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PREFACE

So Where Are They?

THE ITALIAN PHYSICIST, Enrico Fermi, was a man with out-
standing talents. His wife thought he was a genius and many
scientists would agree with her. He was not only an excep-
tionally good theoretical physicist but also an experimental-
ist. It was Fermi and his friend, the Hungarian scientist Leo
Szilard, who directed the design and construction of the first
atomic pile, built in an unused squash court underneath a
sports stadium in Chicago during World War II. In this
unlikely environment the dangerous power of nuclear fission
was harnessed for the first time on this planet.

Fermi, like most good scientists, had many interests out-
side his own particular field. He is credited with asking a
famous question. There is a long preamble to Fermi’s ques-
tion, rather like a shaggy dog story. It goes something like
this. The universe is vast, containing myriads of stars, many
of them not unlike our sun. Our own galaxy has perhaps 10"
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14 Preface

stars * and there are at least 10" galaxies and probably more.
Many of these stars are likely to have planets circling around
them. A fair fraction of these planets will have liquid water
on their surface and a gaseous atmosphere made up of simple
compounds of carbon, nitrogen, oxygen and hydrogen. The
energy pouring down from the star—sunlight, in our case
—onto the surface of the planet will cause the synthesis of
numerous small organic compounds, thus turning the ocean
into a thin, warm soup. These chemicals will eventually join
onto each other and interact in intricate ways to produce a
self-reproducing system, a primitive form of life. These sim-
ple living things will multiply, evolve by natural selection
and become more complicated till eventually active, thinking
creatures will emerge. Civilization, science and technology
will follow and before long they will have mastered the entire
environment of their planet. Then, yearning for fresh worlds
to conquer, they will learn to travel to neighboring planets
and then to planets on nearby stars, choosing for their colo-
nization those with favorable environments. Eventually they
should spread all over the galaxy, exploring it as they go.
These highly exceptional and talented people could hardly
overlook such a beautiful place as our earth, with its ample
supply of water and organic compounds, its favorable tem-
perature range and all its other advantages. “And so,” Fermi
would say, coming to his overwhelming question, “if all this
has been happening they should have arrived here by now, so
where are they?” It was Leo Szilard, a man with an impish
sense of humor, who supplied the perfect reply to Fermi’s
rhetoric. “They are among us,” he said, “‘but they call them-
selves Hungarians.”

* This notation 1s so conventent that I shall use 1t throughout this book
without further explanation 10'' simply means a number consisting of a one
followed by eleven zeros That 1s, 100 billion So a thousand 1s 10, a million
10%, a billion (American) 1s 10”, and so on
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Most people would accept the general trend of Fermi’s
argument. The difficulties arise when one tries to estimate
the probability of each step, to put in numbers. There is no
really hard evidence that other stars have planets, although it
certainly seems likely that they do. If planets exist, at least
a few will probably have a favorable environment for the
production of a good soup—a mixture of simple organic
compounds in water. It is the next step which is at present
so mysterious: the formation from the soup of a primitive,
chemical, self-reproducing system.

Even if this did happen we do not know how likely it is
for the long process of evolution to culminate in a higher
civilization, nor exactly how much time this might take, nor
whether such creatures would really explore the universe nor
how far they would succeed in traveling. All the events in
Fermi’s scenario may indeed be happening, but some steps
may be very rare and some stages possibly rather slow. This
would easily explain why, so far, we do not appear to have
had visitors here from outer space.

As long ago as the latter part of the last century a rather
different idea for the origin of life on earth was suggested by
the Swedish physicist Arrhenius. He proposed that life did
not succeed in starting here by itself but was seeded by
microorganisms wafted in from space. These primitive
spores, originating elsewhere, were supposed to be gently
propelled by the pressure of the light falling on them. He
called this idea panspermia, meaning “seeds everywhere.” At
the moment this idea is in disfavor because it is difficult to
see how viable spores could have arrived here, after such a
long journey in space, undamaged by radiation.

In this book I explore a variant of panspermia which Leslie
Orgel and I suggested a few years ago. To avoid damage, the
microorganisms are supposed to have traveled in the head of
an unmanned spaceship sent to earth by a higher civilization
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which had developed elsewhere some billions of years ago.
The spaceship was unmanned so that its range would be as
great as possible. Life started here when these organisms were
dropped into the primitive ocean and began to multiply. We
called our idea Directed Panspermia, and published it quietly
in Icarus, a space journal edited by Carl Sagan. It is not
entirely new. J. B. S. Haldane had made a passing reference
to it as early as 1954 and others have considered it since
then, though not in as much detail as we did.

Whether Directed Panspermia should be considered gen-
uine science or merely a rather unimaginative form of science
fiction I discuss in Chapter 13. Most of the book is concerned
with detailing the various steps in Fermi’s argument. It
sticks rather closely to the scientific knowledge we have
today, flimsy though that often is. Rather than solve the
problem of the origin of life on earth I want to sketch the
background against which any solution must stand. And
what a background it is! From the minuteness of atoms and
molecules to the vast panorama of the entire universe; from
events which take place in an infinitesimal fraction of a sec-
ond to the entire time span of time itself, from the Big Bang
to the present; from the intricate interplay of organic macro-
molecules to the endless complexities of higher civilizations
and higher technology. It is one of the charms of this other-
wise frustrating topic that to come to grips with it, one needs
to know something about so many aspects of this astonishing
universe in which we find ourselves.
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ONE

Times and Distances, Large
and Small

THERE IS ONE FACT about the origin of life which is reason-
ably certain. Whenever and wherever it happened, it started
a very long time ago, so long ago that it is extremely difficult
to form any realistic idea of such vast stretches of time. Our
own personal experience extends back over tens of years, yet
even for that limited period we are apt to forget precisely
what the world was like when we were young. A hundred
years ago the earth was also full of people, bustling about
their business, eating and sleeping, walking and talking,
making love and earning a living, each one steadily pursuing
his own affairs, and yet (with very rare exceptions) not one of
them is left alive today. Instead, a totally different set of
persons inhabits the earth around us. The shortness of human
life necessarily limits the span of direct personal recollection.

Human culture has given us the illusion that our memories
go further back than that. Before writing was invented, the
experience of earlier generations, embodied in stories, myths

19
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and moral precepts to guide behavior, was passed down ver-
bally or, to a lesser extent, in pictures, carvings and statues.
Writing has made more precise and more extensive the trans-
mission of such information and in recent times photography
has sharpened our images of the immediate past. Cinematog-
raphy will give future generations a more direct and vivid
impression of their forebears than we can now easily get from
the written word. What a pity we don’t have a talking pic-
ture of Cleopatra; it would not only reveal the true length of
her nose but would make more explicit the essence of her
charm.

We can, with an effort, project ourselves back to the time
of Plato and Aristotle, and even beyond to Homer’s Bronze
Age heroes. We can learn something of the highly organized
civilizations of Egypt, the Middle East, Central America and
China and a little about other more primitive and scattered
habitations. Even so, we have difficulty in contemplating
steadily the march of history, from the beginnings of civili-
zation to the present day, in such a way that we can truly
experience the slow passage of time. Our minds are not built
to deal comfortably with periods as long as hundreds or
thousands of years.

Yet when we come to consider the origin of life, the time
scales we must deal with make the whole span of human
history seem but the blink of an eyelid. There is no simple
way to adjust one’s thinking to such vast stretches of time.
The immensity of time passed is beyond our ready compre-
hension. One can only construct an impression of it from
indirect and incomplete descriptions, much as a blind man
laboriously builds up, by touch and sound, a picture of his
immediate surroundings.

The customary way to provide a convenient framework for
one’s thoughts is to compare the age of the universe with the
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length of a single earthly day. Perhaps a better comparison,
along the same lines, would be to equate the age of our earth
with a single week. On such a scale the age of the universe,
since the Big Bang, would be about two or three weeks. The
oldest macroscopic fossils (those from the start of the Cam-
brian) would have been alive just one day ago. Modern man
would have appeared in the last ten seconds and agriculture
in the last one or two. Odysseus would have lived only half
a second before the present time.

Even this comparison hardly makes the longer time scale
comprehensible to us. Another alternative is to draw a linear
map of time, with the different events marked on it. The
problem here is to make the line long enough to show our
own experience on a reasonable scale, and yet short enough
for convenient reproduction and examination. For easy refer-
ence such a map has been printed at the beginning of this
book. But perhaps the most vivid method is to compare
time to the lines of print themselves. Let us make our entire
book equal in length to the time from the start of the Cam-
brian to the present; that is, about 600 million years. Then
each full page will represent roughly 3 million years, each line
about ninety thousand years and each letter or small space
about fifteen hundred years. The origin of the earth would
be about seven books ago and the origin of the universe
(which has been dated only approximately) ten or so books
before that. Almost the whole of recorded human history
would be covered by the last two or three letters of the book.

If you now turn back the pages of the book, slowly reading
one letter at a time—remember, each letter is fifteen hundred
years—then this may convey to you something of the im-
mense stretches of time we shall have to consider. On this
scale the span of your own life would be less than the width
of a comma.
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If life really started here we need hardly be concerned with
the rest of the universe, but if it started elsewhere the mag-
nitude of large distances must be squarely faced. Though it
is difficult to convey a vivid and precise impression of the age
of the universe, to grasp its size is almost beyond human
comprehension, however we try to express it. The main
stumbling block is the extreme emptiness of space; not
merely the few atoms in between the stars but the immense
distance from one star to another. The visible world close to
us is cluttered with objects and our intuitive estimates of
their distance depend mainly on various clues provided by
their apparent size and their visual interrelationships. It is
much more difficult to judge the distance of an unfamiliar
object floating in the emptiness of the clear, blue sky. I once
heard a Canadian radio interviewer say, when challenged,
that he thought the moon “was about the size of a balloon,”
though admittedly this was before the days of space travel.

This is how two astronomers, Jastrow and Thompson, try
to describe, by analogy, the size and the distance of objects
in space:

Let the sun be the size of an orange; on that scale the earth is a
grain of sand circling in orbit around the sun at a distance of
thirty feet; Jupiter, eleven times larger than the earth, is a
cherry pit revolving at a distance of 200 feet or one city block
from the sun. The galaxy on this scale is 100 billion oranges,
each orange separated from its neighbors by an average distance
of 1,000 miles.*

The difficulty with an analogy of this type is that it is
almost impossible for us to estimate distances in empty

* More information on Jastrow and Thompson’s book can be found in the
Further Reading section at the end of the book
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space. A comparison with a city block is misleading, because
we too easily visualize the buildings in it, and in doing so
lose the idea of emptiness. If you try to imagine an orange
floating even a mile up in the sky you will find that its
distance seems to become indefinite. An “orange’ a thousand
miles away would be too small to see unless it were incandes-
cent.

Another possible method is to convert distances to time.
Pretend you are on a spaceship which is traveling faster than
any present-day spaceship. For various reasons, which will
become clear later, let us take its speed to be one-hundredth
the velocity of light; that is, about 1,800 miles per second.
At this speed one could go from New York to Europe in
about three seconds (Concorde takes roughly three hours), so
we are certainly traveling fairly fast by everyday standards. It
would take us two minutes to reach the moon and fifteen
hours to reach the sun. To go right across the solar system
from one side to the other—Ilet us take this distance rather
arbitrarily as the diameter of the orbit of Neptune—would
take us almost three and a half weeks. The main point to
grasp is that this journey is not like a very long train journey,
rather longer than the distance from Moscow to Vladivostok
and back. Such a trip would probably be monotonous
enough, even though the landscape were constantly flowing
past the train window. While going across the solar system,
there would be nothing at all just outside the window of the
spaceship. Very slowly, day after day, the sun would change
in size and position. As we traveled farther away from it, its
apparent diameter would decrease, till near the orbit of Nep-
tune it would look “little bigger than a pin’s head,” as I have
previously described it, assuming that its apparent size, as
viewed from the earth, corresponds roughly to that of a silver
dollar. In spite of traveling so fast—remember that at this
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speed we could travel from any spot to any other on the
earth’s surface in less than seven seconds—this journey would
be tedious in the extreme. Our main impression would be of
the almost total emptiness of space. At this distance a planet
would appear to be little more than an occasional speck in
this vast wilderness.

This feeling of an immense three-dimensional emptiness is
bad enough while we are focusing on the solar system. (Al-
most all of the scale models of the solar system one sees in
museums are grossly misleading. The sun and the planets are
almost always shown as far too big by comparison with the
distances between them.) It is when we try to go farther
afield that the enormity of space really hits us. To reach the
nearest star—actually a group of three stars fairly close to-
gether—would take our spaceship 430 years and the chances
are we would pass nothing significant on the way there. A
whole lifetime of one hundred years, traveling at this very
high speed, would take us less than a quarter of the way
there. We would be constantly traveling from emptiness to
emptiness with nothing but a few gas molecules and an
occasional tiny speck of dust to show that we were not always
in the same place. Very, very slowly a few of the nearest stars
would change their positions slightly, while the sun itself
would fade imperceptibly until it was just another star in the
brilliant panorama of stars visible on all sides of the space-
ship. Long though it would seem, this journey to the nearest
star is, by astronomical standards, a very short one. To cross
our own galaxy from side to side would take no less than ten
million years. Such distances are beyond anything we can
conceive except in the most abstract way. And yet, on a
cosmic scale, the distance across the galaxy is hardly any
distance at all. Admittedly it is only about twenty times as
far to Andromeda, the nearest large galaxy, but to reach the
limits of space visible to us in our giant telescopes we would
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have to travel more than a thousand times farther than that.
To me it is remarkable that this astonishing discovery, the
vastness and the emptiness of space, has not attracted the
imaginative attention of poets and religious thinkers. People
are happy to contemplate the limitless powers of God—a
doubtful proposition at best—but quite unwilling to medi-
tate creatively on the size of this extraordinary universe in
which, through no virtue of their own, they find themselves.
Naively one might have thought that both poets and priests
would be so utterly astonished by these scientific revelations
that they would be working with a white-hot fury to try to
embody them in the foundation of our culture. The psalmist
who said, “When I consider Thy heavens, the work of Thy
fingers, the moon and the stars, which Thou hast ordained;
what is man, that Thou art mindful of him? . . .”” was at
least trying, within the limitations of his beliefs, to express
his wonder at the universe visible to the naked eye and the
pettiness of man by comparison. And yet bis universe was a
small, almost cozy affair compared to the one modern science
has revealed to us. It is almost as if the utter insignificance of
the earth and the thin film of its biosphere has totally para-
lyzed the imagination, as if it were too dreadful to contemn-
plate and therefore best ignored.

I shall not discuss here how these very large distances are
estimated. The distance of the main objects in the solar
system can now be obtained very accurately by a combination
of the theory of solar mechanics and radar ranging, the dis-
tances of the nearest stars by the way their relative positions
change slightly when viewed from the different positions of
the earth in its yearly orbit around the sun. After that the
arguments are more technical and less precise. But that the
distances are the sort of size astronomers estimate there is not
the slightest doubt.

So far we have been considering very large magnitudes.
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Fortunately, when we turn to very small distances and times
things are not quite so bad. We need to know the size of
atoms—the size and contents of the tiny nucleus within each
atom will concern us less—compared to everyday things.
This we can manage in two relatively small hops. Let us start
with a millimeter. This distance (about a twenty-fifth of an
inch) is easy for us to see with the naked eye. One-thousandth
part of this is called a micron. A bacteria cell is about two
microns long. The wavelength of visible light (which limits
what we can see in a high-powered light microscope) is about
half a micron long.

We now go down by another factor of a thousand to reach
a length known as a nanometer. The typical distance between
adjacent atoms bonded strongly together in an organic com-
pound lies between a tenth and a fifth of this. Under the best
conditions we can see distances of a nanometer, or a little
less, using an electron microscope, provided the specimen
can be suitably prepared. Moreover, it is possible to exhibit
pictures of a whole series of natural objects at every scale
between a small group of atoms and a flea, so that with a
little practice we can feel one scale merging into another. By
contrast with the emptiness of space, the living world is
crammed with detail at every level. The ease with which we
can go from one scale to another should not blind us to the
fact that the numbers of objects within a vo/ume can be un-
comfortably large. For example, a drop of water contains
rather more than a thousand billion billion water molecules.

The short time we shall be concerned with will rarely be
less than a picosecond, that is, one-millionth of a millionth
of a second, though very much shorter times occur in nuclear
reactions and in studies of subatomic particles. This minute
interval is the sort of time scale on which molecules are
vibrating, but looked at another way, it does not seem so
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outlandish. Consider the velocity of sound. In air this is
relatively slow—little faster than most jet planes—being
about a thousand feet per second. If a flash of lightning is
only a mile away, it will take a full five seconds for its sound
to reach us. This velocity is, incidentally, approximately the
same as the average speed of the molecules of gas in the air,
in between their collisions with each other. The speed of
sound in most solids is usually a little faster.

Now we ask, how long will it take a sound wave to pass
over a small molecule? A simple calculation shows this time
to be in the picosecond range. This is just what one would
expect, since this is about the time scale on which the atoms
of the molecule are vibrating against one another. What is
important is that this is, roughly speaking, the pulse rate
underlying chemical reactions. An enzyme—an organic cata-
lyst—can react a thousand or more times a second. This may
appear fast to us but this rate is really rather slow on the time
scale of atomic vibration.

Unfortunately, it is not so easy to convey the time scales
in between a second and a picosecond, though a physical
chemist can learn to feel at home over this fairly large range.
Fortunately, we shall not be concerned directly with these
very short times, though we shall see their effects indirectly.
Most chemical reactions are really very rare events. The mol-
ecules usually move around intermittently and barge against
one another many times before a rare lucky encounter allows
them to hit each other strongly enough and in the correct
direction to surmount their protective barriers and produce
a chemical reaction. It is only because there are usually so
many molecules in one small volume, all doing this at the
same time, that the rate of a chemical reaction appears to
proceed quite smoothly. The chance variations are smoothed
out by the large numbers involved.
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When we stand back and review once again these very
different scales—the minute size of an atom and the almost
unimaginable size of the universe; the pulse rate of chemical
reaction compared to the deserts of vast eternity since the Big
Bang—we see that in all these instances our intuitions, based
on our experience of everyday life, are likely to be highly
misleading. By themselves, large numbers mean very little
to us. There is only one way to overcome this handicap, so
natural to our human condition. We must calculate and
recalculate, even though only approximately, to check and
recheck our initial impressions until slowly, with time and
constant application, the real world, the world of the im-
mensely small and the immensely great, becomes as familiar
to us as the simple cradle of our common earthly experience.



TWO

The Cosmic Pageant

Now THAT WE have become familiar with the magnitudes
involved, both large and small, for both space and time, we
must sketch what we know of the origin of the universe,
together with the formation of the galaxies and the stars and
finally of the planets which make up our solar system, so that
we can outline the conditions under which life originated,
either on earth or elsewhere in the cosmos.

If the origin of life is difficult to approach because it
happened so long ago, it might be thought that the origin of
the universe, which must have happened appreciably earlier,
would be even more inaccessible. This is not entirely true,
because the interactions needed to start a living system are a
small intricate subset of many other possible interactions in
a very heterogeneous environment, whereas during the ear-
lier stages of the Big Bang everything was so intimately
mixed together that it was the broad outlines of the reactions
which in large part dominated the process. It is thus easier
to come to grips with them.

29
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Almost all recent discussions of the origin of the universe
are based on the Big Bang theory. This postulates that at the
first stage we can usefully think about, the entire substance
of the universe may have occupied only a rather small volume
at an immensely high temperature. This primeval fireball
was expanding very rapidly, cooling as it did so. Steven
Weinberg has written an excellent book outlining for the
general reader the sort of reactions which are likely to have
taken place in the first three minutes. *

The picture is built up from our present-day knowledge of
the fundamental particles of matter and radiation, together
with a rather small number of experimental facts, such as the
cosmic radiation background which now pervades all space
—the faint whisper of creation just audible in radio tele-
scopes. Such an imaginative synthesis is necessarily not en-
tirely secure. Weinberg confesses to an occasional feeling of
unreality in writing about it. The other important observable
facts needed to construct the theory are the expansion of the
universe, shown by the famous red shift, and the enormous
excess in the present universe of particles of electromagnetic
radiation (photons) compared to particles of matter (baryons)
—the ratio is about 10° (a billion) to one—plus the relative
scarcity of the heavier elements. Even in the present universe
ninety-nine percent of the atoms are accounted for by the two
lightest ones, hydrogen and helium, the former being the
more common. From all these facts theoretical physicists can
deduce that after the first one-hundredth of a second (which
is even more uncertain) the fireball was an intricate mixture
of radiation and matter, interacting together rapidly and
strongly at an immensely high temperature—about 10'' de-
grees—and expanding extremely fast. The temperature was
far too high to allow atoms to exist, and even too hot for

* Weinberg, Steven, The First Three Minutes. New York Basic Books, Inc ,
1977
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complex nuclei (the dense centers of atoms) to hold together.
As the fireball expanded, it cooled, passing in quick succes-
sion through several stages in which, because the temperature
in each stage was lower than before, certain processes oc-
curred less frequently and others became more common.
Eventually, after about three minutes, the temperature was
a mere 10° degrees, so that certain very light nuclei, such as
those of tritium and helium, could now form without being
broken apart. After half an hour or so the temperature had
fallen to 3 X 10° (300 million) degrees—only twenty times
hotter than the interior of the sun—and the synthesis of new
nuclei stopped. For a further million years or so the universe
went on expanding and cooling until the nuclei could capture
electrons to form stable atoms. Matter could then start to
condense into galaxies and stars.

Because of this enormous cosmic explosion the universe
has been expanding ever since. Whether it will continue to
expand indefinitely or whether it will eventually slow down
till it stops and falls back on itself depends upon exactly how
massive it is. Just as a stone thrown high into the air will fall
back to earth unless it is thrown so fast that it can escape
altogether, so the universe will go on expanding unless its
mass is so big that in the end gravity will halt the expansion
and reverse it. If this is so, at some time very far in the future
the universe will collapse on itself in another catastrophic
event. It used to be thought that the estimated density of the
universe was too small to allow this—the critical density
corresponds to about three hydrogen atoms in every liter of
space. It is now suspected that those little neutral particles,
the neutrinos, which pervade all space and which previously
were thought, like light, to be weightless, may perhaps have
a finite but very small mass. If so, there may be enough of
them to stop the universe from expanding forever.

Perhaps the most important conclusion, from our limited
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point of view, is that in the early stages of the universe, in
spite of the very high density and temperature, only the very
lightest elements were formed in any appreciable quantities.
As a result, with the exception of hydrogen, all the elements
vital to life, in particular carbon, nitrogen, oxygen and phos-
phorus, had yet to be made. This deduction is confirmed by
spectroscopic observations, which show that the oldest stars
have much less of these elements than the younger ones.

After the first million years the details of the picture be-
come somewhat clouded. Exactly how the growing fireball,
which is presumed to have been spatially rather uniform,
expanded even further to produce the great heterogeneous
clumps of matter we see as galaxies, and exactly how the
various types of star were formed—these questions have not
yet been answered in detail, though we can glimpse some of
the processes in outline.

Whereas gravity played little part in the earlier stages of
the universe, it now started to assume a more dominant role.
In a broad way we can see that because of gravity, matter is
likely to form into clumps which will attract other clumps,
till eventually larger and larger aggregates are produced. The
impacts involved in this accretion and condensation will raise
the local temperature till the mass becomes so hot that it is
luminous. Eventually the larger lumps of matter will reach
such a high temperature that nuclear reactions will start—a
star will have been formed.

From then on, the heat produced by nuclear fusion will
prevent the star from collapsing on itself, since if this starts
to happen the star will heat up, the nuclear reactions will go
faster and the resulting increase of pressure will make the star
expand a little to correct the incipient collapse. This mecha-
nism acts as a regulator which permits the star to “burn”
smoothly for many millions or even billions of years.
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In the long run the star must run out of nuclear fuel.
Calculations show that large stars burn up very fast, medium-
sized stars (like the sun) more slowly and small stars very
slowly indeed. A star ten times as massive as the sun runs
through its fuel a hundred times more quickly. What hap-
pens as the nuclear fuel begins to run out is quite complicated
and depends very much upon how massive the star is. The
process of fusion may produce elements such as carbon and
nitrogen from hydrogen and helium. The star may then try
to use these heavier elements as fuel, producing even heavier
ones, but eventually there comes a stage where there are no
elements left whose transmutation can provide it with suffi-
cient energy. At this point the all-embracing force of gravity,
which has been kept in check by the heat generated by the
nuclear processes, gets the upper hand. The star will collapse
on itself. Exactly how this happens depends once again on
the size of the star and the nature of the components. The
smaller stars will probably end up as white dwarfs and very,
very slowly fade from sight. For the larger stars, the collapse
may be so rapid that the star literally explodes, spewing as
much as half of itself into space and scattering matter at high
speed in all directions. Many of the elements heavier than
iron (which are not very abundant) are produced during the
actual explosion itself.

Such a catastrophic explosion is called a supernova. For a
matter of days the star shines exceedingly brightly. When
this happened to a star in our own galaxy in 1604 it caused
a sensation. We can still observe the remnants of an earlier
supernova seen by Chinese astronomers in 1054. This great
cloud of luminous gas, which we call the Crab Nebula, is
still expanding rapidly, and we can even see the remnant of
the star, now a pulsar (a rotating neutron star), at its center.

It is explosions like these which were the main source of
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most of the elements in your body (hydrogen excepted). It
gives one a strange feeling to realize that many of the atoms
of which we ourselves are made were not formed at the be-
ginning of things but had to be cooked up inside a star and
scattered into space.

How, then, are planets formed? This is considered in a
little more detail in Chapter 8. Here we shall only sketch the
background. As we peer with our telescopes at the complex-
ities of our own galaxy we can see that much of it is obscured
by great clouds of gas and dust, some very diffuse, some less
s0, but all very tenuous by earthly standards. The particles of
dust, about the same size as the particles in cigarette smoke,
are probably made of tiny bits of iron, rock, ice and carbon
compounds, mixed together. Rather surprisingly, over fifty
types of small organic molecules have been discovered float-
ing in these gas clouds, especially in the denser ones (where
there is little ultraviolet light to damage them), though in
mass they amount, in total, to only about one part in a
million. These are chemically reactive molecules such as hy-
drogen cyanide (HCN) and formaldehyde (HCHO). Exactly
what part this vast amount of very dilute molecules, scattered
in space, played in the origin of life is uncertain, but their
direct role is unlikely to have been a major one. The small
molecules which form the basis of life (see Chapter 3 and also
Chapter 5)—the amino acids, the sugars, the bases, etc.—
have not yet been detected there, though some of them would
be fairly easily synthesized from the ones that do occur in
space. There is some speculation as to what reactions may
have occurred in comets and other small bodies in the solar
system.

It is believed that our sun and its attendant planets were
formed by the condensation, due to gravity, of a slowly
spinning cloud of this general sort. Exactly how this hap-



The Cosmic Pageant 35

pened is still a matter of controversy. Roughly speaking, as
the cloud collapsed its rate of rotation increased (to conserve
angular momentum) so that it spun out into a disk. The
center of this disk eventually became the sun while the
remaining wisps of matter condensed to form the planets
and the asteroids. The process is considered more fully in
Chapter 8.

Much of this cloud must have consisted of hydrogen and
helium, since these are the elements most abundant in the
sun, but a planet like the earth is too near the sun and also
not massive enough to retain such light elements by the pull
of its own relatively feeble gravitational field, so they were
presumably lost into space. (The large outer planets still have
much of them.) The earth, with its inner core of iron and the
solid skin of lighter elements near its surface, was built from
the accumulated ashes of earlier stars. The biosphere in which
we live is a frail veneer of matter on the surface of a rather
small planet of a rather average star.

The most important point to emerge from this very brief
sketch is that life as we know it could not possibly have
arisen shortly after the Big Bang because the elements needed
to construct it did not then exist. A period of some one or
two billion years, possibly more, was required before enough
large stars had run through their life cycle and exploded to
provide the atoms needed for organic life. These had then to
be swept up to form new stars and planets from the debris.
Unfortunately, we do not know exactly how easy a process
this is, so that we cannot be confident, on theoretical
grounds, just how many stars are likely to have planets re-
volving around them, though as we shall see in Chapter 8
there is some indirect evidence on this point.

Let us now briefly recapitulate the sizes and times we are
interested in. The diameter of the solar system is about a
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1/1500 of a light-year. The nearest star is 4.3 light-years
away. There are about a hundred stars within twenty light-
years. Our own galaxy is a slowly spinning irregular disk of
stars, dust and gas, about 100,000 light-years across, con-
taining perhaps 10'' stars. The nearest large galaxy is An-
dromeda, somewhat bigger than ours. It is about two million
light-years away, with very, very little in between (neutrinos
and photons aside), though there are a few smaller galaxies
in the general neighborhood. Beyond that the universe ex-
tends in all directions to a distance of at least three billion
light-years, and contains a total of perhaps 10'' galaxies of
various sorts and sizes.

The age of the earth and the rest of the solar system is
about 4V, billion years. The time which has elapsed since the
Big Bang is known with less precision but probably lies
between seven and fifteen billion years. There were effectively
none of the heavier elements shortly after the Big Bang but
an appreciable supply of them was available a billion or so
years later.



THREE

The Uniformity of
Biochemistry

THE PROBLEM of the origin of life is, at bottom, a problem
in organic chemistry—the chemistry of carbon compounds
—but organic chemistry within an unusual framework. Liv-
ing things, as we shall see, are specified in detail at the level
of atoms and molecules, with incredible delicacy and preci-
sion. At the beginning it must have been molecules that
evolved to form the first living system. Because life started
on earth such a long time ago—perhaps as much as four
billion years ago—it is very difficult for us to discover what
the first living things were like. All living things on earth,
without exception, are based on organic chemistry, and such
chemicals are usually not stable over very long periods of
time at the range of temperatures which exist on the earth’s
surface. The constant buffeting of thermal motion over
hundreds of millions of years eventually disrupts the strong
chemical bonds which hold the atoms of an organic molecule
firmly together over shorter periods; over our own lifetime,

37
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for example. For this reason it is almost impossible to find
“molecular fossils” from these very early times.

Minerals can be much more stable, at least on a somewhat
coarser scale, mainly because their atoms use strong bonds to
form regular three-dimensional structures. The failure of a
single bond will not disturb the shape of the mineral too
much. Fossils are seen in abundance in rocks laid down a
little over half a billion years ago, at a time when organisms
had evolved sufficiently to develop hard parts. Such fossils
are not usually made of the original material of those organ-
isms but consist of mineral deposits which have infiltrated
them and taken up their shape. The shape of the soft parts is
usually lost, though occasionally traces like wormholes are
preserved—footprints on the rocks of time.

Are there any fossils much earlier than this? Careful micro-
scopic examination of very early rocks has shown them to
contain small structures which look like the fossilized rem-
nants of very simple organisms, rather similar to some of the
unicellular organisms on the earth today. This makes good
sense. In the process of evolution we would expect creatures
with many cells to develop from earlier ones having only
single cells. Although there is still some controversy about
the details, the earliest organisms of this type have been
dated to about 2V to 3" billion years ago. The age of the
earth is about 4% billion years. After the turmoil of its
initial formation had subsided there was a period of about a
billion years during which life could have evolved from the
complex chemistry of the earth’s surface, especially in its
oceans, lakes and pools. Of that period we have no fossil
record at all, because no preserved parts of the sedimentary
rocks from that time have yet been found.

There are only two ways for us to approach this problem.
We can try to simulate those early conditions in the labora-
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tory. Since life is probably a happy accident which, even in
the extended laboratory of the planet’s surface, is likely to
have taken many millions of years to occur, it is not too
surprising that such research has not yet got very far, though
some progress has been made. In addition we can look care-
fully at all living things which exist today. Because they are
all descended from some of the first simple organisms it
might be hoped that they still bear within them some traces
of the earliest living things.

At first sight such a hope seems absurd. What could pos-
sibly unite the lily and the giraffe? What could a man share
with the bacteria in his intestines? A cynic might wonder
whether, since all living things eat or are eaten, this at least
suggests they have something in common. Remarkably, this
turns out to be correct. The unity of biochemistry is far
greater and more detailed than was supposed even as little as
a hundred years ago. The immense variety of nature—man,
animals, plants, microorganisms, even viruses—is built, at
the chemical level, on a common ground plan. It is the
fantastic elaboration of this ground plan, evolved by natural
selection over countless generations, which makes it difficult
for us, in our everyday life, to penetrate beneath the outward
form and perceive the unity within. In spite of our differences
we all use a single chemical language, or, more precisely, as
we shall see, two such languages, intimately related to each
other.

To understand the unity of biochemistry we must first
grasp in a very general way what chemical reactions go on
within an organism. A living cell can be thought of as a
fairly complex, well-organized chemical factory which takes
one set of organic molecules—its food—breaks them down,
if necessary, into smaller units and then reassorts and recom-
bines these smaller units, often in several discreet steps, to
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make many other small molecules, some of which it excretes
and some of which it uses for further synthesis. In particular,
it strings special sets of these small molecules together into
long chains, usually unbranched, to make the vital macro-
molecules of the cell, the three great families of giant mole-
cules: the nucleic acids, the proteins and the polysaccharides.

The first level of organization we must consider is the
lowest of all—that at which atoms are bound together to
form small molecules. Now, a single atom is a fairly sym-
metrical object. Its shape is approximately spherical and if
we look at it in a mirror it appears exactly the same, just as
a billiard ball would. More intricate structures can have a
“handedness”—our own hands are a good example. If we
look at a right hand in a mirror we see a left hand, and vice
versa. We can oppose our two hands, as in prayer, but this is
as if we held a mirror between them. There is no way in
which we can exactly superimpose one on the other, even in
our imagination.

Some simple organic molecules, such as alcohol, have no
“hand”; they are identical to their mirror images, as indeed
a cup is. But this is not true of most organic molecules. The
sugar on the breakfast table, if looked at in a mirror, becomes
a significantly different assembly of atoms. This difference
does not matter for a// types of chemical reaction. If we
heated such a molecule and could watch the molecular vibra-
tions increase until one of the bonds broke, we would see
that, had we imagined the mirror image of this process, the
relative movements of all the atoms would have been identi-
cal. The basic reactions of chemistry are symmetrical under
reflection to a very high degree of approximation. The differ-
ence in the hand only becomes important when two mole-
cules have to fit together. We can see this in the manufacture
of a glove. All the components of a glove—the fabric, the
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sewing thread, even the buttons—are, individually, mirror-
symmetric, but they can be put together in two similar but
different ways, to make either a righthanded glove or a left-
handed one. Obviously we need two sorts because we have
two kinds of hands—a good lefthanded glove will not fit
properly onto a right hand.

The simplest form of asymmetrical molecule of this type
arises when a single carbon atom is joined by single bonds to
four other different atoms, or groups of atoms. This is because
the four bonds of the carbon atom do not all lie in the same
plane but are spaced out equally in all three dimensions,
pointing approximately toward the corners of a regular tetra-
hedron.

Thus, organic molecules—molecules containing carbon
atoms—often have a hand, even though they may be small,
but we still have to realize why this matters in a cell. The

The distribution in space of the four bonds around a single carbon
atom.
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basic reason is that a biochemical molecule does not exist in
isolation. It reacts with other molecules. Almost every bio-
chemical reaction is speeded up by its own special catalyst. A
small molecule, to react in this way, has to fit snugly onto
the catalyst’s surface, and since the small molecule has a
hand, the catalyst must also have one. As in the case of a
glove, the reaction will not work properly if we try to fit a
lefthanded molecule into the cavity appropriate for a right-
handed one.

Imagine you could watch this minute chemical factory
working and could see all the numerous reactions going on,
with molecules diffusing rapidly from one place to another,
fitting onto the various catalytic molecules, breaking, re-
forming, regrouping and reacting in many different ways.
Now imagine you were watching a factory which was the
exact mirror image of the first one. Everything would proceed
exactly as before, since the laws of chemistry are the same in
a mirror. Trouble would arise only if you tried to combine
the two, using some components from one system mixed
with others from the mirror world.

We can thus see why, in a single organism, the handedness
of the many asymmetrical molecules, large and small, must
be concordant. Moreover, it is an experimental fact that the
asymmetrical molecules on one side of your body have exactly
the same hand as those on the other side. But could we not
have two distinct types of organisms, one the mirror image
of the other, at least as far as its components are concerned?
This is what is never found. There are not two separate
kingdoms in nature, one having molecules of one hand and
the other their mirror images. Glucose has the same hand
everywhere. More significantly, the small molecules that are
strung together to make proteins—the amino acids—are all
L-amino acids (their mirror images are called D-amino acids:



L-(S)-Alanine D-(R)-Alanine

The two forms of the amino acid alanine. Each is the mirror image
of the other. The upper figures use space-filling models; the lower
over ball-and-spoke models. The letters indicate the atoms. The
form of alanine found in proteins is L-alanine, the one on the left.

L = Levo, D = Dextro) and the sugars in the nucleic acids
are also all of one hand. The first great unifying principle of
biochemistry is that the key molecules have the same hand in
all organisms.

There are many other biochemical features which are as-
tonishingly alike in all cells. The actual metabolic pathways
—the precise ways in which one small molecule is converted
into another—are often remarkably similar, though not al-
ways identical. So are some of the structural features, but the
uniformity is even more striking at the deepest levels of
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organization; striking because there it is both arbitrary and
complete.

Much of the structure and the metabolic machinery of the
cell are based on one family of molecules, the proteins. A
protein molecule is a macromolecule, running to thousands
of atoms. Each protein is precisely made, with every atom in
its correct place. Each type of protein forms an intricate
three-dimensional structure, peculiar to itself, which allows
it to carry out its catalytic or structural function. This three-
dimensional structure is formed by folding up an underlying
one-dimensional one, based on one or more polypeptide
chains, as they are called. The sequence of atoms along this
backbone consists of a pattern of six atoms, repeated over and
over again. Variety is provided by the very small side-chains
which stick out from the backbone, one at every repeat. A
typical backbone has some hundreds of them.

Not surprisingly, the synthetic machinery of the cell con-
structs these polypeptide chains by joining together, end to
end, a particular set of small molecules, the amino acids.
These are all alike at one end—the part which will form the
repeating backbone—but different at the other end, the part
which forms the small side-chains. What is surprising is that
there are just twenty kinds of them used to make proteins,
and this set of twenty is exactly the same throughout nature.
Yet other kinds of amino acids exist and several of them can
be found within a cell. Nevertheless, only this particular set
of twenty is used for proteins.

A protein is like a paragraph written in a twenty-letter
language, the exact nature of the protein being determined
by the exact order of the letters. With one trivial exception,
this script never varies. Animals, plants, microorganisms and
viruses all use the same set of twenty letters although, as far
as we can tell, other similar letters could easily have been
employed, just as other symbols could have been used to
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An atomic model of a small protein, the enzyme ribonuclease S.
The shaded atoms form part of the active site of the enzyme. The
protein would normally be entirely surrounded by water mole-
cules.

construct our own alphabet. Some of these chemical letters
are obvious choices, since they are small and easily available.
Others are less obvious. If every printed text in the world
used exactly the same arbitrary set of letters (which, as we
know, is far from the case), we would reasonably conclude
that the fully developed script had probably originated in
one particular place and been passed on by constant copying.
It is difficult not to come to the same conclusion for the
amino acids. The set of twenty is so universal that its choice
would appear to date back to very near the beginning of all
living things.

Nature employs a second, very different chemical language
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which is also fairly uniform. The genetic information for any
organism is carried in one of the two closely related families
of giant chain molecules, the nucleic acids, DNA and RNA,
described in more detail in Chapter 5. Each molecule has an
immensely long backbone with a regular, repeating struc-
ture. Again, a side-group is attached at regular intervals but
in this case there are only four types; the genetic language
has only four letters. A typical small virus, such as the polio
virus, is about five thousand letters long. The genetic mes-
sage in a bacterial cell usually has a few million letters; man’s
has several billion, packed in the center of each of our many
cells.

One of the major biological discoveries of the sixties was
the unraveling of the genetic code, the small dictionary (sim-
ilar in principle to the Morse Code) which relates the four-
letter language of the genetic material to the twenty-letter
language of protein, the executive language. It is described
in detail in the Appendix.

To translate the genetic message on a particular stretch of
nucleic acid, the sequence of the side-groups is read off by
the biochemical machinery in groups of three, starting from
some fixed point. Since the nucleic acid language has just
four distinct letters, there are sixty-four possible triplets
(4 X 4 X 4). Sixty-one of these, codons as they are called,
stand for one amino acid or another. The other three triplets
stand for “end chain.” (The signal for “begin chain” is a little
complicated.)

The exact nature of the genetic code is as important for
biology as Mendeleev’s Periodic Table of the Elements is for
chemistry, but there is an important difference. The Periodic
Table would be the same everywhere in the universe. The
genetic code appears rather arbitrary, or at least partly so.
Many attempts have been made to deduce the relationship






