








The Surprising Importance of Plate Tectonics
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Figure 9.4 Comparative evolutionary history of a planet without plate tectonics (M:
world with plate tectonics (Earth) expressed in billions of years before the present.

We cannot fault the arguments of Hartman and McKay concerning the
role of reductants in retarding oxygenation. However, we can point out that
plate tectonics would surely increase the rate of biologically produced oxy-
gen on any world, because it enhances biological productivity by recycling
nutrients such as nitrates and phosphates. The net productivity on plate tec-
tonic worlds should thus be expected to be far higher than on non—plate-tec-

tonic worlds, so the rate of oxygenation through photosynthesis should also
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be much higher on a plate tectonic world, perhaps offsetting the retardant ef-

fect of the recycling of sediment-sequestered reductants.

MosT CrRUCIAL ELEMENT OF THE RARE
EARTH HYPOTHESIS?

Plate tectonics plays at least three crucial roles in maintaining animal life: It
promotes biological productivity; it promotes diversity (the hedge against
mass extinction); and it helps maintain equable temperatures, a necessary re-
quirement for animal life. It may be that plate tectonics is the central require-
ment for life on a planet and that it is necessary for keeping a world supplied
with water. How rare is plate tectonics? We know that of all the planets and
moons in our solar system, plate tectonics is found only on Earth. But might
it not be even rarer than that? One possibility is that Earth has plate tecton-
ics because of another uncommon attribute of our planet: the presence of a

large companion moon, the subject of the next chapter.
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The Moon,
Jupiter,
and Life on Earth

The surface is fine and powdery. I can kick it up loosely
with my toe. It does adhere in fine layers, like powdered
charcoal, to the sole and sides of my boots. [ only go in a
small fraction of an inch, maybe an eighth of an inch, but |

can see the footprints of my boots and the treads in the

fine, sandy particles.

—Neil Armstrong's first words from the surface

of the Moon (1969)

erhaps an astronomer’s greatest fear is that sooner or later, someone will
mistake him or her for an astrologer. The ancient belief system known
as astrology posits that the stars and planets exert a major influence on
our daily lives—a set of beliefs frequently and fervently disputed by as-
tronomers. Recent research, however, has in an odd way proved the as-
trologers slightly correct. Two heavenly bodies, the Moon and Jupiter, do, in
fact, play pivotal roles in our very existence as a species. Without the Moon,

and without Jupiter, there is a strong likelihood that animal life would not
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exist on Earth today. Both are thus key elements in the Rare Earth Hypothe-

sis, but for different reasons.

LuNa

Without the Moon there would be no moonbeams, no month, no lunacy, no
Apollo program, less poetry, and a world where every night was dark and
gloomy. Without the Moon it is also likely that no birds, redwoods, whales,
trilobites, or other advanced life would ever have graced Earth.

Although there are dozens of moons in the solar system, the familiar
ghostly white moon that illuminates our night sky is highly unusual, and its
presence appears to have played a surprisingly important role in the evolution
of life. The Moon is just a spherical rock 2000 miles in diameter and 250,000
miles away, but its presence has enabled Earth to become a long-term habitat
for life. The Moon is a fascinating factor in the Rare Earth concept because
the likelihood that an Earth-like planet should have such a large moon is
small. The conditions suitable for moon formation were common for the
outer planets but rare for the inner ones. Of the many moons in the solar sys-
tem, nearly all orbit the giant planets of the outer solar system. The warm,
Earth-like planets that are close to the sun and that fall within the habitable
zone, are nearly devoid of moons. The only moons of the terrestrial planets
are ours and Phobos and Diemos, the two tiny (10 kilometers in diameter)
moons of Mars. Some of the solar system's moons are huge. Jupiter's
Ganymede is nearly as large as Mars, and Saturn’s Titan is nearly that large
and has an atmosphere denser than our own, though much colder. Our Moon
is somewhat of a freak because of its large size in comparison to its parent
planet. The Moon is nearly a third the size of Earth, and in some ways it is
more of a twin than a subordinate. The only other case in the solar system

where a moon is comparable in size to its planet is Pluto and its moon,

Charon.
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Tilt!

The Moon plays three pivotal roles that affect the evolution and survival of
life on Earth. It causes lunar tides, it stabilizes the tilt of Earth's spin axis, and
it slows the Earth's rate of rotation. Of these, the most important is its effect
on the angle of tilt of Earth's spin axis relative to the plane of its orbit, which
is called “obliquity.” Obliquity is the cause of seasonal changes. For most of
Earth's recent history, its obliquity has not varied by more than a degree or
two from its present value of 23 degrees. Although the direction of the tilt
varies over periods of tens of thousands of years as the planet wobbles, much
like the precession of a spinning top, the angle of the tilt relative to the orbit
plane remains almost fixed. This angle is nearly constant for hundreds of
millions of years because of gravitational effects of the Moon. Without the
Moon, the tilt angle would wander in response to the gravitational pulls of
the sun and Jupiter. The monthly motion of our large Moon damps any ten-
dencies for the tilt axis to change. If the Moon were smaller or more distant,
or if Jupiter were larger or closer, or if Earth were closer to or farther from
the sun, the Moon's stabilizing influence would be less effective. Without a
large moon, Earth's spin axis might vary by as much as 90 degrees. Mars, a
planet with the same spin rate and axis tilt, but no large moon, is believed to
have exhibited changes to its tilt axis of 45 degrees or more.

Because tilt of a planet's spin axis determines the relative amounts of
sunlight that land on the polar and on the equatorial regions during the sea-
sons, it strongly affects a planet's climate. On planets with moderate tilts, the
majority of solar energy is absorbed in the equatorial regions, where the noon
sun is always high in the sky. Each pole is in total darkness for half a year and
has constant illumination for half a year. The highest altitude that the sun
reaches in the sky at the pole is exactly equal to the number of degrees of the
tilt of the spin axis. For moderate tilt angles, the sun is never high in the polar
sky, and ground heating by sunlight is low even in the middle of the summer.
The planet Mercury provides a spectacular example of what can happen on a

planet whose spin axis is nearly perfectly perpendicular to the plane of its
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orbit. Mercury is the closest planet to the sun and most of its surface is hell-
ishly hot, but radar imaging from Earth has shown that the poles of the planet
are covered with ice. The planet is very close to the sun, but as viewed from
the poles, the sun is always on the horizon. In contrast to Mercury's lack of
tilt, the planet Uranus has a 90-degree tilt; and one pole is exposed to sun-
light for half a year while the other experiences cryogenic darkness.
Although our viewpoint is certainly biased, our planet's tilt axis seems to
be “just right." Constancy of the tilt angle is a factor that provides long-term
stability of Earth's surface temperature. If the polar tilt axis had undergone
wide deviations from its present value, Earth's climate would have been much
less hospitable for the evolution of higher life forms. One of the worst possi-
bilities is that excessive axis tilt could have led to the total freezing over of
the oceans, a situation that might be very difficult to recover from. Extensive
ice cover increases the reflectivity of the planet, and with less absorption of
sunlight, the planet continues to cool. Astronomer Jacques Laskar, who made
many of the calculations that led to the surprising discovery of the Moon's
importance in maintaining Earth's stable obliquity, summarized the situation

as follows:

These results show that the situation of the Earth is very peculiar.
The common status for all the terrestrial planets is to have experi-
enced very large scale chaotic behavior for their obliquity, which,
in the case of the Earth and in the absence of the Moon, may have
prevented the appearance of evoluted forms of life. . . . [W]e owe

our present climate stability to an exceptional event: the presence

of the Moon.

High obliquity has remarkable and seemingly counterintuitive effects
on planets (see Figure 10.1). Consider a planet that is tipped 90 degrees. Av-
eraged over the year, the poles would receive exactly as much solar energy as
the equator would with no tilt angle. The north pole would become the Sa-
hara! For the 90-degree tilt, however, the equatorial regions would receive
much less energy averaged over the year and would become colder. If a

planet is tilted more than 54 degrees, its polar regions actually receive more
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Figure 10.1  The ratio of the annual amount of solar energy falling on a planet's pole to that falling on
its equator varies with the angle of a planet's spin axis. With a tilt angle of 22.5°, the Earth bas very cold
polar regions, but if the tilt exceeded 54°, the polar regions would actually receive more sunlight than the
tropics. The lines parallel to the equator are the polar circles, where the Sun never sets in the midsummer and
never rises in the midwinter.
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energy input from sunlight than the equatorial regions. If the Earth were
tilted more than this amount, the equatorial oceans might freeze and the
polar regions would be warmer: a topsy-turvy world. Recently uncovered ev-
idence has revealed that equatorial ice sheets did exist about 800 to 600 mil-
lion years ago, and ice-rafted sediments of this age have been found in for-
merly equatorial regions. This has led to the "Snowball Earth” hypothesis that
Earth may have actually have frozen over, as we saw in Chapter 6. It has been
suggested that this may have been due to high tilt angle during a period of
time when the Moon did not have full control. We do not know for sure how
long the Moon has been successful in stabilizing Earth's obliquity.

In the distant future, the Moon will lose its ability to stabilize Earth's
spin axis. The Moon is slowly moving outward from Earth (at a rate of about
4 centimeters a year), and within 2 billion years it will be too far away to have
enough influence to stabilize Earth's obliquity. Earth’s tilt angle will begin to
change as a result, and the planet’s climate will follow suit. Further compli-
cating the future is the slow but unrelenting increase in the brightness of the
sun. At the time when our planet’s spin axis begins to wander, the sun will be
hotter, and both effects will decrease the habitability of Earth.

There is currently much speculation about how rapid such changes of
planetary obliquity might be in the absence of the Moon. Estimates for the time
it would take Earth to “roll” on its side range from tens of millions of years to far
shorter periods. Astronomer Tom Quinn of the University of Washington has
suggested to us that the time of obliquity change could occur on scales as short
as hundreds of thousands, rather than millions, of years. Such large-scale fluc-
tuations would probably lead to very rapid and violent climate change. If the
tropical regions became locked in a permanent ice cover in 100,000 years or
less, there would certainly be a mass extinction of great severity.

Is the lack of a large moon sufficient to prevent microbial life from
evolving into animal life? We have no information, but because deep-sea re-
gions are insulated from climate change, it seems doubtful that rapid oblig-
uity changes would deprive a planet of animal life. What it could do, how-

ever, is deprive a planet of complex life on land.

226



The Moon, Jupiter, and Life on Earth

Lunar Tides

A second benefit of Earth's large moon is tides, which are due to gravita-
tional effects of both the sun and the Moon. The pull of these two bodies
produces bulges in the ocean pointing both toward and away from the
Moon and the sun. The complexity of Earth's present tidal effects is well il-
lustrated by the tidal charts cherished by clam diggers, anglers, and sailors.
The daily variations seen in the charts are caused by the interplay of both
lunar and solar tides. Both the Moon and the sun cause ocean bulges on their
respective near and far sides of the planet. As Earth spins under the bulges,
the sea rises and falls at any particular location. When the Moon lines up
with the sun every 2 weeks, the tidal ranges are at a maximum, and when
they are 90 degrees apart in the sky (the quarter moon is overhead at sunrise
or sunset), the range of tidal change is minimized. With a smaller or more
distant moon, the lunar tides would be lesser and would have a different an-
nual variation.

Soon after the Moon formed, it was perhaps 15,000 miles from Earth.
Instead of being a few meters high, as they are today, it is possible that lunar
tides rose hundreds of meters or higher. The extreme effects of such a close
moon could have strongly heated Earth'’s surface. The ocean tides (and land
tides) from a nearby Moon would have been enormous, and the flexing of
Earth's crust, along with frictional heating, may have actually melted the
rocky surface. However severe their effects, the enormous tidal variations
would have been short-lived because the forces responsible for tides also
cause the Moon to move outward, thus diminishing the effect. Early land
tides may have been a kilometer high, but they dropped to moderate levels in
less than a million years.

The retreat of the Moon is a natural consequence of gravitational pull
between the Moon and the tidal bulges. The Earth'’s lunar tidal bulges don't
actually correspond with a line from Earth to the Moon but, rather, lead
ahead as the Moon orbits the planet (see Figure 10.2). This offset produces a

torque that causes Earth's spin rate to decrease slowly and the distance be-
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Figure 10.2  Earth’s leading tidal bulge produces a constant forward force on the Moon that is not
totally balanced by the backward pull of the more distant trailing bulge. The net forward force on the
Moon causes it to spiral outward from its place of origin close to Earth. If the Moon had formed orbit-
ing in the opposite direction, this effect would bave caused it to spiral inward to a catastrophic collision.

Such a dramatic fate awaits Triton, Neptune's large and backward-orbiting moon.

tween Earth and Moon to increase. Besides measurement by laser, the reces-
sion of the Moon can also be detected in the fossil record. Daily and annual
layers in Devonian horn corals show that about 400 million years ago there
were 400 days in each year, the Moon was closer, and Earth was spinning
faster. The coupling of these two effects is due to conservation of angular mo-
mentum, the same physical law that allows ice skaters to spin faster by pulling
their arms against their bodies. The outward movement of the Moon would
be reversed if the Moon happened to be orbiting in the opposite direction.
Instead of retreating, it would approach Earth and would eventually collide

with it. Although we have nothing to fear from Earth's moon in this respect,
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Triton, the large moon of Neptune, is in a retrograde orbit and will collide

with Neptune within a few hundred million years.

A New Account of the Moon's Origin

A quite remarkable aspect of the Moon is that its formation appears to have
been highly unlikely, a rare chance happening. The origin of the Moon has
inspired endless speculation ever since people first gazed into the sky, but in-
terest in this subject peaked in 1969, when Apollo 11 landed on the Moon
and returned lunar rocks to earthbound laboratories. A major goal of the
feverish research activity on these samples was to determine how the Moon,
the “Rosetta Stone of the solar system,” had formed.

Before the Apollo rocks were brought back, the most popular notion was
that the Moon had formed cold and consequently would retain records of the
earliest history of the solar system. When the lunar samples were returned,
there was breathless anticipation that the samples would finally show how the
Moon formed. However, no one satisfactorily solved the mystery of the
Moon's origin in 1969 or even in the next decade. Ironically, the assembly of a
well-agreed-upon theory for the lunar origin was slowed by the fabulous wealth
of highly detailed data from the samples. Extensive work did show that the
Moon had a violent, high-temperature history and was thus not a benevolent
body for preserving records of its earliest past, as had been hoped. The rocks
did, however, record exquisite details of the Moon's history between 3 and 4
billion years ago, a time interval when Earth’s history is very poorly known.

During the Apollo program, everyone talked about the origin of the
Moon; in the following years, though, most lunar scientists worked on de-
tails, and the "big picture” was little discussed. As happens at times in science,
this situation radically changed when a sort of cosmic convergence occurred
at a meeting on the origin of the Moon held at Kona, Hawaii, in 1984. At this
meeting, many details of the analysis of lunar samples and advances in theory
came to light, and many scientists left Kona convinced that the Moon had a
quite peculiar and improbable origin. Theories on the lunar origin usually fit

into three categories: it formed in place, it formed elsewhere and then was
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captured, or it was somehow ejected from Earth. The new idea was, in a
sense, a combination of all three (see Figure 10.3). The model was that dur-
ing its formation, Earth was hit by a Mars-sized (half the diameter of Earth)
projectile. Debris from this collision was ejected into space, and some of it re-
mained in orbit, where self-collisions would cause it to form a thin, orbiting
ring of rocks analogous to the rings of Saturn. The moon would form from
this ring by collision and sticking, the processes of accretion that built most
of the bodies in the solar system.

Several important aspects of this process were consistent with the prop-
erties of the Moon deduced from lunar sample studies. One was that the great
violence of the event would deplete the Moon of the so-called volatile ele-
ments. Compared to meteorites, the moon is depleted in elements such as
zinc, cadmium, and tin. These relatively volatile elements would have been
vaporized in the impact, and the resulting vapor would have had difficulty
completely recondensing from hot gas. Stuck in the gas phase, the volatile el-
ements would have been swept into space and lost to the Earth—Moon sys-
tem. Included in the lost elements and compounds were nitrogen, carbon,
and water. One of the surprising initial findings of Apollo was that the lunar
samples were exceedingly dry. Unlike terrestrial rocks, they contained no de-
tectable water. Another remarkable property of lunar samples is that they are
highly depleted in the siderophile, or iron-loving, elements that tend to con-
centrate in the metallic iron cores of planets. When planetary cores form by
the molten iron sinking to the planet’s center, the siderophile elements (such
as platinum, gold, and iridium) are incorporated into the falling iron and are
highly depleted from the crustal and mantle materials left above. That the
lunar rocks were depleted in siderophile elements was unexpected, because
the Moon cannot have a substantial iron core. The mean density of the Moon
is 3.4 times the density of water, very similar to that of rocks on the lunar sur-
face and much lower than that of Earth (5.5 times the mean density of water).
If it had a substantial core of dense metallic iron, the mean density of the
Moon would be higher than is observed. Seismic and magnetic data also

show no evidence of a significant core.
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Impac;‘
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Figure 10.3  Impact origin of the Moon as modeled by Cameron and Canup (1998). A body sev-
eral times more massive than Mars impacts the edge of the balf-grown Earth with spectacular effects.
After a glancing blow, the two distorted bodies separate and then recombine. The metallic cores (light
gray) of both bodies coalesce to form Earth's core, while portions of the mantles (black) of both bodies
are ejected into orbit and accumulate to form the Moon. After its formation the Moon spiraled outward,
a process that continues to the present time. To produce such a massive moon, the impacting body had
to be the right size, it bad to impact the right point on Earth, and the impact had to have occurred at
just the right time in the Earth's growth process.
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The collision model solves the siderophile mystery by suggesting that
metallic cores formed in both Earth and the projectile before the collision. In
the collision, both cores ended up in the center of Earth, and the debris
ejected into orbit was mainly from the mantles of both bodies. This seques-
tering of siderophiles explains why gold and platinum are so rare on the
Moon and in the crustal rocks of Earth. The impact ejection of mantle mate-
rials from both the giant impactor and the target Earth is consistent with
some of the remarkable similarities between the trace element content of the
Moon and that of rocks from Earth's mantle. It is also consistent with Earth
and the Moon being identical in isotopic composition.

A collisional origin is very attractive, but did it actually happen? In ear-
lier times, it was often imagined that the accretion of planets occurred in a
regular fashion by collision with small bodies. This was why the Moon was
thought to have formed cold. A body that grows by accretion of small objects
does not bury heat in its interior. Even though the bodies may collide at high
velocity, if they are small they produce small craters, and the energy of im-
pact can be largely radiated back into space. For an impact to eject enough
material to form the Moon, the colliding body has to be huge, a Mars-size
body. Theoretical modeling by George Wetherill, a Medal of Science—winning
planetary scientist at the Carnegie Institute of Washington Department of
Terrestrial Magnetism, showed that a natural consequence of the accretion
process is that several large bodies do form in each planet's accretion zone.
The growth process includes the impact of several bodies each of which car-
ries more than 10% of the mass of the final planet.

In the case of Earth, these big bodies were the size of Mars and larger.
Their impact not only ejected material into space to form the Moon but also
injected considerable amounts of heat into Earth's mantle. This heat input
and great violence led to the forging of Earth's core during the accretion
phase, before the planet was fully formed. This is in contrast with a planet
that formed cold, by slow accretion of small bodies. Core formation requires
high internal temperatures so that blobs of molten iron descend through the

mantle to reach the core. Such a planet could form a core only after long-
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term buildup of radioactive heat from the decay of uranium, potassium, and
thorium. In Earth's case, the early heat from accretion of large bodies led to
core formation as accretion occurred. The Moon's formation occurred after
its core formed. Both bodies had differentiated and already had metal cores at
the time of collision.

Recent computer simulations by A. Cameron and colleagues provide
the best fit with the actual properties of Earth and the Moon when the Moon-
forming collision occurs when Earth has only grown to about half of its final
mass and the impactor mass is about a fourth of the final mass of Earth. When
the collision occurred, the effects on both bodies were incredible. They
briefly fused, but then inertial effects on the resulting plastic mass literally
ripped the assembly into two major pieces. The fragments separated for sev-
eral hours but then fell back in response to the forces of gravity. After a few
violent oscillations, the planet finally settled down. Like droplets ejected
from a stone tossed into a pond, a small amount of material was ejected and
formed a debris ring around Earth. Materials in the ring were derived from
the silicate mantles of both bodies. The Moon formed from that disk by ac-
cretion of solid particles over a period of a few tens of thousands of years.

When it finally formed, the Moon was only 15,000 miles from the
planet's surface. With the Moon so close, Earth would have been spinning at
such a rate that the day would be only 5 hours long. The height of the tides
would have been fantastic, and as noted earlier, the resulting heat probably
melted the surface of the planet. The importance of this heat may be purely
academic, because Earth would still have been exceedingly hot just from the
great impact. The impact event was so energetic that it actually vaporized
rocks, forming a “silicate atmosphere” that survived for a short time before it
cooled and condensed as a silicate rain. All of these effects would have been
detrimental to any attempts by life to establish an early presence on the
planet.

Although this is somewhat of a conjecture, it is possible that Earth's vi-
olent early history seeded the eventual development of plate tectonics. The

large-scale heating would have led to formation of a magma ocean covering
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the surface of the planet. Differentiation of this "ocean” may have spawned
the first rocks that could form long-term continents. This violent early his-
tory must also have had severe effects on the ocean and atmosphere.

If the Earth's formation could be replayed 100 times, how many times
would it have such a large moon? If the great impactor had resulted in a ret-
rograde orbit, it would have decayed. It has been suggested that this may
have happened for Venus and may explain that planet's slow rotation and lack
of any moon. If the great impact had occurred at a later stage in Earth's for-
mation, the higher mass and gravity of the planet would not have allowed
enough mass to be ejected to form a large moon. If the impact had occurred
earlier, much of the debris would have been lost to space, and the resulting
moon would have been too small to stabilize the obliquity of Earth’s spin axis.
If the giant impact had not occurred at all, the Earth might have retained a
much higher inventory of water, carbon, and nitrogen, perhaps leading to a
Runaway Greenhouse atmosphere.

Of the many elements of the Rare Earth Hypothesis, the presence of
our huge Moon seems to be one of the most important and yet most perplex-
ing. Without the large Moon, Earth would have had a very unstable atmo-
sphere, and it seems most unlikely that life could have progressed as success-
fully as it has. Even with Earth's relatively stable long-term climate, it still
took over 90% of the planet's lifetime to date for land animals to develop.
Unfortunately, there is no evidence on how common large moons are for
warm terrestrial planets close to their parent stars. We just don't know, and
we probably won't for some time. Detection of terrestrial planets will be pos-
sible in the coming decades, but detecting their satellites will be much more
difficult.

The Moon, our closest neighbor in space, has thus figured prominently
in the origin and evolution of life on Earth. Other solar system bodies,
though far more distant, have also had effects remarkable enough to suggest
that the conditions that promoted development of life on Earth are rare if not
unique. A fascinating case in point is a body over 500 million miles from us,

the planet Jupiter.
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JUPITER

Even in a small backyard telescope, Jupiter is quite a sight. In the eyepiece, it
is a disk noticeably flattened because of its high spin rate of two revolutions
per day. With parallel equatorial bands and whitish color, its appearance is
totally distinct from what Carl Sagan called our “pale blue dot” Earth, a blue
planet shrouded with wispy clouds. The most remarkable property of Jupiter
visible with a backyard telescope is the presence of four moons, pinpricks of
light that can be seen to move over a few hours' time. The rhythmic mathe-
matical dance of the four largest moons, first observed by Galileo in 1612,
was a stunning scientific finding, because it resembled a miniature Coperni-
can solar system where orbital motion could be directly observed.

What cannot be seen by telescope, of course, is the exotic interior of
this planet. Jupiter is a giant gas ball that gets hotter and denser with depth,
but like the other giant planets in the solar system, it has no surface. Jupiter is
mostly hydrogen and helium, and deep in its interior, the pressure is so high
that electrons are not bound to individual hydrogen atoms but instead move
freely from atom to atom, as in a metal. At pressures of a million atmospheres
in the interior of Jupiter, hydrogen is actually in a metallic state.

[t is enchanting in a small telescope, it has fascinating properties and a
rich history, but observed with the unaided eye, this giant planet is just a spot
of light—another “star” in the sky. From a distance of half a billion miles, it is
difficult to imagine (at least for an astrology agnostic) that this distant planet
with its frigid upper atmosphere could have any effect on Earthlings. Re-
markably, however, Jupiter's existence and its time and place of formation
have profoundly influenced our Earth's ability to provide and maintain a sta-

ble environment for life.

A Giant's Influence When the Planets Formed

Jupiter is ten times larger than Earth (and over 300 times its mass), and it is by

far the most massive planet orbiting the sun. The origins of Jupiter and its
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neighbor Saturn (the “Jovian” planets) differ from those of other solar system
bodies in that these planets grew largely by direct accretion of gas from the
solar nebula in addition to accretion of solids. They are a more democratic
sampling of the nebula, and accordingly, they have elemental compositions
that are fairly similar to that of the sun, mostly hydrogen and helium. Jupiter
formed very quickly, and its rapid growth had major effects on the interior
planets, especially those that were trying to accumulate just inside its orbit.
For example, a terrestrial planet was in the process of forming about halfway
between Jupiter and the sun, but because Jupiter formed first, its development
was aborted. This failed planet is now the asteroid belt, a region where some
of the original planetesimals and their fragments still survive but were never
assembled into a real planet. The largest of these planetesimals is the asteroid
Ceres, a rounded object 1000 kilometers in diameter.

The asteroids are the source of meteorites, and detailed examination of
these ancient rocks provides deep insight into the nature of planet formation.
Most meteorites are ancient “rubble pile” mixtures of materials as old as the
solar system. They are the oldest radiometrically dated rocks. The meteorites
indicate that initially there was a period of growth when colliding materials
led to accretion but that later, during most of the solar system'’s history, col-
lisions have occurred with such high energy that they have led to erosion and
disruption, not growth.

The effects that aborted the formation of a planet in the asteroid belt
also severely affected the formation of Mars. Mars is often described as the
most Earth-like planet, but in fact it is only half the size and one-tenth the
mass of Earth. Presumably, both Mars and the asteroid planet would have
grown to the size of Earth if the rapid growth of their giant neighbor had not
occurred. If this had been the case, the solar system might have ended up
with three truly Earth-like planets, each with oceans and advanced life forms
living on or near their surfaces. If Mars had been as large as Earth, it probably
would have retained a denser atmosphere, and, with the increased radioactive
heat that comes with additional mass, it is likely that it would have been more

volcanically active, perhaps driving plate tectonics. (Because of its smaller
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size, the volcanic activity on Mars is only a few percent of what occurs on
Earth.) A larger Mars would also have had a larger core, presumably produc-
ing a larger magnetic field. One of the most critical shortcomings of the
planet Mars, from the point of view of hospitality to life, is that it almost en-
tirely lacks a global magnetic field. Thus electrically charged particles (the
solar wind) flowing outward from the sun played a major role in sputtering
the Martian atmosphere off into space. A substantial, Earth-like magnetic
field deflects the solar wind and protects the atmosphere from erosion.

If Earth had been a little closer to Jupiter, or if Jupiter had had a some-
what larger mass, then the "Jupiter effect” that aborted the formation of the
asteroid planet and nearly ruined the formation of Mars could also have af-
fected Earth, rendering it a smaller planet. And if Earth had been smaller, its
atmosphere, hydrosphere, and long-term suitability for life would surely have
been less than ideal.

Following the discovery that Martian meteorites arrive at Earth at a
rate of half a dozen each year, some investigators have suggested that Mars
played a role in seeding Earth with life. The reasoning is that Mars is tougher
than Earth to sterilize globally. Ironically, this aspect of habitability is
caused by the lack of a Martian ocean. During the first half-billion years of
the history of the solar system, during what is called “the period of heavy
bombardment,” the terrestrial planets were hit by projectiles larger than 100
kilometers in diameter. On Earth, impacts of such magnitude vaporized part
of the ocean, and heat from the impact and the resulting greenhouse effect
could warm the entire surface of the planet to sterilization temperature. On
Mars, with no ocean, such an impact could cause great regional damage but
would not sterilize the whole planet. With its thin atmosphere, surface heat-
ing would also be more rapidly radiated into space. The low total abundance
of water on Mars may thus be the result of these giant impacts, coupled with
the planet's lower mass and surface gravity. If the early Mars did have
oceans, they may have been effectively ejected into space by impacts. Even
if there were more water on the young Mars, most of the early impact his-

tory of Mars occurred on a planet that was dry compared to Earth. If life
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evolved on both planets, it may have been destroyed on Earth, once or even
several times, while it survived on Mars.

There are sound reasons to believe that life may have formed during a
limited window of opportunity. This window of time may have closed before
the end of heavy bombardment on Earth. It is thus possible that the present
life on Earth is of Martian origin, transported to Earth by meteorites ejected
by major impacts. If Mars had been Earth-like, with oceans, then it too would
have been sterilized by impact. If Mars had been larger and had had a denser
atmosphere, it would also have been much more difficult for impacts to eject

meteorites into space.

A Distant Sentinel

Jupiter also played a crucial role in purging the inner solar system of bodies
left over from planet formation. Jupiter is 318 times more massive than Earth,
and it exerts enormous gravitational influence. Its gravitational interactions
very efficiently scatter bodies that approach it, and it has largely cleaned out
stray bodies from a large volume of the solar system. In the early solar system,
there were tremendous numbers of small bodies that had escaped incorpora-
tion into planets, but over half a billion years, most of the larger ones inside
the orbit of Saturn disappeared. They were accreted by planets, ejected out
of the solar system, or incorporated into the Oort cloud of comets. Jupiter
was the major cause of this purging of the middle region of the solar system.

The objects that still impact Earth today are planetesimals that man-
aged to survive in three special ecological niches: the Oort comet cloud be-
yond Pluto, the Kuiper belt of comets just beyond the outer planets, and
the asteroid belt, that special refuge located between Mars and Jupiter. The
current impact rate averages one 10-kilometer body every 100 million
years. The impact of just such a body occurred 65 million years ago, the
time of the K/T extinction that ended the age of the dinosaurs. George
Wetherill of the Carnegie Institute of Washington has estimated that the
flux of these 10-kilometer bodies hitting Earth might be 10,000 times higher

if Jupiter had not come into being and purged many of the leftover bodies of
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the middle region of the solar system. If Earth had been subject to collisions
with extinction-causing projectiles every 10,000 years instead of every 100
million years, and fairly frequently with even larger bodies, it seems unlikely
that animal life would have survived.

Do most planetary systems harbor planets like Jupiter? Ours has two
(Jupiter and Saturn), and the detection of Jupiter-mass planets around other
stars suggests that Jupiters exist in other planetary systems, but their fre-
quency is still unknown. It is likely that many planetary systems do not have
Jovian planets. The standard formation model of Jupiter has it accreting a
large, solid core before it can begin accreting gas, its main constituent. The
necessary conditions (available mass and rapid accretion before gas is lost
from the planetary system) may not be common, and so Jupiter-mass planets
may be rare in other planetary systems. When planetary systems lack a Jovian
planet to guard the outer boundary of the terrestrial planet region, the inner

planets may not be capable of supporting more than microbial life.

The Origin—and Fortuitous Stability—of Jupiter

Why and how did Jupiter form where it did? It is generally believed that
Jupiter's formation began with the accretion of a solid core. This core grew by
collision and sticking of dust, ice, rocks, and larger bodies—a process similar
to the accretion of Earth. Jupiter, however, formed outside the “snow line," a
special place in the solar system where water vapor condensed to form ice
grains and the presence of “snow” in this region would enhance the density of
solid matter and accelerate the accretion process. The mystery is why the
proto-Jupiter grew so rapidly. Apparently, Jupiter grew to a mass of 15 Earths
before Mars grew to 10% of an Earth mass. David Stevenson at Cal Tech has
suggested that outward migration of water vapor and condensation at the
“snow line” may have provided larger concentrations of condensed matter at
this location, thus speeding up the formation of the embryonic Jupiter.
Jupiter's growth to a giant planet began when the rock—ice core mass
reached 15 Earth masses. At this mass, the gravity of the core can pull in and

hold hydrogen and helium, the light gases that account for 99% of the mass
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of the nebula. When this gas accretion process begins, it is very dramatic be-
cause the rate of accretion of gas is proportional to the square of the mass al-
ready accreted. In other words, the bigger it gets, the faster it grows. If gas
could be continually fed to it, it would gobble up the Universe in a relatively
short time! What actually happens is that Jovian planet formation depletes its
feeding zone of matter, which in turn truncates planet formation. And al-
though the general properties of this process might be modeled, it just seems
to have been by chance that our Jupiter formed as it did.

Because it cleans our solar system of dangerous Earth orbit—crossing as-
teroids and comets, Jupiter has had a beneficial influence on life on Earth.
However, it appears that we have been quite lucky that the Jupiter in our
solar system has maintained a stable orbit around the sun. A Jupiter and a
giant neighbor like Saturn are a potentially deadly couple that can lead to dis-
astrous situations where a planetary system can literally be torn apart. Re-
cently, it has become possible to use powerful computers to determine the
stability of the orbits of Jupiter and Saturn over the lifetime of the planetary
system. There are minor chaotic changes but no major changes, and the solar
system, at least to a first approximation, is stable over its lifetime. However,
this would not be the case if either Jupiter or Saturn were more massive or if
the two were closer together. It would also be dangerous to have a third
Jupiter-sized planet in a planetary system. In an unstable system the results
can be catastrophic. Gravitational perturbations among the planets can radi-
cally change orbits, make them noncircular, and actually lead to the loss of
planets ejected into interstellar space. It is possible for chaotic disruption to
occur even after a system has been stable for billions of years, and in the
worst cases, planets can be spun out of the planetary system, escaping the
gravitational hold of the star. A life-bearing planet ejected into galactic space
would have no external heat source to warm its surface and no sunlight to
provide energy for photosynthesis. Although instability might start with just
two planets, the effects would spread to them all. In less severe cases, the or-
bits of the planets would become highly elliptical, and the changing distance
between planets and the central star would prevent the persistence of condi-

tions required for stable atmospheres, oceans, and complex life.
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Numerical calculations first indicated that some planetary systems
might become unstable, and recent observations provide evidence that this
actually does occur. At the present time, planets are being discovered around
other stars by detecting small velocity changes of the central star. Of the
planets that have been detected, many are Jupiter-mass planets far from the
star, with highly noncircular orbits. This is quite different from the solar sys-
tem, where all giant planets have quite circular orbits. It is generally agreed
that the best explanation for the elliptical orbits is that these are planets
whose orbits have been altered by other planets, possibly by ejection of an-
other planet into interstellar space.

It is during the formation of planetary systems that Jupiter-like plan-
ets pose the most draconian threat to terrestrial planets. With radial order
similar to that in the solar system, the terrestrial planets in the habitable
zone of typical planetary systems would form close to the star, the Jovian
planets farther out. There is reason to believe that this is the “natural way,”
because the formation of Jovian planets probably occurs only in the colder,
more distant regions outside the “snow line,” mentioned previously. It is
also to be expected that giant gaseous planets like Jupiter could not form
close to a star because tidal forces (the differential force of gravity) would
disrupt a planet in its diffuse, early stages. When a proto-Jupiter was very
diffuse and too close to the star, the differential force of gravity between
the sides near the star and far from it would pull the forming planet apart.
[t was quite surprising, then, that several of the first extrasolar planets dis-
covered were found to be Jupiter-mass planets very close to their central
stars—closer than Mercury to the sun. All of these "hot Jupiters” have
highly circular orbits, and it is difficult to imagine that they actually formed
in these locations.

A popular explanation of this phenomenon is that the giant planets in
these systems actually did form at Jupiter-like distances but that their or-
bits decayed and the planets spiraled inward. This cannot happen in an
evolved planetary system, but it can in the early, solar nebula phases when
extensive gas and dust still exist in the regions between the planets. Doug

Lin at the University of California at Santa Cruz has calculated that spiral
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waves generated in the solar nebula phase can extract energy from a
young Jupiter and cause its orbit to spiral inward. In many cases the planet
actually hits the star; in others the inward drift stops before collision oc-
curs. The observed giant planets that are very close to stars may be exam-
ples of this inward drift. Events such as this can be calamitous for terres-
trial planets. When a Jupiter spirals inward, the inner planets precede it
and are pushed into the star. If our Jupiter had done this, Earth would
have been vaporized long before life-tolerant conditions were ever estab-
lished on its surface. Lin has suggested that our solar system may have had
several Jupiters that actually did spiral into the sun, only to be replaced
with a newly formed planet. Perhaps Jupiter is at its “right” distance from
the sun only because it was the last one to form and it formed at a time
when the solar nebula had weakened to the point where orbital decay
ceased to be important.

The programs to detect extrasolar planets have revealed that nearly all
of the planets found either are "hot Jupiters” in circular orbits close to the star
or describe elliptical orbits farther from the star. All of these are “bad” Jupiters
whose actions and effects should preclude the possibility of these systems
having animal life on Earth-like planets in the habitable zones of the parent
stars. These life-unfriendly planetary systems have been found around 5% of
the nearby stars. The search techniques are most effective for detecting
Jupiters close to stars, however, and at present they cannot detect Jupiter-
mass planets at our Jupiter’s distance from the sun, nor can they detect plan-
ets less massive than Jupiter. They could not presently detect our solar system
from the distance of nearby stars, and so it is possible that up to 95% of the
nearby solar-like stars have “regular” planetary systems similar to our own,
with terrestrial planets close to the star and Jovian planets in circular orbits
farther out. On the other hand, it appears that most other "Jupiters” so far de-
tected would have prevented the development of animal life anywhere in
their respective solar systems.

The Moon and Jupiter are two factors causing us to believe that com-
plex life requires disparate influences. We shall see, in the next chapter, how

we might put this hypothesis to the test.
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Testing
the Rare Earth
Hypothesis

/T 7he Rare Earth Hypothesis is the unproven supposition that although

microscopic, sludge-like organisms might be relatively common in

1 planetary systems, the evolution and long-term survival of larger, more
complex, and even intelligent organisms are very rare. The observations on
which this hypothesis is based are as follows: (1) Microbial life existed as
soon as Earth’s environment made it possible, and this nearly invincible form
of life flourished over most of Earth history, populating a broad range of hos-
tile terrestrial environments. (2) The existence of larger and more complex
life occurred only late in Earth history, it occurred only in restricted environ-
ments, and the evolution and survival of this more fragile variant of terrestrial
life seem to require a highly fortuitous set of circumstances that could not be
expected to exist commonly on other planets. This hypothesis can be tested.

Throughout human history, people have wondered what lies beyond
the limits of the known world. This instinctive obsession has driven humans
(and perhaps other species) to expand their own territories. This haunting
question permeates mythology and religion and has provoked some of the
deepest of human thoughts. In earlier times, the phrase beyond the known world

may have referred to regions only hundreds to thousands of miles distant. In
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modern times, these musings extend to actual worlds—to other planets. Over
the past century and a half, the great advances in science and in our under-
standing of nature and physical processes have refined our ability to imagine
other worlds realistically and evaluate the possibilities of life beyond Earth.
We now actually have the knowledge and technological tools to begin the
serious search for alien life, and for the first time in history, we have the ca-
pability to test the Rare Earth Hypothesis. The tests that can be done are of
two types. One consists of efforts to detect the presence of microbial life in
other bodies in the solar system. The discovery of living microorganisms or
fossil evidence of microorganisms would support the contention that micro-
bial life originates readily, that it forms frequently, and that we might expect
it to occur in numerous bodies that have warm, wet environments somewhere
in their interiors. The search for microbial life can be done in the solar system
by sending specialized probes to seek life directly with in situ analysis tech-
niques.

The second test of the Rare Earth Hypothesis is the search for evi-
dence of advanced life forms, which might range from simple, multicellular
organisms to large animals. We see no evidence of advanced life in the solar
system, except on Earth, so the main search for advanced life will focus on
planetary systems around nearby stars. These searches will be conducted via
large, space-borne telescopes. Both the iu situ detection of microbial life and
the telescopic detection of advanced life are in the planning stages, and both
have high priority with funding agencies in the United States and Europe.
This is a very exciting time. It is our first opportunity to actually study the
processes that lead to the origin, evolution, and survival of life in the Uni-

VErse.

ADVANCED LIFE

An alien astronomer, viewing Earth from a great distance, could detect the

presence of life on the planet with comparative ease. This could not be done
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directly, by imaging, but rather indirectly, by spectral analysis of the compo-
sition of the atmosphere. Even with the most grandiose alien telescopes, it is
doubtful that extraterrestrial astronomers could directly detect organisms,
groups of organisms, or even the most immense structures life has formed:
coral reefs, forests, forest fires, red tides, city lights, the Great Wall of China,
freeways, and dams. At best, images of Earth would only slightly resolve what
Carl Sagan referred to as the "pale blue dot.” The principal clue alerting dis-
tant astronomers to the presence of life would be a spectacular and unmistak-
able signature. Spectral analysis of infrared light would reveal that life plays
such a major role on the planet that it controls the composition of the atmo-

sphere.

Spectrum of a Life-Bearing Planet

Earth's atmosphere would actually be quite “unnatural” for a nonbiotic planet.
It is clearly different from the nearly pure carbon dioxide atmospheres of its
neighbors, Mars and Venus. The mix of nitrogen, oxygen, and water vapor is
chemically unstable and would never arise on a dead planet. Without life, ni-
trogen and oxygen in the presence of water would combine to form nitric
acid and become a dilute acidic component of the ocean. Earth's peculiar at-
mosphere is not in chemical equilibrium, and it succeeds in disobeying natu-
ral chemical laws only because of the presence of life. The most peculiar as-
pect of the atmosphere is the abundance of free oxygen. Oxygen is the most
abundant element in the whole Earth (45% by weight and 85% by volume!),
but in the atmosphere, it is a highly reactive gas that would exist only at trace
levels in the atmosphere of a terrestrial planet devoid of life. Oxygen is a poi-
sonous gas that oxidizes organic and inorganic materials on a planetary sur-
face; it is quite lethal to organisms that have not evolved protection against
it. The source of atmospheric oxygen is photosynthesis, the miraculous bio-
logical process that utilizes the energy of sunlight to convert carbon dioxide
to pure oxygen and organic material. Ironically, it was the long-term photo-

synthetic production of this poisonous gas, and life's adaptation to it, that
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made complex and energetic life possible on Earth. Except for the noble gas
argon, all of the major atmospheric constituents are also processed and recy-
cled on short time scales via biological processes.

Our distant alien astronomers would realize that life exists on Earth as
soon as they detected, in its infrared spectra, absorption bands due to the
presence of carbon dioxide, ozone, and water vapor (see Figure 11.1). Nitro-
gen and normal oxygen (O,) are the major atmospheric gases, but they do not
produce detectable absorption effects. The telltale bands arise because of the
way Earth interacts with sunlight. Earth's surface is warmed by visible sunlight,
and it reradiates in the infrared. The incoming energy is in the visible region
of the spectrum (near 0.5 micrometer in wavelength) where the sun, with its
surface temperature of 5400°C, emits most of its energy. The atmosphere is
largely transparent to visible wavelengths, and the light that is not reflected
into space is largely absorbed by Earth's surface. This energy heats the surface
to “room temperature”—only about 5% of the absolute temperature of the sur-
face of the sun. Earth's surface cools itself to balance exactly (averaged over
time) the absorption of sunlight by radiating infrared radiation back into
space. Because of Earth's relatively cooler temperature, the bulk of this energy
is in the “thermal infrared” spectral region near 10 micrometers in wavelength.
Atmospheric transmission of parts of this spectral region are blocked because
of absorption by certain gases. Water vapor, ozone, and carbon dioxide ab-
sorb part of the outgoing infrared radiation and block its escape from Earth.
This process and these same gaseous species are the root cause of the atmo-
spheric greenhouse effect that prevents Earth's oceans from freezing. All of
these "greenhouse” molecules are minor constituents, but they cause warming
effects of some 40°C above the temperature of an atmosphere that is totally
transparent in the infrared. They also provide a very strong spectral signature
to be seen by alien astronomers. Water makes up a few percent of the atmo-
sphere, CO, is currently only 375 parts per million, and ozone occurs only in
the parts-per-billion range. Although rare, they absorb significant chunks of
the infrared radiation streaming into space. The outgoing infrared has signifi-
cant absorption dips at wavelengths of 7, 10, and 15 micrometers, respec-

tively, for water, ozone, and carbon dioxide.
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Figure 11.1  The hypothetical infrared spectrum of an Earth-like planet with life. The abundances of water
vapor, carbon dioxide, and ozone would be clues indicating that the planet was in the habitable zone of its star
and that Zife was producing oxyden.

Seeking Life's Spectral Signature

Observation of ozone, CO,, and H,O in the atmosphere of an unknown
planet strongly suggests habitable conditions and the presence of life. Water
vapor at moderate levels can indicate that a planet is essentially in the habit-
able zone of a star. Water vapor abundance depends on the temperature of an
atmosphere as well as on the availability of surface water. CO, abundance
also provides a clue to the “habitability” of a terrestrial planet. At least on
Earth, the ability to keep this dangerous greenhouse gas locked in sediments
requires moderate surface temperatures and an active land—ocean weathering
cycle, whereby "excess” CO, can be sequestered in carbonates and thus kept

out of the atmosphere. The strengths of the CO, and H,O absorptions provide
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strong clues for identifying planets that are truly Earth-like, with land,
oceans, and moderate surface temperatures. The detection of ozone signals
the presence of active, photosynthetic life. Ozone (O,) is a molecule com-
posed of three oxygen atoms. It is a highly chemically active molecule, so it
is not very stable. It is produced in the atmosphere by the interaction of ul-
traviolet light from the sun and normal oxygen (O,). Light splits O, into in-
dividual atoms, and they in turn react with O, to form ozone. Only a minus-
cule fraction of the atmosphere's oxygen is in the form of ozone, but it
provides strong infrared absorption. Ozone implies the presence of oxygen,
which, in sufficient concentration, implies the existence of life. Maintaining
moderate oxygen levels requires continuous production to balance the many
processes that lead to its removal from the atmosphere.

Several space-borne projects have been proposed to detect infrared
spectral signatures that would suggest Earth-like planets, oceans, moderate
surface temperatures, and the presence of biological activity. A project in the
planning stage at NASA is the Terrestrial Planet Finder, and a similar project
being studied by the European Space Agency (ESA) is appropriately called
Darwin. Both of these missions would use very large telescopes to image ter-
restrial planets and take infrared spectra. The basic challenge is to measure
the spectral signature of terrestrial planets close enough to their parent stars to
be in the habitable zones. This is a formidable task, in part because of the faint-
ness of planets but also because of the proximity of these planets to the star.
Viewed from a great distance, Earth itself would look very close to the sun and
comparatively very faint. From the distance of the nearest stars, the angular
separation of Earth and the sun is comparable to the diameter of a quarter as
viewed from a distance of 4 miles. This is near the limit of what can be resolved
with conventional ground-based telescopes, but it is easily within the reach of
space telescopes and of ground-based telescopes with adaptive optics to reduce
the blurring effects of the atmosphere.

The major problem with the study of extrasolar planets, even for nearby
stars, is that planets are much fainter than stars. At visual wavelengths, Earth

is seen only by the sunlight it reflects. The sun is a billion times brighter than
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the reflected “Earth-light,” and in any telescope system, the glare from such
an intensely bright object overwhelms the image of a faint nearby planet. In
the infrared, at wavelengths of 10 micrometers, the situation is better. The
sun is much fainter, and this is the peak of the region where the warm Earth
radiates energy back to space. At this wavelength the sun is only ten thou-
sand times brighter than Earth, and separation of the two images is feasible
via special techniques involving interferometry.

The grand plan for detecting life in extrasolar planets involves the con-
struction of very large telescopes. It is not efficient—or perhaps even
possible—to build a single-mirror telescope large enough to detect individual
extrasolar planets, and this limitation suggests using groups of smaller tele-
scopes combined to work in concert. The ability to resolve ultrafine angular
detail depends on the diameter of the telescope. Telescopes together in an
array have resolving power equivalent to a single mirror as large as the entire
array. Present plans for the Terrestrial Planet Finder call for a cluster of four
telescopes, each with an individual mirror 4 to 8 meters in diameter. These
could be mounted on a truss or could be free flyers with a total separation of
about 100 meters. In either case, the separation of the individual telescopes
would have to be controlled to incredible precision: small fractions of the
wavelength of light. The telescopes would combine light beams and would
function as an interferometer with a very special property. Their sensitivity
would be a minimum in the center of the imaged field and a maximum at a
slight offset equal to the expected angular spacing of a planet and the star.
When the telescopes were then pointed directly at the star, the image of the
star would effectively be attenuated by a factor of a million, whereas the light
from a nearby planet would not be attenuated.

This special design produces a “null” on the star, minimizing the great
difference in brightness between planet and star. The technique uses inter-
ference, the same process the produces the iridescence of soap bubbles and
the brilliant color of some butterfly wings. A laser pointer projected onto a
distant wall shows an analogous effect in reverse. It has a bright spot in the

middle that is surrounded by faint dark and bright rings. The planet finders
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will use interference to produce the opposite effect: a null in the center and
sensitivity in rings around it. Doing precision interferometry with such huge
telescopes in space will require extraordinary effort and billions of dollars.
The technique is just at the edge of available technology but appears practi-
cable. The system could search for Earth-like planets around several hundred
of the nearest stars, and in it lies our best hope for detecting life outside the

solar system any time soon.

Seeking Intelligent Life

Another approach to the search for extrasolar life is the detection of radio
signals sent by other civilizations. The modest attempts to pick up any such
signals have generated much interest, speculation, and debate. It is true that
the most powerful radio telescopes on Earth could receive signals from simi-
lar telescopes, aimed directly at Earth, from any other spot in the galaxy.
Considerable thought has also been devoted to what wavelengths would be
used for communication and what types of information might be sent. The
laws of physics and radio propagation in the galaxy suggest that the best
wavelengths are in what is known as the “water hole” near 20 centimeters.
This activity is commonly referred to as SETI, the Search for ExtraTerrestrial
Intelligence. In 1990, NASA funded a modest SETI effort, but its budget was
cut after only a few years, before the program got seriously under way. Sena-
tor Proxmire gave SETI one of his famed Golden Fleece awards and fumed
“not a penny for SETL." Others in influential positions were concerned about
ridicule of a program that might run for decades or even millennia seeking
faint radio signals from other civilizations, and public funding for SETI
searches has been very limited. (Just as it is a problem on Earth, funding
would probably be a critical factor on other worlds too. On Earth, in our
most economically prosperous times, we cannot even listen. Sending the sig-
nals would be much more complex and costly.)

Unfortunately, it is very difficult to know if SETI is an effective use of

resources. If the Rare Earth Hypothesis is correct, then it clearly is a futile ef-
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fort. If life is common and it commonly leads to the evolution of intelligent
creatures that have long, prosperous planetary tenures, then it is possible that
enlightened aliens might be beaming signals off into space. A key factor in
deciding whether SETI makes sense involves the lifetime of civilizations with
radio technology. Does such a civilization last only centuries before nuclear
war, starvation, or some other calamity causes its decline? Or does it last for-
ever? In the most optimistic minds, "Star Trek” societies might populate the
stars. But even if they do, it is a real question whether any of them would or
could beam enormous amounts of radio power into space to potential audi-
ences that are prevented by the vast interstellar distances from ever returning
the message in a timely manner. There probably are other civilizations in the
galaxy that have radio telescopes, but the vast numbers of stars and the vast
distances involved are barriers that may always keep SETI more an experi-
ment of the imagination than a large-scale scientific endeavor. An exception
might be made for the limited number of nearby stars that have planetary sys-
tems. [f some of these are found to have Earth-like planets with atmospheric
compositions indicative of life, then the public might support either sending
signals or listening. And, of course, even though we do not intentionally
beam radio messages to nearby stars, Earth is a potent transmitter of radio

power emanating from radar, television stations, and other sources.

MICROBIAL LIFE IN THE SOLAR SYSTEM

The search for microbial life in the solar system began in earnest with Apollo
11. Although it was clear that the Moon was not a teeming abode of life, it
was thought that the Moon might provide clues to early life or at least to pre-
biotic chemical conditions. The astronauts and the samples they collected
underwent elaborate quarantine, lest lunar microbes attack Earthlings like the
disastrous diseases carried across the Atlantic Ocean just 450 years earlier.
Before Apollo, some thought that the Moon was similar in composition to

primitive meteorites—that it might contain abundant carbon and water in
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the form of hydrated minerals. A popular theory for the Moon's origin was
that it formed elsewhere and was captured during a close encounter with
Earth. This theory had it that the Moon initially had a much smaller orbit and
then retreated outward in response to tidal effects. Harold Urey, the Nobel
Prize—winning chemist (and one of the leading pioneers in the field of plane-
tary science), imagined that the Moon would have passed so close to Earth
that the immense tidal interaction would have resulted in parts of the ocean
sloshing into space and landing on the lunar surface. Although few believed
that any living organisms could flourish in the harsh environment of the air-
less Moon, Urey thought the Moon might retain critical records of prebiotic
chemistry and desiccated remains of the earliest forms of life on Earth. Urey
called the Moon the Rosetta Stone of the solar system.

When the Apollo 11 samples were returned, the first tests were toxico-
logical, to see whether the samples had any dire effects on terrestrial life.
Some of the priceless cargo of lunar soil was fed to rats and placed in the root
systems of growing plants. No negative effects were observed, and detailed
analysis of the rocks and soils revealed no organic material of biological ori-
gin. There was carbon, but it all appeared to have been derived from impact-
ing meteoritic bodies and implantation by the solar wind. As mentioned
above, the lunar samples were extraordinarily “dry”; they contained no bound
water. The Moon was found to be a lifeless body that did not even contain
the building blocks of life or a life-supporting environment.

The Viking program was the only space mission that directly included
life detection among its goals. This extraordinary program involved four
spacecraft: two that landed on the surface of Mars for detailed in situ studies
and two that went into orbit for global-scale mapping and to relay lander in-
formation to Earth. With the possible exception of the Hubble Space Tele-
scope, Viking was the most expensive NASA mission launched purely for sci-
entific exploration. (Apollo had a large scientific component, but the mission
was largely motivated by national priorities—getting to the moon first.) The
Viking missions cost about 4 billion 1999 dollars and required robotic space-

craft to land on another planet to conduct chemical searches for the presence
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of life. The first mission landed on Mars in 1976, the American Bicentennial,
and many of the scientists involved referred to each other as the Vikings of
'76. The large, cowboy-style brass belt buckles that many of them wore, with
the mission logo engraved thereon, are still seen at various meetings of plan-
etary scientists and engineers.

Viking was an enormously difficult and successful mission. And yet, in a
sense, the Viking mission was a failure in that it did not detect life. Not only
did it not detect life, but the results revealed the Martian surface to be a
highly inhospitable environment for life. There was less carbon in the soil of
Mars than there was on the Moon, and worse, the presence of highly oxidiz-
ing conditions indicated that organic material could not survive in the soil. If
a dead mouse were buried in shallow Martian soil, its carbon would be con-
verted to carbon dioxide, which would flow into the atmosphere. The results
from Viking drove many nails into the coffin of the belief that Mars was an
Earth analog that might harbor life.

The Viking missions carried three major life detection experiments.
Each was a miniature, highly specialized chemical laboratory designed to de-
tect chemical changes characteristic of biological activity. Each lander had a
retractable arm with a scoop at the end. One of the joys of the mid-1970s was
watching these scoops actually dig trenches and collect samples on Mars, the
famous red planet of so many science fiction stories. The scoops would dig
soil samples and drop them through a screen into the analysis instruments.
The major life detection experiments were the gas exchange (GEX), labeled
release (LR), and pyrolitic release (PR) techniques. The first data, 8 days after
the Viking | landing, came from the GEX experiment, and the results were
positive—or appeared to be so. A gram of soil was placed in the experimen-
tal chamber, and a small amount of water and nutrient was added. Two days
later a large amount of newly generated oxygen gas was detected, an ex-
pected signal of biological activity. The LR experiment also yielded positive
results only a day later. In the labeled release experiment, water and nutrient
labeled with radioactive carbon-14 was added to a soil sample, and the equip-

ment recorded whether C'*-labeled carbon dioxide or methane was released.
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The signal was again positive, and—startlingly more positive, in fact, than in
many soils on Earth! In the pyrolitic experiment no nutrient or water was
added, but the soil was exposed to C'*-labeled carbon dioxide and to carbon
monoxide gas and light. After an exposure, the soil was heated (pyrolized) to
see whether C'*-labeled material would be released from any newly formed
organic compounds. There was a weak but positive signal.

In spite of high hopes and expectations, however, the Viking scientists
had built in some backup tests. The instruments were designed so that multi-
ple experiments and samples could be run repeatedly, as in a “real” Earth-
based laboratory. Repeated tests showed that the “positive” results could be
attributed to unusual chemical properties of Martian soil. With no ozone
layer to block it, the harsh ultraviolet light from the sun lands directly on the
soil and produces highly oxidizing and reactive compounds, such as perox-
ides, that can produce the reactions observed. After severe heating that
would have killed any terrestrial organism, the soils still yielded “positive sig-
nals.” The Viking team's interpretation of their data indicate that instead of
the actions of living Martian organisms, the observed results were caused by
surface chemical reactions of nonbiological origin.

The Viking landers did not convincingly detect Martian life, but they
did show how difficult it is to identify microbial life, with unknown proper-
ties, on a planet that is quite different from Earth. Viking was capable of de-
tecting organisms in most of Earth's surface materials, but our planet teems
with life, and a gram of typical soil contains over a billion individual organ-
isms. Viking found that the surface soils on Mars did not and could not sup-
port any of the forms of life found on Earth. If life does exist on Mars, we
must look for it in subterranean regions beneath the frozen “cryosphere” at
depths where liquid water can persist. Future missions cannot simply look for
life in spoonfuls of surface soil; they must search the warm, wet regions be-
neath the inhospitable surface. To directly reach wet rock, future searches for
living organisms will have to drill. And drilling must not be done just any-
where, because the frozen cryosphere normally extends to depths of several

kilometers. Instead of attempting to drill so deeply, future missions will
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search out rare geothermal hot spots where liquid water might reach close to
the surface. These missions will search the "Yellowstones” of Mars. It is also
possible that samples of life-bearing rocks might be found on the surface as
debris excavated by impact craters. Studies of terrestrial and lunar craters
have shown that large rocks—some the size of houses—can be lifted from
considerable depth and deposited on the crater rim. Organisms could not live
in these cold dry rocks, but they might survive in a dormant state for thou-
sands or even millions of years.

Although finding living creatures that could be observed to reproduce
would be the most convincing discovery, the next searches for life on Mars
will have less ambitious goals. They will search for fossils or for chemical,
isotopic, or mineralogical indicators of past life. Even if Mars is currently a
totally sterile planet, it may well have harbored life in its distant past. Chan-
nels and other surface features suggest that Mars was much more Earth-like
three or four billion years ago. Mars occasionally had liquid water on its sur-
face, and it probably had lakes or larger bodies of water persisting for mod-
erate periods of time beneath thick ice crusts. If the Rare Earth Hypothesis
is correct and life forms readily, then we would expect life to have evolved
on Mars during the early period of its evolution when it had more Earth-like
surface conditions. The search for life on Mars is a key test of this hypothe-
Sis.

Searching for microscopic fossils or other indicators of life is enor-
mously complex and is difficult to do in a convincing way with spacecraft in-
struments. Space instruments must be designed to perform very specific tasks.
Constraints on power, mass, cost, reliability, and remote operation in a hos-
tile environment mean that the kitchen sink and most of the other items that
scientists would like to include on the spacecraft are inevitably left behind.
Space instruments are usually marvels of their time, but their capabilities
rarely are competitive with those of their heavy, power-guzzling and inele-
gant siblings that are used for day-to-day work in Earth-bound laboratories.
The most important limitation of spacecraft instruments is their inflexibility

to adapt to new findings. They usually do what they are designed to do, but
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not more. This differs considerably from normal laboratory studies, where
initial results provide new insights and lead to investigations that were not
previously anticipated. For these reasons, the most detailed searches for life
and fossils on Mars will require sample return. Searches for evidence of life in
Martian meteorites have produced intriguing results and have shown what
types of investigations could be done on returned samples. The first such mis-
sion is now planned for launch in 2005. Although they pose an enormous
technical challenge, the Martian sample return missions offer the best current
hope for finding evidence of life on Mars. Once returned to Earth, the sam-
ples will be examined with the most sensitive instruments we have for clues
of the past existence of microbial organisms. Even if life exists on Mars, of
course, its discovery may require a series of exploration and sample return
missions.

In addition to Mars, there are many other bodies in our solar system that
might have microbial life. These include the three outermost large moons of
Jupiter (Europa, Ganymede, and Callisto), the large moon of Saturn (Titan),
and possibly other moons as well. Europa presently is the most attractive
prospect apart from Mars. Images of its surface show a complex landscape of
shifting ice and mysterious ridges. Heated by tidal energy, liquid water lurks
beneath the surface. Lesser amounts of water or brine are also thought to exist
inside Callisto and Ganymede. Although twice as far away, Titan is also an
exploration target of great interest. Its dense nitrogen atmosphere and
hydrocarbon-rich surface is tantalizing—in spite of cryogenic temperatures
at its surface. In 2004 the Cassini mission will parachute an instrumented
package onto the surface of Titan. It is not designed to detect life, but this
probe will measure environmental parameters that are important to life.

Most of our discussion up to this point has been couched in relatively
qualitative terms. It's time now to look at some efforts that have been made to
quantify the probability that life will evolve and persist, and to suggest a few

numbers of our own. This is the subject of the next chapter.
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Indeed, the only truly serious questions are ones that even a
child can formulate. Only the most naive of questions are

truly serious.

—Milan Kundera, The Unbearable Lightness of Being

“Do you feel lucky? Well do ya>’

—Clint Eastwood, Dirty Harry

ow rare is Earth? We have arrived at the end of a long grocery list
of ingredients seemingly necessary to make a planet teeming with
complex life. It involves material, time, and chance events. In this
chapter we will try to assess these various factors and their relative impor-
tance; all can be thought of as probabilities. In some cases we understand
these probabilities, but in others almost no research has been done, and our
questions, like those referred to in the quotation above, are the simple ques-
tions of children—questions as yet with no answers. Some of these questions

can thus be tackled only with our imagination. Others will be answered by the
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space voyages and instrumented investigations we discussed in the previous
chapter.

Let us begin by imagining we have the power to observe 100 solar neb-
ulae coalesce into stars and the planets that will encircle them. How many of
these events will yield an Earth-like planet with animal life?

As we have seen, the first step in preparing the way for a habitable en-
vironment is the formation of a suitable star: one that will burn long enough
to let evolution work its wonders, one that does not pulse or rapidly change
its energy output, one without too much ultraviolet radiation, and most im-
portant, perhaps, one that is large enough. Of the 100 applicants, perhaps
only two to five will yield a star as large as our sun. The vast majority of stars
in the Universe are smaller than our sun, and although smaller stars could
have planets with life, most would be so dim that Earth-like planets would
have to orbit very close to their star to receive energy sufficient to melt
water. But being close enough to get adequate energy from a small star leads
to another problem: tidal lock, the condition where the same side of the
planet always faces the sun. A tidally locked planet is probably unsuitable
for animal life.

What if we increased the number to 1000 planetary systems, so that we
might expect 20 stars of our sun’s size or greater to be born? Even these num-
bers are too small to yield a high probability that we will find a truly Earth-
like planet. Perhaps a better way to envision the various odds is to re-create
the scenario that led to the formation of our solar system and then run
through the process once again in a thought experiment. Stephen Jay Gould
used this type of mental reconstruction in his interpretation of the Cambrian
Explosion. In his 1989 book Wonderful Life, Gould described the exercise as

follows:

[ call this experiment "replaying the tape.” You press the rewind
button and, making sure you thoroughly erase everything that ac-
tually happened, go back to any time and place in the past—say,
to the seas of the Burgess Shale. Then let the tape run again and

see if the repetition looks at all like the original.

258



Assessing the Odds

A THOUGCHT EXPERIMENT

In our case, we will replay the tape of our planet’s formation. We begin with
a planetary nebula of exactly the mass and elemental composition that cre-
ated our solar system. According to most theorists, this might create a star
identical to our sun—but then it might not. For instance, the spin rate of the
new star might be different from that of our sun, with unknown conse-
quences. Well, then, 1000 such solar nebulae, perbaps 1000 clones of dear old
Sol. Not so, however, with the planets coalescing out of this mix. If we rerun
this particular tape, we will in all probability not get a repeat of our solar sys-
tem with its nine planets, its one failed planet (now the asteroid belt), a
Jupiter and three other gas giants orbiting outside four terrestrial planets; and
a halo of comets surrounding the entire mix. Now we enter the realm of mul-
tiple contingencies. Of the 1000 newly formed planetary systems, none is
likely to be identical to our solar system today—ijust as no two people are
identical. In a coalescing planetary system many processes, including plane-
tary formation, may be chaotic.

Planets form in what are known as “feeding zones,"” regions where vari-
ous elements come together and eventually coalesce into planetesimals,
which finally aggregate into a planet. Recent work by planetary scientists
shows that the spacing of planets will probably be fairly regular. There might
be as few as six planets or as many as ten or even more. James Kasting of Penn
State University believes that planetary spacing is not accidental—that the
positions of planets are highly regulated, and that if the solar system were to
re-form many times, we would get the same number of planets each time. Yet
the observational evidence to date does not back up the theory. The extraso-
lar planets that have been discovered exhibit an enormous diversity of spac-
ing and orbits; their positions are not nearly so orderly as the theory suggests
they should be. Ross Taylor, an astronomer who received the prestigious
Leonard Award in 1998, disputes Kasting's views. “Clearly,” he maintains,
“the conditions that existed to make our system of planets are not easily re-
produced. Although the processes of forming planets around stars are proba-

bly broadly similar, the devil is in the details.”

259



RARE EARTH

No one knows whether a planet the size of Jupiter would always form
or whether there would be a couple of planets like Mars instead. A planet
would probably form in about the position of Earth, but it could be larger or
smaller, somewhat closer to the sun or father away. Would the material
(physical) quantities be essentially the same?> Would plate tectonics develop?
Would there be the same amount of water—and would that water end up on
the surface of the planet, rather than locked up in its mantle or lost to space?
Would there be few threats to life from Earth orbit—crossing asteroids> What
is the chance that our Moon would form again, if, as we believe, it is impor-
tant in making Earth a stable place conducive to animal diversification?

Even if all of these events occurred more or less the way they have,
would life form again? And given life, would animal life appear once more?
Can there be animal life without the utterly chance events that occurred in
Earth's history, such as a Snowball Earth or an inertial interchange event, for
instance?

Let us reorganize (and rephrase) this set of questions in the following
way. We might ask: How many of all planets in the Universe are terrestrial
planets (as opposed to the gas giants such as Jupiter, for instance)? What is the
percentage for all planets of the Universe? (In our solar system there are five,
but if we add the larger moons, that number more than triples.) Of the terres-
trial planets in the Universe, how many have enough water to form an ocean
(either as water or as ice)? Of those planets with oceans, how many have any
land?> Of those with land, how many have continents (rather than, say, scat-
tered islands)? Yet these questions are only for the infinitesimally small slice of

time we call the present. All of these conditions are subject to change.

BuvyiNG TIME: THE PERSISTENCE OF
OCEANS AND MODERATE TEMPERATURE

As we have tried to show in the preceding chapters, the most important les-

son from Earth’s history is that it takes time to make animals—Ilong periods

of environmental stability with global temperatures staying well below the
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boiling point of water. Hence we need to add the time component to
each question. For instance, what percentage of planets that have oceans
keep them for a billion years, or 4 billion years, or 10 billion years, for that
matter?

Of all the factors important in assessing the odds of once again getting
(or finding) a world with animal life, one factor stands paramount: water.
Earth succeeded in acquiring its ark-load of animals and complex plants—and
then keeping them—for more than half a billion years (so far) because it re-
tained its oceans for more than 4 billion years. Moreover, if our analysis of
the sedimentary record is correct, for the last 2 billion years it maintained the
oceans at average temperatures less than 50°C. Also—at least for the last 2
billion years—the oceans have been maintained at a chemical composition
conducive to the existence of complex animal life: at a salinity and pH favor-
able to the formation and maintenance of proteins. The oceans are clearly the
cradle of animal life—not fresh water, not the land, but the saltwater oceans
have spawned every animal phylum, every basic body plan that exists or has
existed on our planet.

Discovering how Earth acquired its supply of water is one of the most
critical concerns of the new field of astrobiology. As we pointed out in an ear-
lier chapter, water was not abundant in the inner regions of the solar system
when the planets formed. There was far more water in the outer regions of the
solar system than among the inner planets. Where did our water come from?

Although where our oceanic water came from is still the subject of de-
bate, everyone agrees that it must have arrived during planetary accretion,
with perhaps significant volumes added during the period of heavy bombard-
ment. Ironically, the volume of water eventually found on Earth may be re-
lated to the formation of Earth's core. When the iron- and nickel-rich core
formed, most of the water found in the coalescing planet was consumed in
oxidation processes whereby oxygen bound up in water was used to make
iron and nickel oxides. It is the residual water that makes up the oceans. Per-
haps that residual quantity was significantly enhanced by water carried by
comets after Earth's initial formation, perhaps not. In either case, the oceans

reached approximately their present volume by 3.8 billion years ago. But this
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does not mean they were at their present area. Don Lowe of Stanford Uni-
versity has estimated that before 3 billion years ago, less than 5% of the sur-
face was land. Until about 2.5 billion years ago, the chemistry of this world-
girding ocean was controlled largely by interactions with the oceanic crust
beneath it and with Earth's mantle, whose by-products interacted in the
oceans at mid-ocean ridges and rifting areas. It is estimated that because this
early Earth was much warmer than the Earth we know, the area of this zone
of ocean-mantle contact was as much as six times that found today.

Earth's atmosphere was also very different from that of today. There
was no oxygen, and there was a great deal more carbon dioxide—perhaps
100 to 1000 times as much as today. Earth's surface temperature was higher
than it is now because more heat was emanating from the interior and be-
cause of the warming generated by the extensive CO, and other greenhouse
gases in the atmosphere. Earth's internal generation of heat was an important
factor; the sun at this time was much fainter, and delivering perhaps a third
less energy, than at the present time.

What would have happened if Earth had stayed a water world? Probably
global temperatures would have remained high or even increased. For animal life
to form, the temperature had to drop from the levels acknowledged to have
been characteristic of Archaean time. A drop in global temperature while the sun
was getting hotter required a drastic reduction of atmospheric CO,—a reduc-
tion of the greenhouse effect. Thus some means of removing CO, had to be
brought to bear. As we saw in Chapter 9, the most effective way to do this is
through the formation of limestone, which uses CO, as one of its building
blocks and thus scrubs it from the atmosphere. But significant volumes of lime-
stone form today only in shallow water; the most effective limestone formation
occurs in depths of less than 20 feet. In deeper water, high concentrations of dis-
solved CO, slows or inhibits the chemical reactions that lead to limestone for-
mation. There is evidence of deep-water, inorganic limestone formation in very
old rocks on Earth, as demonstrated by John Grotzinger and his team from
M.LT. These studies showed that the early Earth's ocean may have been satu-
rated in the compounds that can produce limestone and thus could have precip-

itated limestone in deeper water at that time, removing carbon dioxide from the
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atmosphere as a consequence. However, Grotzinger points out that occurrences
of carbonate rocks during the Early Archaecan—roughly the first billion years of
Earth's existence—are rare. And this is only partly due to the rarity of rocks of
this age. It looks as though the central mode of removing carbon dioxide from
the atmosphere—the formation of carbonate rocks—seldom occurred.

To form limestone in significant volumes, then, shallow water is needed,
but on a planet without continents, shallow water is in short supply. If the vol-
ume of water on a planet is low enough that significant areas of shallow water
are available even without continents, there is no problem. On Earth and
other planets with significantly deep oceans, however, without continents the
shallow-water regions would not be large enough for the necessary limestone
formation. Thus when planets have too much water on their surfaces—when
their oceans are too deep—there is no natural brake on carbon dioxide buildup.
Water temperatures will rise as planetary temperatures rise.

What about underwater weathering? James Kasting has pointed out to
us that an all-water world can indeed regulate its temperature. He rightly
notes that as oceanic water temperature rises, it eventually causes weathering
of limestone on the bottom of the sea. Although much less efficient than the
weathering of continental material, this mechanism will indeed produce a
feedback mechanism. Yet to heat water temperatures sufficiently to serve as a
global thermostat a planet may well exceed the critical 40°C mark that is the
upper temperature limit of animal life. If plate tectonics on Earth had not cre-
ated increasingly large land areas (and, as a by-product of that, massive areas
next to the continents with shallow-water regions where limestone could eas-
ily form), Earth might well have reached global temperatures greater than an-
imal life could tolerate. And had global temperatures exceeded 100°C, the
oceans would have boiled away, the gigantic volumes of water becoming
steam in the atmosphere. This would have spelled a catastrophic ending of all
life on the surface of planet Earth.

The removal of carbon dioxide is called CO, drawdown. On Earth, it
was accomplished because of continent formation, which took place during a
relativity brief interval of Earth history. From perhaps 2.7 to 2.5 billion years

ago there occurred a rapid buildup of continental areas. This buildup resulted
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in the land surface increasing from perhaps 5% to about 30%. This marked
change had equally profound effects on the atmosphere—ocean system.

With the formation of continents as a result of plate tectonics, ocean
chemistry became dominated by weathering by-products of the continents.
As continents weather, or undergo the chemical and mechanical break-
down of rock material, river runoff carries enormous volumes of these
chemicals into the sea, where they can greatly affect ocean chemistry and
cause mineralization—such as carbonate formation. Larger continents also,
paradoxically enough, meant larger shallow-water regions, for the emergence
of continents created the shallow continental shelves as well as large inland
seas and lakes. Thus the following sequence unfolded: Large shallow regions
were created; nutrient influx from continental regions increased; the amount
of plant material on Earth (mainly in the surface regions of the shallow seas
and on shallow sea bottoms) skyrocketed; and oxygen production began in
earnest. All of these events opened the pathway to the eventual evolution of
animals.

The critical question is why, on Earth, the volume of water was sulffi-
ciently large to buffer global temperatures, but small enough so that shallow
seas could be formed by the uplifting of continents. If Earth's ocean volume
had been greater, even the formation of continents would not have produced
shallow seas. To show that there can be great relative volumes of oceans on a
planet, we need only look at Jupiter's moon Europa, where the planet-
covering ocean (now frozen) is 100 kilometers thick. No Mt. Everest rising
from the sea floor would ever poke through an ocean even half that deep.
There would be none of the shallows necessary for limestone formation and
no continental weathering.

What about the situation where the oceans are lower in volume than they
were on Earth? If the continents covered two-thirds of Earth's surface (rather
than their present day one-third), would we have animal life? The great mass
extinction of the late Permian almost ended animal life because of high tem-
peratures. With greater continental area, we might expect temperature swings

to have been even greater, and the prospects for continued existence of at least
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land animals far lower, because large land areas create very high and very low
seasonal temperatures. Large land areas also reduce CO, drawdown, because
carbonate formation takes place almost exclusively in oceans. On land-
dominated worlds, opportunities for life to thrive would thus be reduced.

It appears that Earth got it just right. Without continents there seems a
strong likelihood that a planet will become too hot (especially because
main-sequence stars such as the sun increase their energy output through
time, and planets cannot move away from this increasing heat source). With
too much continental area, the opposite is likely to happen, as continental
weathering draws down carbon dioxide so much that glaciations ensue.
Earth may have been headed down the path toward a global mean tempera-
ture so high as to boil away its oceans, or perhaps still cool enough to retain
its oceans but yet too warm for complex metazoans to evolve. Animals are
not thermophiles.

How much land area is “just right,” and how much is too little or too
much? The answer probably depends on the given planet's distance from the
sun. A planet whose orbit dictates that it receives less energy from its star
than Earth does from the sun might need a greater amount of ocean cover (as-
suming that an increased sea surface creates warmer planetary temperatures
because of greater greenhouse effects from CO, buildup).

The relative areas of land and sea affect more than just planetary tem-
perature. If plate tectonics is not operating, there will be no continents, only
large numbers of seamounts and islands (whose number will be dictated by
the amount of volcanicity, itself a function of a planet’s heat flow). And with-
out continents, a planet's ocean may never achieve a chemistry suitable for
animal life. Sherwood Chang of NASA cites an example of this. In 1994
Chang proposed that without substantial weathering (which can occur only
when there is substantial land area to weather), the early ocean of an Earth-
like planet would remain acidic—a poor environment for the development of
animal life. It seems that water worlds might be quite fecund habitats for
short periods of time but might not achieve the long-term temperature or

chemical stability conducive to animal life.
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THE IMPORTANCE—AND SHEER CHANCE
OCCURRENCE—OF OUR LARGE MoOON

Although many scientists have been doggedly pursuing the various attributes
necessary for a habitable planet—Michael Hart, George Weatherill, Chris
McKay, Norman Sleep, Kevin Zahnlee, David Schwartzman, Christopher
Chyba, Carl Sagan, and David Des Marais come to mind—one name stands
out in the scientific literature: James Kasting of Penn State University.
Kasting notes that whether habitable planets exist around other stars
"depends on whether other planets exist, where they form, how big they are,
and how they are spaced.” Kasting stresses, as we do, the importance of plate
tectonics in creating and maintaining habitable planets, and he suggests that
the presence of plate tectonics on any planet can be attributed to the planet's
composition and position in its solar system. But one of Kasting's most in-
triguing comments is related to our Moon. Kasting notes that the obliquity
(the angle of the axis of spin of a planet) of three of the four “terrestrial” plan-

ets of our solar system—Mercury, Venus, and Mars—has varied chaotically.

Earth is the exception, but only because it has a large moon. . . . If
calculations about the obliquity changes in the absence of the
moon are correct, Earth's obliquity would vary chaotically from 0
to 85 degrees on a time scale of tens of millions of years were it not
for the presence of the Moon. . . . Earth's climatic stability is de-
pendent to a large extent on the existence of the Moon. The
Moon is now generally believed to have formed as a consequence
of a glancing collision with a Mars-sized body during the later
stages of the Earth's formation. If such moon-forming collisions

are rare . . . habitable planets might be equally rare.

We have accumulated a laundry list of potentially low-probability
events or conditions necessary for animal life: not only Earth's position in the
"habitable zone" of its solar system (and of its galaxy), but many others as

well, including a large moon, plate tectonics, Jupiter in the wings, a magnetic
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field, and the many events that led up to the evolution of the first animal. Let

us explore what these conditions might mean for life beyond Earth.

THE ObpDS OF ANIMAL LIFE ELSEWHERE,
AND OF INTELLIGENCE

In the 1950s, astronomer Frank Drake developed a thought-provoking equa-
tion to predict how many civilizations might exist in our galaxy. The point of
the exercise was to estimate the likelihood of our detecting radio signals sent
from other technologically advanced civilizations. This was the beginning of
sporadic attempts by Earthlings to detect intelligent life on other planets.
Now called the Drake Equation in its creator's honor, it has had enormous in-
fluence in a (perhaps necessarily) qualitative field. The Drake Equation is sim-
ply a string of factors that, when multiplied together, give an estimate of the
number of intelligent civilizations, N, in the Milky Way galaxy.
As originally postulated, the Drake Equation is.

N* X fs X fp X me X fi X fc X fl=N
where:

N*

fs = fraction of sun-like stars

stars in the Milky Way galaxy

fp = fraction of stars with planets

ne = planets in a star's habitable zone

fi = fraction of habitable planets where life does arise

fc = fraction of planets inhabited by intelligent beings

fl = percentage of a lifetime of a planet that is marked by the presence of

a communicative civilization

Our ability to assign probable values to these terms varies enor-
mously. When Drake first published his famous equation, there were great
uncertainties in most of the factors. There did (and does) exist a good esti-

mate for the number of stars in our galaxy (over 300 billion). The number of
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star systems with planets, however, was very poorly known in Drake's time.
Although many astronomers believed that planets were common, there was
no theory that proved star formation should include the creation of planets,
and many believed that the formation of planetary systems was exceedingly
rare. During the 1970s and later, however, it was assumed that planets were
common; in fact, Carl Sagan estimated that an average of ten planets would
be found around each star. Even though no extra solar planets were found
until the 1990s, their discovery seemed to vindicate those who believed
planets were common. But is it so? A new look at this problem suggests that
planets may indeed be quite rare—and thus the presence of animal life rarer

still.

ARE STARS WITH PLANETS ANOMALOUS?

We now know that planetary formation outside our own system does indeed
occur. The recent and spectacular discovery of extrasolar planets, one of the
great triumphs of astronomical research in the 1990s, has proved what has
long been assumed: that other stars have planets. But at what frequency? It
may be that a substantial fraction of stars have planetary systems. To date,
however, astronomers have succeeded in detecting only giant, "Jupiter-like"
planets; available techniques cannot yet identify the smaller, rocky, terrestrial
worlds. Now that numerous stars have been examined, it appears that only
about 5% to 6% of examined stars have detectable planets. Because only large gas-giant
planets can be detected, this figure really shows that Jupiter clones close to
stars or in elliptical orbit are rare. But perhaps it indicates that planets as a
whole are rare as well.

The evidence that planets may be rare comes not so much from the
direct-observation approach of the planet finders (such as the Marcy/Butler
group) but from spectroscopic studies of stars that appear similar to our own
sun. The studies of those stars around which planets have been discovered

have yielded an intriguing finding: They, like our sun, are rich in metals. Ac-
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cording to astronomers conducting these studies, there seems to be a causal
link between high metal content in a star and the presence of planets. Our
own star is metal-rich. In a study of 174 stars, astronomer G. Gonzalez dis-
covered that the sun was among the highest in metal content. [t appears that
we orbit a rare sun.

Other new studies also require us to question the belief that planetary
systems such as our own are common. At a large meeting of astronomers held
in Texas in early 1999, it was announced that 17 nearby stars had been ob-
served to be orbited by planets the size of Jupiter. Astronomers at the meet-
ing were also puzzled by an emerging pattern: None of the extrasolar plane-
tary systems resembles the sun's family of planets. Geoff Marcy, the world's
leading planet finder, noted that “for the first time, we have enough extraso-
lar planets out there to do some comparative study. We are realizing that
most of the Jupiter-like objects far from their stars tool around in elliptical or-
bits, not circular orbits, which are the rule in our solar system.” All of the
Jupiter-sized objects either were found in orbits much closer to their sun than
Jupiter is to our sun, or, if they occurred at a greater distance from their sun,
had highly elliptical orbits (observed in 9 of the 17 so far detected). In such
planetary systems, the possibility of Earth-like planets existing in stable orbits
is low. A Jupiter close to its sun will have destroyed the inner rocky planets.
A Jupiter with an elliptical or decaying orbit will have disrupted planetary or-
bits sunward, causing smaller planets either to spiral into their sun or to be
ejected into the cold grave of interstellar space.

It is still impossible to observe smaller, rocky planets orbiting other
stars. Perhaps such planets—which we believe are necessary for animal
life—are quite common. But perhaps this is a moot point. We have hypoth-
esized that animal life cannot long exist on a planet unless there is a giant,
Jupiter-like planet within the same planetary system—and orbiting outside
the rocky planets—to protect against comet impacts. It may be that Jupiters
like our own, in regular orbits, are rare as well. To date, all tend to be in or-
bital positions that would be lethal, rather than beneficial, to any smaller,

rocky planets.
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PLANET FREQUENCY AND
THE DRAKE EQUATION

All predictions concerning the frequency of life in the Universe inherently
assume that planets are common. But what if the conclusions suggested by
emerging studies—that Earth-like planets are rare, and planets with metal
rarer still—are true?

This finding has enormous significance for the final answer to the Drake
Equation. Any factor in the equation that is close to zero yields a near-zero final
answer, because all the factors are multiplied together. Carl Sagan, in 1974, es-
timated that the average number of planets around each star is ten. Goldsmith
and Owen, in their 1992 The Search for Life in the Universe, also estimated ten plan-
ets per star. But the new findings suggest greater caution. Perhaps planetary for-
mation is much less common than these authors have speculated.

To estimate the frequency of intelligent life, the Drake Equation hinges
on the abundance of Earth-like planets around sun-like stars. The most com-
mon stars in the galaxy are M stars, fainter than the sun and nearly 100 times
more numerous than solar-mass stars. These stars can generally be ruled out be-
cause their "habitable zones,” where surface temperatures could be conducive
to life, are uninhabitable for other reasons. To be appropriately warmed by
these fainter stars, planets must be so close to the star that tidal effects from the
star force them into synchronous rotation. One side of the planet always faces
the star, and on the permanently dark side, the ground reaches such low tem-
peratures that the atmosphere freezes out. Stars much more massive than the
sun have stable lifetimes of only a few billion years, which might be too short
for the development of advanced life and evolution of an ideal atmosphere. As
we noted earlier, each planetary system around a 1-solar-mass star will have
space for at least one terrestrial planet in its habitable zone. But will there actu-
ally be an Earth-sized planet orbiting its star in that space? When we take into
account factors such as the abundance of planets and the location and lifetime
of the habitable zone, the Drake Equation suggests that only between 1% and

0.001% percent of all stars might have planets with habitats similar to those on
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Earth. But many now believe that even these small numbers are overestimated.
On a universal viewpoint, the existence of a galactic habitable zone vastly re-
duces them.

Such percentages seem very small, but considering the vastness of the
Universe, applying them to the immense numbers of stars within it can still
result in very large estimates. Carl Sagan and others have mulled these vari-
ous figures over and over. They ultimately arrived at an estimate of one million civiliza-
tions of creatures capable of interstellar communication existing in the Milky Way galaxy at
this time. How realistic is this estimate?

If microbial life forms readily, then millions to hundreds of millions of
planets in the galaxy have the potential for developing advanced life. (We ex-
pect that a much higher number will have microbial life.) However, if the ad-
vancement to animal-like life requires continental drift, the presence of a
large moon, and many of the other rare Earth factors discussed in this book,
then it is likely that advanced life is very rare and that Carl Sagan’s estimate
of a million communicating civilizations is greatly exaggerated. If only one in
1000 Earth-like planets in a habitable zone really evolves as Earth did, then
perhaps only a few thousand have advanced life. Although it could be argued
that this is too pessimistic, it may also be much too optimistic. Even so, we
cannot rule out the possibility that Earth is not unique in the galaxy as an
abode of life that has just recently developed primitive technologies for space
travel and interplanetary radio communication.

Perhaps we can suggest a new equation, which we can call the “Rare

Earth Equation,” tabulated for our galaxy:
N* X fp X ne X fi X fe X fl =N
where:

N*

fp = fraction of stars with planets

stars in the Milky Way galaxy

ne = planets in a star's habitable zone

fi = fraction of habitable planets where life does arise
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fc = fraction of planets with life where complex metazoans arise
fl = percentage of a lifetime of a planet that is marked by the presence of

complex metazoans

And what if some of the more exotic aspects of Earth’s history are re-
quired, such as plate tectonics, a large moon, and a critically low number of
mass extinctions? When any term of the equation approaches zero, so too
does the final result. We will return to this at the end of this chapter.

If animal life is so rare, then intelligent animal life must be rarer still.
How can we define intelligence? Our favorite definition comes from Christo-
pher McKay of NASA, an astronomer, who defines intelligence as the “abil-
ity to construct a radio telescope.” Although a chemist might define intelli-
gence as the ability to build a test tube, or an English professor as the ability
to write a sonnet, let us for the moment accept McKay's definition and follow
the lines of reasoning he sets out in his wonderful essay “Time for Intelligence
on Other Planets,” published in 1996. Much of the following discussion
comes from that source.

McKay points out that if we accept the “Principle of Mediocrity” (also
known as the Copernican Principle) that Earth is quite typical and common,
it follows that “intelligence has a very high probability of emerging but only
after 3.5 billion years of evolution.” This supposition is based on a reading of
Earth's geological record, which suggests to most authors that evolution has
undergone a “steady progressive development of ever more complex and so-
phisticated forms leading ultimately to human intelligence.” Yet McKay
notes—as we have tried to emphasize in this book—that evolution on Earth
has not proceeded in this fashion but rather has been affected by chance
events, such as the mass extinctions and continental configurations produced
by continental drift. Furthermore, we believe that not only events on Earth,
but also the chance fashion in which the solar system was produced, with its
characteristic number of planets and planetary positions, may have had a
great influence on the history of life here.

McKay breaks down the critical events in the evolution of intelligence

on Earth as shown in the accompanying table.
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When It Happened How Long [t Possible

on Earth (millions  Took to Complete ~ Minimum Time
Event of years ago) (millions of years) (millions of years)
Origin of life 3800-3500 < 500 10
Oxygenic photo-

synthesis < 3500 < 500 Negligible

Oxygen environments 2500 1000 100
Tissue multicellularity 550 2000 Negligible
Development of animals 510 5 5
Land ecosystems 400 100 5
Animal intelligence 250 150 5
Human intelligence 3 3 3

We can certainly quibble with some (or all) of his numbers, especially
his estimate of when life first arose on Earth, for we think it occurred far ear-
lier than 3800 to 3500 million years ago. Yet these estimates are probably not
off by orders of magnitude. McKay's point is that complex life—and even
intelligence—could conceivably arise faster than it did on Earth. If we accept
McKay's figures, a planet could go from an abiotic state to the home of a civ-
ilization building radio telescopes in 100 million years, as compared to the
nearly 4 billion years it took on Earth. But McKay also concedes that there

may be other factors that require a long period:

What is not known is whether there is some aspect of the biogeo-
chemical processes on a habitable planet—for example, those
dealing with the burial of organic material, the maintenance of
habitable temperatures as the stellar luminosity increases gradu-
ally over its main sequence lifetime, or global recycling by
tectonics—that mandates the long and protracted development of
the oxygen-rich biosphere that occurred on Earth. Other impor-
tant unknowns include the effect of solar system structure on the

origin of life and its subsequent evolution to advanced forms.

273



RARE EARTH

His inference is that plate tectonics has slowed the rise of oxygen on Earth.
But it also may be necessary to ensure a stable oxygenated habitat, just as hav-
ing the correct types of planets in a solar system is important as well.

In their 1996 essay “Biotically Mediated Surface Cooling and Habit-
ability,” Schwartzman and Shore tackle this same problem and reach a differ-
ent conclusion: They believe that the most critical element in determining
the rate at which intelligence can be acquired is a potentially habitable
planet's rate of cooling. Their point is that complex life such as animals is ex-
tremely temperature-limited, with a very well-defined upper temperature
threshold. Although some forms of animal life can exist in temperatures as
high as 50°C or sometimes even 60°C, most require lower temperatures, as
do the complex plants necessary to underpin animal ecosystems. A maximum
temperature of 45°C is probably realistic. It is thus the time necessary for a
planet to cool to below this value that is critical, according to these two au-
thors. Many factors affect the time required, including the rate at which a star
increases in luminosity through time (which works against cooling), the vol-
canic outgassing rate (which also works against cooling, because such out-
gassing puts more greenhouse gases into a planetary atmosphere), the rate at
which continental land surface grows (as continents grow, planets usually
cool), the weathering rate of land areas, the number of comet or asteroid im-
pacts and their frequency, the size of a star, whether or not plate tectonics ex-
ists, the size of the initial planetary oceans, and the history of evolution on
the planet.

With this in mind, let us return to our Rare Earth Equation and flesh it
out a bit by adding some of the other factors featured in this book.

N* X fp X fpm X ne X ng X fi X fc X fl X fm X fj X fme = N
where:

N* = stars in the Milky Way galaxy
fp = fraction of stars with planets
fpm = fraction of metal-rich planets

ne = planets in a star's habitable zone
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ng = stars in a galactic habitable zone
fi = fraction of habitable planets where life does arise
fc = fraction of planets with life where complex metazoans arise
fl = percentage of a lifetime of a planet that is marked by the
presence of complex metazoans
fm = fraction of planets with a large moon
fi = fraction of solar systems with Jupiter-sized planets
fme = fraction of planets with a critically low number of mass

extinction events

With our added elements, the number of planets with animal life gets
even smaller. We have left out other aspects that may also be implicated:
Snowball Earth and the inertial interchange event. Yet perhaps these too are
necessary.

Again, as any term in such an equation approaches zero, so too does the final product.

How much stock can we put in such a calculation? Clearly, many of
these terms are known in only the sketchiest detail. Years from now, after the
astrobiology revolution has matured, our understanding of the various factors
that have allowed animal life to develop on this planet will be much greater
than it is now. Many new factors will be known, and the list of variables in-
volved will undoubtedly be amended. But it is our contention that any strong
signal can be perceived even when only sparse data are available. To us, the
signal is so strong that even at this time, it appears that Earth indeed may be

extraordinarily rare.
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Messengers
from the
Stars

Our planet is not in a special place in the solar system, our
Sun is not in a special place in our galaxy and our galaxy is

not in a special place in the Universe.

—Marcello Gleiser, The Dancing Universe

ome things have to be experienced firsthand; for some wonders, no writ-
ten description or photograph can substitute—the birth of one's child,
for example, or the first music heard from an actual orchestra, love, sex,
standing before a Monet canvas. One such revelation not so often experi-

enced, is one's first glimpse of the starry night through a telescope.

VIEWING THE UNIVERSE
We have all seen photographs of endless star fields, galaxies, and nebulae. But

no matter how great their beauty, the stars in photographs are lifeless, and no

view of the night sky with the unaided eye, even in the clearest atmosphere,
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is like the first view through a small telescope. If looking at the Milky Way
with the unaided eye is akin to snorkeling on a coral reef, then adding a tele-
scope is like strapping on scuba tanks: We are no longer tied to the surface
but can roam the depths of the star fields and see unimagined splendors amid
stars whose numbers are beyond belief. Even with a low-power telescope a
new vision emerges; the uncountable pinpricks of light now revealed are
seemingly alive, in no way diminished by their passage through corrected
lenses. In fact, the stars gain strength, color, and clarity. But the greatest and
most lasting impression is the increase in their sheer numbers. The superb
double-star cluster in Perseus changes from a dull, unresolvable glow to
bountiful diamonds sprinkled on black velvet: the globular cluster in Her-
cules is transformed from a tiny smudge to scattered grains of light. With
time and experience, even greater vistas open up. We discover the joys of
other deep-space objects, galaxies and nebulae. And eventually, in the
Northern hemisphere, we inevitably find ourselves slowly moving through
the crowded star fields of Sagittarius on a dark summer night, the light from
this luminous expanse of stars sweeping the senses like a wind, nebulae and
galaxies an endless visual melody punctuated by staccatos of brighter suns.
Those in the Southern hemisphere witness even more dramatic vistas: the
two great Magellenic Clouds looming so close overhead. It becomes specta-
cle, overwhelming, and ultimately—diminishing. The myriad stars overcome
us, so utterly do they trivialize (marginalize? minimize?) our small planet and
we who stare out.

The Universe seems to be finite; there are not an infinite number of
planets circling the vast number of stars in the ocean of space. But the num-
bers are immense beyond understanding. We are one of many planets. But as
we have tried to show in this book, perhaps not so many as we might hope—
and perhaps not so many that we will ever, however long the history of our
species, find any extraterrestrial animals among the stars surrounding our sun.
That is a fate not foreseen by Hollywood—that we may find nothing but bac-
teria, even on planets orbiting distant stars.

If the Rare Earth Hypothesis is correct—that is, if microbial life is com-

mon but animal life is rare—there will be societal implications, or at least
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some small personal implications. What will be the effect if news comes back
from the next Mars mission that there is life on Mars after all—microbial to
be sure, but life. Or what if, after astronauts voyage repeatedly to other plan-
ets in our solar system, or even to the dozen nearest stars, we find nothing
more advanced than a bacterium? What if, at least in this quadrant of the
galaxy, we are quite alone, not just as the only intelligent organisms but also
as the only animals? How much of our striving to travel into space is the hope

of discovering—and perhaps talking to—other animalia>

VIEwSs OF EARTH THROUGH
HuMaN HisTORY

Since the time of the Greeks, science has tried to make sense of the Universe
and of our place in it. More than two millennia ago, a Greek named Thales of
Miletus, credited by many as the founder of Western philosophy, was among
the first to leave a record of his musings about the place of Earth in the cos-
mos. Thales thought that the cosmos was an organic, living thing, and in that
he may not have been far wrong if bacteria or bacteria-like organisms are as
common as we believe them to be in the Universe. Thales's student Anaxi-
mander was among the first to place Earth at the center of the cosmos, pos-
tulating that Earth was a floating cylinder with a series of large wheels with
holes in them rotating around it. The Pythagoreans tried to break from this
central-Earth motif, proposing that Earth moved in space and was not the
center of the Universe. But Earth's centrality was restored by members of
Plato’s school and became exalted by the students of Aristotle. Eudoxus
placed Earth at the center of 27 concentric spheres, each of which rotated
around it. Soon two schools of thought competed: the “sun-centered” model
of Aristarchus and the Earth-centered model of Ptolemy. The latter held sway
through the Middle Ages.

During the Middle Ages, Earth was not only regarded as the center of
the Universe but was again believed to be flat. St. Thomas Aquinas made

Earth a sphere again but codified its place as the center of the Universe. It was
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Nicholas Copernicus who finally shattered the notion of an Earth-centered
Universe and put the sun at the center of all orbits. But even with this great
leap forward, the sun remained at the center of the Universe as well, accord-
ing to Copernicus in his revolutionary book of 1514, Commentariolus.

Copernicus forever destroyed the myth that our Earth lay at the center
of the Universe, with the sun and all other planets and stars revolving around
us; his work eventually led to the concept of a “Plurality of Worlds"—the idea
that our planet is but one among many. This has now been described as the
"Principle of Mediocrity,” also known as the Copernican Principle. Yet an
even greater blow came with the invention of the telescope. There is still de-
bate about who built the first optical telescope, although Dutch optician Jo-
hannes Lippershey obtained the first official license for construction of a tele-
scope in 1608. The device was an immediate sensation, and by 1609 this
revolutionary new instrument found its way into the hands of Galileo, who
built his own soon after hearing of the concept. Before Galileo, telescopes
had been used to assess the terrestrial world (and for various military applica-
tions), but Galileo pointed his into the heavens and forever changed our un-
derstanding of the cosmos.

Galileo quickly surmised that there are far more stars in the sky than
anyone had guessed. He discovered that the Milky Way is made up of un-
countable individual stars. He observed the Moon, discovered satellites re-
volving around Jupiter (and in so doing showed that our Earth could just as
conceivably orbit the sun). Earth's central place in the Universe, the fervent
belief of Aristotle, was now observationally shown to be wrong. Copernicus
had dealt with theory; Galileo and his telescopes dealt with reality. Galileo's
message, published in his booklet Siderius nuncius, or "Messenger from the
Stars,” was about the truth told by the stars: that Earth is but one of many cos-
mic objects. To illustrate his point, he noted the presence of faint patches of
light just visible to the unaided eye—objects called nebulae. Even with his
primitive and tiny telescopes, Galileo could see these curious objects far bet-
ter than anyone before. He thought them to be great masses of stars, made in-

distinct by their very distance.
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The decentralization of Earth continued in relentless fashion. In 1755
Immanuel Kant theorized that a rotating gas cloud would flatten into a disk
as it contracted under its own gravity. Kant was familiar with the numerous
nebulae of the night skies, the faint glowing patches of luminosity scattered
through the heavens. All the early astronomers knew of the faint cloud in the
constellation of Andromeda. He knew these objects to be one of many dis-
tant groups of stars he called “island Universes.” But Kant didn't stop there:
He theorized that the sun, Earth, and other planets might have formed in this
swirling mass of gas. This concept was taken a step further by Pierre-Simon
de Liplike, who speculated in detail about how planetary systems might form
from nebular origins. He invoked a dynamical mechanism for the formation
of stars and their planets. Earth and the solar system became one of many
such systems all formed in the same way.

But how far away were these island Universes? Was there only a single
galaxy in the Universe, of which our star was part, or were there many? This
debate was not resolved until the early twentieth century, a time when gi-
gantic new telescopes were being constructed and outer space was being
probed as never before. The conflict came to a head on April 26, 1920, when
Harlow Shapley from the Mount Wilson observatory in California and
Heber Curtis from the Allegheny Observatory in Pittsburgh met before the
members of the National Academy of Sciences, a clash that came to be
known as the Great Debate. The debate ended inconclusively, because it was
not yet possible to assess the distance of the nebulae. That soon changed,
however, thanks to the efforts of astronomer Edwin Hubble. Using a newly
constructed, 100-inch reflecting telescope, Hubble was able to make obser-
vations that proved conclusively that the island nebulae were not associated
with our Milky Way but were far-distant objects. Even the closest, the An-
dromeda galaxy, was found to be at least 2 million light-years from Earth and
similar in shape to our Milky Way galaxy. The debate was over. The Milky
Way is one of a vast number of scattered and widely separated galaxies float-
ing in space. We became even more trivialized—now our galaxy was but one

of many.
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Two millennia of astronomers and philosophers removed Earth from
the center of the Universe and placed us orbiting a sun that is but one of hun-
dreds of billions in a galaxy itself but one among billions in the Universe. And
it was not only astronomers who changed the world view. Einstein showed
that there is no preferred observer in the Universe, and quantum mechanics
told us that chance is king. Charles Darwin and his powerful theory of evolu-
tion demoted humans from the crown of creation to a rather new species on
an already animal-rich planet, the chance offspring of larger-scale evolution-
ary and ecological forces. Nothing special. And yet . . .

The great danger to our thesis (that Earth is rare because of its animal
life, the factors and history necessary to arrive at this point as a teeming,
animal- and plant-rich planet being highly improbable) is that it is a product
of our lack of imagination. We assume in this book that animal life will be
somehow Earth-like. We take the perhaps jingoistic stance that Earth-life is
every-life, that lessons from Earth are not only guides but also rules. We as-
sume that DNA is the only way, rather than only one way. Perhaps complex
life—which we in this book have defined as animals (and higher plants as
well)—is as widely distributed as bacterial life and as variable in its makeup.
Perhaps Earth is not rare after all but is simply one variant in a nearly infinite
assemblage of planets with life. Yet we do not believe this, for there is so
much evidence and inference—as we have tried to show in the preceding

pages—that such is not the case.

OuRrR RARE EARTH

Let us recap why we think Earth is rare. Our planet coalesced out of the debris
from previous cosmic events at a position within a galaxy highly appropri-
ate for the eventual evolution of animal life, around a star also highly
appropriate—a star rich in metal, a star found in a safe region of a spiral galaxy,
a star moving very slowly on its galactic pinwheel. Not in the center of the

galaxy, not in a metal-poor galaxy, not in a globular cluster, not near an active
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gamma ray source, not in a multiple-star system, not even in a binary, or near
a pulsar, or near stars too small, too large, or soon to go supernova. We be-
came a planet where global temperatures have allowed liquid water to exist for
more than 4 billion years—and for that, our planet had to have a nearly circu-
lar orbit at a distance from a star itself emitting a nearly constant energy out-
put for a long period of time. Our planet received a volume of water sufficient
to cover most—but not all—of the planetary surface. Asteroids and comets hit
us but not excessively so, thanks to the presence of giant gas planets such as
Jupiter beyond us. In the time since animals evolved over 600 million years
ago, we have not been punched out, although the means of our destruction by
catastrophic impact is certainly there. Earth received the right range of build-
ing materials—and had the correct amount of internal heat—to allow plate
tectonics to work on the planet, shaping the continents required and keeping
global temperatures within a narrow range for several billion years. Even as the
Sun grew brighter and atmosphere composition changed, the Earth's remark-
able thermostatic regulating process successfully kept the surface temperature
within livable range. Alone among terrestrial planets we have a large moon,
and this single fact, which sets us apart from Mercury, Venus, and Mars, may
have been crucial to the rise and continued existence of animal life on Earth.
The continued marginalization of Earth and its place in the Universe perhaps
should be reassessed. We are not the center of the Universe, and we never will
be. But we are not so ordinary as Western science has made us out to be for
two millennia. Our global inferiority complex may be unwarranted. What if
Earth is extremely rare because of its animals (or, to put it another way, be-
cause of its animal habitability)?

The possibility that animal life may be very rare in the Universe also
heightens the tragedy of the current rate of extinction on our planet. Earlier,
we suggested that the rise of an intelligent species on any planet might be a
common source of mass extinction. That certainly seems to be the case on
Earth. And if animals are as rare in the Universe as we suspect, it puts species
extinction in a whole new light. Are we eliminating species not only from our

planet but also from a quadrant of the galaxy as a whole?
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To understand the rates of extinction on Earth today, one has only to
examine the plight of tropical rainforests. Forests have been a part of this
planet for more than 300 million years, and although the nature of species has
changed over that long period, the nature of the forests has changed little.
The forests are the great Noah's ark of species on this planet. Although the
land surface of our globe is only one-third that of the oceans, it appears that
80% to 90% of the total animal and plant biodiversity of the planet inhabits
the land, and most of that diversity is found in tropical forests. As we destroy
these forests, we destroy species. It has been estimated that between 5 and 30
million species of animals live in the tropical rainforests and that only about
5% of these are known to science. The fossil record tells us quite clearly that
the world has attained the highest level of biological diversity ever in its his-
tory. There are also disturbing and unmistakable signs that this plateau in the
number of species on Earth has been crested and the biodiversity of Earth is
diminishing.

There appear to be several forces driving a reduction of biodiversity—a
destruction of biodiversity, to be less delicate. The most important seems to be
the rapid increase in human population. Ten thousand years ago there may
have been at most 2 to 3 million humans scattered around the globe. There
were no cities, no great population centers. There were fewer people on the
globe than are now found in virtually any large American city. Two thousand
years ago the number had swelled to perhaps 130 to 200 million people. Our
first billion was reached in the year 1800. If we take the time of origin of our
species as about 100,000 years ago, it seems that it took our species 100,000
years to reach the billion-person population plateau. Then things sped up
considerably. We reached 2 billion people in 1930, about 1000 times faster
than it took to reach the first billion. But the rate of increase kept accelerat-
ing. By 1950, only 20 years later, we had reached 2.5 billion souls. In 1999,
we hit 6 billion. There will be approximately 7 billion people by 2020 and
perhaps 11 billion by 2050 to 2100.

Rainforest conversion, which changes forest to fields, and then (usually)
to overgrazed, eroded, and infertile land within a generation, is perhaps the

most direct executioner of biodiversity. It appears that 25% of the world's top-
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soil has been lost since 1945. One-third of the world's forest area has disap-
peared in the same interval. The result is species extinction. A thousand years
from now, when humanity reflects on the world that was, and looks out at the
desert surrounding the rare and notably less diverse animals that remain,
whom will it hold responsible?

President Theodore Roosevelt closed off the Yellowstone region to de-
velopment in forming the first national park in the United States. Wouldn't it
be ironic if some alien equivalent had done the same thing for our planet? As-
trobiologists have suggested this—it is known as the Zoo Hypothesis. The
joke would be on us: We are somebody’s national park, our rare planet Earth
stocked with animals for safekeeping. Perhaps that is why we have yet to hear
any signals from space. A big fence surrounds our solar system: “Earth Inter-
galactic Park. Posted: No trespassing or tampering. The only planet with an-
imals for the next 5000 light-years.”

Skeskoskesk sk ks sk skt sk sk skt sk sk kol skokoskeskoskoskokosk skokeskoskoskokeskoskoskokoskekoskesk skokekeskoskokeskoskoskokoskokoskokok stokekokokokoeskokesiokoskokesio:koskekekeskekek

Twenty thousand years ago, Earth was locked in the glacial grip of the
last ice age. Wooly mammoths and great mastodons, ground sloths, camels,
and saber-toothed tigers roamed North America; people didn't. Humans
were still thousands of years from crossing the land bridge from what would
someday be called Siberia to the place we now know as Alaska. Humans were
still 10,000 years from mastering agriculture. On some given yet forever
anonymous day in that long ago time of 20,000 B.C., a distant neutron star in
the constellation Aquila, part of the Summer Triangle so familiar to star
watchers in the Northern hemisphere, underwent a violent cataclysm of some
type and belched hard radiation into space, hurling an expanding sphere of
poison at the speed of light in all directions. For 20,000 years it sped through
space. It hit Earth over the Pacific Ocean on the evening of August 27, 1998,
as it continued ever onward, its energy diminishing with each mile it traveled
from its original source.

For 5 minutes on that late summer day, Earth was bombarded by gamma

rays and X-rays, the lethal twins generated by thermonuclear bombs as well
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as by the interiors of stars. Even after traveling 20,000 light-years, the energy
was sufficient to send radiation sensors on seven Earth satellites to maximum
reading or off scale. Two of these satellites were shut down to save their in-
struments from burnout. The radiation penetrated to within 30 miles of
Earth's surface and then was dissipated by the lower regions of our planet’s at-
mosphere. This event was the first time that such high energy from outside
the solar system was detected to have had a measurable effect on the atmo-
sphere. But in all probability, it was not the first time Earth has been buffeted
by energy from interstellar space. Perhaps a closer neutron star, or some
other stellar demon not yet known to us, caused one or more of the mass ex-
tinctions in Earth’s past. Perhaps we have only begun to see the demons sur-
rounding us as we take our first tentative peeks through our planetary bed-
room window into space.

Astronomers believe that the 1998 event was caused by the surface dis-
ruption of a kind of star that had only been theorized to exist: a magnetar. A
type of neutron star, a magnetar is perhaps 20 miles in diameter but is more
massive than our sun. It is estimated that a thimbleful of its material would
weigh 100 million tons. It is matter compressed far beyond the point of
human comprehension. The star has a surface of iron, but iron of a type never
found in our solar system. The star spins, as all neutron stars spin, and the re-
sult is the formation of an intensely powerful magnetic field. For reasons we
can only guess at, the surface of this star—20,000 years ago—underwent a
massive disruption, sending energy into space as a consequence.

Energy dissipates with distance. Had the magnetar in question been
only 10,000 light-years away, the energy reaching Earth would have been
four times stronger—perhaps strong enough to damage the ozone layer.
Did this particular event sterilize worlds within a light-year or less? Were
there civilizations existing on worlds that were seared out of existence by
gamma rays and a magnetic field pulse sufficient to tear the very molecules of
living matter apart? Was another Earth sterilized? Perhaps life can flourish
only in neighborhoods far from magnetars. Have magnetars—as well as so
much else we have seen in the pages of this book—made animal life rare in

the Universe? And what else is out there, lurking in the dark?
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Messengers from the Stars

The discovery of a phenomenon such as the magnetar is an object les-
son that suggests a great deal more than life's rarity: There is still so much
more to learn about the heavens surrounding us. We humans are like 2-year-
olds, just beginning to comprehend the immensity, wonder, and hazards of
the wide world. So too with our understanding of astrobiology. It is clearly

just beginning.
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