
Life is something edible, lovable, or lethal.

JAMES E .  LOVELOCK

Life is not a thing or a fluid any more than heat is. What we

observe are some unusual sets of objects separated from 

the rest of the world by certain peculiar properties such as

growth, reproduction, and special ways of handling energy.

These objects we elect to call “living things.”

ROBERT MORISON

IN THE SPIRIT OF SCHRÖDINGER

Half a century ago, before the discovery of DNA, the Austrian
physicist and philosopher Erwin Schrödinger inspired a generation
of scientists by rephrasing for them the timeless philosophical ques-
tion: What Is Life? (fig. 1). In his classic 1944 book bearing that ti-
tle, Schrödinger argued that, despite our “obvious inability” to define
it, life would eventually be accounted for by physics and chemistry.
Life, Schrödinger held, is matter which, like a crystal—a strange,
“aperiodic crystal”—repeats its structure as it grows. But life is far
more fascinating and unpredictable than any crystallizing mineral:

The di¤erence in structure is of the same kind as that between an or-
dinary wallpaper in which the same pattern is repeated again and again
in regular periodicity and a masterpiece of embroidery, say a Raphael
tapestry, which shows no dull repetition, but an elaborate, coherent,
meaningful design traced by the great master.1

1 LIFE: THE ETERNAL ENIGMA
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Schrödinger, a Nobel laureate, revered life in all its marvelous com-
plexity. Indeed, although he devised the wave equation that helped
give quantum mechanics theory a firm mathematical basis, he never
conceived of life as simply a mechanical phenomenon.

Our book, addressing life’s fullness without sacrificing any sci-
ence, reproduces not only Schrödinger’s title but also, we hope, his
spirit. We have tried to put the life back into biology.

What is life? is surely one of the oldest questions. We live. We—
people, birds, flowering plants, even algae glowing in the ocean at
night—di¤er from steel, rocks, inanimate matter.

We are alive. But what does it mean to live, to be alive, to be a
discrete being at once part of the universe but separated from it by
our skin? What is life?

Thomas Mann (1875–1955) gave an admirable, if literary, answer
in the novel The Magic Mountain:

What was life? No one knew. It was undoubtedly aware of itself, so
soon as it was life; but it did not know what it was . . . it was not mat-
ter and it was not spirit, but something between the two, a phenom-
enon conveyed by matter, like the rainbow on the waterfall, and like
the flame. Yet why not material?—it was sentient to the point of de-
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FIGURE 1. Erwin Schrödinger: a physicist
whose emphasis on the physiochemical
nature of life helped inspire the discov-
ery of DNA and the molecular biological
revolution.
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sire and disgust, the shamelessness of matter become sensible of it-
self, the incontinent form of being. It was a secret and ardent stirring
in the frozen chastity of the universal; it was a stolen and voluptuous
impurity of sucking and secreting; an exhalation of carbonic gas and
material impurities of mysterious origin and composition.2

Our ancestors found spirits and gods everywhere, animating all of
nature. Not only were the trees alive but so was the wind howling
across the savanna. Plato, in his dialogue Laws, said that those per-
fect beings, the planets, travel around Earth voluntarily in circles.
Medieval Europeans believed the microcosm, the small world of the
person, mirrored the macrocosm, the universe; both were part mat-
ter and part spirit. This ancient view lingers in the animals of the
zodiac and in the astrological notion that celestial bodies influence
mundane ones.

In the seventeenth century the German astrologer-astronomer Jo-
hannes Kepler (1571–1630) calculated that planets including Earth
travel around the sun in ellipses. Nevertheless, Kepler (who wrote
the first work of science fiction and whose mother was arrested as
a witch) believed that the stars inhabit a three-kilometer-thick shell
far beyond the solar system. He considered Earth a breathing, re-
membering, habit-forming monster. Although Kepler’s view of a
living Earth now seems whimsical, he reminds us that science is as-
ymptotic: it never arrives at but only approaches the tantalizing goal
of final knowledge. Astrology gives way to astronomy; alchemy
evolves into chemistry.The science of one age becomes the mythol-
ogy of the next. How will future thinkers assess our own ideas? This
movement of thought—of living beings questioning themselves and
their surroundings—is at the heart of the ancient question of what
it means to be alive.

Life—from bacterium to biosphere—maintains by making more of
itself. We focus on self-maintenance in our first chapter. Next, in
chapter 2, we trace views of life from very early on through Euro-
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pean mind-body dualism and then to modern scientific material-
ism. Chapter 3 explores life’s origins and its memory-like preser-
vation of the past. Our ancestors—the bacteria that brought Earth’s
surface to life—are featured in chapter 4.

Through symbiotic mergers, bacteria evolved into the protists of
chapter 5. Protists are unicells, including algae, amebas, ciliates, and
other postbacterial cells with erotic habits anticipating our own;
they evolved into multicelled beings experiencing sex and death.
We call the unicellular protists, together with their close multicel-
lular relatives—some of which are very large—protoctists.The bac-
teria that formed protoctists were to have a spectacular future.They
became animals (chapter 6), fungi (chapter 7), and plants (chapter
8). In the last chapter we pursue the unorthodox but commonsen-
sical idea that life—not just human life but all life—is free to act
and has played an unexpectedly large part in its own evolution.

LIFE’S BODY

Life, although material, is inextricable from the behavior of the liv-
ing. Defying definition—a word that means “to fix or mark the lim-
its of”—living cells move and expand incessantly. They overgrow
their boundaries; one becomes two become many. Although ex-
changing a great variety of materials and communicating a huge
quantity of information, all living beings ultimately share a com-
mon past.

Perhaps even more than Schrödinger’s “aperiodic crystal,” life re-
sembles a fractal—a design repeated at larger or smaller scales. Frac-
tals, beautiful for their delicacy and surprising in their apparent com-
plexity, are produced by computers, as graphics programs iterate, or
repeat, a single mathematical operation thousands of times. The
“fractals” of life are cells, arrangements of cells, many-celled or-
ganisms, communities of organisms, and ecosystems of communi-
ties. Repeated millions of times over thousands of millions of years,
the processes of life have led to the wonderful, three-dimensional
patterns seen in organisms, hives, cities, and planetary life as a whole.
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Life’s body is a veneer of growing and self-interacting matter en-
casing Earth.Twenty kilometers thick, its top is the atmosphere and
its bottom is continental rock and ocean depths. Life’s body is like
a tree trunk. Only its outermost tissues grow. Unless protected by
technology, itself an extension of life, any individual removed from
the living sphere is doomed.

Life, as far as is known, is limited to the surface of this third planet
from the sun. Moreover, living matter utterly depends on this sun,
a medium-sized star in the outback of the Milky Way Galaxy. Less
than one percent of the solar energy that strikes Earth is diverted
to living processes. But what life does with that one percent is as-
tounding. Fabricating genes and o¤spring from water, solar energy,
and air, festive yet dangerous forms mingle and diverge, transform
and pollute, slaughter and nurture, threaten and overcome. Mean-
while, the biosphere itself, subtly changing with the comings and
goings of individual species, lives on as it has for more than 3,000
million years.

ANIMISM VS. MECHANISM

If you wish to, you can reach for a glass of water or snap this book
shut. From the experience of willing our bodies to move came
animism: the view that winds come and go, rivers flow, and ce-
lestial bodies guard the heavens because something inside each wills
the movement. In animism all things, not only animals, are seen
to be inhabited by an inner, animating spirit. Formalized in poly-
theistic religion, the multiplicity of gods—a moon god, Earth god,
sun god, wind god, and so on—was replaced in Islam, Judaism,
and Christianity by a single god who crafted the world. Winds and
rivers and celestial bodies lost their will, but living organisms—
especially humans—retained theirs.

Finally, the last outposts of animism—living organisms—yielded
to the philosophy of mechanism. Motion need not imply any in-
ner consciousness; the program could have been “built in” by a cre-
ator. Wind-up toys and automated models of the solar system sug-
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gested to their inventors that even living things may be constructible
from lifeless mechanisms, subtle concealed springs, tiny unseen pul-
leys, levers, cogs, and gears. Comparing flowing blood to a hydraulic
system, the heart to a pump, English physician William Harvey
(1578–1647) discovered circulation of the blood. Scientists sleuthed
out the world’s secret mechanisms, part of an overall design. Nat-
ural history revealed the world to be a giant mechanism made ac-
cording to the mind of an omnipresent, omnipotent god.

Isaac Newton (1642–1727) became the high priest of mechanism.
A devoted student of alchemy, scripture, and the occult, Newton
made unparalleled innovations in optics, physics, and mathematics.
In doing so he helped bridge the gap from the medieval cosmos to
the modern one. Explaining the motions of the planets with a new
law of gravity, Newton’s equations showed that the world of the
heavens and that of Earth were one and the same; the force that
kept the moon in orbit was also the force that thuds an apple to the
ground. So revealing were Newton’s discoveries of “laws” govern-
ing the entire universe that to some it seemed he had—in Kepler’s
words—“glimpsed the mind of God.” Inspired by Newton’s analy-
ses, Pierre-Simon de Laplace (1749–1827) speculated that, with
su‹cient information, the entire future of the universe, even the
most minute human action, could be predicted. Far from being
moved by hidden spirits, the celestial bodies now seemed to be un-
der the governance of preexistent mathematical laws. Divine in-
tervention became increasingly superfluous. God did not need to
fiddle with creation. He had crafted it to last. The cosmos worked
itself.

With a grasp of gravitation’s cosmic sweep, scientists were spurred
to explore phenomena once considered beyond human compre-
hension.Electricity and magnetism, sound and colors, radiation and
heat, explosion and chemical change were all described with an eye
to their underlying unity. Optical instruments, telescope and mi-
croscope, presented formerly unseen worlds of the very far and the
very near. Experiment and criticism replaced blind acceptance of
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classical authority and divinely revealed truth. Scientists coaxed na-
ture to yield some of her most private secrets. Oxygen’s role in fire,
lightning as electrical discharge, gravity as the invisible force caus-
ing the tides and attracting the moon into Earth’s orbit—one by
one nature laid down her cards.

Under the spell of the mechanical worldview, the ancient al-
chemical dream of shaping nature to human will became techno-
logical reality. After centuries of humans meddling with steamy con-
coctions in a Faustian quest to be godlike, then a 1953 discovery
seemed to reveal the very secret of life. Life was chemical and the
material basis of heredity was DNA, whose helical and staircase-
like structure made clear how molecules copied themselves. Indeed,
the “aperiodic crystal” that Schrödinger had predicted was uncan-
nily similar to the double helix first described by the English chemist
Francis Crick and American whiz kid James D. Watson. Replica-
tion was no longer beholden to a mysterious “vital principle”; it
was the straightforward result of interacting molecules. The de-
scription of how DNA fabricated a copy of itself out of ordinary
carbon, nitrogen, and phosphorus atoms was perhaps the most spec-
tacular of all mechanism’s successes. But paradoxically, this success
born of self-directed minds seemed to portray life—including the
scientists themselves—as the result of atoms involuntarily interact-
ing according to changeless and inviolable chemical law.

Between these two extremes—the entire universe as alive, and
the living organism as chemical and physical machine—lies the
panorama of opinion. But is there not something wrong with both
the mechanization of life and the vitalization of matter?

The world as a vast machine fails to account for our own self-
awareness and self-determination because the mechanical world-
view denies choice. Mechanisms, after all, don’t act; they react. And
mechanisms, moreover, don’t come into existence on their own.
The assumption that the universe is a mechanism implies that it
was made according to some humanlike design—that is, by some
living creator. In other words, successful as it is, the scientific mech-
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anistic worldview is deeply metaphysical; it is rooted in religious
assumptions.

The animistic view of the cosmos as a huge organism is also
flawed. It blurs the distinctions among what is living, what is dead,
and what has never been alive. If everything were alive, there would
be no interest in—and scientists never would have discovered the
replicative chemistry of—life.

We thus reject mechanism as naive and animism as unscientific.
Even so, life, as an emergent behavior of matter and energy, is best
known by science. Schrödinger was correct in advocating a search
for the physicochemical underpinnings of life. So are Watson and
Crick and other physicists and molecular biologists who hail the
structure of DNA as a key to life’s secrets. Like an uncoiling spring
pushing the soft gears of life, DNA copies itself as it directs the mak-
ing of proteins that together form the leopard’s spots, the spruce
tree’s cone, and living bodies in general. Understanding how DNA
works may be the greatest scientific breakthrough in history. None-
theless, neither DNA nor any other kind of molecule can, by itself,
explain life.

JANUS AMONG THE CENTAURS

The American architect R. Buckminster Fuller (1895–1983) applied
“synergy” (from Greek synergos, working together) to describe en-
tities that behave as more than the sum of their parts. From a sci-
entific standpoint, life, love, and behavior appear to be synergistic
phenomena. When certain chemicals—in water and in oil—came
together long ago, life was the result. Synergy also fits the emer-
gence of protist cells from bacteria, and of animals from such cells.

The common view is that life evolves by random genetic change
that is, moreover, detrimental more often than not. Chance muta-
tions, blind and undirected, are touted as the leading source of evo-
lutionary novelty. We (and a growing contingent of like-minded
students of life) do not entirely agree. Great gaps in evolution have
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been leaped by symbiotic incorporation of previously refined
components—components that have been honed in separate line-
ages.Evolution doesn’t start anew each time a new life form appears.
Preexisting modules, which turn out to be primarily bacteria, al-
ready generated by mutation and retained by natural selection, come
together and interface.They form alliances, mergers, new organisms,
whole new complexes that act and are acted on by natural selection.

But natural selection by itself cannot generate any evolutionary
innovation, as Charles Darwin (1809–1892) was well aware. Natural
selection, rather, relentlessly preserves the former refinements and
newly generated novelty by culling those less able to live or re-
produce. Biotic potential—life’s tendency to reproduce as much as
possible—takes care of the rest. But first, novelty must arise from
somewhere. In synergy two distinct forms come together to make
a surprising new third one.

Cowboys, for example, settled the American West. Some na-
tive Americans perceived the human-horse invaders as centaurs—
two-headed, multilimbed beings. The novelist and philosopher
Arthur Koestler (1905–1983) has called the coexistence of smaller
beings in larger wholes “holarchy.”3 Most people, by contrast, think
that life on Earth is hierarchical, a great chain of being with humans
on top. Koestler’s coinage is free of implications of “higher” or of
one of the constituents in the holarchy somehow controlling the oth-
ers. The constituents, too, were given a new name by Koestler. Not
merely parts, they are “holons”—wholes that also function as parts.

In his metaphysical as well as terminological rethinking, Koestler
invoked the double-faced Janus, who in Roman mythology was the
god of portals and the patron of beginnings and endings. In our
view, just as Janus simultaneously looks backward and forward, so
humans are not at the height of creation but point dually to the
smaller realm of cells and the larger domain of biosphere. Life on
Earth is not a created hierarchy but an emergent holarchy arisen
from the self-induced synergy of combination, interfacing, and re-
combination.
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BLUE JEWEL

The best part of a journey can be returning. By sending monkeys
and cats into orbit, people to the moon, and robots to Venus and
Mars, humankind has developed a new respect for, and a deeper
understanding of, life on Earth.

In 1961 the Soviet Union’s Vostok I carried the first human into
orbit around Earth. Since then, gazing “down” at this turquoise
orb—venturing out on a spacewalk as if about to jump from the
world’s highest diving board—cosmonauts and astronauts have
groped for words that do justice to their experience.Eugene A. Cer-
nan, an astronaut of both the Gemini and Apollo lunar missions,
and the last person to walk on the moon, describes the view:

When you are in Earth orbit looking down you see lakes, rivers, penin-
sulas. . . . You quickly fly over changes in topography, like the snow-
covered mountains or deserts or tropical belts—all very visible. You
pass through a sunrise and sunset every ninety minutes. When you
leave Earth orbit . . . you can see from pole to pole and ocean to ocean
without even turning your head. . . . You literally see North and South
America go around the corner as Earth turns on an axis you can’t see
and then miraculously Australia, then Asia, then all of America comes
to replace them. . . . You begin to see how little we understand of
time. . . . You ask yourself, where am I in space and time? You watch
the sun set over America and rise again over Australia. You look back
“home” . . . and don’t see the barriers of color, religion, and poli-
tics that divide up this world.4

Imagine yourself in orbit. As you circle the planet every ninety min-
utes, time and space undergoes a mutual metamorphosis. Gravity
lessens; north and south become relative. Day follows night in a patch-
work blend. The sun cuts through the thin ribbon that is the at-
mosphere, flooding the cabin of the spacecraft with red to green to
purple, through all the colors of the rainbow. You are plunged into
black. Earth becomes the place where there are no stars. If Earth can
be seen at all it is as a flicker of tiny lights—cities—on the surface
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of the sun-eclipsing globe. “Day” breaks again, revealing the cloud-
flecked blue ocean. As you are jettisoned into hyperperspective, the
sky is now below. As if floating dreamily away from your own body,
you watch the planet to which you are now tied by only the invisi-
ble umbilical cord of gravity and telecommunication.

The act of viewing Earth from space echoes that of a baby glimps-
ing, and really seeing, itself in a mirror for the first time. The as-
tronaut gazes upon the body of life as a whole. The French psy-
choanalyst Jacques Lacan posits a stage in human development called
“the mirror stage.”5 The infant, unable to control its limbs, looks
into the mirror and perceives its whole body. Humanity’s jubilant
perception of the global environment represents the mirror stage
of our entire species. For the first time we have caught a glimpse of
our full, planetary form. We are coming to realize that we are part
of a global holarchy that transcends our individual skins and even
humanity as a whole.

Television images in 1969 revealed astronauts bounding over the
lunar dust. The moon, once a synonym for the unattainable, was
reached. A cratered wasteland, bone-dry, the moon was neverthe-
less still daunting in its lifelessness. As the cosmic perspective was
broadcast, we homebodies were given a futuristic ride and were
o¤ered a new view of the world, a new worldview with the power
to rally Earth’s peoples around an icon more potent than any flag.
Members of disparate religious and spiritual traditions could now
join together as citizens of Earth. Individuals so a¤ected, those who
saw the potential, came to know that the whole former under-
standing of life was parochial, a result of where we lived. Even time
was upset: night became shadow.

Tribal conflicts, national politics, and the colored geographic re-
gions of maps are invisible from space. Science has, of course, re-
vealed to us that this blue jewel orbits but a lackluster star in the
outskirts of a spiral galaxy with myriad stars within a universe of
myriad galaxies. All our history and civilization has transpired un-
der the gaseous blanket of, really, a middling planet in one solar sys-
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tem. Voyaging in space, we saw Earth as home. But it is more than
home: it is part of us. In contrast with the pale moon in the dead
solar system of our galactic suburbs, this third planet from the sun,
our Earth, is a blue-and-white flecked orb that looks alive.

IS THERE LIFE ON MARS?

Unexpectedly, the search for life on Mars provided scientific con-
firmation of the “body” of life as a whole on Earth. The Viking
mission, launched in 1975, sent two orbiters and two landers to
Mars. Although returning spectacular images of “Marscapes,” the
Viking landers performed a series of experiments that failed to find
any evidence of Martian life. Channels carved by ancient rivers were
seen, fueling hopes that evidence for past life may yet be found on
the red planet.

One scientist, however, was able to search for life on Mars before
the Viking mission was launched. In 1967 James E. Lovelock, En-
glish inventor of a device that measures chlorofluorocarbons impli-
cated in the production of ozone holes, was consulted by the Na-
tional Aeronautics and Space Administration (NASA) in its search
for extraterrestrial life. NASA was interested in what Lovelock’s in-
vention, a gas-measuring instrument some thousand times more sen-
sitive to certain atmospheric constituents than any previous device,
might reveal about Mars. An atmospheric chemist, Lovelock sus-
pected that, in principle, life on any planet could be detected by the
chemical markers left in that planet’s air. Because the constituents
of Mars’s atmosphere were already known by the spectroscopic sig-
nature of the planet’s reflected light, Lovelock believed the data al-
ready su‹cient to determine whether Mars was a living planet. His
conclusion: Mars was devoid of life. Indeed, he boasted with his
own brand of quiet iconoclastic mischief that his prediction pre-
cluded any need to visit Mars at all and that he could save NASA a
prodigious sum of money.

Lovelock had measured Earth’s atmospheric gases with a chro-
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matograph outfitted with his new supersensitive “electron capture
device.” He was startled: the chemistry of Earth’s atmosphere, not
at all like the atmospheres of Mars and Venus, was utterly improb-
able. He found that methane, the chief constituent of natural gas
and present in the atmospheres of the four giant planets ( Jupiter,
Saturn, Uranus, and Neptune), freely coexisted in Earth’s atmos-
phere with oxygen at concentrations more than 1035 times higher
than expected.

Methane exists at only one to two parts per million in Earth’s
atmosphere, but even that minuscule proportion is far too high.
Methane (one carbon atom surrounded by four hydrogen atoms)
and oxygen gas (two oxygen atoms) react explosively with each other
to generate heat, producing carbon dioxide and water. Oxygen, the
second most abundant gas in the atmosphere, should thus react im-
mediately with methane to make the latter undetectable. Perhaps in
the next minute you will die of asphyxiation because all the oxy-
gen atoms will gather in one corner of the room and your brain
will be deprived of its absolute requirement for oxygen gas. Such a
calamity is improbable to the point of absurdity. Yet the chemical
mixture of methane and oxygen in the Earth’s air is equally freak-
ish. Indeed, not only methane but many other gases in our air
should not be detectable, given standard rules of chemical mixing.
Given their tendency to react with oxygen, some of our atmosphere’s
components—methane, ammonia, sulfur gases, methyl chloride, and
methyl iodide—are far from chemical equilibrium. Carbon monox-
ide, nitrogen, and nitrous oxide are respectively ten, ten thousand
million, and ten trillion times more abundant than chemistry alone
can account for.

Biology, however, o¤ers an answer.Lovelock realized, for instance,
that methane-producing bacteria release this gas in globally signi-
ficant amounts. Cows contribute methane by belching. Belched
methane does react with oxygen but, before it disappears, more is
produced. The methane is made from grass by bacteria and protists
in the cow’s rumen, a special stomach.
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Life has made our atmosphere chemically reactive and orderly,
while exporting heat and disorder to space. Lovelock maintained
that the atmosphere is as highly ordered as a painted tortoise’s shell
or a sand castle on a deserted beach. And life’s inveterate ordering
has left its traces on other planets. On 20 July 1976 a lander was left
on Mars by the 3.6-metric-ton Viking I spacecraft. Although not
what scientists were looking for, this machine, sitting 571 million
kilometers away at Chryse Planitia on red sand, is the best, and so
far the only evidence of life on Mars: solar-system exploring, tech-
nological human life.

LIFE AS VERB

Lovelock’s analyses have pushed biologists to realize that life is not
confined to the things now called organisms. Self-transforming, ho-
larchic life “breaks out” into new forms that incorporate formerly
self-su‹cient individuals as integral parts of greater identities. The
largest of these levels is the planetary layer, the biosphere itself. Each
level reveals a di¤erent kind of “organic being.” This is the term
that Darwin used throughout his opus, On the Origin of Species. (“Or-
ganism,” like “scientist” and “biology,” had not yet been coined.)
“Organic being” merits resurrection as it a¤ords the recognition that
a “cell” and the “biosphere” are no less alive than an “organism.”

Life—both locally, as animal, plant, and microbe bodies, and glob-
ally, as the biosphere—is a most intricate material phenomenon.Life
shows the usual chemical and physical properties of matter, but with
a twist. Beach sand is usually silicon dioxide. So are the innards of
a mainframe computer—but a computer isn’t a pile of sand. Life is
distinguished not by its chemical constituents but by the behavior
of its chemicals.The question “What is life?” is thus a linguistic trap.
To answer according to the rules of grammar, we must supply a
noun, a thing. But life on Earth is more like a verb. It repairs, main-
tains, re-creates, and outdoes itself.

This surge of activity, which not only applies to cells and animals
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but to Earth’s entire atmosphere, is intimately connected to two of
science’s most famous laws—the laws of thermodynamics.The first
law says that throughout any transformation the total energy of any
system and its environment is neither lost nor gained. Energy—
whether as light, movement, radiation, heat, radioactivity, chemi-
cal or other—is conserved.

But not all forms of energy are equal; not all have the same e¤ect.
Heat is the kind of energy to which other forms tend to convert, and
heat tends to disorganize matter. The second law of thermodynam-
ics says that physical systems tend to lose heat to their surroundings.

The second law was conceived during the Industrial Revolution,
when the steam engine represented the state-of-the-art in engi-
neering. French physicist Nicolas Carnot (1796–1832), aiming to
improve the e‹ciency of the steam engine (whose governor mech-
anism was invented by James Watt [1736–1819]), came to realize that
heat was associated with the movement of minute particles. And
from that, he envisioned the principle that is now known as the sec-
ond law: In any moving or energy-using system entropy increases.

In systems undergoing change, such as steam engines or electric
motors, a certain amount of the total energy available is already in,
and more is converted into, a form that is unavailable for useful work.
Although the amount of energy in the system and its environment
stays the same (i.e., the first law of thermodynamics, of conserva-
tion of energy, holds), the amount of energy available to do work
decreases. In computer science entropy is measured as the uncer-
tainty in the information content of a message.The second law un-
equivocally claims that in changing systems entropy increases, im-
plying that heat, noise, uncertainty, and other such forms of energy
not useful for work, increase. As local systems lose heat, the uni-
verse as a whole is gaining it. Although not so popular now, in the
past physicists and chemists have made the prediction that the uni-
verse will whimper out in a “heat death” as a consequence of the
tendency for entropy to increase. More recently, they have even in-
vented the word “negentropy” for life, which, in its tendency to in-
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