would then have ended up with a 
“normal” rotation rate. In that case, because Venus has essentially the same 
interior composition and internal heating as Earth, Venus would have an 
 Earth- like magnetic fi eld protecting this atmosphere.

Venus’s lack of plate tectonics may be a consequence of the fact that the 
high surface temperature has baked out water from its crust and upper 
mantle. This drying of the rock would have strengthened and thickened 
Venus’s lithosphere, thereby making it resistant to the fracturing that oc-
curred on Earth; the high temperature may also make Venus’s lithosphere 
less brittle than Earth’s colder rock. Again, if this hypothesis is correct, 
then Venus would have kept an  Earth- like lithosphere and presumably 



ended up with plate tectonics if the runaway green house effect had not 
driven temperatures so high.

A Recipe for Planetary Success

We can now take everything  we’ve learned to make a brief list of the things 
that make Earth a truly great planet, by which I mean a planet on which 
life has been able to evolve into intelligent beings. Let’s start with the 
“surface- level” requirements:

1.  A distance from the Sun that is great enough to allow water vapor to 
condense as rain and make oceans, but not so far that the water 
freezes.

2.  Volcanism that can release trapped gases from the interior, including 
water vapor and carbon dioxide, to make an atmosphere.

3.  Plate tectonics that can support a  climate- regulating carbon dioxide 
cycle.

4.  A fast enough rotation rate, combined with a core layer of convecting, 
molten metal, to generate a planetary magnetic fi eld that protects the 
atmosphere from the solar wind.

These  surface- level requirements might seem fairly stringent. However, 
if we are correct in guessing that Venus fails to satisfy #3 and #4 only be-
cause of its runaway green house  effect—which is a consequence of having 
formed a little too close to the  Sun—then the recipe for planetary success 
might boil down to something as simple as this: Assemble one planet from 
rock and metal within a star’s habitable zone, and make sure it is at least 
within a few percent of being as large as Earth.

In other words, any planet born close to  Earth-size within its star’s hab-
itable zone might be expected to be  Earth-like as well. This is a remarkable 
idea, because the example of Venus and Earth suggests that it’s pretty 
likely that worlds of the right size get built. After all, if two out of the four 
planets in the inner region of our own solar system “happened” to end up 
at this size, we might expect planets of similar size to be common among 
other star systems. Combined with the fact that the habitable zone is at 
least moderately large, we reach the astonishing conclusion that unless we 
are misunderstanding some fundamental ideas, we would expect  Earth-
 like planets to be quite common in the universe.

In fairness, there are some scientists who would say that I have indeed 
left out some important considerations, and that as a result planets like 
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Earth will prove to be quite rare. I’ll discuss these “rare Earth” ideas in 
chapter 8, but I think you already know where I’m going to place my own 
bets. I suspect that Earth was destined for greatness by virtue of its size 
and location alone, and that it is a destiny shared by many other worlds.

Messing with Success

 We’ve covered the key ideas that are relevant to the prospects for fi nding 
other  Earth- like planets that might give rise to intelligent beings and civi-
lizations. But another obvious factor in the possibility of making contact 
with other civilizations is the survivability of those civilizations. As we 
discussed in chapter 3, even if civilizations arise fairly commonly, on aver-
age they would arise only thousands to tens of thousands of years apart in 
our galaxy. Thus, if civilizations typically destroy themselves within just 
de cades or centuries after building their fi rst radio transmitters or space-
craft, there may not be anyone out there for us to talk to.

Is  self- destruction inevitable? Just a couple of de cades ago, the prospect 
of nuclear annihilation seemed all too close. Today, it seems far less likely, 
though personally I think we’d be much safer still if we worked toward 
what we promised de cades ago, and got rid of all our American nuclear 
bombs while coercing the rest of the world into doing the same. I know; 
there’s the argument that someone, perhaps a terrorist group or a rogue 
state, will hide a bomb, so we should keep some of our own to deter their 
threat. But I just don’t see it: What ever you may think of our current mili-
tary adventures, there’s no doubt that the United States military tries hard 
to limit civilian casualties even when using conventional weapons. Given 
that, I don’t see us wiping out hundreds of thousands of innocent civilians 
in order to strike back at some rogue group. The far better plan is to lower 
the likelihood of a nuclear attack in the fi rst place by forcing all states to 
give up their weapons and to destroy the facilities that could make them, a 
plan more likely to be accepted if we said we’d willingly give up our own 
nuclear capability as well.

In any event, while nuclear annihilation will remain a threat for as long 
as the world maintains huge arsenals of weapons, I believe it has now been 
replaced at the top of the threat charts by a much more insidious concern: 
global warming. Global warming is insidious because it creeps up on you 
in a way that makes it easy to dismiss until it is too late. Even now, as evi-
dence of an impending crisis mounts day by day, there are “nonbelievers” 
who think it’s really not so bad, or even a hoax perpetrated by  anti- capitalist 



environmentalists. But listen, folks: As you should realize after having 
read this chapter, the basic science really isn’t very complicated. People 
can and do argue about the details, such as the feedback pro cesses that 
may either mitigate or strengthen the warming over the short term and 
the precise effects of a warming climate on life and our civilization. 
These details are important to understand, but they don’t change the fact 
that the basic threat is understood to a level far beyond reasonable doubt. 
Let’s review.

Global warming is what we expect to occur if we humans continue to 
pour carbon dioxide and other green house gases into our atmosphere. We 
expect this to warm our world because we already know that the naturally 
occurring green house effect is the only thing that warms our world enough 
to keep it from being frozen over. Thus, if we strengthen the green house 
effect further, we should expect the world to warm up even more. Further 
proof comes from Venus, where we know that a far stronger green house 
effect turns the planet into a veritable hell. Given these things that we 
know, let me ask: Is there any possibility at all that we could keep dumping 
green house gases into the atmosphere without it eventually causing our 
planet to warm up? No. Period.

For the short term, the only mitigating possibility is that feedback pro-
cesses might delay the eventual warming for a while, but the evidence 
shows that this isn’t happening. Although a few people still dispute it, mea-
sure ments show clearly that Earth is indeed warming up quite rapidly by 
geological standards, that polar ice is indeed melting and raising sea level, 
and that severe storms are increasing in number and intensity due to the 
extra energy available as the oceans and atmosphere get warmer. And even 
if the minority view  were correct, such that these seemingly clear mea sure-
ments are being misinterpreted at present, the basic physics still  wouldn’t 
change: Add green house gases and you’ll add heat to your planet. Period. 
Again.

We live on a planet that is an incredible success, with a  self- regulating 
climate mechanism that has made our existence possible. But we are now 
messing with success in a serious way. If you want to know how serious, 
forget all the debates about the rapidity of the warming and of the melting 
of the ice caps and all that other stuff, and just take a look at the graph in 
fi gure 6.6. It shows the change in atmospheric carbon dioxide concentration 
over the past 400,000 years, based primarily on ice core data for most of 
this period and on direct mea sure ments for the past few de cades. More re-
cently acquired data extend the record back to about a million years ago and 
show the same basic thing: The carbon dioxide concentration has naturally 
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fl uctuated, but for at least the past million years it has never reached any-
where near what we have made it today. You’d have to have your head 
pretty deeply buried in the sand to look at these data and say there’s noth-
ing to worry about.

Beyond UFOs

In the two previous chapters, we investigated the nature of life and the ori-
gin of life, seeing why we might be fairly confi dent about the prospects of 
fi nding microbial life on many other worlds. But we have seen that going 
from microbial to intelligent  life—that is, to the types of aliens that might 
fl y around in  UFOs—is a more diffi cult step, and one that can happen only 
on a much more limited set of worlds. Earth has made the grade because it 
is of the right size and within the right range of distances from the Sun. If 
that’s all there is to it, and I think it might be, then  Earth- like planets 
should be common, greatly increasing the odds that other civilizations are 
out there.

Of course,  we’ve layered a lot of reasonable but unproven assumptions 
upon one another.  We’ve assumed that the rapid origin of life on Earth 
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Figure 6.6. The carbon dioxide concentration in Earth’s atmosphere over the 
past 400,000 years. Most of the data come from studies of air bubbles trapped 
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data provided by the Carbon Dioxide Information Analysis Center)



means that life would arise equally quickly on other similar worlds.  We’ve 
assumed that the dinosaurs really did give way to mammals as a result of a 
random impact.  We’ve assumed that Venus would have had plate tectonics 
and climate regulation without its runaway green house effect. And so on. 
In the future, as we collect more data, conduct more experiments, and build 
better computer models of planets and climates, we should learn much 
more. But could we ever know for sure how all these events unfolded?

Probably not, because we can only read the few clues left behind through 
time. But I’ll let you in on a little fantasy: You know how in Carl Sagan’s 
Contact, the fi rst message we receive from the stars is actually a transmis-
sion of one of our own early TV broadcasts, being beamed back to us from 
the star where it was received? Well, those aliens got the message be-
cause they  were monitoring Earth, waiting for this type of radio signal to 
reach their receivers. But what if instead of monitoring Earth and our solar 
system for radio signals, they  were just plain monitoring? Imagine that, a 
few billion years ago, a civilization that recognized the young Earth’s fu-
ture promise started a program to monitor our world (and perhaps Venus 
and Mars as well), in essence capturing continuous and incredibly high 
resolution video of our entire past. If so, and if we ever meet them and they 
let us search their archives, we might someday be able to see the events of 
Earth’s distant past. Come to think of it, if they visited Earth and collected 
samples, they might even still have some dinosaurs living in their zoos. 
Likely? No. But way back in chapter 1, I promised you a book about 
possibilities. . . . 
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7
Life in the Solar System

I was drawn by the sirens of Titan
Carried along by their call
Seeking for a way to enlighten
Searching for the sense of it all
Like a kiss on the wind I was thrown to the stars
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
I was drawn by the sirens of Titan (as are we all)
As are we all
— Al Stewart, from his song “The Sirens of Titan,” 

based on the Kurt Vonnegut novel

There’s no place like home, at least  here in our own solar system. There’s 
no other world in our solar system on which we could survive even a few 
minutes outside without a spacesuit, and no other world that has so much 
as a puddle of liquid water on its surface. As I’ve explained over the past 
three chapters, this latter fact almost certainly means that we’ll fi nd no 
other intelligent life in our solar system, because surface water seems a 
clear requirement for the evolution of complex beings like ourselves.

But a lack of intelligent life does not necessarily mean a lack of all life, 
and, remarkably, there may be a  half- dozen or more worlds in our solar 
system that offer at least the potential of harboring some type of life. If life 
actually exists on any of these worlds, it will not only give us the opportu-
nity to learn much more about the general nature of biology, but also 
change the equation for the search for life elsewhere. If life happened more 
than once in just our own single solar system, then it seems inevitable that 
it has also happened on countless worlds around other stars.

Now, a  half- dozen possible homes to life may seem a lot in one sense, 
but if you’re a science fi ction fan it might seem ridiculously limited. After 
all, there are a lot more “worlds” than that in our solar system. There are 
the 8 or 10 or more planets, depending on whether you count objects like 



Pluto, Eris (the object discovered in 2005 that is slightly larger than Pluto), 
and other  larger- than- Pluto worlds that may still await discovery. There 
are more than 150 known moons. And there are millions of rocky asteroids 
and perhaps a trillion icy comets. You can probably fi nd science fi ction sto-
ries that have placed life, perhaps even intelligent life, on almost every one 
of these myriad worlds.

As a science fi ction fan myself, I enjoy these types of stories, but I sus-
pect they are far more fi ction than science. Based on what we know about 
the general nature of life, it just  doesn’t seem reasonable to have life with-
out at least some type of liquid medium. So while I’m willing to admit pos-
sibilities beyond liquid water, such as liquid ammonia or liquid methane, 
I’m personally going to brush off the chance that we’ll fi nd life on any 
world that is solid throughout. This has the  self- serving benefi t of ruling 
out almost all the myriad worlds of our solar  system—thereby allowing 
me to keep this chapter  short—because they are almost all so small and so 
far from the Sun that they are frozen solid.

After we throw out all the small worlds as possible homes to life, we are 
left with just the planets and a few relatively large moons. I can brush off 
some of these pretty quickly too. I already dispatched Mercury in the prior 
chapter, because it suffers the same small size problems as our Moon and is 
too close to the Sun to boot. Venus, well, Venus is an interesting case. On 
the surface (literally), we can rule out life because of the high temperature 
that is caused by the runaway green house effect. But remember that Venus 
might have had oceans in its early days, when the Sun was dimmer, and if 
so it is plausible to imagine that life may have arisen there. This possibility 
has led a few scientists to speculate that Venusian life may have adapted to 
the changing environment and taken shelter in the only conceivable niche 
left to  it—the acidic droplets of  high- altitude clouds. Frankly, I fi nd this to 
be a stretch, but it’s worth checking out. The Eu ro pe an Venus Express mis-
sion, which arrived in Venus orbit in 2006, has instruments to probe the at-
mosphere that have at least some chance of detecting life among the clouds, 
if it exists. But beyond that, there’s not much more I can say about the 
prospects for life on Venus, so I’ll move on.

Let’s next tackle the four large planets of the outer solar  system—Jupi-
ter, Saturn, Uranus, and Neptune. These planets are so different from the 
planets of the inner solar system that we use names to distinguish the 
two groups. The inner solar system  planets—Mercury, Venus, Earth, and 
 Mars—are made almost entirely of rock and metal, and we call them the 
terrestrial (Earth- like) planets because they are all  Earth- like in compo-
sition, if not in other attributes. In an analogous way, we refer to Jupiter, 
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Saturn, Uranus, and Neptune as jovian (Jupiter- like) planets because 
they all resemble Jupiter in composition. These planets are all far more 
massive and larger in size than the terrestrial planets. Aside from metal 
and rock buried deep in their interiors, they are made mostly of hydro-
gen, helium, and hydrogen compounds such as water (H2O), methane 
(CH4), and ammonia (NH3). Although they are sometimes called “gas gi-
ants” because the materials that make them are generally gaseous under 
terrestrial conditions, in reality the jovian planets have only relatively 
thin outer layers of gas. Beneath that, the internal pressures and temper-
atures become so extreme that the “gases” are compressed into liquid 
form, or even into other phases that we never see under natural condi-
tions on Earth. In other words, there’s no place to “land” on any of these 
worlds; if you descended into one, you could continue downward until 
you  were crushed by the growing pressure, at which point your remains 
would sink until they settled in at a depth at which the density would al-
low them to fl oat.

Could the jovian planets have life? There are two places where they 
might have the necessary liquids. First, some of their clouds have droplets 
of liquid water (and other liquids as well). However, life in these clouds 
seems highly unlikely, because these planets also have very strong vertical 
winds with speeds that would make a hurricane seem like a gentle breeze. 
Any complex organic molecules that might assemble would quickly be car-
ried to depths at which the heat would destroy them, making it diffi cult to 
see how life could arise. The only way that anyone has imagined life sur-
viving in jovian clouds is by supposing that it might have some sort of 
buoyancy that allows it to stay at the right altitude while the vertical winds 
rush by it. However, such buoyancy would require large  gas- fi lled sacs, 
making the organisms themselves enormous. Given that we cannot envi-
sion a way for microbes to survive, there seems to be no way for large, 
buoyant organisms to evolve to begin with.

The second place where jovian planets might conceivably have life is 
deep in their interiors. Jupiter and Saturn probably lack any liquid layer 
aside from liquid hydrogen, which does not seem a suitable medium for 
life, but Uranus and Neptune offer another possibility. Theoretical models 
suggest that these two planets should have deeply buried core layers con-
sisting of a liquid mixture of water, methane, and ammonia (sitting atop a 
central core of metal and rock), making for very odd “oceans.” The high 
pressures, strange mix of liquids, and a lack of any obvious way to extract 
energy from these “oceans” makes life within them seem highly unlikely, 
and even if life  were possible we lack any technology that could allow us to 



search for it in the cores of these giant planets. As a result, I’ll have no 
more to say about the possibility of life on jovian planets.

To review where we stand, I’ve ruled out all the small worlds of our solar 
system as homes to life because they lack any liquids at all. I’ve dropped 
the Moon and Mercury for the same basic reason. I’ve allowed a slim possi-
bility for life in the clouds of Venus or in deeply buried core layers of Ura-
nus and Neptune. That leaves us with the rest of this chapter, in which I’ll 
take you on a quick tour of the remaining  worlds—that is, those worlds 
that seem like potential candidates for life. We’ll start with Mars, which 
has long been the favorite alien home of science fi ction, and happens also to 
be the world that most scientists would name as “most likely to have life” 
(aside from Earth) in our solar system.

Mars

Have you ever noticed that people often speak of Martians but rarely of, 
say, Venusians or Jupiterians? It’s no accident, but rather the result of mis-
conceptions that arose from early telescopic observations of Mars.

The story begins in the late eigh teenth century with the brother and sis-
ter astronomers William and Caroline Herschel. Although they are most 
famous for discovering the planet Uranus, they also made many observa-
tions of Mars. Their observations revealed several uncanny resemblances 
to Earth, including a similar axis tilt, a day just slightly longer than 24 
hours, the presence of polar caps, and seasonal variations in appearance 
over the course of the Martian year (about 1.9 Earth years). The Herschels 
assumed that Mars must be quite  Earth- like, and even speculated about the 
nature of its inhabitants.

The hypothetical Martians got a bigger break about a century later. In 
1879, Italian astronomer Giovanni Schiaparelli reported seeing a net-
work of linear features on Mars that he named canali, by which he 
meant the Italian word for “channels” but which was frequently trans-
lated as “canals.” Coming amid the excitement that followed the 1869 
opening of the Suez Canal, Schiaparelli’s discovery soon inspired visions 
of artifi cial waterways built by an advanced civilization. The reports 
captured the imagination of American astronomer Percival Lowell, who 
commissioned the building of an observatory for the study of Mars in 
Flagstaff, Arizona.

The Lowell Observatory opened in 1894. Barely a year later, Lowell pub-
lished detailed maps of the Martian canals and the fi rst of three books in 
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which he argued that the canals  were the work of an advanced civilization. 
He suggested that Mars was falling victim to unfavorable climate changes 
and that the canals had been built to carry water from the poles to thirsty 
cities elsewhere. Lowell’s work drove rampant speculation about Martians 
and fueled science fi ction fantasies such as H. G. Wells’s The War of the 
Worlds, published in 1898.

Given that the canals don’t actually exist, what was Lowell seeing? In a 
few cases, his canals correspond to real features on Mars. For example, the 
canal he claimed to see most often (which he called Agathodaemon) coin-
cides with the location of the huge canyon network now known as Valles 
Marineris (see the map of Mars in color plate 4). For the most part, how-
ever, Lowell must simply have imagined the canals, perhaps offering an ex-
treme example of the human tendency to see vivid patterns where none 
really exist, much as we see patterns in ink blots or among the stars that 
speckle our sky.

Lowell was well known both to scientists and to the public, so his claims 
generated a lot of attention. Nevertheless, most other scientists remained 
skeptical, because they could not see the canals through their own tele-
scopes and they did not show up in photographs. Some also found fl aws in 
Lowell’s basic assumptions. For example, Alfred Russel Wallace, more fa-
mous for having developed the theory of evolution by natural selection in-
de pen dently of but at about the same time as Darwin, used physical 
arguments to conclude that Mars must be too cold for liquid water to fl ow 
on its surface. Moreover, Wallace pointed out that Lowell’s canals followed 
 straight- line paths for hundreds or thousands of miles, while real canals 
would be expected to follow natural contours of topography (for example, 
to go around mountains). On this point, Wallace wrote that the canals de-
scribed by Lowell “would be the work of a body of madmen rather than of 
intelligent beings.”

Lowell’s story illustrates both the pitfalls and the triumphs of modern 
science. The pitfall is that individual scientists, no matter how upstanding 
and dedicated, may still bring personal biases to bear on their scientifi c 
work. In Lowell’s case, he was so convinced of the existence of canals and 
Martians that he simply ignored all evidence to the contrary. But the sto-
ry’s ending shows why modern science ultimately is so successful. Despite 
Lowell’s stature, other scientists did not accept his claims on faith. Instead, 
they sought to confi rm his observations and to test his underlying assump-
tions. They found that Lowell’s claims fell short on all counts. As a result, 
Lowell became an increasingly isolated voice as he continued to advocate a 
viewpoint that was clearly wrong.



The story also illustrates the divide that often persists between scien-
tists and the general public. Although nearly all scientists had abandoned 
belief in Martians within the fi rst few de cades of the twentieth century, 
the canal myth persisted among the public. Belief in Martians remained 
widespread enough to create a panic during Orson Welles’s 1938 radio 
broadcast of The War of the Worlds, when many people thought a Martian 
invasion was actually underway. Even today, a few  die- hard proponents 
still claim to see evidence of a past Martian civilization, but the features 
they “see”—such as the famous “face on  Mars”—are no more real than 
Lowell’s canals. We now have  high- resolution photographs of the entire 
Martian surface. There are no canals, no faces, and no ruins.

Nevertheless, as I described in chapter 6, there is abundant evidence that 
water once fl owed on the surface of Mars. This fact alone gives us reason to 
imagine that life could have arisen on Mars, or survived there if it had ar-
rived on meteorites from Earth. That is the primary reason why Mars has 
been and will continue to be the target of more space missions than any 
other planet.

Our fi rst  close- up photographs of Mars arrived in 1965, beamed back by 
radio waves from NASA’s Mariner 4 spacecraft as it passed within about 
6,000 miles of the Martian surface. Mariner 4 captured 22  low- resolution 
photographs showing just 1 percent of the planet during its brief close 
encounter. By chance, the pictures turned out to be of some of the more 
heavily cratered regions of Mars, so they gave a somewhat misleading fi rst 
impression of Mars. In 1971, the Mariner 9 spacecraft went into orbit of 
Mars, and thereby was able to take enough pictures to give us a better 
global view of the planet. These photos made it abundantly clear that Mars 
was not a good place for a civilization, but they also began to show the fea-
tures carved by running water in the distant past. Our views of Mars im-
proved considerably more in 1976, when two Viking spacecraft arrived, 
each with an orbiter to photograph the planet from above and a lander to 
drop down to the surface.

The Viking orbiters provided clear, photographic evidence of abundant 
water in the Martian past, and at the same time the Viking landers con-
ducted the fi rst robotic experiments designed to search for life on Mars. 
Each lander was equipped with a robotic arm to scoop up a bit of Martian 
soil, and the soil was then placed into chambers where it was subjected to 
heating, mixing, and various other simple experiments. Although these 
experiments offered some intriguing results that at fi rst made some scien-
tists think they might have detected life on Mars, the soil showed no sign 
of containing any organic molecules at all. This lack of organic molecules 
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implies that the intriguing experimental results  were almost certainly due 
to chemical rather than biological reactions, which is why all but a tiny mi-
nority of scientists now say that the Viking results  were negative for life.

The Viking missions provided a wealth of scientifi c data about Mars. But 
they also left many questions unanswered, and the scientifi c community 
was itching for  follow- up missions. Unfortunately, bud getary and po liti cal 
considerations, along with the failure of two Rus sian missions to Mars 
(Phobos 1 and 2) and one American mission (Mars Observer), all conspired 
to stop spacecraft exploration of Mars for some twenty years. The long 
mission drought did not end until July 4, 1997, with the landing of Path-
fi nder and its little rover, Sojourner, named for Sojourner Truth, an Afri-
can American heroine of the Civil War era. Although Sojourner could 
travel only a few tens of yards from Pathfi nder, this was enough to check 
the chemical composition of many nearby rocks. Around the same time, 
the Mars Global Surveyor arrived in Martian orbit, from which it took 
 high- resolution surface photographs for nine years.

The Pathfi nder and Mars Global Surveyor missions marked the begin-
ning of a new era of intensive scientifi c study of Mars, and also marked a 
change in strategy from the Viking era. As scientists learned more both 
about Mars and about the nature of life, it became clear that we are not 
quite ready to undertake a serious search for life. Because Mars has no liq-
uid water on its surface today, any extant life would presumably be under-
ground at depths where internal heat can keep water liquid. In other words, 
Martian life today would probably resemble the terrestrial microbes known 
as endoliths that live in subsurface rock on Earth. Searching for Martian 
life therefore presents several diffi cult challenges: We’d need to drill down 
to bring up rock from fairly deep underground, we’d need to do that at a lo-
cation where a heat source is keeping some of the water liquid, and then 
we’d need to conduct careful experiments to detect the presence of micro-
scopic life. As a result, scientists decided that for the moment, it makes bet-
ter sense to spend some time learning more about Mars generally, so that 
when we later undertake a search for life we’ll be able to choose the best 
places to look and to employ the best strategies for detection.

With that in mind, scientists developed a  step- by- step strategy for 
studying Mars in which each new mission builds upon the results of prior 
ones. This strategy keeps costs down and allows us to employ new technol-
ogies as they come along rather than trying to do everything at once with 
existing technology. To date, it’s been a very successful strategy. With cur-
rent rockets, we can send missions to Mars only around the times that it 
lines up with Earth in its orbit around the Sun (because it is too far away at 



other times), and these launch opportunities occur about every 26 months. 
Although the next attempted missions after Pathfi nder and Mars Global 
Surveyor failed in 1999,  we’ve since had a series of successes. The Mars 
Odyssey orbiter arrived in 2001; the Spirit and Opportunity rovers, along 
with the Eu ro pe an Mars Express orbiter, in early 2004; and the Mars Re-
connaissance Orbiter in 2006. The Phoenix lander should set down on 
Mars in May 2008, shortly after this book is published. Additional mis-
sions are being planned for each of the upcoming future launch opportuni-
ties, including the Mars Science Laboratory, a rover scheduled to land on 
Mars in 2010.

These missions are unlikely to turn up direct evidence of life, but they 
have already provided tantalizing hints that Mars was habitable in the past 
and may still have a habitable subsurface today. For example, Mars Odys-
sey has shown that subsurface water ice is abundant on much of  Mars—
which also means that there could be subsurface liquid water in any place 
that enough heat is available to melt the ice. Mars Express and the Mars 
Reconnaissance Orbiter have been transmitting images of stunning clar-
ity, showing the paths of ancient rivers, layering of ice at the polar caps, 
and possible evidence of ancient oceans.

Perhaps most spectacularly, the Spirit and Opportunity rovers, each de-
signed to last only three months, are still going strong as I write this book, 
well over three years after their arrival. They have provided us with star-
tling vistas of the Martian surface, as well as  close- up studies of Martian 
rocks. Both landing sites offer further evidence of past liquid water. For ex-
ample, rocks at the Opportunity landing site contain tiny  spheres—nick-
named “blueberries” although they’re neither blue nor as large as the 
berries we fi nd in  stores—and odd indentations suggesting that they 
formed in standing water (color plate 5). Compositional analysis shows that 
the abundant “blueberries” contain the  iron- rich mineral hematite, and 
other rocks contain the  sulfur- rich mineral jarosite. Both of these minerals 
form in water, and chemical analysis seems to support the case for forma-
tion in a salty environment such as a sea or ocean. The layering observed in 
the sedimentary rocks further supports the case for a past sea or ocean at 
the landing site.

Meanwhile, orbital photographs suggest that although the global wet 
period ended billions of years ago, at least some regional water fl ows may 
have occurred intermittently ever since. This is not as  far- fetched as it may 
sound. Although liquid water is unstable on the surface of Mars today, 
a large quantity of water that suddenly erupts onto the landscape will take 
a little time to freeze or evaporate completely. A catastrophic release of 
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 fl oodwaters—from beneath the surface, for  example—could survive long 
enough to carve channels and other surface features. We do indeed see sur-
face features that indicate periodic fl ooding over the past few billion years.

More spectacularly, comparison photos taken a few years apart strongly 
suggest that at least some  small- scale water fl ows still occur. Figure 7.1 
shows orbital photos of the same crater wall, taken six years apart by Mars 
Global Surveyor. The many gullies look strikingly similar to the gullies 
we see on almost any eroded slope on Earth, and they probably form when 
subsurface ice melts and gushes out from the crater walls before rapidly 
freezing or evaporating in the thin Martian atmosphere. Notice that at 
least one new gully appears to have formed between the times the two pho-
tos  were taken.

Theoretical modeling is also painting a new picture of Martian history. 
Earth and Mars both have nearly the same axis tilt today, and hence simi-
lar seasonal patterns, but this is apparently a coincidence of the moment. A 
planet’s axis tilt can change with time due to the gravitational infl uence of 
other planets, such as Jupiter. Earth’s axis tilt changes very little with 
 time—varying only between about 22° and  25°—because our large moon 

Figure 7.1. The Mars Global Surveyor photographed the same crater wall 
twice, six years apart. Notice that the 2005 photo shows a new gully that 
was not present in the 1999 photo. (Courtesy NASA/JPL- Caltech)



exerts a gravitational pull that stabilizes it. Even so, these small changes in 
tilt have been linked to Earth’s cycles of ice ages, because when the tilt is 
smaller the poles get less summer sunlight, and the lesser sunlight allows 
more water to freeze and glaciers to advance. Mars lacks a large moon, and 
its two tiny moons (Phobos and Deimos) are far too small to offer any sta-
bilizing infl uence on its axis. In addition, because Mars is closer than Earth 
to Jupiter, Jupiter’s gravity more strongly perturbs Mars as it orbits the 
Sun. Calculations suggest that, together, the lack of a stabilizing moon and 
the effects of Jupiter should cause Mars to experience wild swings in its 
axis  tilt—taking it anywhere between 0° and about  80°—on time scales of 
a few hundred thousand years.

These changes in tilt would have dramatic effects on the Martian cli-
mate. When the axis tilt is small, the poles may stay in a perpetual deep 
freeze for tens of thousands of years. With more carbon dioxide frozen 
at the poles, the atmosphere becomes thinner, lowering the pressure and 
weakening the green house effect. In contrast, when the axis is highly 
tilted, the summer pole should become warm enough to allow substantial 
amounts of water ice to sublimate into the atmosphere, along with all the 
carbon dioxide. The atmospheric pressure therefore increases, and Mars 
becomes warmer as the green house effect strengthens. The Martian polar 
regions show layering that probably refl ects changes in climate due to the 
changing axis tilt. The atmospheric pressure probably does not become 
high enough to allow liquid water to pool in surface lakes or ponds, but it 
may allow ice to melt into liquid water just beneath the surface, and occa-
sionally to gush onto the surface for short periods of time before it freezes 
or evaporates.

Now, I know all this may seem like overwhelming detail, and I don’t 
even expect my students to memorize all this stuff. But I’ve told it to you 
so that you’ll understand that scientists are no longer imagining things the 
way Percival Lowell once did. Instead, we are using real, reproducible evi-
dence from multiple sources, and thereby learning what Mars really is like 
today and has been like in the past. So let’s briefl y review the big picture of 
Mars as we now understand it.

Mars was born at the same time as Earth, about 4 1⁄2 billion years ago. 
Early in its history, it had volcanic outgassing that produced an atmosphere 
much thicker and with a much stronger green house effect than the atmo-
sphere it has today. The atmosphere was warm enough and dense enough 
to allow water vapor to condense as rain, and there was a time when rivers 
fl owed and lakes and perhaps even oceans fi lled. Although this global wet 
period ended by some 2–3 billion years ago, lots of water ice still exists on 
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and beneath the surface of Mars, and it sometimes melts and emerges to 
fl ow briefl y across the surface.

This simple summary of Martian history should make the implications 
for life clear. Early in its history, Mars seems to have had everything that 
Earth had, so if life got started  here, why not there? And even if life on 
Mars did not arise indigenously, microbes from Earth almost certainly ar-
rived by meteorite, and if they landed in pools of water they may well have 
survived. So unless  we’ve got some critical element of this story wrong, it 
seems that Mars should have had life in the past. Given the evidence of 
abundant subsurface ice and that water sometimes still fl ows, it seems rea-
sonable to infer that at least some underground locations have had liquid 
water continuously over the past few billion years, which means that if 
Mars had life in the past, it could have survived all the way to the present. 
Perhaps now you understand why most scientists would vote Mars “most 
likely to have life.”

Of course, we won’t really know if Mars has ever had life until we fi nd 
living organisms or fossils of past life,1 or until  we’ve explored the planet 
thoroughly enough to conclude that no life exists. But at least we now 
know what  we’re looking for.

Scientists argue amongst themselves about whether it would be better to 
search for life on Mars with robots or people, but I don’t consider it a scien-
tifi c question. Instead, I see it as a so cio log i cal question, and if you’ve read 
my children’s books, you know where I stand. I believe that sending people 
back to the Moon, and eventually on to Mars, could bring people together 
in a way that nothing  else could accomplish, inspiring children to work 
hard toward a world where everyone lives in peace and shares in the ad-
vance of human knowledge. Robotic science is cool, but no one grows up 
with the dream of being a robot. Inspiration comes from people.

So with luck, maybe in two or three de cades, the fi rst human explorers 
will be reaching Mars. What will they fi nd? Perhaps, while chipping out 
rock from the walls of Valles Marineris, someone will discover a pebble 
containing microfossils of past life on Mars. Or maybe, walking along the 

1 Some of you are probably wondering why I  haven’t devoted any space to the claims of 
fossil evidence for life in a Martian meteorite (ALH84001). Two reasons: First, because I 
discuss them in some depth in my earlier book, On the Cosmic Horizon, and in even more 
depth in my textbooks. More important, it’s because while I personally fi nd the claims in-
triguing, I doubt that they can be substantiated until we study rocks collected on Mars; the 
problem with meteorites found on Earth is that it’s too diffi cult to rule out terrestrial con-
tamination of evidence.



northern plains, someone will stumble across a stromatolite, formed by a 
microbial colony that lived in ancient Martian seas. My friend Alan Stern, 
leader of the New Horizons mission to Pluto (which launched in 2006 and 
will reach Pluto in 2015) and recently appointed as NASA’s head of space 
science, suggests that we might even fi nd fossils of larger organisms, such 
as fossil seashells. It’s a plausible idea if Mars was continuously wet for a 
long enough period to allow evolution to progress that far. But what I’m re-
ally hoping for is actual, living life. If I had to place a bet, I’d bet that it’s 
there, just waiting to be discovered when, as happens in my children’s book 
Max Goes to Mars, we drill down into the ground under a dry riverbed, 
near a  not- quite- dead Martian volcano, and fi nd the indisputable proof that 
we are not alone in the universe.

So look around you, at the young children you see at the park and the 
school playground, and at the babies coming out of the maternity wards, 
and don’t forget this: One of those little people is going to be the fi rst per-
son to walk on Mars, and perhaps the person who answers once and for all 
the question of whether life exists beyond Earth. I, for one, can hardly 
wait.

The Galilean Moons of Jupiter

The next stop on our biological tour is Jupiter, or at least its four largest 
moons: Io, Europa, Ganymede, and Callisto. These moons  were discovered 
by Galileo in 1610, shortly after he fi rst turned his newly built telescope to 
the heavens and began making the epic discoveries that helped seal the tri-
umph of the Copernican revolution. In the historical context of the times, 
the discovery of these four Galilean moons was just one of several critical 
observations by Galileo that contributed to the downfall of the geocentric 
model after Kepler published his laws of planetary motion. But while their 
existence did not by itself prove that Earth was orbiting the Sun, it made 
one thing very clear: Since these moons  were orbiting Jupiter, the Earth 
could no longer be considered the center of everything.

The Galilean moons are large enough that we would probably consider 
them planets if they orbited the Sun rather than Jupiter. Ganymede, which 
is the largest moon in the solar system, is larger than the planet Mercury. 
The other three all are considerably larger than Pluto. Besides being  planet-
 like in size, they are  planet- like in character, with warm interiors and sur-
faces on which geology has clearly operated.
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Visually, Io is the most spectacular. It is the innermost of the four 
moons, and has the distinction of being by far the most volcanically active 
world in the solar system. Its entire surface is pockmarked by large, active 
volcanoes, and at least some are erupting at almost all times. This incredi-
ble activity pretty much rules out life on Io, since any living organisms 
would soon be buried in molten lava. However, it raises an important ques-
tion: Although Io is big compared to most moons, it is only slightly larger 
in size than our own cold, dead Moon; so how can it possibly retain enough 
internal heat to power so many volcanoes?

The answer lies with a remarkable heating mechanism known as tidal 
heating. The three innermost Galilean  moons—Io, Europa, and  Ganymede—
share an interesting relationship in their orbits of Jupiter: During the time it 
takes Ganymede to orbit Jupiter once (about seven days), Europa orbits ex-
actly twice and Io orbits exactly four times. This “orbital resonance” means 
the moons periodically fall into a straight line, and their mutual gravita-
tional pulls therefore make their orbits more elliptical than they otherwise 
would be. For reasons I won’t go into  here, the ellipticity of the orbits causes 
the moons to feel a varying tidal pull from Jupiter, one that in essence 
churns their insides back and forth, generating friction and heat. Io experi-
ences the most tidal heating because it is closest to Jupiter, and that is why it 
is hot enough inside to be so volcanically active.

The orbital resonance that makes the tidal heating possible might seem 
like an incredible coincidence, but it is not. Just as our own Moon’s syn-
chronous  rotation—meaning the fact that it always keeps the same face to-
ward  Earth—is a natural consequence of its gravitational interactions with 
Earth, orbital resonances tend to arise wherever multiple moons orbit a 
large planet in fairly close proximity. Indeed, these Galilean moons are not 
the only cases in which we fi nd orbital resonances among moons in our so-
lar system. Similar resonances also affect the asteroids of the asteroid belt, 
Pluto and other similar objects of the outer solar system, and the boulders 
orbiting in the rings of Saturn.  We’ve even discovered resonances among 
some of the planets that orbit other stars.

Tidal heating is clearly overdone on Io from the standpoint of life, but it 
may be “just right” on the next moon out, Europa. Europa has a remark-
ably smooth surface, with very few impact craters and no large mountains 
(fi gure 7.2). It is also  criss- crossed by large cracks. Cracks in what? In fact, 
Europa’s entire surface is made of water ice, and  closer- up photos show not 
only the large cracks, but ample evidence that water, or at least slushy 
ice, occasionally breaks through from underground. The implication is 



probably obvious: There’s either liquid water or ice that is at least partially 
melted somewhere under the Europan surface.

Models of Europa based on studies of its density and gravitational fi eld, 
combined with calculations of the amount of tidal heating it receives, paint 
an even more astonishing picture. Europa is made mostly of rocky mate-
rial, but it has a thick outer shell that is made out of H2O. The outermost 
portion of this shell is frozen solid, perhaps down to a depth of 10–20 miles. 
But beneath that there probably lies an ocean of liquid water that is more 
than 50 miles deep. All told, Europa may have two to three times as much 
ocean water as Earth.

Now, you may rightly say that “surface photos and models are fi ne, but 
do we have any direct evidence that the ocean really exists?” The answer is 
“sort of.” Until we land a heated spacecraft on Europa and watch what hap-
pens to it as it melts through miles of ice, we have no way of seeing whether 
liquid water really does lie under the ice. But there are other ways to learn 
whether there’s an ocean underfoot, and one piece of evidence looks partic-
ularly strong: magnetic fi eld data collected by the Galileo spacecraft. Gali-
leo entered orbit of Jupiter in 1995, and it is the only orbiter  we’ve ever sent 

Figure 7.2. A global view of Europa, as seen from the Galileo spacecraft, 
which orbited Jupiter between 1995 and 2003.
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to the largest planet in our solar system; all the other spacecraft that have 
visited Jupiter, including Pioneer 10 and 11, Voyager 1 and 2, and more re-
cently New Horizons,  were fl ybys that made only a quick pass as they fl ew 
outward through the solar system.

In 1996, Galileo’s magnetometer detected a magnetic fi eld near Europa. 
But the fi eld  wasn’t steady; instead, it varied in tune with Jupiter’s approxi-
mately  ten- hour rotation. Why would Europa’s magnetic fi eld be respond-
ing to Jupiter’s spin? There’s only one plausible explanation: Just as a 
moving magnet produces an electric current in a coil of wire, Jupiter’s ro-
tating magnetic fi eld must be producing electrical currents within Europa 
that then generate an “induced” magnetic fi eld. As far as we know, such 
electric currents could be produced within Europa only if it has a liquid 
layer, not if it is frozen throughout. Moreover, the par tic u lar character of 
the induced magnetic fi eld is consistent with the idea that Europa has a 
deep, subsurface ocean of salty water.

If you add it all up,  here’s what we seem to have on Europa: a rocky inte-
rior kept warm by tidal heating, with a salty ocean above and a frozen 
outer crust. Given this picture, it’s  reasonable—but far from  proven—to 
think that Europa might have active volcanism on its rocky seafl oor. In 
other words, Europa may have  deep- sea vents very much like those on 
Earth that we consider to be the most likely sites of the origin of life some 
4 billion years ago. Thus, if our picture is correct, Europa may have the 
same  deep- water conditions that gave rise to life on Earth, making life on 
Europa seem like at least a moderately good bet.

If there is life on Europa, what might it look like? Since we  can’t see 
through the icy crust, the possibilities might seem almost limitless. In my 
public talks, I used to tell audiences that there could be  whales swimming 
in the Europan ocean and we’d have no way to know it. But one day, a  ten-
 year- old in the audience (who happened to be a second cousin of mine) 
asked, “If there  were  whales, and the  whole moon is covered with ice, how 
would they breathe?” Good point. So, instead, I’ll tell you that there could 
be really big fi sh swimming in the Europan ocean, and we’d have no way to 
know it.

However, when we look at the possible energy sources for life, the big 
fi sh look a lot less likely. While  deep- sea vents might offer enough energy 
for an origin of life, they could not by themselves support more than a 
small total biomass, because they simply don’t make enough energy avail-
able to living organisms. This fact might surprise you if you think about 
the great communities of life that live near  deep- sea vents on Earth today, 
but most of this life actually gets its energy from materials that fi lter down 



from above, such as dead organisms and oxygen produced by photosyn-
thetic life near the surface. Only a small fraction of the life near Earth’s 
 deep- sea vents lives solely off energy from the vents themselves. For life to 
be abundant or widespread on Europa, it would need some other energy 
source in addition to the chemical reactions near  deep- sea vents. Photosyn-
thesis seems out, since sunlight cannot penetrate through the thick icy 
crust. And while scientists have considered a few other potential sources 
of energy for life on Europa, none of them seem to add up to anything close 
to the amount of energy that photosynthesis makes available in Earth’s 
oceans. As a result, while life in the Europan oceans seems like a reason-
able possibility, we doubt that there is enough energy to have allowed that 
life to evolve very far or to be particularly abundant.

The prospects for life on Europa make it an inviting target for future 
exploration. As bud gets go up and down, NASA has for several years been 
working on and off on plans to send an orbiter to Europa. The orbiter could 
make detailed mea sure ments intended to settle the case as to whether an 
ocean really exists. If the ocean proves real, the next mission might land on 
Europa, where, by melting and fi ltering some of the surface ice, it would 
have at least some chance of turning up evidence for life in the ocean be-
low. In the meantime, scientists take the possibility of life on Europa so se-
riously that they deliberately ended the Galileo mission in 2003 by causing 
it to crash into Jupiter’s atmosphere, thereby preventing any possibility 
that the spacecraft might someday crash into and contaminate Europa with 
hitchhiking microbes from Earth.

Continuing outward from Jupiter past Europa, we next encounter Gany-
mede. Because of its greater distance from Jupiter, Ganymede has less tidal 
heating than Europa. However, its larger size may mean it also retains 
more heat from radioactive decay, and the combination of radioactivity and 
tidal heat may be enough to give Ganymede a subsurface ocean as well. 
Photographs do indeed show a few features suggesting that liquid water 
has broken through to the surface of Ganymede in the past. In addition, 
Ganymede has an induced magnetic fi eld much like that of Europa, again 
suggesting the presence of a subsurface, salty ocean.

While the possibility of a subsurface ocean is encouraging from the 
standpoint of habitability, the lesser heating on Ganymede means that the 
ice cover would be much thicker than on  Europa—probably at least 100 
miles thick. This would make fi nding life in a subsurface ocean far more 
diffi cult and the transport of possible nutrients or energy from the surface 
considerably less effi cient. In addition, the pressure in Ganymede’s interior 
is high enough to create  high- density forms of ice that sink in  water—
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rather than fl oating like ordinary  ice—and that therefore would lie be-
tween the rocky interior and any liquid water ocean. As a result, it is much 
less likely that Ganymede has seafl oor vents or any  rock- water interfaces 
that could facilitate the types of chemical reactions thought to be necessary 
for an origin of life. Even if life does exist, the available energy seems 
much more limited than on Europa, so we would expect it to be even sim-
pler and less abundant.

The outermost of the Galilean moons, Callisto, does not participate in 
the orbital resonance of the other three and therefore has no tidal heating 
at all. Its surface is made of water ice, but it is densely cratered and shows 
no evidence of liquid water ever having broken through the ice. As a re-
sult, we  wouldn’t expect to fi nd a subsurface ocean on  Callisto—but, sur-
prisingly, the magnetic fi eld data say otherwise. Again, it has an induced 
magnetic fi eld suggesting the presence of a salty ocean. Scientists are still 
struggling to understand how this ocean can exist (if indeed it does), but 
have some plausible ideas. For example, the nature of Callisto’s icy crust 
may make it a very good insulator, thereby allowing this moon to retain 
internal heat better than most other worlds. In addition, the water may 
contain dissolved salts and ammonia that effectively act like antifreeze. 
The ocean would make Callisto another candidate for life. However, there’s 
probably even less energy available for life on Callisto than on Ganymede, 
making it the longest shot for life of the three potentially habitable Gali-
lean moons.

I’ve given you all the appropriate caveats about the energy for life on the 
Galilean moons, but let’s ignore those for the moment. If we focus just on 
the positives, we have three moons that may each have more ocean water 
than Earth, all orbiting just one of the planets in our solar system. If they 
really have oceans, and if life is possible within these oceans, then we con-
front the astonishing prospect that Jupiter alone could be host to three dis-
tinct types of biology against Earth’s one. In that case, alien biologists 
might learn more by doing comparative studies at Jupiter than by visiting 
Earth.

Titan

Our biological tour next takes us to Saturn, where we encounter what 
may be the most amazing moon in the solar system:  smog- covered Titan. 
Titan is the second largest moon after Ganymede, and like Ganymede it is 
larger than the planet Mercury. But Titan’s real claim to  fame—aside 



from having had a novel and song written for it (see the quotation at the 
beginning of this chapter), as well as a terrifi c movie (Gattaca, 1997) 
made about a boy who dreamed of visiting  it—is that it has a thick atmo-
sphere surrounding it.

Titan’s atmosphere is even thicker than Earth’s. The surface pressure is 
about 50 percent greater than that on Earth, which means that if you could 
visit Titan, the pressure would feel fairly comfortable even without a space-
suit. The temperature, however, would not.  Here, where sunlight is nearly 
100 times as weak as on Earth, the surface temperature is a frigid −290°F. 
Moreover, while the atmosphere is 90 percent nitrogen (N2)—not so dif-
ferent from the 77 percent nitrogen content of Earth’s  atmosphere—there 
is no appreciable oxygen to breathe.

Our fi rst  close- up look at Titan came with the Voyager fl ybys in 1980 
and 1981. These fl ybys showed us nothing of the surface, because Titan is 
completely enshrouded by a thick haze and clouds. Nevertheless, the Voy-
agers told us a lot about Titan. Titan’s gravitational tug on the Voyager 
spacecraft allowed us to determine its mass and likely overall composition: 
Titan is made about half and half of rock and ice, but the ice includes not 
only water ice like the Galilean moons but also ammonia ice and methane 
ice. This makes sense, because Saturn is farther from the Sun than Jupiter, 
so its moons formed in a colder region of the solar system where ammonia 
and methane  were able to condense along with water ice. In addition, in-
struments on the Voyager spacecraft mea sured Titan’s atmospheric tem-
perature and content. Results showed that after nitrogen, the next most 
abundant gases in Titan’s atmosphere are methane (CH4), argon (Ar), and 
ethane (C2H6), and there are lesser quantities of gases including propane 
(C3H8), acetylene (C2H2), and hydrogen cyanide (HCN). In other words, 
Titan’s atmosphere is loaded with hydrocarbons, and this fact really got the 
scientists thinking.

Titan’s surface is far too cold to have liquid water, but the mere presence 
of all these hydrocarbons suggested that Titan must have some very inter-
esting prebiotic chemistry going on. That is, even if it has no life, the 
chemistry on Titan’s surface might tell us a lot about the natural types of 
chemistry that could lead to life on a warmer world. In addition, while we 
can rule out liquid water, the Voyager results suggested that Titan should 
have rainfall made up of cold droplets of liquid methane and ethane: in es-
sence, liquid natural gas. And if that  wasn’t already enough to make scien-
tists say “we must go back there,” get this: The atmospheric methane on 
Titan tells us that there must be a methane source on or below the surface, 
because methane  wouldn’t last long in the atmosphere on its own. Scientists 
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guessed that the source might be liquid methane on the surface, suggest-
ing that Titan might have lakes or oceans of liquid methane (and ethane). 
Could there be cold,  methane- based life on Titan?

As I discussed in chapter 4, biologists suspect that liquid methane would 
not work as well as water as a liquid medium for life, and its low tempera-
ture would in any event imply much slower chemical reaction rates than 
would occur for similar reactions in water. If methane life could get started 
at all, it would probably have a very slow metabolism. Nevertheless, we re-
ally don’t know enough to rule out methane life without a lot more study, 
and given the fact that Titan was an intriguing place anyway, it became a 
prime target for  follow- up studies. So in 1997, NASA launched the  two- ton 
Cassini- Huygens spacecraft to Saturn.

After a circuitous,  seven- year journey that took it twice past Venus, 
back past Earth, and then on past  Jupiter—with each planetary pass giving 
it a boost in  speed—Cassini reached Saturn orbit in July 2004. With infra-
red cameras that can “see” through the smoggy atmosphere, Cassini 
quickly gave us much clearer views of Titan than we had ever had before. 
Cassini is scheduled to continue operating in Saturn orbit until at least 
 mid- 2008, by which time it will have made more than forty close passes of 
Titan, each time collecting more data and photographing different regions 
of the moon in greater detail. Cassini has already turned up many incredi-
ble sights, including dozens of  methane- ethane lakes, features that look 
like “ice volcanoes” that sometimes erupt to release methane gas and an 
“icy lava,” and  wind- sculpted dunes that may be composed of organic 
hydrocarbons. Scientists are hoping that this rich science will allow the 
Cassini mission to be extended beyond its scheduled shutdown date.

This is all very impressive, but when I really want to be impressed with 
human ingenuity I think about this: Titan is nearly a billion miles away 
from Earth, and  we’ve landed there. That’s right; Cassini is an orbiter, but 
it didn’t go to Saturn alone. Attached throughout its journey, it carried a 
 Eu ro pe an- built probe named Huygens (after the Dutch scientist Christiaan 
Huygens). On Christmas Day, 2004, Cassini released the probe, which 
then spent 21 days coasting through the space around Saturn as it ap-
proached Titan. On January 14, 2005, Huygens arrived at Titan, where it 
plunged into the atmosphere, deployed a series of parachutes, and, after a 2 
1⁄2- hour descent, landed on the surface of this distant world. If you like 
analogies, just hitting a moon the size of Titan from Earth is the equivalent 
of shooting a gun and hitting a dime from a distance of 2,500 miles away. 
Hitting it softly enough to land and take pictures of the surface . . . well, I 
 can’t think of any words that would do it justice.



So as you gaze at the surface of Titan (color plate 6), I hope you’ll take 
it as a lesson not only about the possibility of life in our solar system, 
but about what human beings are capable of when we use our creative 
powers to build rather than to destroy. It may sound corny, but seeing 
chunks of ice littering the landscape of Titan gives me hope for the hu-
man race.

Now back to the science. During its descent, instruments aboard Huy-
gens studied Titan’s atmosphere while cameras snapped hundreds of pho-
tos of the approaching landscape below. These aerial views showed 
fantastic scenery, including river valleys that merge together and fl ow 
down toward what appears to be the shoreline of a lake (see color plate 6). 
The rivers and lake are dry now, but it seems almost certain that cold rain 
does indeed sometimes fall on Titan, occasionally fi lling rivers and lakes 
with liquid methane. Huygens hit the surface fairly gently, at a speed of 
about 10 miles per hour, where it operated, as planned, for about 90 min-
utes. The landing site looks much like a dry streambed, strewn with 
boulders that are actually  granite- hard chunks of ice, probably water ice. 
The ground beneath the boulders is a little softer, suggesting that it 
might be more like a frozen crust of sand with bits of liquid below, pre-
sumably liquid methane.

Neither Huygens nor Cassini have revealed anything that looks like 
evidence of life, but Titan remains one of the leading candidates for life in 
our solar system. In addition to the possibility of cold life that uses liquid 
methane rather than liquid water, Titan even offers a small chance of 
 water- based life in at least two ways. First, the evidence of icy volcanism 
suggests there could be “hot” springs where the temperature rises to 
slightly above the freezing point, allowing liquid water to exist. In addi-
tion, Titan’s interior contains ices to great depths, so there is almost cer-
tainly a subsurface layer where the ices are melted. Titan might even have 
a subsurface ocean like that on the Galilean moons, though it would prob-
ably lie much deeper beneath the surface and would more likely be a cold, 
 ammonia- water mixture than a warmer ocean of just plain water. The or-
ganic molecules produced naturally in Titan’s atmosphere could provide 
nutrients for life, as might chemical reactions that could occur between 
liquid and rock near sources of icy volcanism. Sadly, it will probably be 
quite a while before bud gets allow us to land more sophisticated robots on 
Titan, but over the longer term, I suspect we humans will continue to be 
drawn by the Sirens of Titan.
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The Fountains of Enceladus

No other moon of Saturn is even close in size to Titan or to any of Jupiter’s 
Galilean moons. Rhea, the next largest of Saturn’s moons after Titan, is 
less than 1⁄3 of Titan’s size in diameter and less than 1⁄2 the diameter of Eu-
ropa (smallest of the Galilean moons). We expect that such relatively small 
moons should retain far less radioactive heat than larger moons, and any 
tidal heating also should be at least slightly less effective. Nevertheless, 
several of Saturn’s moons show evidence of past geological activity, and 
scientists got a huge surprise in 2005, when Cassini observed plumes of icy 
spray shooting out into space from the surface of the moon named Encel-
adus (color plate 7).

Enceladus is barely 300 miles in diameter, so you could almost set it 
down within the borders of Colorado. Prior to the Cassini observations, 
most scientists would have said that this is simply too small to allow any 
possibility of life, because all such moons should be frozen solid. But Encel-
adus has proven otherwise. Cassini photos show a moon with few craters, 
indicating recent repaving by geological activity. The most startling re-
gions are the bluish “tiger stripes” (see color plate 7) near the moon’s south 
pole. The tiger stripes are measurably warmer than the surrounding ter-
rain, and  close- up examination suggests that they are cracks or grooves 
through which material can well up from below. These regions appear to be 
covered by “fresh”  ice—ice that has solidifi ed on the surface within no 
more than the past few thousand years, and possibly within just the past 
few de cades or less. Moreover, images taken by Cassini as it looked at Ence-
ladus backlit by the Sun show that fountains of ice particles and water va-
por spray out from the tiger stripe regions. This is clear evidence of icy 
volcanism on Enceladus. Spectral analysis of the tiger stripe regions also 
shows some simple organic molecules.

The mechanism driving the  geyser- like spray is still being debated, but 
it is almost certainly related to tidal heating of some type. Moreover, while 
ice could sublimate directly to water vapor in making the spray, models 
suggest that Enceladus must have a subsurface liquid layer deep under its 
surface. The liquid is probably an  ammonia- water mixture, but it’s conceiv-
able that it could be more pure water. The astonishing conclusion: This 
small moon could have subsurface habitable zones. Moreover, the fact that 
we have been so surprised by Enceladus should tell us that other surprises 
are likely to await us. Our basic ideas about where to look for life are proba-
bly still valid as starting points, but it might be wise to keep an open mind 
about other places as well.



Life beyond Saturn

As  we’ve moved outward on our biological tour,  we’ve also moved down 
the scale of likely habitability. Mars seems so likely to be habitable that I’ll 
be surprised if it does not turn out to have life. Europa seems reasonably 
likely to be habitable, with its neighbors Ganymede and Callisto somewhat 
less so. Titan and Enceladus also offer possibilities for life, though with 
their cold temperatures they seem to stretch the limits. Nevertheless, our 
surprising fi ndings, especially on Enceladus, make us ask whether there 
could be still other habitable places in our solar system.

After the Galilean moons and Titan, the next largest moon in our so-
lar system is Neptune’s moon Triton. Triton is unusual for a large moon 
in that it orbits Neptune “backward”—that is, in a direction opposite to 
the direction that Neptune rotates. This type of backward orbit is a tell-
tale sign of an object that once orbited the Sun in de pen dently and later 
was captured into planetary orbit. It’s not easy for a planet to capture a 
moon of any size, let alone a moon as big as Triton, and scientists are 
struggling to explain how it might have happened (though some recent 
ideas look plausible). Nevertheless, its unusual orbit tells us that Triton 
once orbited the Sun as a “planet” (or dwarf planet) about 20 percent 
larger than Pluto.

Triton has been photographed  close- up only once, by Voyager 2 in 1989. 
Its icy surface is smooth in some places and in others is crinkled into pat-
terns resembling the skin of a cantaloupe (fi gure 7.3). There are few impact 
craters, so Triton has apparently had geological activity within at least the 
past 100 million years or so. What drives this geological activity? Triton 
must have some internal heat, possibly including heat left over from tidal 
heating that would have occurred in the past, as it was being captured into 
its present orbit. Some researchers think this heat may be suffi cient to 
cause ice volcanoes occasionally to erupt from a liquid ocean beneath the 
surface. The liquid would be much, much colder than ordinary liquid water, 
and probably would consist of water mixed with ammonia, methane, or 
other melted ices. Nevertheless, if it’s liquid, we have at least a slim possi-
bility of life.

Aside from Triton, the rest of the moons of Uranus and Neptune seem 
too small to have liquid regions or any  life—but, of course, that’s what we 
thought about Enceladus before we went there. Some day, when we fi nally 
get around to sending spacecraft back to Uranus and Neptune, we’ll fi nd 
out whether life could exist around these large but distant planets.
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Beyond UFOs

We do not yet know of life anywhere besides Earth. But let’s just count the 
possibilities  we’ve found in our own solar system.  We’ve found at least 
some evidence that liquid water exists on Mars, Europa, Ganymede, Cal-
listo, Titan, and Enceladus. That’s six worlds right there, and we can add 
Triton if we allow for colder liquids. And there could be other possibilities 
that we have not yet identifi ed.

Notice that, except for Mars, all these potentially habitable worlds are 
moons orbiting large planets. The lesson should be clear: If similar moons 
are common around the planets of other  stars—and we have every reason 
to think they should  be—such moons might be the most common homes 
to life in the universe.

The possibilities  here in our solar system also raise the intriguing pros-
pect that we might soon be able to conduct true comparative biology. While 
life on Mars could potentially be transplanted Earth life (if it migrated 
there on meteorites), it’s diffi cult to see how any of these other worlds 
could have anything besides indigenous life. If life exists in any of these 
places, it will almost certainly give us the opportunity to study an entirely 
different biochemistry from that which we fi nd  here on Earth.

200 km

frost
deposits?
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terrain

wind streaks

Figure 7.3. The southern hemi sphere of Neptune’s moon Triton, photo-
graphed by Voyager 2 in 1989. (Courtesy NASA.)



The ongoing exploration of the solar system may therefore someday 
yield a research gold mine for biologists and biochemists, not to mention 
planetary scientists. But the sociologists, anthropologists, and po liti cal 
scientists may feel a bit left out in the cold, because we won’t be fi nding 
life in our solar system that we can talk to. For that, we must look to the 
stars.
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8
Life among the Stars

How vast those Orbs must be, and how inconsider-
able this Earth, the Theatre upon which all our 
mighty Designs, all our Navigations, and all our 
Wars are transacted, is when compared to them. A 
very fi t consideration, and matter of Refl ection, for 
those Kings and Princes who sacrifi ce the Lives of 
so many People, only to fl atter their Ambition in 
being Masters of some pitiful corner of this small 
Spot.

—Christiaan Huygens, c. 1690

In 1999, I had the good fortune of spending a few months living in Hol-
land, with my wife and then  one- year- old son. We lived in a small town 
called Aalsmeer, just outside Amsterdam and even closer to the Schiphol 
airport. We chose the town because my wife’s employer had an offi ce there, 
which was why we had come to Holland in the fi rst place, but we soon 
learned that it is most famous as the site of the world’s largest fl ower mar-
ket. As a fairly small town, Aalsmeer gave us a sense of the way most 
Dutch people really live, which is not quite according to the  free- living 
reputation of Amsterdam. It was a great place to be with a young child, and 
its proximity to the Dutch highways made it a great starting point for driv-
ing trips throughout the region. For Americans, Eu rope seems remarkably 
small. In less time than it takes us to drive from our home in Boulder to the 
Colorado border, we could pass through three, four, or even fi ve countries 
in Eu rope.

Today, crossing between Holland and Belgium or France and Germany is 
little different than crossing the Colorado border into New Mexico or Utah. 
If you’re lucky, you’ll see a sign letting you know when you’ve actually 
passed from one country to the other. In the town of Echternach, in Luxem-
bourg, one day I pushed my son in his stroller across a short footbridge to 



Germany, where he could have had a glimpse of his fi fth country if not for 
the fact that he was sound asleep. And as I looked at him sleeping peaceably, 
it hit me: When his grandparents  were children, people on opposite sides of 
this bridge  were killing each other. Just de cades ago, every one of those bor-
der crossings that we make so easily today would have taken us from one 
warring country to another, putting our lives at risk. Going back just a few 
centuries  further—easy to do in Eu rope, as you walk among the ruins of 
fortifi ed  castles—you might have been in grave danger just by climbing the 
nearest hillside. The modern world has a lot of problems yet to solve, but as 
a species  we’ve made some remarkable progress. Historic enemies, like the 
French and the Germans or the Sienese and the Florentines, may still 
sometimes say nasty things about each other, but they no longer seem in-
clined to go to war over every transgression, real or imagined.

This welcome change has probably come about for a great many inter-
twined reasons. Economists will point to the importance of growing trade, 
historians will tell you of the role of culture and treaties, and po liti cal sci-
entists can discuss the importance of democracy and of expanding views of 
human rights. To this list, I’ll add something that is surely at least as im-
portant, though rarely mentioned: science, and especially the new perspec-
tive it has brought us on our place in the universe. After all, as described so 
eloquently in the quotation at the beginning of this chapter from the Dutch 
scientist Christiaan  Huygens—whose  home- built instruments and tele-
scopes are well worth seeing in the Museum Boerhaave in Leiden (less 
than an hour’s drive from  Aalsmeer)—a little perspective on our place in 
the universe makes any form of geographic, ethnic, or religious hatred 
seem just plain ridiculous.

Of course, plenty of educated people have participated in the atrocities of 
the past and present, even though they presumably  were taught that Earth 
is a planet orbiting the Sun. But, personally, I suspect that for these people, 
the lesson never set in, and they suffer from what I call “center of the uni-
verse syndrome.” They’ve never grown up, and like young children they 
still imagine themselves to be the center of everything. Show me a Saddam 
Hussein or a Kim  Jong- Il or any other petty dictator, and I’ll show you a 
person who suffers from center of the universe syndrome. How  else to ex-
plain their belief in their own  self- importance? I tie the syndrome to crime, 
as well. Many of the inner city youths who get caught up in gangs live in 
a universe that, for them, consists of little more than a few square miles 
of urban landscape; many of them have never been far enough from city 
lights to truly see the stars. Indeed, I have friends who’ve taken such kids 
on camping trips, and my friends report incredible experiences, such as 
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 gang- hardened thugs expressing  fear—and, sometimes, an almost imme-
diate change in their  hearts—as they fi nally see the stars and realize how 
much more there is to this world than they had ever before imagined.

Getting over center of the universe syndrome is not easy. Some people 
seem to suffer from it no matter how much they have learned. Incredibly 
to me, there are even scientists who suffer from it: Apparently, rather than 
getting a sense of awe and humility from their studies of nature, they be-
come enamored with their own research accomplishments, sometimes to 
the point of attacking others who may disagree with their conclusions, or 
denigrating students who they wrongly believe to be intellectually infe-
rior. The syndrome is diffi cult to beat because  we’re all born with it, and it’s 
just human nature to want to keep thinking of oneself as somehow special, 
better, or more important than others. But most of us eventually learn that 
other people have the same thoughts and feelings as we do, and therefore 
learn empathy and, with it, the importance of treating our fellow humans 
with kindness and respect. In other words, most of us eventually grow up.

And that is where the topic of this chapter comes in: The human race is 
growing up, too. We once thought that this world was all there was, so per-
haps it was natural to fi ght over every piece of it. With the Copernican rev-
olution, we began to realize that there might be more, but how much more 
remained unknown. Perhaps the fi rst true glimpse of infi nity came with 
Christiaan Huygens, who wrote the passage that I quoted not long after he 
became the fi rst person to make reasonably accurate estimates of distances 
to the stars. He was therefore the fi rst to understand, at least with any sci-
entifi c certainty, that other stars might truly be other suns, orbited by 
planets and, perhaps, harboring their own life. But this last “perhaps” tells 
us that we  haven’t yet matured beyond our adolescence as a species: While 
 we’ve reached the point where we understand that our world is small and 
precious to us, we don’t yet know if we are members of a larger commu-
nity. In my opinion, we  can’t fi nish growing up unless we continue the 
effort to fi nd out, one way or the other.

Distant Suns

If  we’re going to search for life among the stars, we need to know where to 
look. The fi rst step in this pro cess is to decide which stars are good candi-
dates for having habitable planets in orbit around  them—that is, to know 
which stars would make good “suns.” To do this, we must understand a lit-
tle bit about the nature of stars.



In ancient times, almost any light in the sky was considered to be a star, 
and in some cases we still use this historical language. For example, we of-
ten refer to meteors as “shooting stars,” even though they really are just bits 
of interplanetary dust entering our atmosphere. Asteroids got their name, 
which means “star- like,” because that is how they appear when fi rst seen 
through a telescope, even though they are actually chunks of rock in our 
own solar system. Our modern defi nition of a star is a large ball of gas that, 
like our Sun, generates energy by nuclear fusion in its hot central core.

Stars are not living organisms, but they nonetheless go through life 
cycles. All stars are born from the gravitational collapse of large clouds of 
interstellar dust and gas, just as our Sun was born some 41⁄2 billion years 
ago. As gravity compresses a star, its insides get hotter and denser. A star is 
“born” when its core becomes hot enough to start the fusion reactions that 
power it throughout its life. The star then shines until it ultimately runs 
out of fuel for fusion, at which point it dies, scattering some of its remains 
back into space where they can be recycled into later generations of stars, 
while leaving the rest behind as a stellar corpse that may either be a white 
dwarf, a neutron star, or a black hole.

For astronomers, all aspects of stellar lives are fascinating, and perhaps 
none more so than the strange stellar  corpses—especially the black  holes—
that test the limits of our understanding of physics. But for our purposes in 
searching for organic life, the only part that really matters is the time dur-
ing which the star shines with energy from nuclear fusion. Although this 
might seem obvious given the importance of sunlight to life on Earth, it’s 
actually a bit subtle.

Remember that, as we discussed in the prior chapter, several of the po-
tentially habitable worlds in our solar  system—including Europa, Gany-
mede, Callisto, and  Enceladus—have at least some chance of harboring life 
that does not depend on sunlight at all. Instead, this life would live off en-
ergy generated internally, by tidal heating or radioactive decay. These 
types of worlds could in principle orbit almost any massive object, star or 
not. For example, when the Sun dies and leaves a white dwarf as a remnant 
some 5 billion years from now, it’s quite possible that Jupiter will continue 
to orbit the white dwarf, with its moons intact. In that case, Europa will 
still be tidally heated through the orbital resonance it shares with Io and 
Ganymede, and life in the Europan ocean, if it exists, may not even notice 
that the Sun has gone out.

Similarly,  Jupiter- like planets with tidally heated moons could exist 
around objects too small to shine as stars. Calculations show that in order 
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for gravity to compress an object to the point where its center reaches the 
temperatures needed for nuclear fusion, the object must have a mass at 
least 8 percent that of the Sun (which is equivalent to about 80 times the 
mass of Jupiter). If it is smaller than that, it will never become quite hot 
enough to sustain fusion. We now know that such “substellar” objects are 
common in the universe; we call these objects brown dwarfs, and we have 
already found that some of them are indeed orbited by large planets. Our 
technology is not yet capable of determining whether any of these planets 
have moons, but there’s no reason to think they  wouldn’t. And if they have 
multiple moons, these moons are likely to share orbital resonances that 
could lead to tidal heating like that on Io, Europa, and Ganymede. Life 
could well prove to be common on such worlds.

However, while all this subsurface life would surely interest biologists, 
it probably has no relevance to the search for other intelligent beings. As 
I’ve argued in prior chapters, intelligent life probably can evolve only on a 
planet with surface liquid water and abundant sunlight. So when we re-
strict the search for habitable worlds to those with habitable surfaces, by 
necessity we are looking for worlds that orbit a shining star, not a brown 
dwarf or a stellar corpse.

This might not seem at all restrictive at fi rst, because one look at the 
night sky tells us that there are lots of shining stars. But stars are not all 
the same. Stars vary signifi cantly in their masses, temperatures, and lumi-
nosities, and in the dominant type of light they emit (such as visible light 
versus ultraviolet light). These differences could have signifi cance to the 
potential for life.

The most important factor is mass. Stars range in mass from the small-
est true stars that are only 8 percent the mass of the Sun up to monsters 
that can be up to about 150 times the mass of the Sun. For reasons I won’t 
go into  here, mass turns out to control all of a star’s other properties, in-
cluding its temperature and luminosity. And of direct relevance to the 
search for life, stellar mass determines stellar lifetime: The more massive 
the star, the shorter its life. This might seem counterintuitive, since more 
massive stars obviously have more fuel to burn through nuclear fusion. 
However, the stronger gravity of more massive stars also makes them 
much hotter inside, and the higher temperature means they fuse their hy-
drogen into helium at a far greater rate than do smaller stars. The result is 
that massive stars live fast and die young. That is, even though they have 
more fuel available, they burn through it so fast that they run out of it in a 
relatively short time.



The most massive stars live only a few million years or  less—which im-
mediately rules them out as potential “suns” for habitable worlds. A few 
million years isn’t even enough time for  Earth- like planets to form in the 
fi rst place, let alone to develop life. A star would have to live at least a hun-
dred million years or so just to give time for planets to form and for life to 
get started. Even then, the example of Earth suggests that a star would 
have to live at least a couple of billion years to give life a moderate chance 
of getting much past the microbial stage. This constraint rules out all stars 
more massive than about twice the Sun’s mass.

One question that may occur to you at this point is how many stars this 
mass constraint has ruled out, and it gives me a good opportunity to intro-
duce the idea of what scientists call a selection effect. If you consider the 
stars we can see with the naked eye, ruling out those with more than twice 
the Sun’s mass means ruling out almost all of them. However, this turns 
out to be completely unrepresentative of stars as a  whole. Remember, more 
massive stars burn through their fuel at a much greater rate than the Sun, 
which also means they are much brighter and hence much easier to see 
from great distances. For example, if you took the Sun and placed it 50 
 light- years away, it would barely be visible to the eye even on the clearest 
and darkest nights. In contrast, a star with 25 times the mass of the Sun 
may shine brightly in our sky even if it is hundreds of  light- years away. In 
fact, most  lower- mass stars are dim enough that we may not be able to see 
them even when they are quite nearby; the small star Proxima Centauri 
(one of the three stars of the Alpha Centauri system) is so dim that it is in-
visible to the naked eye, despite being the nearest of all stars besides the 
Sun. So this is what we mean by a selection effect: A star is far more likely 
to be “selected” as a member of the group we can see by eye if it is unusu-
ally massive (and therefore unusually luminous) than if it is more ordi-
nary. Only as our telescopes have improved, enabling us to see the dimmer 
stars, have we been able to make a more realistic inventory of stellar 
masses. The results show that  high- mass stars are comparatively rare. In 
ruling out stars with more than twice the mass of the Sun,  we’ve ruled out 
no more than about 1 percent of all stars.

Stars similar to the Sun in mass clearly qualify as potential suns, since 
they would have lifetimes of many billions of years and habitable zones as 
wide as that of the Sun, offering ample room for the existence of  Earth- like 
planets. Depending on how wide a range you choose for “similar” to the 
Sun, this group may represent between 5 percent and 10 percent of all 
stars. The rest, which means 90 percent or more of all stars, are in the  low-
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 mass group. What can we say about the possibility of habitable planets 
around these most common of stars?

On the one hand, they clearly have lifetime going for them. Any star 
less massive than our Sun will live longer than our Sun’s 10 billion years, 
and the very  low- mass stars may live hundreds of billions of  years—many 
times the current age of the  universe—before ultimately burning out. 
 Low- mass stars offer plenty of time for evolution. On the other hand, be-
cause their total light output is so much smaller than that of the Sun, these 
 low- mass stars must have much smaller habitable zones (fi gure 8.1). Recall 
that the habitable zone represents the range of distances from a star at 
which the strength of sunlight would be enough to warm a planet so it 
could have liquid water on its surface, but not so great as to cause a run-
away green house effect. Just as a living room fi replace offers a much 
smaller and  closer- in range of distances than a bonfi re at which you can sit 
and appreciate the warmth, a dimmer star must have a much  closer- in and 
narrower habitable zone than a star like the Sun.

If you run through the calculations and assume that planets are equally 
likely to form at any distance around a star, you’ll fi nd that the chance of 
a planet forming in the habitable zone around a “typical” small star (with 
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about 10 percent the mass of the Sun) is only about 1/20 that of forming in 
the habitable zone around a  Sun- like star. This means that, all other things 
being equal, these small stars are only about 1/20 as likely to have habit-
able planets as  Sun- like stars. However, what these stars lack in brightness 
they make up for in numbers. Because these stars are also 10–20 times as 
common as  Sun- like stars, we conclude that, roughly speaking, there could 
be just as many habitable planets around small stars as around larger 
ones.

Until recently, I might have needed to temper this somewhat optimistic 
view of the possibility of life on planets around small stars for two reasons. 
First, the habitable zones of these stars are so close in that planets in these 
zones would almost certainly be locked into synchronous rotation, with 
one side perpetually facing the star in the same way that one side of the 
Moon stays facing toward Earth. This seemed to imply that one side of 
such a planet would get way too hot while the other side remained perpetu-
ally dark and cold. Second, small stars tend to produce more frequent and 
energetic fl ares than stars like our Sun, which created a worry that life on 
a  close- in planet would be fried by the intense ultraviolet light and X rays 
produced during fl ares. However, most scientists no longer think that ei-
ther of these concerns poses a signifi cant problem for life. Recent research 
suggests that even a modestly thick carbon dioxide atmosphere would cir-
culate heat from the bright to the dark side of a synchronously rotating 
planet, keeping temperatures relatively uniform and potentially allowing 
liquid water to exist over much of the planet’s surface. As for the fl ares, a 
planetary atmosphere could also provide protection against this radiation, 
and in any event the discovery of  radiation- resistant organisms such as D. 
radiodurans makes life seem a lot more resilient than we used to think. 
Moreover, as long as the radiation didn’t kill the life, it might spur a higher 
mutation rate, perhaps making evolution proceed faster on such worlds 
than it did on Earth.

So far,  we’ve discussed only single stars, fi nding that all but the rare 
massive ones could at least potentially be orbited by habitable planets. But 
another consideration is the fact that most stars are not single, like our 
Sun; instead, somewhat over half of all stars are members of multiple star 
systems, in which two or more stars orbit each other. In some cases, the 
competing gravitational pulls in such systems could make it impossible for 
a planet to have a stable orbit in a habitable zone. For example, if our own 
Sun had a companion star orbiting at, say, the distance of Mars, Earth 
would have been thrown off course long ago. These days, however, scien-
tists can calculate orbital properties in multiple star systems without too 
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much diffi culty, and the results suggest that multiplicity probably has little 
overall effect on the prospects for habitable worlds. Many star systems are 
close binaries, in which two stars orbit each other at much closer distance 
than Mercury orbits the Sun. Planets in such systems could have stable or-
bits around the two stars together. Beings on such worlds would simply see 
two stars rising and setting in tandem in their sky; you can see such a 
scene in the original Star Wars, in which the planet Tatooine has twin 
suns. In other cases, where the two or more stars are widely separated, a 
planet could orbit just one of the stars, feeling little gravitational effect 
from the others. Overall, there seems no reason to think that the tendency 
of stars to be paired up or living polygamously will substantially reduce 
the chances of fi nding life beyond Earth.

In wrapping up this discussion of distant suns, I should acknowledge that 
these conclusions are based on the assumption that having a habitable planet 
only requires having a habitable zone in which stable orbits are possible. 
However, a few scientists have proposed that it might be a lot more diffi cult 
than that. I’ll discuss this “rare Earth hypothesis” shortly, but fi rst let’s con-
tinue with the assumption that plenty of stars could make good suns.

Finding Planets

Based on the assumptions I’ve used, almost all stars should be capable of 
having habitable planets. If the Sun’s one habitable planet (Earth) is typical 
for  Sun- like stars, then we’d expect that at least 5–10 percent of the stars in 
our galaxy (and other galaxies) would have a habitable planet, and perhaps 
1 out of 10 or 20 of the more common but smaller stars would also have a 
habitable planet. The implied numbers are staggering. You may recall that, 
earlier in the book, I said that our galaxy has “at least” 100 billion stars. A 
more careful accounting suggests that the actual number is somewhere be-
tween about 500 billion and 1 trillion stars. Even if we take the lower value 
and assume that only 5 percent of stars have a habitable planet, we are still 
talking 25 billion habitable worlds. It takes only a slightly less conservative 
view to raise the estimate to 100 billion habitable worlds. That means we 
can repeat the counting exercise that I offered in chapter 1, and we’d fi nd 
that just counting the habitable planets in our galaxy might take some 
3,000 years, let alone detecting each of them and then studying them in 
enough depth to determine whether they are home to life.

Nevertheless, not much more than a de cade ago, we did not know with 
certainty whether any planets existed beyond our own solar system, 



habitable or not. The problem was, and still is, that seeing planets around 
other stars is extraordinarily diffi cult. If you think back to the Voyage 
scale model of the solar system that we discussed in chapter 3, you’ll real-
ize that seeing an  Earth- like planet orbiting even the nearest stars would 
be somewhat like looking from San Francisco for a pinhead orbiting just 
15 meters from a bright grapefruit in Washington, D.C. Seeing Jupiter 
would be only marginally less diffi cult, as it would mean looking for a 
marble located about a football fi eld away from the bright grapefruit. The 
scale alone would make the task quite challenging, but it is further com-
plicated by the fact that a  Sun- like star would be a billion times as bright 
as the light refl ected from any of its planets. Because even the best tele-
scopes blur the light from stars at least a little, the glare of scattered star-
light would tend to overwhelm the dim points of planetary light.

If you think about these challenges, you might easily come to the con-
clusion that planet detection would be nearly impossible. But  we’ve done it. 
The fi rst  clear- cut discovery came in 1995, and since that time discoveries 
of extrasolar planets have poured in at an astonishing rate. To give you a 
personal viewpoint on it, let me tell you a quick anecdote about my astron-
omy textbook. When we wrote the fi rst edition, which came out in 1998, 
we included a nice little chart with a row for each of the 13 extrasolar plan-
ets that had been discovered by that time, visually showing the planet’s 
mass and distance from its star. By the second edition, the chart had ex-
panded to show 55 planets, and by the third edition, which came out in 
2003, it showed 77 planets. The rows  were starting to get awfully small and 
close together in order to still fi t on a page. For the fourth edition, the 
number had grown past 150, and it has surpassed 250 as we work on the 
fi fth edition. We therefore have had to abandon the chart altogether and 
develop new ways of showing the growing statistical data about extrasolar 
planets. Indeed, our knowledge of other planetary systems has reached the 
point where we stopped just devoting a few pages and a chart to them, and 
instead wrote a  brand- new chapter about them. I know that people some-
times complain that publishers revise textbooks just so they can sell new 
books, but in a fi eld like astronomy (or astrobiology), we authors can barely 
keep up; indeed,  we’ve many times been tempted to call our colleagues and 
ask them to please stop discovering new things for a few weeks, just so we 
can write something that will be momentarily  up- to- date. In these fi elds, at 
least, it would be a grave disser vice to college students to ask them to use a 
textbook more than two or three years old.

The rapid rate at which we are discovering planets around other stars 
leaves no room for doubt that other planetary systems exist and are com-
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mon. And yet, among these couple of hundred recently discovered planets, 
not a single one is an  Earth- size planet orbiting in its star’s habitable zone. 
Does that mean that  we’ve been wrong in inferring that such planets ought 
to be common, and that in reality they are extremely rare? It’s possible, but 
it seems much more likely that  we’re dealing with another selection effect. 
Planets as small as Earth are far more diffi cult to detect than larger planets, 
so their apparent absence is probably just a refl ection of the fact that our 
technology is not yet up to the task. To understand why, and how we hope 
to change that soon, it’s worth spending a little time talking about the 
techniques used to fi nd planets around other stars.

If you strip away the details, there are just two basic ways of detecting 
extrasolar planets: directly and indirectly. Direct detection means an ac-
tual photograph, and in principle it would be the method of choice. How-
ever, because of the problems of scale and glare, our current telescopes are 
really not yet capable of taking such direct photographs. The only excep-
tions as of the time I write have been cases of planets orbiting brown 
dwarfs, which pose far less of a glare problem, since they are not truly 
stars. Other than that, direct detection remains a technology of the future. 
That is why nearly all known extrasolar planets have been discovered by 
some type of indirect technique.

Indirect detection essentially means a way of discovering a planet by ob-
serving its effect on its star rather than by seeing the planet itself. There 
are at least two different ways that a planet can cause a noticeable change 
in its star. One is by causing its star to “wobble” as a result of the planet’s 
gravitational infl uence. Another is by causing its star to sometimes get a 
bit dimmer as the planet passes in front of it and blocks some of the star’s 
light.1 Let’s start with the wobble idea, since it is behind the vast majority 
of extrasolar planet discoveries to date.

Although we usually think of a star as remaining still while planets or-
bit around it, that is only approximately correct. In reality, all the objects 
in a star system, including the star itself, orbit the system’s center of mass. 
To understand this concept, think of a waiter carry ing a tray of drinks. To 
carry the tray, she places her hand under the spot at which it  balances—its 
center of mass. If the tray has a heavy glass of water off to one side, she will 
place her hand a little to that side of the tray’s center. Because the Sun is far 
more massive than all the planets combined, the center of mass of our solar 

1 For the sake of completeness, I should note that there are a few other indirect tech-
niques that astronomers have come up with, including a technique called gravitational 
lensing that has been used to discover a planet only about fi ve times as massive as Earth.



system lies very close to the  Sun—but not exactly at the Sun’s center. We 
can see how this fact allows us to discover extrasolar planets by imagining 
the viewpoint of extraterrestrial astronomers observing our own solar sys-
tem from afar.

Let’s start by considering only the infl uence of Jupiter, which exerts a 
stronger gravitational tug on the Sun than the rest of the planets com-
bined. The center of mass between the Sun and Jupiter lies just outside the 
Sun’s visible surface (fi gure 8.2). In other words, what we usually think of 
as Jupiter’s  twelve- year orbit around the Sun is really a  twelve- year orbit 
around their mutual center of mass; we generally don’t notice this fact be-
cause the center of mass is so close to the Sun itself. In addition, because 
the Sun and Jupiter are always on opposite sides of the center of mass (oth-
erwise it  wouldn’t be a “center”), the Sun must orbit this point with the 
same  twelve- year period as Jupiter. The Sun’s orbit traces out only a very 
small circle (or ellipse) with each  twelve- year period, because the Sun’s 
average orbital distance is barely larger than its own radius. Nevertheless, 

Jupiter

Sun

center of mass

Not to scale!

Jupiter half 
an orbit later

Sun half an 
orbit later

The Sun also 
orbits the 
center of mass 
every 12 years.

Jupiter actually orbits the center of mass 
every 12 years, but appears to orbit the 
Sun because the center of mass is so 
close to the Sun.

Figure 8.2. This diagram shows how both the Sun and Jupiter actually or-
bit around their mutual center of mass, which lies very close to the Sun. 
The diagram is not to scale; the sizes of the Sun and its orbit are exagger-
ated about 100 times compared to the size shown for Jupiter’s orbit. (Illus-
tration courtesy of Addison Wesley, an imprint of Pearson Education)
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with suffi ciently precise mea sure ments, extraterrestrial astronomers could 
detect this orbital movement of the Sun. They could thereby deduce the ex-
istence of Jupiter, even without having observed Jupiter itself. They could 
even determine Jupiter’s mass from the Sun’s orbital characteristics as it 
goes around the center of mass, because for any par tic u lar separation be-
tween the Sun and a planet, a more massive planet would pull the Sun 
around its small orbit at a faster orbital speed.

Now let’s add in the effects of Saturn, which would have the second 
most noticeable gravitational infl uence on the Sun. Saturn takes 29.5 years 
to orbit the Sun, so by itself it would cause the Sun to orbit their mutual 
center of mass every 29.5 years. However, because Saturn’s infl uence is 
secondary to that of Jupiter, this 29.5- year period appears as an added com-
plication on top of the Sun’s  twelve- year orbit around its center of mass 
with Jupiter. In other words, every twelve years the Sun would return to 
nearly the same orbital position around its mutual center of mass with Ju-
piter, but the precise point of return would make its own even tinier orbital 
circle (or ellipse) with Saturn’s 29.5- year period. By mea sur ing this motion 
carefully from afar for a few de cades, an extraterrestrial astronomer could 
deduce the existence and masses of both Jupiter and Saturn.

The other planets also exert gravitational tugs on the Sun, which create 
further complications to the Sun’s orbital motion around the solar system’s 
center of mass. These extra effects would become increasingly diffi cult to 
mea sure in practice, but in principle they would allow an extraterrestrial 
astronomer to discover all the planets in our solar system. If we turn this 
idea around, you’ll realize that it means we can search for planets in other 
star systems by carefully watching for the tiny orbital motions of a star 
around the center of mass of its star system.

You might guess that the easiest way to notice this stellar motion would 
be to make very precise mea sure ments of stellar positions in the sky, so 
that we could in essence watch as a star traces its small circles around the 
center of mass. However, with current technology, this stellar motion is 
mea sur able only if the star traces a fairly large orbit around the center of 
mass, which means it works best for fi nding large planets that are far from 
their stars. To understand why, consider what would happen if Jupiter 
moved farther from the Sun. Moving Jupiter outward from the Sun would 
cause their mutual center of mass to move farther from the Sun, making 
the Sun’s orbital motion larger and easier to detect. However, at the same 
time, moving Jupiter outward would also cause its orbital period to get 
longer, and the Sun’s orbital period around the center of mass would in-
crease along with it. The practical effect is that it would take much longer 



to detect Jupiter’s infl uence. In its actual location, Jupiter and the Sun orbit 
their mutual center of mass every twelve years, so it takes only twelve 
years to observe a full orbit of the Sun around this point. But if Jupiter 
moved to, say, the 165- year orbit of Neptune, it would take 165 years to ob-
serve a complete orbit. While we might not need to watch for quite that 
long to realize we are seeing orbital motion, we’d probably have to watch at 
least half an  orbit—some 80 years in this  case—to be confi dent of what we 
are seeing. As a result of this practical limitation, this technique (known as 
the astrometric technique) has to date been used for only a handful of ex-
trasolar planet discoveries.

Fortunately, there’s another, easier way of mea sur ing a star’s motion 
around the center of mass, and it works by taking advantage of something 
called the Doppler effect. You’re probably familiar with the Doppler effect 
for sound: It’s responsible for the change in  pitch—the sort of “weeeeeeee-
 oooooooooh”  sound—that you hear from a train whistle as it passes by 
you on the train tracks. (You can also notice the Doppler effect with emer-
gency sirens or even just with the “buzz” of a fast car as it goes past you.) 
The Doppler effect occurs because of the way sound waves are affected by 
motion. When a train is moving toward you, its sound waves are effec-
tively bunched up as they move in your direction, causing the higher pitch. 
When the train is moving away from you, the sound waves are stretched 
out behind it, making the pitch lower. The Doppler effect causes similar 
shifts in the wavelengths of light. As a result, when a star is in the portion 
of its orbit where it is coming toward us, its light is shifted to slightly 
higher frequencies (a blueshift); when it is on the other side of its orbit, 
moving away from us, its light is shifted to slightly lower frequencies (a 
redshift).2 It is observations of these types of slight frequency shifts that 
have led to the vast majority of the planet detections so far.

And  here’s where the selection effect comes in: Current technology is 
remarkable in being able to mea sure Doppler shifts in stellar spectra for 

2 Note that we can observe Doppler shifts only if the star has at least some of its orbital 
motion directed toward and away from us; that is, we cannot observe any Doppler shift for 
a star and planet that have their mutual orbits oriented  face- on toward Earth, since such or-
bits would just go in small circles on the sky, with no component of motion coming at or 
moving away from us. In addition, because Doppler mea sure ments tell us only the portion 
of the star’s total orbital speed directed toward and away from us, they tend to underesti-
mate the true orbital speed. A consequence of this fact is that the Doppler technique gives 
us only lower limits on planetary masses, rather than more precise estimates, except in rare 
cases for which we have some way of knowing the orbital inclination.
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stars orbiting the center of mass at speeds as slow as about 1 meter per 
 second—walking  speed—but even this speed occurs only under the infl u-
ence of a fairly massive planet orbiting fairly close to its star. That is, the 
Doppler technique preferentially “selects” for large and  close- in planets, 
and is not yet sensitive enough to reveal the existence of planets as small as 
Earth. Moreover, because the orbit of a small planet like Earth would most 
likely appear only as a tiny complication to the orbital infl uence of larger 
planets around the same star, it’s likely to be quite a while before our tech-
nology reaches the point at which we could use this technique to fi nd 
 Earth- like planets. The absence of  Earth- size planets known to date is prob-
ably only a refl ection of the limitations of the Doppler technique.

The Search for  Earth- Size Planets

So how might we learn whether  Earth- size planets exist? Earlier, I noted 
that in addition to causing a star to wobble through its gravitational infl u-
ence, there is another way in which a planet might cause a noticeable effect 
on its star: The planet might block some of the star’s light as it passes in 
front of it, in which case the dip in the star’s brightness would offer indi-
rect evidence of the planet’s existence. Observations of such dips are proba-
bly the way we will make the fi rst discoveries of  Earth- size planets around 
other stars.

Before we get into details, note that a planet can pass in front of its star 
as seen from Earth only if its orbit happens to be oriented  edge- on in our 
sky. In essence, the orbital geometry must be perfect for an eclipse, just as 
the Moon can blot out the Sun in the sky only on those relatively rare oc-
casions when it passes directly between us and the Sun. Because a planet is 
much smaller than a star and can never fully block its star’s light, a better 
analogy is to the even rarer occasions on which Mercury or Venus pass 
across the face of the Sun as seen from Earth. We call such events transits; 
for example, Venus transited across the face of the Sun on June 8, 2004, and 
will do so again on June 6,  2012—and then there will be no more transits 
of Venus for another 105 years.

The somewhat odd pattern in the timing of the transits of Venus comes 
about because we are also orbiting the Sun, and our orbit is inclined to Ve-
nus’s orbit. (For similar reasons, the timing of Mercury transits is also 
complex.) But this type of complicated pattern won’t arise when we look at 
planets orbiting other stars, since their great distances mean we are essen-
tially stationary in comparison. Instead, for any extrasolar planet that has 



its orbit oriented  edge- on in the sky, we should be able to see a transit once 
every orbit. In other words, if we keep watching, the transits will repeat at 
precise intervals. This is important, because if we noticed just a single dip 
in brightness for a star, or even many randomly timed dips, we’d have no 
way of knowing whether the dip was caused by a planet or because the star, 
for some other reason, actually got temporarily dimmer. However, if we 
see dips of the same amount repeating, say, every four months, we know 
we have caught a planet that orbits the star every four months. Moreover, 
the size of the dips tells us the size of the planet. For example, if the dips 
reduce the star’s brightness by 1 percent, then we know the planet is large 
enough to be blocking out 1 percent of the face of the star.3

If you think about these ideas, you’ll realize that there are three limita-
tions on the transit method for planet detection. First, the planet must have 
its orbit oriented almost precisely  edge- on, or  else transits will never occur. 
Second, we must have instruments sensitive enough to mea sure very small 
changes in stellar brightness. Third, we must observe long enough to see 
the brightness changes repeat, so we can be confi dent they are due to a 
transiting planet rather than being intrinsic brightness variations of the 
star. These limitations are signifi cant but not insurmountable.

The fi rst limitation might seem fairly severe. After all, there is no rea-
son for the orbits of planets around other stars to have any par tic u lar ori-
entation relative to us, so it’s just random chance that determines when a 
star happens to have planets with  edge- on orbits as seen from Earth. For a 
planet the size of Earth, random chance implies that only one in several 
hundred planets would have an orbit with the right orientation. The chance 
rises a bit for larger planets, but it’s still an inescapable fact that the transit 
technique has no chance at all of fi nding more than 99 percent of the plan-
ets that exist. Nevertheless, as in much of astronomy, numbers work in our 
favor. If we search for transits around, say, 100,000 stars, a 1 percent hit 
rate will yield 1,000 planets.

In fact, because scientists have indeed monitored a lot of stars, we have 
already discovered a few extrasolar planets with the transit technique. 
However, these planets are all fairly large so far, because of the limitation 
on mea sur ing brightness dips. A planet the size of Jupiter will typically 
block 1 percent of its star’s light, which is mea sur able with  ground- based 
telescopes. But a planet the size of Earth would block less than 0.01 percent 

3 We have in de pen dent ways of knowing stellar radii, so once we know the percentage 
of the star’s face that is blocked by the planet, it’s straightforward to calculate the planet’s 
precise radius.

176  chapter 8



Life among the Stars  177

of its star’s light, which is diffi cult to mea sure with telescopes on the 
ground, because effects due to Earth’s atmosphere can overwhelm this 
small change. If we want to observe  Earth- size planets with transits, what 
we really need is an extensive star monitoring program carried out with a 
telescope in space. In other words, we need the mission that NASA is call-
ing Kepler.

The Kepler mission, currently slated for launch in 2009, will spend four 
years carefully monitoring the brightnesses of some 100,000 stars. It will 
be capable of bagging transiting planets even smaller than Earth. If solar 
systems like our own are fairly typical, then over its four years of observa-
tions, Kepler should detect many hundreds of large planets, and perhaps 50 
or so  Earth- size planets.4 If it really does detect this many or more  Earth-
 size planets, we’ll know that  Earth- size planets are indeed quite common in 
the universe. So I’ll ask you to return to the quotation that opened chapter 
1, in which Saint Albertus Magnus asked: “Do there exist many worlds, or 
is there but a single world?” Presuming he meant worlds like ours, it now 
seems likely that we’ll know the answer to this question in less than a 
de cade.

Are  Earth- like Planets Rare or Common?

Kepler should tell us whether  Earth-size planets are as common as we sus-
pect, but it will not by itself tell us whether these planets are  Earth-like. In 
other words, it won’t tell us if they have atmospheres, oceans, plate tecton-
ics, magnetic fi elds, or any of the other things that make our planet such a 
truly great home to life. Now, you already know what I think: I suspect 
that  Earth- size is going to mean  Earth- like, at least if the planet has an or-
bit within its star’s habitable zone.

However, while my suspicion probably represents the majority view 
among scientists, science is not a democracy. For the moment, I have no 
hard evidence to support my suspicion, which means it’s possible that I’m 
dead wrong. In fact, there are a few scientists who would say that I am, and 
who have cited a number of reasons why they believe that  Earth- like plan-
ets will prove to be quite rare. Their idea has been pop u lar ized in recent 
years under the name of the “rare Earth hypothesis.”

4 A Eu ro pe an mission called COROT was launched in 2006 and is similarly searching for 
transits. Although it was expected only to be able to fi nd planets considerably larger than 
Earth, its early per for mance is exceeding expectations.



The rare Earth proponents are good scientists, and they have come up 
with a number of interesting arguments to support their position. How-
ever, for every argument they make in favor of their hypothesis, other sci-
entists have come up with counterarguments that go against the hypothesis. 
Let’s look at just a few of the issues that come into play.

To begin with, the rare Earth proponents do not agree with all of the as-
sumptions that led to my earlier conclusion that most stars are capable of 
having habitable planets in orbit. If you look back at how I reached my con-
clusion, you’ll see that it was based on the fact that all stars have a habitable 
zone of at least some size around them, and that all but the most massive 
stars live long enough to allow the possibility of habitable planets forming 
within that zone. The location and extent of a star’s habitable zone depends 
only on the star’s luminosity, so no one argues about this part of it. How-
ever, the rare Earth proponents cite additional factors that they think 
might prevent habitable planets or life from arising around the vast major-
ity of stars, regardless of the sizes we might calculate for their habitable 
zones. In essence, they argue that there is a galactic habitable  zone—a rel-
atively narrow ring around the center of our galaxy that is analogous to 
the habitable zone around an individual  star—in which it is possible for a 
star to have habitable planets, and that no such planets are possible outside 
this galactic ring.

The arguments for a narrow galactic habitable zone go basically like 
this: Recall that while all stars are made at least 98 percent or so of hydro-
gen and helium, they still differ in their proportions of the heavier ele-
ments. Because the heavier elements  were manufactured by past generations 
of stars, the heavier element content is lower for older stars (since there had 
been fewer past generations by the time they formed) and also lower for 
stars farther from the center of the galaxy (where the greater distances be-
tween stars mean less manufacturing has occurred). For the oldest and 
most distant stars, the fraction of elements heavier than helium can be 100 
times smaller than the 2 percent we fi nd in the Sun. This could be impor-
tant to prospects for life, because terrestrial planets are made almost en-
tirely of these heavier elements (such as iron, nickel, silicon, carbon, and 
oxygen); indeed, the rare Earth proponents claim that you can get terres-
trial planets only if your star is located about as close to the galactic center 
as our Sun. This part of their argument excludes the possibility of fi nding 
 Earth- like planets much beyond the Sun’s distance from the center of the 
galaxy. They then rule out regions much closer than the Sun by looking at 
supernova rates. A supernova is the titanic explosion that ends the life of a 
massive star, and supernovae are much more common in the more crowded, 

178  chapter 8



Life among the Stars  179

inner regions of the galactic disk. Because supernovae release tremendous 
amounts of dangerous radiation and cosmic rays, the rare Earth proponents 
suggest that  Earth- size planets in the inner regions of the galaxy would 
have their surfaces fried so often by this radiation that life could not get 
started or survive.

These arguments for a galactic habitable zone make some sense, but 
there may be ways around them. Having a  heavy- element abundance that 
is 100 times smaller than that of the Sun might indeed seem like a prob-
lem, but if you do the math, you’ll fi nd that Earth’s mass is less than 
1/100,000 of the mass of the Sun. Thus, even a very small heavy element 
abundance might be enough to make one or more  Earth- like planets, as 
long as the lower abundance  doesn’t inhibit the planet formation pro cess. 
Regarding the radiation danger from supernovae, we do not really know 
whether such radiation would be detrimental to life. A planet’s atmosphere 
might protect life against the effects of the radiation. It is even possible 
that the radiation could be benefi cial to life by increasing the rate of muta-
tions and thereby accelerating the pace of evolution. If these counterargu-
ments are correct, then  Earth- like planets might be found throughout 
much or all of the galaxy, with no constraints.

Other rare Earth arguments cite a number of specifi c features of our 
solar system and planet that have contributed to the habitability of Earth, 
and argue that in combination they would be so rare as to be almost im-
possible to fi nd elsewhere. For example, the rare Earth proponents point 
out that Jupiter has played a major role in controlling the impact rate in 
our solar system; without Jupiter, the rate of impacts would have almost 
certainly remained high throughout geological history, instead of tailing 
off at the end of the heavy bombardment.5 They therefore suggest that we 
are “lucky” to have Jupiter, because otherwise the higher impact rate 
might have prevented us from ever evolving. However, it’s not clear that 
this is a particularly rare form of luck; our discoveries of extrasolar plan-
ets already show that  Jupiter- size planets are quite common, and we don’t 
yet know enough to be able to say whether they are also common in 
 Jupiter- like orbits. Moreover, even if the rare Earthers are right in arguing 
that impacts would be more common in most other planetary systems, 

5 The somewhat subtle reason for this fact is that Jupiter’s gravity stabilizes orbits of as-
teroids in the asteroid belt and, even more important, probably was responsible for pitching 
billions of icy comets from its region of the solar system to a much more distant region 
known as the Oort cloud; there, because they are so far away, these comets pose much less 
of a threat than they would have if they had remained closer to the Sun.



this would not necessarily be a bad thing for evolution: The K-T impact 
paved the way for our own evolution, so perhaps a planet with more fre-
quent impacts would tend to give rise to intelligence sooner rather than 
later.

Another set of circumstances that the rare Earth proponents attribute to 
rare planetary luck are those that keep Earth’s climate stable, including 
plate tectonics (which is part of the  climate- moderating carbon dioxide cy-
cle) and the existence of our large Moon (which helps stabilize Earth’s axis 
tilt). Again, however, we can also argue the other way. As we discussed in 
chapter 6, it’s quite possible, though unproven, that plate tectonics are an 
inevitable feature of any approximately  Earth- size planet within its star’s 
habitable zone. Similarly, our Moon’s presumed formation in a random gi-
ant impact does not automatically mean that large moons should be rare. 
At least a few giant impacts should be expected in any planetary system. 
Indeed, Earth may not be the only object in our own solar system that 
ended up with a large moon because of a giant impact; Pluto’s largest moon 
(Charon) may have formed in the same way (along with its two smaller 
moons). Moreover, even if Earth’s axis swung as wildly as that of Mars, the 
changes in tilt would probably occur over periods of at least tens of thou-
sands of  years—long enough that life might be able to migrate or adapt as 
the climate changed.

So what should we make of all these points and counterpoints? Easy: At 
least when it comes to the question of whether  Earth- like planets are rare 
or common, we are no better off than the atomists and Aristotelians more 
than 2,000 years ago. As I noted when we discussed their ancient argu-
ment back in chapter 1, it’s a lot easier to argue endlessly when there are 
no actual facts to get in the way. That is our situation today with regard to 
the rare Earth hypothesis: We have no way to decide whether it is right or 
wrong.

But it won’t stay this way, and that is the beauty of science. We know 
exactly what we must do to resolve this debate. We must make the scien-
tifi c observations that can bring us all to agreement. We must fi nd a way 
to build telescopes powerful enough not just to detect the existence of 
 Earth-size planets, but to actually see and study them in enough detail so 
that we can tell whether they are also  Earth-like, and even to tell whether 
they have life. Remarkably, scientists already have designs on the drawing 
board for telescopes that could accomplish this goal. Because a few new 
technologies will need to be developed, and because of the ongoing bud get 
problems faced by science, these telescopes probably won’t be built for at 
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least 10 to 20 years. But I’ll be very surprised if they don’t exist by 30 
years from now. At that point, the rare Earth hypothesis will be history, 
because we’ll have the data in hand to know for sure whether it was right 
or wrong. Personally, I expect that some time around the year 2038, I’ll be 
able to turn on what ever communication device is pop u lar at the time, and 
hear the news of the discovery of the fi rst  Earth-like planet around an-
other star. Then, over the next few years, many more such discoveries will 
pour in, proving once and for all that planets like ours are the rule and not 
the exception.

Beyond UFOs

If my guess is correct, and the rare Earth arguments prove to be  off- base, 
then we are back to the staggering numbers I gave you earlier. That is, I 
would not be at all surprised to learn that there are 100 billion habitable 
planets in our galaxy. If just one in 1 million of these is enough like Earth 
to eventually give rise to a civilization, then we have the 100,000 civiliza-
tions that I suggested back in chapter 3. But is it really reasonable to think 
that intelligence could be this common? And if it is, shouldn’t we be able to 
make contact with some of these other civilizations? These are the ques-
tions we’ll turn to in the next chapter, as we discuss the search for extrater-
restrial intelligence.

Before we go there, however, I’d like to return to the theme with which 
I opened this chapter. We may or may not share the universe with other 
intelligent beings, but I believe we can grow up as a civilization either 
way. I chose the opening quotation from Christiaan Huygens because it so 
beautifully captures how a new perspective on the universe should help us 
better understand ourselves. I originally found this quotation in Carl Sa-
gan’s Cosmos, where it opens his chapter 13. Living three centuries after 
Huygens, Sagan had the benefi t of the far deeper understanding of nature 
that we have since obtained. Sagan also played a major role in arranging 
for the Voyager 1 spacecraft to take its famous portrait of the planets as 
they appear from the outskirts of our solar system, where our own Earth 
shows up as just a “pale blue dot” surrounded by what looks a beam of 
scattered sunlight (fi gure 8.3). This photograph inspired Sagan to elabo-
rate on the idea expressed by Huygens, and he did this so beautifully that 
I am compelled to share it with you. So  here, excerpted from a commence-
ment address that he delivered just months before dying of cancer in 1996, 



I offer you Carl Sagan’s words refl ecting on how we might all learn to 
grow up:

We succeeded in taking that picture [from deep space], and, if you 
look at it, you see a dot. That’s  here. That’s home. That’s us. On it, every-
one you ever heard of, every human being who ever lived, lived out their 
lives. The aggregate of all our joys and sufferings, thousands of confi dent 
religions, ideologies and economic doctrines, every hunter and forager, 
every hero and coward, every creator and destroyer of civilizations, ev-
ery king and peasant, every young couple in love, every hopeful child, 
every mother and father, every inventor and explorer, every teacher of 
morals, every corrupt politician, every superstar, every supreme leader, 
every saint and sinner in the history of our species, lived there on a mote 
of dust, suspended in a sunbeam.

The earth is a very small stage in a vast cosmic arena. Think of the 
rivers of blood spilled by all those generals and emperors so that in 
glory and in triumph they could become the momentary masters of a 
fraction of a dot. Think of the endless cruelties visited by the inhabit-
ants of one corner of the dot on scarcely distinguishable inhabitants of 

Figure 8.3. Earth, photographed from the outskirts of our solar system 
by the Voyager spacecraft. The “sunbeam” surrounding Earth is an arti-
fact of light scattering in the camera. (Courtesy of NASA)
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some other corner of the dot. How frequent their misunderstandings, 
how eager they are to kill one another, how fervent their hatreds. Our 
posturings, our imagined  self- importance, the delusion that we have 
some privileged position in the universe, are challenged by this point of 
pale light.

Our planet is a lonely speck in the great enveloping cosmic dark. In 
our  obscurity—in all this  vastness—there is no hint that help will come 
from elsewhere to save us from ourselves. It is up to us. It’s been said 
that astronomy is a humbling, and I might add, a  character- building ex-
perience. To my mind, there is perhaps no better demonstration of the 
folly of human conceits than this distant image of our tiny world. To me, 
it underscores our responsibility to deal more kindly and compassion-
ately with one another and to preserve and cherish that pale blue dot, 
the only home  we’ve ever known.1

1 This quotation from Carl Sagan is an excerpt from a commencement address he deliv-
ered on May 11, 1996.



9
The Search for 

Extraterrestrial Intelligence

Now when we think that each of these stars is prob-
ably the centre of a solar system grander than our 
own, we cannot seriously take ourselves to be the 
only minds in it all.

—Percival Lowell (1855–1916)

Perhaps it seems strange that I would start a chapter with a quotation 
from Percival Lowell, whose greatest claim to fame comes from having 
imagined a system of canals and a civilization on Mars that existed no-
where but within his own mind. But his story in many ways parallels the 
ongoing story that we now fi nd ourselves in. Lowell saw a few real things 
that seemed to hint at the idea that life might be possible on Mars, such as 
its polar caps, its seasonal changes in coloration, and the vague surface 
markings that he mistook for a network of canals. He took these hints so 
much to heart that he lost his objectivity, and became convinced that he 
saw not just hints but actual proof. Lowell was a scientist, and in most re-
spects quite a good one, but when it came to life on Mars, he abandoned sci-
ence and built a case based on faith. Unfortunately for Lowell, his faith was 
unlike religious faith, for which science can generally say nothing about its 
validity. Instead, he had a faith that was set from the beginning on a colli-
sion course with science, because it was only a matter of time until im-
proved observations would shatter the mythology he had created.

Today, we understand a great deal about the nature of our universe and 
the stars and planets within it, and this understanding gives us good rea-
son to think that  life—including intelligent  life—might be possible on 
many worlds. The idea seems so eminently reasonable that it’s tempting to 
make the same leap of faith as did Lowell, and conclude not just that other 
civilizations are possible, but that they really exist. Indeed, a great many 



The Search for Et Intelligence  185

people have already has made this leap, and fervently believe in the UFOs 
and alien visitation that I discussed earlier in this book. Scientists, perhaps 
taking the lesson of Lowell to heart, have been far more cautious: I know 
many astrobiologists who will say that their best guess is that other civili-
zations exist, but I’ve never heard one claim to know it for certain. How-
ever, a few scientists have somewhat oddly taken the opposite leap of faith, 
using a variety of arguments (most of which go far beyond the  well-
 reasoned arguments of the rare Earthers) to conclude that we must be alone 
in the universe.

Some of you reading this book might fall into the  faith- based camps. 
Perhaps some of you have seen your own UFO, and hence are convinced 
that other civilizations exist. Perhaps others of you have read elsewhere 
about the  so- called “anthropic” arguments and have become convinced 
that no one  else is out there. In either case, I wish you luck, because like 
Lowell’s beliefs a century ago, your beliefs are on a collision course with 
science. One way or the other, we will eventually fi nd out whether other 
civilizations are common. It may take de cades, or even centuries, but un-
less we stop searching, we will fi nd an answer.

Now, you may be thinking that I have too much faith in science, and 
that an answer could perhaps elude us indefi nitely. But I really don’t think 
it can. Remember, we are searching for others like us. We are not looking 
for those who might blend into the forest like frogs or even monkeys, or 
live hidden in the depths of the ocean, or lie unseen in rocks beneath the 
ground. We are looking for advanced beings who have built a civilization, 
and the building pro cess must always leave indelible marks on any world. 
Someday, we will have telescopes powerful enough to see these marks, if 
they exist. We may see their city lights on the night side of their world, or 
discover the spectral signatures of chemicals such as CFCs that do not exist 
naturally and could only be the products of a civilization.

It will probably be a while before our telescopes are this powerful, but 
we may not even have to wait that long. If other civilizations are truly like 
us, they will have science, and they will discover the laws of nature, just as 
we have. They will learn to build radios and tele vi sions, so that they can 
communicate with each other at long distance around their planet. And at 
that point, like us, they will be broadcasting their existence to anyone who 
wants to learn of it.

It’s true: We cannot hide anymore. For more than seven de cades now, we 
have been broadcasting radio and tele vi sion transmissions that go beyond 
Earth’s atmosphere and out into space. Once in space, they travel outward 
at the speed of light. With suffi ciently powerful radio telescopes, anyone 



within about 70  light- years of Earth could now be watching our old TV 
 shows—a somewhat scary thought that might explain why no one wants 
to visit us. A hundred years from now, our signals will have reached out to 
170  light- years from Earth. A hundred thousand years from now, everyone 
in the galaxy will, at least in principle, have had a chance to learn that we 
 were  here, even if we are by then long gone. In that sense, we have already 
gone beyond making an indelible mark on our planet, for we have made 
one on the universe.

The scientifi c search for extraterrestrial  intelligence—SETI—is in es-
sence a search for such marks on the universe. SETI researchers use radio 
telescopes, and sometimes other types of telescopes as well, to search for 
signals that others might have broadcast into space. There’s no guarantee 
of success, because we do not yet know if anyone is out there. But as two 
of the pioneers of SETI (Philip Morrison and Giuseppe Cocconi) wrote in 
1959, “The probability of success is diffi cult to estimate; but if we never 
search, the chance of success is zero.” It is time for us to examine the issues 
behind the search for extraterrestrial intelligence.

The Drake Equation

We do not know whether or how many other civilizations exist, but it can 
be helpful to defi ne our ignorance. That is, instead of just saying “we don’t 
know,” we can try to fi gure out exactly what it is that we don’t know. While 
this type of exercise still  doesn’t answer the question, it can give us guid-
ance about how we might go about fi nding the answer in the future.

The fi rst and most famous effort to defi ne our ignorance about extrater-
restrial intelligence was made by astronomer Frank Drake. In setting the 
agenda for a 1961 scientifi c meeting about the search for extraterrestrial 
 intelligence—the fi rst meeting of its  kind—Drake decided to try to sum-
marize the factors that would determine whether attempts to detect intelli-
gent extraterrestrials could succeed. In doing so, he wrote down a simple 
equation, now famous as the Drake equation, that at least in principle 
could be used to calculate the number of civilizations existing elsewhere in 
our galaxy or in the universe at large.

Before I show you the equation, two important notes are in order. First, 
don’t panic: the equation involves nothing more than multiplication, so 
even those of you who are  math- phobic can understand it. Second, we need 
to defi ne “civilization” in this context. Because Drake was considering the 
possibility of receiving a radio signal from other beings, his equation was 
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designed to calculate the number of civilizations that are capable of broad-
casting signals into interstellar space. This defi nition clearly suits the pur-
pose of SETI, though it is somewhat different from the defi nition of 
civilization that we use in everyday life. For example, the ancient Greeks 
don’t count under this defi nition, because they never developed radio or 
other technologies that could be used to send messages to the stars.

Drake’s original equation separated out seven distinct factors that would 
contribute to the number of civilizations; I imagine that quite a few of you 
readers will have seen it written elsewhere in its original form. However, 
some years ago as I was teaching the equation to students in my introduc-
tory astronomy classes, I found that I could help them understand it better 
by combining some of Drake’s individual terms. In addition, new discover-
ies since 1961 have made a few of Drake’s original assumptions somewhat 
out of date. For example, he started with a term based on the rate of star 
formation in a galaxy, which made sense in 1961, when it was hypothesized 
that star formation would proceed at a steady rate at all times. We have 
since learned otherwise; for example, the galaxies known as elliptical gal-
axies have little or no  present- day star formation, so the rate term in 
Drake’s original equation would imply that they could not have any civili-
zations at all. Today, we assume that if there are stars there may be planets, 
and if there are planets there may be habitable planets and life. As a result 
of these changes, the version of Drake’s equation that I presented in class 
had only four terms instead of seven, and they are a bit different from his 
original terms. Now, I hope you know that I try to be true to the science 
both in writing and teaching, so I did not take messing with a famous 
equation lightly. You can therefore imagine my relief when Drake himself 
gave his blessing to the altered version.1 So  here, in its slightly modifi ed 
form, is the Drake equation:

Number of civilizations  =  NHP × flife  × fciv  × fnow

See? I told you it would just be multiplication. Let’s go through the 
terms to make sense of it. NHP is the number of habitable planets in a gal-
axy;  here, we are referring to planets with surface  habitability—meaning 
the presence of liquid water and adequate  sunlight—so this term repre-
sents the number of planets that are at least capable of having  Earth- like 

1 I have not had the opportunity to meet Drake myself. However, the  co- author of my 
Life in the Universe textbook, Seth Shostak, knows him quite well, and both are affi liated 
with the SETI Institute. Seth presented Drake with the rationale for our using the modifi ed 
version for our textbook, and Drake agreed.



life. The next term (flife) is the fraction of habitable planets that actually 
have life of some kind, meaning microbial life. For example, if flife  = 1 it 
would mean that all habitable planets have life; if flife  = 1/1,000,000 it 
would mean that only 1 in a million habitable planets has life. The product 
NHP × flife therefore tells us the number of  life- bearing planets in the 
galaxy.

The third term (fciv) is the fraction of the  life- bearing planets on which 
evolution has proceeded to the point where a civilization capable of inter-
stellar communication has at some time arisen. For example, if fciv  = 1/1,000 
it would mean that such a civilization has existed on 1 out of 1,000 planets 
with life, while the other 999 out of 1,000 have not had a species intelligent 
enough to build radio transmitters,  high- powered lasers, or other devices 
for interstellar conversation. When we multiply this term by the fi rst two 
terms (to form the product NHP × flife  × fciv), we get the total number of 
planets on which intelligent beings have evolved and developed a civiliza-
tion at some time in the galaxy’s history.

Finally, fnow is the fraction of the  civilization- bearing planets that happen 
to have a civilization now, as opposed to, say, millions or billions of years in 
the past. This term is important because it tells us how many civilizations 
we could potentially get a signal from, because civilizations that are long 
gone are no longer broadcasting.2 Because the previous three terms told us 
the total number of civilizations that have ever arisen in the galaxy, multi-
plying by fnow tells us how many civilizations we could potentially make 
contact with today. For example, if the fi rst three terms  were to tell us that 
10 million planets in the galaxy have at some time had a communicating 
civilization but fnow turns out to be 1 in 5 million, then only two civiliza-
tions would be expected to exist today. As we will see shortly, the value of 
fnow depends on how long civilizations survive once they arise.

The Drake equation helps to defi ne our ignorance because, even though 
we don’t know the values of any of its terms, we have more information 
about some terms than others. To keep things simple, we’ll look at the val-
ues only within our own Milky Way Galaxy; it would be straightforward 
to extend the results to the rest of the universe.

The fi rst term (NHP) is probably the most constrained. Based on our dis-
cussions in chapter 8, we expect the number of habitable planets to be quite 

2 For the purposes of the Drake equation, we assume that the term fnow takes into account 
the  light- travel time for signals from other stars; for example, if a star with a civilization is 
10,000  light- years away, it counts in determining fnow if the civilization existed 10,000 
years ago, because signals broadcast at that time would just now be arriving at Earth.
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 large—perhaps as large as 100 billion or  more—unless the rare Earth ar-
guments are correct. Since I’m personally skeptical of these arguments, I’m 
going to take 100 billion as a fair estimate of NHP . The second term (flife) is 
far less well understood. However, if life really does get started as easily as 
it seems it did on Earth (see chapter 5), then we’d expect this term to have 
a value close to 1, meaning that almost all habitable planets would actually 
have life on them. It therefore seems reasonable to imagine that our galaxy 
has 100 billion  life- bearing planets, leaving the last two terms to whittle 
down the number of planets that have a communicating civilization. These 
two terms are even less well understood than flife and are therefore worth a 
bit more investigation.

The Question of Intelligence

Even if  life- bearing planets are very common, civilizations capable of in-
terstellar communication might not be. The fraction of  life- bearing planets 
that at some time have had such civilizations (fciv) depends on at least two 
things: First, a planet would have to have a species evolve with suffi cient 
intelligence to develop interstellar communication. In other words, the 
planet needs a species at least as smart as we are. Second, that species would 
have to realize its potential by actually developing a civilization with tech-
nology as advanced as ours.

Although we cannot really be sure, most scientists suspect that only the 
fi rst requirement is diffi cult to meet. A fundamental assumption in nearly 
all science today is that we are not “special” in any par tic u lar way. We live 
on a small planet orbiting an ordinary star in a normal galaxy, and we as-
sume that living creatures  elsewhere—whether they prove to be rare or 
 common—would be subjected to evolutionary pressures quite similar to 
those that have operated on Earth. Thus, if species with intelligence similar 
to ours have arisen elsewhere, we assume that they would have similar so-
cio log i cal drives that would eventually lead them to develop the technol-
ogy necessary for interstellar communication.

If this assumption is correct, then the fraction fciv depends primarily on 
the likelihood of suffi cient intelligence evolving on a planet that already 
has microbial life. As we discussed in chapter 5, the fact that it took some 
3 billion years for life on Earth to go from the microbial to even the most 
primitive animals suggests that this step might be quite diffi cult. Never-
theless, if we continue with our assumption that Earth is “typical,” then it 
would seem reasonable to fi nd animal life on many worlds that are as old as 



Earth. Because most of the stars in the galaxy are actually older than the 
Sun, this constraint would barely affect our overall estimates.

Just getting animals is still not enough, however; we need really smart 
animals, like us. As I mentioned briefl y in chapter 5, my personal guess is 
that once you get animals, you’ll eventually get smart ones. That’s not to 
say that there aren’t evolutionary  dead- ends: The dinosaurs, for example, 
spent some 180 million years evolving and diversifying as the animal 
kings of the planet, yet as far as we know, none of them ever got clever 
enough to discover fi re or build a wheel, let alone to build radio telescopes 
or spacecraft. Perhaps they might have if they’d just had more time, but 
that’s another reason why I suspect that intelligence may be inevitable: Be-
cause dinosaurs didn’t develop intelligence quickly enough on their own, 
nature found a way of getting them out of the  way—with the K-T  impact—
and allowing the mammals to give it their own college try. But I’m just 
guessing; is there any evidence that we can use to look at the likelihood of 
animals becoming highly intelligent?

Yes, although like most things in this fi eld of astrobiology, the data can 
lead to confl icting interpretations. The necessary data are mea sure ments of 
animal intelligence, for both past and present animal species. Intelligence 
is somewhat subjective, but we generally presume that it is related to brain 
size (across species, not between individuals of a species). However, it  can’t 
be brain size alone, because larger animals tend to have larger brains re-
gardless of their “smarts”—you need more brain power to control a bigger 
body, regardless of whether you also use that brain for intellectual pur-
suits. Scientists who study animal intelligence have therefore come up 
with a mea sure called the encephalization quotient, or EQ, which is based 
on the ratio of brain mass to body mass. The larger the brain mass in pro-
portion to the body mass, the smarter the species.

Although the data are sparse, studies of extinct species suggest that 
there has indeed been a general upward trend in animal intelligence, at 
least as mea sured by EQ, over the past couple hundred million years. This 
makes sense, because intelligence is clearly a benefi cial evolutionary adap-
tation, especially among predators: It makes them better able to catch prey 
and to avoid other predators. But while we’d expect natural selection to se-
lect for intelligence that increases a predator’s survival prospects, it’s not 
clear why natural selection would lead to brains big enough to build radio 
telescopes and spacecraft. Some anthropologists have advanced hypotheses 
that might explain why this would be an evolutionary tendency, but others 
suspect we just got lucky to end up with such big brains in proportion to 
our body sizes.  Here, the EQ data offer an interesting perspective.
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Figure 9.1 shows EQ data for a sampling of animal species living today. 
The straight line represents the “average” EQ: Animals whose brain mass 
falls above the line are smarter than average, while animals whose brain 
mass falls below the line are not. Keep in mind that it is the vertical dis-
tance above the line that tells us how much smarter a species is than the av-
erage, and notice that the scale goes in powers of 10 on both axes. If you 
look closely, you’ll see that the data point for humans lies signifi cantly far-
ther above the line than the data point for any other species. The conclu-
sion: As mea sured by EQ, at least, we are by far the smartest species that 
has ever existed on Earth. In fact, by this mea sure, we are nearly twice as 
smart as dolphins, the animals with the next highest EQs.

To some extent, these data support the idea that we got “lucky” to end 
up with such big brains. After all, there are millions of other animal 
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Figure 9.1. This graph shows how brain mass compares to body mass for 
various mammals (including primates) and birds. The straight line repre-
sents an average of the ratio of brain mass to body mass, so that animals 
that fall above the line are smarter than average and animals that fall be-
low the line are less smart. Note that the scale uses powers of 10 on both 
axes. (Adapted from a 1977 article by Carl Sagan.)



species, and we ended up being not only smarter but a lot smarter. How-
ever, the same data can also be used to reach an opposite conclusion. The 
scatter in the levels of intelligence among different animals tells us that 
some variation should be expected, and statistical analysis shows that we 
are not unreasonably far above the average. We are the fi rst species to 
have a large enough deviation above the mean to build spacecraft, but if 
we destroy ourselves, we might not be the last. From this point of view, 
my guess that civilization will eventually follow on any planet that gets 
animals seems at least somewhat grounded in reality.

Technological Lifetimes

For the sake of argument, let’s assume that life and intelligence are indeed 
at least reasonably likely, so that thousands or millions of planets in our 
galaxy have at some time given birth to a civilization. In that case, the fi nal 
factor in the Drake equation (fnow) determines the likelihood of there being 
someone out there with whom we could make contact. The value of this 
factor depends on the survivability of civilizations.

Consider our own example, and to keep the numbers easy let’s suppose 
that it has been possible, at least in principle, for civilizations to arise any 
time in the past 7 billion years (a reasonable assumption, since the uni-
verse was by then already 7 billion years old). As noted earlier, we have 
been capable of interstellar broadcasts via radio for about 70 years. So if we 
 were to destroy ourselves tomorrow, our technological “lifetime”—the 
length of time during which we  were able to make ourselves known to 
other star  systems—would have been only 70 years, or 1 part in 100 mil-
lion of the time during which civilizations have been possible. If this tech-
nological lifetime  were typical of other civilizations, and if we assume that 
the times at which other civilizations have emerged is randomly distrib-
uted over the past 7 billion years, then we would expect only 1 in 100 mil-
lion of the civilizations that have ever existed to be out there right now. In 
that case, there would have to have been at least 100 million civilizations 
during our galaxy’s history for there to be a decent chance that even one 
other civilization exists now. Our SETI efforts would come to naught, 
because we’d be listening for the sounds of silence.

Of course, we have not yet destroyed ourselves, so it’s possible that our 
technological lifetime will be a lot longer, which would in turn give us rea-
son to think that the fraction fnow could be much higher. For example, and 
again to keep the numbers easy, suppose civilizations routinely survive for 
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700 million years. Then given 7 billion years during which civilizations 
could have arisen, the random chance of a civilization surviving now would 
be one in ten. In that case, even if only 100 civilizations had ever arisen, 
we’d expect there to be ten of them out there right now, potentially accessi-
ble to our SETI searches.

The critical conclusion, fi rst recognized by Frank Drake himself, is that 
the survivability of civilizations is probably the key factor in whether any 
are out there now. If most civilizations  self- destruct shortly after achieving 
the technology for interstellar communication, then we are almost cer-
tainly alone in the galaxy at present. But if most survive and thrive for 
thousands or millions or billions of years, the Milky Way may be brim-
ming with  civilizations—with most or all of them far more advanced than 
our own.

Conducting the Search

If there are indeed other civilizations using radio or other forms of light 
for communication, then it seems at least worth listening for them. That is 
precisely what most SETI researchers do: They use large radio  telescopes—
and occasionally other types of telescopes in case the aliens might be sig-
naling with, say, lasers rather than  radios—in hopes of receiving a broadcast 
signal.

To some degree, SETI efforts have been ongoing since 1960, when Frank 
Drake undertook the fi rst formal effort to search for signals that might be 
coming from civilizations orbiting two nearby stars (Epsilon Eridani and 
Tau Ceti). Searches have been sporadic, however, both because of the lim-
ited amount of observing time available at the world’s large radio tele-
scopes, and because, at least for the past fi fteen years, our government has 
not seen the wisdom of spending money on SETI. Fortunately, private do-
nors have stepped up to the plate, and SETI researchers are now in the pro-
cess of building the world’s fi rst array of telescopes dedicated to searching 
for signals from other civilizations. This Allen Telescope  Array—named 
for Paul Allen, who donated much of the money for the  project—has al-
ready begun limited operations (color plate 8a). When completed, the Allen 
Telescope Array will consist of 350 radio dishes, all working together to 
listen for alien communications.

The Allen Telescope Array will greatly improve our ability to search for 
signals, but it’s important to realize that our technology remains limited. 
In par tic u lar, we are nowhere near the point of being able to pick up the 



kinds of radio and tele vi sion signals that we ourselves broadcast, even if 
they are coming from the nearest stars. The problem is sensitivity: Because 
radio and tele vi sion signals are not beamed in any par tic u lar direction, 
they spread out in all directions in space. As a result, they become much 
weaker with distance, and we probably won’t be capable of detecting such 
signals even from a few  light- years away until we can build extremely 
large radio telescopes in space or on the Moon.

So what are the SETI scientists searching for? The answer is that, with 
current technology, they are searching for strong signals that someone 
might have deliberately beamed in our direction. In other words, for the 
time being at least, we search with the hope that someone wants to make 
their presence known. This certainly limits the possibilities of detection 
much more than if we could search for “accidental” interstellar broadcasts 
like those of radio and tele vi sion, but it’s plausible to imagine that deliber-
ate signals are out there.

Again, in assuming that we are not in any way special, we are also led to 
assume that other civilizations would share our interest in making contact. 
In that case, they might decide to build large transmitters that could beam 
powerful signals in the direction of stars that seem to offer the promise of 
hosting life. For example, they might choose to send transmissions toward 
our solar system after having discovered the presence of planets within it, 
and perhaps even having recognized that our system has a planet of habit-
able size orbiting within the habitable zone. Alternatively, they might have 
a set of transmitters, each capable of sending out a powerful beam that 
would cover millions of star systems; in that case, they  wouldn’t need to 
know anything in par tic u lar about our solar system and we might still re-
ceive their signal.

We ourselves have already sent a few such transmissions: For example, 
in 1974, scientists used a powerful radar transmitter on the Arecibo radio 
telescope (located in Puerto Rico) to aim a  three- minute broadcast at the 
globular cluster M13. This cluster contains a few hundred thousand stars, 
seemingly offering a decent chance that at least someone within it might 
happen to have a radio telescope pointed in the right direction when the 
 three- minute transmission passes by on its outward journey into the uni-
verse. Note, however, that M13 is located about 21,000  light- years away, so 
it will take some 21,000 years for our signal to get there and another 
21,000 years for any response to make its way back to Earth. It’s not a con-
ve nient method of  two- way conversation, but if someone there ever re-
ceives our signal, it’s possible that it will represent their fi rst absolute proof 
that they are not alone in the universe.
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This idea leads to one more question that many people have about the 
search for extraterrestrial intelligence: How would they  know—and how 
would we  know—that a signal really comes from another civilization and 
is not just a naturally occurring bit of radio static from the stars? For “acci-
dental” broadcasts such as radio and tele vi sion shows, it might be diffi cult 
to decode them without detailed study. Remember, however, that our cur-
rent SETI efforts could detect only deliberate signals. If someone is going 
to the trouble of deliberately trying to make their presence known, they’d 
presumably also make it as easy as possible for someone  else to distinguish 
their signal from natural static. For example, our 1974 signal consisted of 
precisely 1,679 “bits” (in this case, tiny frequency  changes)—which any 
civilization that has discovered mathematics will recognize as the product 
of the prime numbers 23 and 73. Stars and other nonliving things don’t 
know about prime numbers, so this and other strategies should be able to 
make an intelligent civilization “obvious” to other, similarly intelligent 
civilizations.

Beyond UFOs

Some people are worried about the prospects of radio signals beaming 
among the  stars—worried not about our hearing from someone  else, but 
about someone  else hearing from us. They worry that, in beaming out 
messages like the one from 1974, we are exposing ourselves to danger. If 
 Earth- like planets are rare, they reason, letting someone know that we 
have one  here could be an invitation to come try and steal it. Better to stay 
quiet, they suggest, at least until we can be sure that aliens would not 
mean us any harm.

If this concern has ever crossed your mind, I have some advice for you: 
Relax. As we discussed in chapter 3, anyone capable of traveling from their 
home star to  here would be so far beyond us technologically that there’s no 
chance at all that some deliberate  broadcast—whether the one in 1974 or 
new ones that we might beam out in the  future—will be the fi rst that they 
hear from us. If they’re on their way with hostile intentions, it’s because 
they’ve seen our tele vi sion shows, not because we sent out a friendly 
“hello.” And lest that thought cause you even further  worry—doesn’t ev-
eryone want to “kill your TV” at some  point?—remember that we pose no 
threat to them, and we have nothing that they’d need. If they can travel 
this far, they are at least thousands of years, and possibly millions or bil-
lions of years, ahead of us in technology and science. We  can’t hurt them, 



and there’s nothing Earth has to offer that they  can’t manufacture much 
closer to home.

In fact, I rather doubt that any such advanced aliens would be paying 
any attention to us at all, except perhaps for monitoring us, waiting to see 
if we ever prove ourselves smart enough and friendly enough to deserve an 
invitation into their galactic club. But that’s a story for the next chapter.

No matter how advanced a civilization may be today, they must have 
gone through a less advanced stage, when they would have been like us, lis-
tening for others and broadcasting their own existence. And no matter how 
advanced they may have become since then, they might still be signaling 
in a way that is detectable to us, perhaps because the laws of physics do not 
allow them to hide, or alternatively because they want us to be able to 
learn they are out there, once our technology is suffi ciently powerful.

In that sense, SETI is a bit like a wing and a prayer. We do what we can 
to catch a signal from someone  else, and hope that the signals are indeed 
out there. With the new Allen Telescope Array, our chances are better than 
ever, but still impossible to predict. Of course, that  doesn’t stop people from 
trying. My friend and colleague Seth Shostak, who has been deeply en-
gaged in SETI research for de cades and is also the  co- author of my Life in 
the Universe textbook, believes we will get a signal within the next 20 to 
30 years. I’m somewhat less optimistic, but I’ve got to admit, I sure hope 
he’s right.
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10
Where Is Everybody?

Sometimes I think the universe is full of life and 
sometimes I don’t. Either way is equally amazing.

—Arthur C. Clarke

I began this book by telling you that we live in a universe that contains 
worlds beyond imagination, and I have now spent nine chapters explaining 
why it seems likely that many of those worlds should be inhabited, some 
with beings like us. I have also explained  why—although I consider it at 
least remotely possible that some UFOs could indeed be spacecraft from 
distant  worlds—most claims of alien visitation do not make sense once you 
realize how advanced such aliens would have to be. But if civilizations re-
ally are as common as it seems they ought to be, shouldn’t we by now have 
some real evidence of their existence? Or, as it was simply put in 1950 
by the  Nobel- prize winning physicist Enrico Fermi, during a conversation 
with other scientists who  were speculating about extraterrestrial intelli-
gence, “So where is everybody?”

This seemingly innocent question, which has come to be called the 
Fermi paradox, turns out to be surprisingly diffi cult to answer. Moreover, 
the deeper we look into the issues that underlie the question, the more pro-
found its implications become. This question will therefore be the topic of 
this fi nal chapter, but let me tell you now where we’ll end up: I intend to 
show you that, if and when we learn the answer to the “Where is every-
body?” question, it will cause the most dramatic shift in the status of our 
human species that has ever occurred in history.

I realize that this must sound outlandish, which is why I’ve told you 
where  we’re headed in advance. After all, if I want you to believe me, not 
only do I have to make my case, but I must do so in such a way that you 
don’t reach the end and say “no way.” So that’s why I’ve prepared you up 
front, and also why I  name- dropped a Nobel prize winner: Fermi was not 
being glib; he, too, recognized the deep implications of the question that he 



asked. Many others have done the same and, indeed, I chose to open this 
chapter with the quotation from Arthur C. Clarke for just that reason: His 
words make a key point, which is that it’s not so much what the answer to 
the question turns out to be that is important, but the mere fact that it 
must have an answer, one way or other.

How Civilizations Can Grow Up

A couple of chapters back, I offered you words from Christiaan Huygens 
and Carl Sagan, each explaining how new perspectives on our place in the 
universe should help us grow up as a civilization. But we have not grown 
up yet, a sad fact that we are reminded of everyday in the news, as we read 
about terrorists, hatred, wars, and abject poverty. A  grown- up civilization 
would have learned to do better.

In fact, there’s no guarantee that we’ll ever grow up. We constantly dis-
cover new ideas and develop new technologies that could make the world a 
better place, but we seem as likely to put them to work for destructive as for 
constructive ends. Sometimes, when I’m feeling down, I despair that as a 
species, we just don’t care enough to realize our potential, and that centu-
ries from now, archaeologists will sift through the ruins of our civilization 
and wonder what went wrong. In even deeper moments of angst, I fear that 
we’ll do so much damage to our planet that we’ll go the way of the dino-
saurs, and it will be millions of years before the Earth sees another set 
of intelligent beings. In these moments, I think of the art, the music, the 
dance, the literature, the sports, the science, and the other great things that 
humans have created . . . and I’m overcome with sadness at the thought 
that all would be lost forever.

I share these unhappy thoughts because I think they are important for 
everyone to contemplate. We need some global guilt. We need for everyone 
to look at the faces of children, and think about how we’ll feel if they grow 
up in a world in which our civilization is collapsing because we, as individ-
uals and as a society, made the wrong choices. Sometimes, I picture future 
generations looking back at us, putting us on trial, and judging us for our 
sins. But then I remember that if we don’t change, if we don’t learn to grow 
up, there may be no future generations. There will be no one left to judge 
 us—except perhaps God, who surely would not be  pleased—so we must 
judge ourselves. I think if we all take a hard look at our society today, we’ll 
judge ourselves failures, not because we  haven’t done a lot of things right, 
but because we still do too many things wrong. It’s only once we recognize 
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our failures that we’ll be able to turn them around, and prove ourselves 
worthy stewards of the incredible good fortune that we have inherited 
from generations past on this remarkable planet.

As I’ve said from the beginning, this is a book about possibilities, and 
the possibility of our own demise is frighteningly real. But it is not the 
only possibility. It is also possible that we will grow up, and that other civi-
lizations have grown up too. So part of understanding the “Where is 
 everybody?” question means thinking about what a  grown- up civilization 
might do.

We could debate this issue endlessly, because it is another of those for 
which we have no facts upon which to base a conclusion. We  can’t know for 
certain what a  grown- up civilization would be like, because we have never 
met one and we don’t yet qualify ourselves. Nevertheless, I think I have a 
pretty good idea of what a  grown- up civilization would do: It would keep 
on growing, not necessarily in numbers, but in wisdom. After all, the indi-
viduals we admire most are those who spend their lives learning, question-
ing, and growing wiser. I think the same will prove true for civilizations.

It is possible to argue (and some people do) that wisdom would mean 
turning inward, looking for meaning only on the home planet. But I don’t 
think so. Introspection is a part of wisdom, but so is looking outward. In-
deed, I believe that a civilization can overcome its worldly problems and 
grow up only by embracing what lies beyond, not by neglecting it, which is 
why I believe so strongly that we must continue to explore our universe, 
both with robotic instruments and with people. I see the return of people to 
the Moon, and the laying of groundwork for future journeys to Mars and 
beyond, not as luxuries but as necessities.

So if you don’t mind, I’ll climb back on my soapbox one last time, and 
tell you what I think we must do if we ever hope to grow up. We must be 
honest, admitting our failures and fi nding ways to redress them. We must 
use our  know- how to fi nd solutions to problems such as global warming, 
debilitating disease, terrorism, poverty, and war. We must use our compas-
sion to teach all people to respect all others, regardless of their ethnicity, 
religion, or gender. And we must continue to explore, because exploration 
allows us to dream of what awaits us if and when we accomplish all these 
other things.

I believe that we can accomplish all these things only if we do them all 
together, not one at a time. Sure, it costs money to launch telescopes into 
space, to send robotic probes to Mars and Europa, and to send people back 
to the Moon. But I think it is money well spent. For those who say that we 
need to deal with our problems at home fi rst, I ask you to remember that 



we are an adolescent civilization. Like an individual teenager, we are strug-
gling to make our way to adulthood, and not always behaving in ways that 
serve our best interests. Just as you don’t solve a troubled teen’s behavior 
problems by locking her in a closet and telling her that she can come out 
when they’re fi xed, we won’t solve our societal problems if we turn only in-
ward. If you want to change the teen’s behavior, then in addition to ad-
dressing her immediate problems, you must also fi nd a way to inspire her 
to the point where she herself believes that the problems are worth fi xing 
and that she has a great future ahead. In precisely the same way, I believe 
that we can grow up as a society only when every individual person, in 
 every individual nation, grows up with enough inspiration to care about 
making this world a better one.

In my opinion, there’s no better way to provide the necessary inspira-
tion than to build a permanent, large, and international research station on 
the Moon. A lunar base could offer many direct benefi ts. The new technol-
ogies we’d develop both for building it and for operating it would surely 
have applications  here on Earth, as would the discoveries we could expect 
to make through  space- based research. For astronomers and astrobiolo-
gists, the Moon could be used as a platform upon which to build giant tele-
scopes that might answer many of our deepest questions about the universe, 
and that would allow us to begin our studies of planets around other stars. 
It’s even possible that the Moon would have some resources to offer (such 
as  helium- 3) that might by themselves be valuable enough to justify the 
cost of going there. However, by far the most important reason for build-
ing the Moon colony is because it would be a place where people of every 
nation, every race, and every religion could be working together in pur-
suits to advance the common good.

In fact, I place a much higher value on building the Moon base than on 
sending people to Mars, at least for the short term, because the Moon is so 
much more recognizable in the sky.1 All of us, no matter where we live, can 
see the Moon, so a Moon base will be a concrete reminder of what we are 

1 Another pertinent argument concerns space tourism, which I support not only because 
I’d like to go myself but also because it will lead to commercial ventures that should help 
bring down the cost of space exploration. Tourist trips to the Moon are within reason: It 
only takes about two days to get to the Moon, so a  two- week vacation could easily accom-
modate a lunar visit. In contrast, until we have rockets far more advanced than today’s, 
Mars is reachable only when it is nearly aligned with Earth on the same side of the  Sun—
and because that occurs only every 26 months, trips to Mars will require at least two years 
away from home. (Radiation exposure on the long Mars trip may also be a problem.)
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capable of when we are at our best. Imagine a world in which even the 
poorest children can look up at the Moon and know that people just like 
them are living and working there. Imagine a world in which Arabs and Is-
raelis, Chechens and Rus sians, Americans and Iraqis, can all look up and 
say, “We are working together up there, so surely we can work together 
down  here.” If we want to grow up, this is not just the world we must imag-
ine; it is the world we must build.

What we must do is also what other civilizations must do, as long as we 
maintain our assumption that we are not “special” in any way. I  can’t prove 
it, but I’m personally convinced that any  grown- up civilization will have 
built its moon base (if its planet has a moon), visited nearby worlds in its 
star system, and, ultimately, learned to travel to the stars. But that brings 
us back to Fermi’s question.

As I explained in chapter 3, interstellar travel would be a tremendous 
challenge. A civilization might colonize its entire planetary system, and 
still be far from having the technology to move on to other stars. Never-
theless, if the civilization survives long enough, time is on its side. It may 
take a thousand years from the time of the fi rst space journeys to develop 
the technology to reach the stars, but this is a short time in the life of a 
planet or a star. We can go through the challenges of interstellar travel in 
any number of different ways, but the fi nal conclusion always comes out 
the same: If other civilizations exist, and if they have had the will to ex-
plore, then by now they should be traveling among the stars.

Perhaps they’ve done it by learning to build spacecraft that travel at 
speeds near the speed of light, where the  mind- bending effects of Einstein’s 
theory of relativity mean that the travelers could make trips in much less 
time than the time that passes on their home worlds. Perhaps they’ve done 
it by developing technologies that we now envision only in science fi ction, 
such as passages through wormholes or hyperspace. But even if none of 
these advanced types of spacecraft are possible, a civilization could still 
visit the stars just by fi nding a way to accept long journeys. Even with our 
own current technology, we could in principle build spacecraft that would 
reach nearby stars within a couple of centuries. Such trips might be feasible 
if we developed ways to hibernate during the long trips, or if we built 
spacecraft large enough to allow multiple generations during the journey. 
Long trips might even be made possible through medical science: If we 
found a way to extend our lifetimes to thousands of years, trips lasting 
centuries might be no big deal.

To me, there is no question that if we ourselves survive, and if we do not 
lose our will to explore, we will someday move outward from our home 



star system, and begin to colonize the galaxy. And in a galaxy that pre-
dates our solar system by nearly 10 billion  years—in which, as we dis-
cussed in chapter 3, we might expect the next youn gest civilization to be 
some 50,000 years ahead of us, and the third youn gest to be 100,000 years 
ahead of us, and so  on—it therefore seems that others should already have 
colonized the galaxy by now. So where is everybody?

Possible Solutions to the Paradox

I think you can now see why the paradox runs so deep. It really does seem 
like others should be out there, all around us, and yet we don’t have any 
evidence that this is the case.

Since the time that Fermi fi rst posed the question, many people have 
advanced possible solutions to the paradox. Depending on where you look, 
you can fi nd lists of potential solutions laid out in different ways and with 
different emphasis. But when I consider them myself, I fi nd that I can 
group all of them into just three major categories:

1.  We are alone. There is no galactic civilization because civilizations 
are extremely  rare—so rare that we are the fi rst to have arisen on the 
galactic scene, perhaps even the fi rst in the universe.

2.  Civilizations are common, but no one has colonized the galaxy. If 
the fi rst solution is incorrect, then we are back to the idea that civili-
zations are common, which takes us back to the types of numbers that 
we discussed earlier in the book. In that case, we almost inevitably 
conclude that there should have been thousands, and probably tens of 
thousands, of civilizations before us in our galaxy alone. This second 
solution holds that this has indeed been the case, but that not one of 
these civilizations has gone on to travel among the stars.

3.  There IS a galactic civilization, but we have so far been unable to dis-
cover its existence.

With these potential solutions to the paradox before us, I can begin to 
show you why the answer to the “Where is everybody?” question has such 
profound implications to our species.

Let’s start by thinking about the implications of the fi rst  solution—that 
we are alone. If this is true, then our civilization is all the more remarkable. 
The “we are alone” solution implies that through all of cosmic evolution, 
among countless star systems, we are the fi rst piece of our galaxy or the 
universe ever to know that the rest of the universe exists. Through us, the 
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universe has attained  self- awareness. Some phi los o phers and many reli-
gions argue that the ultimate purpose of life is to become truly  self- aware. 
If so, and if we are alone, then the destruction of our civilization and the loss 
of our scientifi c knowledge would represent an inglorious end to something 
that took the universe some 14 billion years to achieve. From this point of 
view, humanity becomes all the more precious, and the collapse of our civi-
lization would be all the more tragic. Knowing this to be the case might 
therefore help us learn to put petty bickering and wars behind us so that we 
might preserve the universal  self- awareness that we as a species represent.

The second solution has much more terrifying implications. If thou-
sands of civilizations before us have all failed to achieve interstellar travel, 
what hope do we have? Remember, the idea that we are not “special” is re-
ally much more than an assumption, because it is based on the fact that the 
same laws of nature operate throughout the universe as  here on Earth. Un-
less  we’re missing something major in our  understanding—something that 
would make our own desire to explore highly  unusual—then it seems rea-
sonable to assume that other adolescent civilizations would at some point 
begin building spacecraft just as we have, and that, like us, they would ulti-
mately seek to explore the stars. In that case, the most likely explanation 
for the absence of a galactic civilization would be that essentially all other 
civilizations have destroyed themselves before reaching the point at which 
their technology could take them to the stars.2 It must be all rather than 
just some, because given the long time that the galaxy has been around, 
even a single surviving civilization probably would have had enough time 
to have colonized the entire galaxy by now. (Even with technology only 
slightly greater than our own, models show that a civilization could in 
principle colonize the entire galaxy in no more than a few tens of millions 
of  years—which means in considerably less than 1 percent of the galaxy’s 
current age.) This second solution therefore has ominous implications to 
us, because it would mean that if we are to survive, we probably must beat 
odds that no one  else has ever beaten. It would not bode well for our future, 
but if it is true, at least it would tell us how much harder a task we face in 
securing our own survival.

2 One reviewer of this manuscript pointed out another possibility: Perhaps they fi nd 
ways to engage in “virtual travel” to the stars, in which they can explore without physically 
leaving their planet. Given the tremendous growth rate of computing power, this could well 
be possible. However, I don’t think it requires a separate category of solution, since in doing 
so they would presumably still become aware of other civilizations and hence could “join 
up” into the galactic civilization that I call the “third solution” to Fermi’s paradox.



Now, before we discuss the third solution, we should take a slightly 
harder look at the fi rst two. Some people fi nd the “we are alone” solution to 
be appealing; the rare Earth proponents would even say that it is likely. But 
remember the numbers that I gave you in chapter 1: Just to count 100 bil-
lion  stars—a low estimate of the actual number in the Milky Way  Galaxy—
would take you more than 3,000 years. When we extend the numbers to 
the universe, we fi nd that the total number of stars in our universe is com-
parable to the total number of grains of sand on all Earth’s beaches, put to-
gether. Does it really seem reasonable to imagine that among all those 
grains, ours is the only one that sparkles with intelligent life? I’ll grant 
that it’s possible, but it sure seems diffi cult to believe (color plate 8b). If 
I were placing bets, I’d bet heavily against the “we are alone” solution to 
Fermi’s paradox.

A harder look at the second solution makes us wish it would go away. 
After all, based on our current example, the idea that adolescent civiliza-
tions always destroy themselves is depressingly easy to believe. While it’s 
always possible that we could become the fi rst civilization to beat the long 
odds, I’d feel a lot better about our chances if I knew that others had already 
made it. So all I can really say about the second solution is that while it 
seems possible, and perhaps even likely, I hope it’s not correct.

Perhaps you are starting to understand what I told you at the beginning 
of this chapter: that the answer to the “Where is everybody?” question 
will cause the most dramatic shift in the status of our human species that 
has ever occurred in history. You’ve now seen that either of the fi rst two 
solutions to the paradox would have profound philosophical implications, 
to our place in the universe in the fi rst case and to the prospects for our 
survival in the second. But the fi rst solution seems extremely unlikely, and 
the second, while plausible, is one that we are rooting against. And that 
leaves us with the third solution: There is a galactic civilization.

Think about it. The favored solution to the “Where is everybody?” 
question is that they are  here, all around us, but we are not yet capable 
of discovering their existence. If this is really  true—and as incredible as it 
sounds, my own guess is that it  is—it means that we are newcomers on the 
scene of a galactic civilization that has existed for millions or billions of 
years before us. Perhaps they have been deliberately hiding from us in 
some variation on the theme of Star Trek’s “prime directive,” in which the 
galactic federation has vowed not to interfere with emerging civilizations. 
Or perhaps they simply have no more reason to bother with us on our 
planet than we have to scoop up every handful of sand in a desert, and their 
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technologies are so far ahead of us that we are not yet capable of detecting 
their presence. What ever the reason why we have not yet found them, if 
they are real, it can mean only one thing: If we successfully navigate the 
adolescence of our civilization, there’s a universe full of grownups awaiting 
our arrival.

Beyond UFOs: The Turning Point

Way back in the preface to this book, I told you about my tiny alien friends, 
the ones I once saw in beams of sunlight, but whom I have not seen for de-
cades. Today, I suspect they  were never really there on the motes of dust in 
the fi rst place, and  were only fi gments of my hopeful imagination. But, as 
you now see, I’ve traded my belief in aliens in the sunlight for something 
far more incredible. In leaving my mythical beings behind, I’ve found sci-
entifi c reasons to think that there’s a good chance, perhaps a very good 
chance, that we stand today on the verge of making contact with a civiliza-
tion that predates ours by millions or billions of years. And even if this 
turns out not to be the case, and that one of the other solutions to the Fermi 
paradox is correct, we ourselves are positioned to become the galactic colo-
nists, if only we can solve our current problems and mature as a species.

In essence, we fi nd ourselves in a remarkable position in human history. 
Thousands of generations have come and gone, but none before us has ever 
had the ability to step off of this world into the great beyond, and to learn 
the answer to the  age- old question of whether we are alone in the universe. 
However, along with this ability to advance our civilization, we have also 
developed the power to destroy. And thus, by accident of history, we are the 
generation that has been placed at the turning point. If we cannot redress 
our current failings, then we will bear the burden of having been the gen-
eration that ruined everything that our ancestors worked so hard to create. 
But if we can just grow up, the possibilities that await us are infi nite.

Imagine for a moment the grand view, a gaze across the centuries and 
millennia from this moment forward. Picture our descendants living among 
the stars, having created or joined a great galactic civilization. They will have 
the privilege of experiencing ideas, worlds, and discoveries far beyond our 
wildest imaginations. Perhaps, in their history lessons, they will learn of our 
 generation—the generation that history placed at the turning point, the gen-
eration that managed to steer its way past the dangers of  self- destruction, 
and the generation that fi rst stepped onto the path to the stars.





To  L e a r n  M o r e

In a short book like this one, I’ve necessarily had to leave out many details 
that lie behind the topics discussed. I hope that some readers will be in-
spired to learn more, as well as to keep abreast of new developments in 
the  fast- moving fi eld of astrobiology. Toward that end,  here are a few 
recommendations:

•  You can fi nd a vast amount of information on the Web, along with up-
dates on new discoveries. A great place to start is the web site for the 
NASA Astrobiology Institute (nai.nasa.gov); after that, a search on 
“astrobiology” will take you to many other Web resources.

•  If you would like more detail about the par tic u lar topics discussed in 
this book, you’ll fi nd them in my textbook Life in the Universe (cur-
rently in its second edition),  co- authored by Seth Shostak and pub-
lished by Addison Wesley.

•  If you are a student or live in a college town, look for an introductory 
course in astrobiology or life in the universe; many institutions now 
offer such courses. (And if you teach at an institution that would like 
to start such a course, feel free to contact me and I’ll help as much as 
I can.)

•  Finally, while I won’t make any promises, I plan to do my best to 
post updates and additional resources on the web site for this book: 
 www .BeyondUFOs .com

•  Please also visit my personal web site:  www .JeffreyBennett .com
•  Or Princeton University Press’s web site for this book: press.princeton

.edu/titles/8594.html





Plate 1. This Hubble Space Telescope photograph, called the Hubble Ultra Deep Field, 
shows galaxies visible to the Hubble Space Telescope in a tiny piece of the sky no 
larger than a grain of sand held at arm’s length.



Plate 2. Microbial life thrives  here. (Top) A volcanic vent on the seafl oor, known as 
a black smoker, spewing out extremely hot,  mineral- rich water. Organisms like P. 
fumarii and Strain 121 survive  here in water above the normal boiling tempera-
ture. (Photo by P. Rona; courtesy of OAR/National Undersea Research Program 
(NURP); NOAA) (Bottom) Grand Prismatic Spring, a hot spring in Yellowstone 
National Park; the walkway winding along the lower right provides scale. The dif-
ferent colors in the water are from different bacteria that survive in water of dif-
ferent temperatures. (National Park Ser vice photo by Jim Peaco.)
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Plate 5. This sequence zooms in on a rock outcropping near the Opportunity rover’s 
landing site. The outcrop stands about  knee- high. The  close- up shows a piece of the 
rock a little more than an inch across. The layered structure, the odd indentations, 
and the small spheres (nicknamed “blueberries”) all support the idea that the rock 
formed from sediments in standing water. (Courtesy NASA/JPL- Caltech.)
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Plate 6. This sequence zooms in on the Huygens landing site on Titan. (Top) a 
global view taken by the Cassini orbiter. (Left) An aerial mosaic of images taken 
by the Huygens probe during its descent. (Right) A surface view taken by the 
probe after landing; the “rocks,” which are a few inches across, are presumably 
made of ices. Keep in mind that you are looking at the surface of a world nearly a 
billion miles away. (Courtesy NASA/ESA)



Plate 7. Active Enceladus. (Top) Enceladus in daylight. The blue “tiger stripes” are 
regions of fresh ice that must have recently emerged from below. The colors are 
exaggerated; the image is a composite made at ultraviolet, visible, and infrared 
wavelengths. (Bottom) Enceladus backlit by the Sun. Fountains of ice particles 
(and water vapor) are clearly visible as they spray out to the lower left.



Plate 8a. The partially completed Allen Telescope Array in Hat Creek, California. 
The array is a joint project of the SETI Institute and the University of California at 
Berkeley. (Photo by Seth Shostak)
Plate 8b. Given that the total number of stars in our universe is about as great as 
the total number of grains of sand on all Earth’s beaches, can it really be the case 
that we are alone? It’s possible, but it seems unlikely. (Photo by the author)
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