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Introduction
Fifty years ago, I began my scientific career under the direction of JacquesÉmile Blamont. He had just returned from the United States, where he had
contributed to the beginnings of space research. Back in France, he intended
to put the country, and with it the rest of Europe, on the same track. In March
1959, I joined him in the first European space experiment: a launch of
Véronique rockets in the Sahara desert. The fifty years that followed were
marked by a spectacular progress in our knowledge of the universe. Similar
progress was made in practically all other fields of knowledge.
Such progress is unprecedented in human history. One would think that it
must have improved the fortune of mankind, and to a degree, it has. The field
of medicine, and especially surgery, has seen great advances; agricultural
production has considerably improved, too. But only one fraction of humanity
is really profiting from all this progress. After temporarily receding, hunger is
on the rise again all over the world. Virtually non-existing at the beginning of
my career, unemployment has become endemic in France. Around the world,
economic crises are now pervasive, oil resources are dwindling and our
planetʼs protective ozone layer is in danger of being destroyed. And if that
was not enough, the threat of global warming is looming. What have we
done?
Most researchers of my generation are asking themselves this question,
especially those in the ʻspace sciencesʼ. In 2004, Jacques Blamont, for
instance, published a book called ʻIntroduction au siècle des
menacesʼ (ʻIntroduction to the century of threatsʼ) (1), in which ʻhe
deconstructs, bit by bit, the infernal machine that we are now in the process
of bequeathing to our children, thanks to the scientific progress we so
strongly believed in…ʼ(2). In 2008, at the fiftieth anniversary of his laboratory,
he confided to me that ʻthis is going to be worse than I predictedʼ. Together
with theologist Jacques Arnoud, he wrote the book ʻLève-toi et marcheʼ (ʻRise
up and marchʼ) (3).

In 2005, another space scientist, geophysicist André Lebeau who occupied
prominent positions at the CNES and ESA (4), published ʻLʼengrenage de la
techniqueʼ (ʻThe mechanics of techniqueʼ) (5), in which he analyses human
evolution in terms of biological evolution. His next book, ʻLʼenfermement
planétaireʼ (Planetary containment, 2008) (6), came to troubling conclusions
after revealing the limitation of our resources.
That same year, Roger-Maurice Bonnet, my colleague, friend and costudent
under Blamont, scientific director at ESA and then at ISSI (7), co-authored a
book with Lodewijk Woltjer, former director of ESO (8). This publication,
entitled ʻSurvivre mille siècles, le pouvons-nous?ʼ (Surviving a thousand
centuries - Can we do it?) (9), reviews a number of possible causes for
human extinction.
Having spent the last sixteen years of my career in the United States, I
moved back to France for retirement in January 2001. Here, I became
interested in biology and started asking myself the same questions. Initially, I
began sharing my reflections on a dedicated website: http://francoisroddier.fr/
These reflections led me very quickly to the laws of thermodynamics, a
subject I was familiar with through teaching at the University of Nice. On reestablishing contact with Roger Bonnet, I learned about his forthcoming book.
I mentioned to him that I might have an answer to his central question, and in
response, he invited me to present my ideas in Bern, where he convinced me
to publish them.
Writing a book on this subject is an especially arduous undertaking for
various reasons, the first one being the difficulty of the little taught science of
thermodynamics, particularly non-equilibrium thermodynamics. For example,
the notion of entropy (10) is so complex that it took us a whole century to
understand it. Still today, some people distinguish between thermodynamic
entropy and informational entropy without being aware that these are one and
the same concept. The entropy of a system is a measure of our lack of
knowledge about this system. This implies that entropy is as much a property
of the observer as it is of the system observed. A number of scientists still
refuse to admit it.
At the origin of the problem is the physical interpretation of probability. To
some, probability is a physical quantity that is measurable through statistical
procedures, a statement called the ʻfrequentistʼ interpretation. The work of

researchers in this tradition is based on steady state and ergodic hypotheses
that are physically unverifiable. To others, probability is a ʻsubjectiveʼ quantity
that depends on our ʻa prioriʼ knowledge, a statement called the Bayesian
interpretation. In his book ʻThe logic of scienceʼ, the American physicist E. T.
Jaynes shows how the Bayesian approach allows us to unify probability
theory and statistics in one unique deductive logic that, in turn, enables us to
take optimal decisions in the face of incomplete information. He calls this ʻthe
logic of scienceʼ.
The recent advancements on which this book relies are founded on, and
implicitly follow the Bayesian approach. As our knowledge forms part of the
universe we are studying, it is incomplete and always will be. Humankind is a
dissipative structure like any other. By importing information from its
environment, it continuously improves its knowledge base; by doing this, it
diminishes its internal entropy to dissipate energy ever more efficiently.
It is clear that, if the laws of physics are to be generally valid, their application
to domains as complex as biology or human sciences, seems still out of
reach. The difficulty here lies in the number of variables at play, as well as in
the nonlinearity of phenomena. The second half of the twentieth century saw
considerable progress in both areas. The problem posed by the number of
variables was tackled through a statistical approach, forming the discipline of
statistical mechanics, the continuation of what was once called
thermodynamics. The problem of nonlinearity has evolved thanks to
numerical experimentation, forming the discipline of nonlinear dynamics or
chaos theory.
Despite these improvements, difficulties persist, and the validity of certain
theoretical results used in this book is still being debated. These difficulties
affect the very notion of dissipative structure. By definition, such a structure is
in a steady state, which seems to exclude a priori the possibility of studying
its evolution. Another problem lies in the exact definition of boundaries.
Issues of this kind continue to be discussed among specialists each year.
Despite these on-going difficulties, results obtained so far carry to me an
immense significance. Had I been told me ten years ago that the laws of
statistical mechanics could explain human behavior, I would have smiled
doubtfully. Today, however, I am absolutely convinced that they can. The
fundamental laws of biochemistry are those of thermodynamics, as
established by Gibbs, and insofar living beings are made up of biochemical
reactions, they cannot but obey these laws.

My aim is to show that the results we have so far obtained open up great
perspectives, not just in relation to biology, but also to the human sciences.
The results I came across in this essay are remarkably coherent to me, which
is why I believe in their significance. Undoubtedly, I will be criticised for
exaggerating this significance, although in this book I will only come a little
closer to the pieces of the puzzle. Essentially, I see this book as a scientific
programme for the twenty-first century, a programme that allows us to unify
the sciences, from cosmology to the human sciences.
Regrettably, the natural sciences are extremely cloistered at this moment in
time. Very few physicists are showing an interest in biology, and even less in
the human sciences. Conversely, few biologists and even fewer humanities
and social science researchers are interested in physics. Each to their own
discipline! In my case, I trained and worked in physics and, ten years ago,
embarked on studying biology. To write a book that covers all disciplines, from
cosmology to sociology, is not an easy undertaking, and mistakes or
imprecisions are unavoidable. I therefore ask my readers to be forgiving, and
to get in touch with me about potential issues, so that these can be included
in a future edition of this book.
One of the issues that I have struggled with is language, as each discipline
develops its own jargon. To assist the readers, a definition of the scientific
and technical terms that are in italic in the main text will be found in a
glossary at the end of the book. The use of everyday language turned out to
be equally tricky. Richard Dawkins entitled his first book ʻThe Selfish Geneʼ,
as if a gene could exhibit human behaviour. Dawkins justified this by saying
that it was a figure of speech. My own book goes even further: it is my goal to
show that, under different aspects, one is able to find the same underlying
processes as much in physics as in biology or sociology. One can follow
these processes continuously from one discipline to another and therefore
can describe them with the same vocabulary.
Everyday language is especially suited for describing human and even
animal behaviour. But can one also use it to talk about things? People say, for
instance, that an individual imitates another. The same thing can be said
about a monkey or a bird. But if a magnet aligns itself to its neighbour, can we
say that this, too, is imitation? In this book (section 3.1), I will show how these
processes are actually fully similar. The issue of language becomes
particularly acute, when we are dealing with manifestations of intention. If we
kill a rabbit to eat, a cat could be said to do the same with a mouse, albeit
perhaps more instinctively. As we shall see, bacteria orientate themselves
towards their food source. Is this because they intend to feed themselves or,

more simply, because their behaviour follows the law of Le Chatelier (section
9.1)? For me, this is purely a question of language.
Conversely, we now know that the Earthʼs atmosphere maintains itself in a
state of ʻmaximum production of entropyʼ that maximizes the dissipation of
energy. It appears increasingly clear that these processes apply to
ecosystems, too. In fact, ecosystems are observed to self-organise so as to
constantly maximize their rate of energy dissipation. One is left wondering
whether the same principles might also apply to human societies. Could we
say, for instance, that a human society self-organises to maximize the speed
with which it dissipates energy? I do not hesitate to assert this, even if the
goal of our actions may appears different to us.
Physicists are effectively accustomed to expressing the laws of physics in the
form of variational principles: a mechanical system evolves according to the
principle of least action; light propagates by minimising its optical path. For a
physicist ʻeverything takes place as ifʼ light is constantly looking for the fastest
way of getting from one point to another. Thus one could come to the
conclusion that the universe incessantly strives to maximize the speed with
which energy dissipates. That this principle also applies to human evolution
should therefore not surprise us, even if humans can express their
intentions differently.
We know that the laws of chemistry derive entirely from those of physics,
even if this derivation is not always easy to trace. The same thing can be said
of biochemistry. There are still a number of biologists who are reluctant to
accept that the laws of biology stem entirely from those of chemistry. Even if
the origin of life has not yet been resolved, it has become clear that it resulted
from particular chemical reactions that scientists call autocatalytic (section
8.1). We can thus move seamlessly from chemistry to biology. Natural
selection now appears as a consequence of the laws of thermodynamics
(section 5.3).
The application of biology to humanity leads to even more reluctance. In the
past, premature extrapolation of biological laws towards humanity has lead to
aberrations [11]. The idea that our behaviour could follow ʻnatural lawsʼ hurt
our feeling of free will. To reduce humankind to the laws of physics comes
close to a terribly materialist approach. It seems to obscure the spirituality of
humanity that we consider as essential to us. We shall see that, far from
occulting it, shows its role and significance.

In fact, the central idea of this book is that evolution has progressively shifted
from being genetic to being cultural. Culture is defined here the set of
information that is memorized in the brain. Following this definition, culture is
not exclusive to humanity. Three chapters are dedicated to the passage from
genes to culture. The particularity of humankind is that culture has become
the dominant factor in its evolution. In other words, one cannot apply the laws
of biology to humans without replacing genes with culture: human evolution is
essentially cultural. Thermodynamically speaking, the human mind reduces
its entropy (self-organises) so that our body can dissipate more energy.
In the course of this book, we will see that certain phenomena, such as
cyclones, memorise information about their environment. Their memory is
inertial. Plants memorise information in their genes. Evolved animals, also
memorise information in their brains, which is why we can train them. One
can say that they are capable of learning. When we speak of human beings,
we describe ourselves as being conscious. In the case of humankind as a
whole, we can speak of a collective conscience.
What physics and biology teach us – and history confirms – is that the
problems we are collectively facing can be resolved by utilizing our collective
conscience. At the moment, humanity is becoming conscious of itself and
starts worrying about its chances of long-term survival. This book is a
contribution to this growing collective consciousness, which is likely to take
several generations. In this spirit, I would like to dedicate this book to all
young people. It is them, who will finally and fully become aware of the laws
of evolution. With this awareness, they will build a future humanity, filled with
hope.
There remains a last concern: the reflections that I put forward in this book
entirely confirm the fears expressed by many authors, notably those I
mentioned at the beginning. More and more work is published each year on
environmental issues, the end of oil or the collapse of societies. The risk in
writing this book, for me, is to come across as just another bearer of bad
news and being ignored as a consequence. This is why I only briefly touch on
the multiple crises that affect our world, and leave this task to more qualified
people. Instead, I will concentrate on what might happen after the current
crisis, because that is where hope appears. I am convinced that this hope is
justified: it is confirmed by the laws of physics and everything that we know
through modern biology.
Finally, I would like to extend a message towards current and future
generations. History has shown us that each time a society is in crisis, it

searches for the guilty and identifies its scapegoats. Primitive civilisations
offered human sacrifices to their gods; the Romans tortured Christians; the
Middle Ages ended in religious wars; the French monarchy decapitated their
king and a number of aristocrats. More recently, Nazi Germany gassed Jews.
Today, we accuse immigrants or ʻgypsiesʼ. This book wants to show the real
culprit: the laws of statistical mechanics against which we are individually
powerless. Howard Bloom (12) speaks of a ʻLucifer principleʼ without
acknowledging that it is really a matter of fundamental principles of
thermodynamics. Our suffering is caused by the entropy due to our lack of
knowledge about the laws of the universe. As soon as these laws are
universally recognised and understood, this entropy will go away, and
humanity will finally be enabled to take charge of its destiny and alleviate its
misery.

ʻThe true physics is that which will, one day,
achieve the inclusion of man in his wholeness
in a coherent picture of the world.'
Pierre Teilhard de Chardin
The Phenomenon of Man

Prologue
The Concept of Evolution
The idea that the world evolves seems self-evident to us. Every day, my
computer reminds me to update its software. Everyone is eager to upgrade
their mobile phones in order to take advantage of the latest gadgets. We
forget that only fifteen years ago, ownership of a mobile phone or home
internet was a novelty.

For the last two hundred years, humanity has become used to constant
scientific and technological progress. This progress happens faster and
faster, with no end to this acceleration in sight. To us, it feels like the natural
state of things. The majority of us believe that this will continue indefinitely.
Few people realize that things have not always been this way. In the following
paragraphs, I will show that they have not, indeed.
In the Middle Ages, progress was so slow that it was almost imperceptible.
The idea of evolution is entirely absent from the literature of this epoch. The
perception was that humanity had always been in the state in which it could
then be observed, that is, in the state in which God had created it. Therefore,
medieval paintings always show the holy family in the fashions of the time.
It seems as if everything started to change around the end of the fifteenth
century, with the development of typography, pioneered by Johannes
Gutenberg. At that time, people generally believed that the world could be
explained through the Bible. Accordingly, it was the Bible that became the first
ʻmassʼ printed book. Throughout the sixteenth century then, people learned to
read in order to read the Bible. Consequently, there was a great surge of
literacy. By reading the Bible, people learned how to interpret and think for
themselves. Michel de Montaigne notably encouraged his readers to engage
in philosophical reflection. Books became more abundant.
By the seventeenth century, scholars such as René Descartes proclaimed the
possibility that the world could be understood independently of religious
beliefs. This moment marked the rise of rational thought that we call
ʻCartesianʼ. Blaise Pascal, by contrast, remained undecided between religion
and reason, leading to his famous ʻwagerʼ.
With the arrival of the eighteenth century, books had become so ubiquitous
that the need arose to ʻcompressʼ this information and to assemble all of
human knowledge in a single book. This project resulted in the Encyclopedia
of Denis Diderot and Jean de Rond dʼAlembert, and in ʻLʼHistoire
Naturelleʼ (Natural History) by Georges-Louis Leclerc, Comte de Buffon. The
unification of all of this knowledge enlightened humans. We thereby call this
period the Enlightenment.
From Buffonʼs Natural History, readers learned that remains of seashells are
sometimes found in the high mountains. The findings of such shells, normally
present in the ocean, put in question whether the rock formations may once
have been submerged in water. Around the same time, Scottish naturalist

James Hutton identified lava pieces in his garden and wondered whether
there had once been volcanoes in Scotland. Bit by bit, new evidence came to
light, leading to the conclusion that Earth itself is subject to evolution.
Less than half a century later, Jean Baptiste de Lamarck first studied botany,
then zoology, and finally became interested in paleontology. The latter
suggests that living organisms that existed on Earth are now extinct. The
mounting evidence led to the hypothesis that plant and animal species evolve
as well. Moreover, they evolve along a trajectory from most simple to most
complex. In their ʻperfectionʼ, humans appeared to be the pinnacle of
evolution. A further half-century later, Charles Darwin published his book on
the origin of our species as a consequence of natural selection, bringing the
mechanism of evolution to light.
In 1916, Albert Einstein published his equation connecting the form of spacetime to the distribution of energy. To his great surprise, the Universe appeared
to vary in time. As the concept of an evolving universe seemed impossible to
Einstein, he added a ʻcosmological constantʼ to his equation in order to
render the Universe stationary. When, in 1929, Edwin Hubble demonstrated
that the universe is indeed expanding, Einstein remarked that the inclusion of
his ʻcosmological constantʼ had been the greatest mistake of his life.
We have thus come to see that not only life and the planet evolve, but the
universe itself does so as well. The question remains: if everything evolves,
are there laws that govern this evolution?

Part I. The laws of thermodynamics
1. Thermodynamics in the 19th century
Although it can take different forms (mechanical, electrical, chemical), a given
amount of energy always stays the same. It is said to be a conservative
quantity. However it tends to dissipate, that is to transform itself into heat.
Heat differs from other forms of energy by the fact that it can hardly be totally
converted to another form. A system that is isolated from the rest of the world
is said to be a ʻclosed systemʼ. In a closed system, energy transforms itself
irreversibly into heat. Differences dissappear and motions cease. A closed
system evolves until it reaches thermal equilibrium.

1.1. Energy
In a world where everything is changing, how do you know the laws that
govern its evolution? A mathematician, Emmy Noether, has shown that if
evolution obeys fixed laws, then there is a measurable quantity that remains
constant. Physicists call such a quantity an invariant. Discovered in the
nineteenth century, this invariant has been given the name of energy. It can
be thought of as the Arianeʼs thread that allows us to track the evolution.
Supplying energy to human societies is currently such a concern that this
abstract notion, issued from physical sciences, has now become a common
notion. Everyone knows that energy is needed to put a mass in motion. To a
physicist, a quantity is defined if we know how to measure it. To measure an
amount of energy, physicists use the notion of mechanical work. Mechanical
work is produced when, for example, a weight is elevated to a certain height.
The energy required, referred to as mechanical work, is the product of the
force applied (equal and opposite to the weight) by the length of the travel
(here a height).
Every time the same weight is elevated the same height, the same amount of
work or mechanical energy must be provided. There are many ways to raise
a weight. One can for example pull on a rope. One then provide muscle
power. This is a way to measure it. One can also use an electric motor.
Electricity is another form of energy. It can be supplied by a battery in which
energy is stored in chemical form.
If the energy can take a great variety of forms, its importance comes from the
fact that it is conserved. In all cases, the amount of energy can be measured
using the same unit. The international unit for energy is the joule after the
english physicist James Prescott Joule. An energy per unit of time is a
"power". It is measured in joules per second, also called watt, after the
English engineer James Watt who developed the first steam engine used
industrially (see additional information on energy).
For example, the energy that was used to raise the weight is not lost. It can
be recovered by letting the weight go down. On its way down, the weight can
turn a dynamo that will generate electricity and recharge the battery. Here we
assume that all our manipulations are perfectly reversible. Unfortunately, they
are usually imperfectly, sometimes not at all. If the string breaks, the weight
falls. Energy is apparently lost.

1.2. Energy dissipation
Physicists have found that in this case, energy is not really lost. It is
converted into heat. The same amount of energy always produces the same
amount heat. It increases the temperature of the same volume of water by
the same amount. Unfortunately, the transformation of energy into heat is not
a reversible process. You can use a kettle to heat water but, when cooling,
the kettle water will not produce back the electricity that it has consumed.
The problem is that, whatever its form, energy always ends up in the form of
heat. For example, consider the pendulum of a grandfather clock. Remove it
from its equilibrium position and then let it loose. It will oscillate for a while,
but the oscillation amplitude will gradually decrease until the pendulum
comes to a halt. The mechanical energy of the oscillations has been
converted into heat by mechanical friction. To maintain the motion one must
wind up the rope on which a weight is attached. When going down, the
weight provides the energy needed to maintain the movement of the
pendulum which, in turn, converts it into heat. In physics the conversion of
energy into heat is called "energy dissipation".
It is exactly the same for us. The food we eat is our energy source. It helps
maintain the beats of our heart, as the fall of the weight keeps the clock
pendulum beating. It provides the mechanical work necessary for our
movements. As for the clock, this energy is constantly converted into heat. It
keeps our bodies at 37 ° C. We must therefore constantly eat to live, as we
add gas or wood into a heating device to maintain its temperature.
Modern people not only eat. They also "consume" energy to heat their house
or to travel by car. Physicists do not like the expression "consume energy"
because the energy does not disappear: it is transformed into heat. Physicists
prefer the expression "dissipate energy". When a driver brakes, the energy
called "kinetic", which is associated with the motion of the car, is converted
into heat inside the brakes. They get hot. They then cool through ventilation
which disperse the heat into the atmosphere, hence the idea of "dissipation".
The energy which is dissipated becomes unrecoverable. One can no longer
convert it into mechanical work. It is said that the transformation of kinetic
energy into heat is irreversible.
1.3. The first two laws of thermodynamics
This does not mean that it is impossible to convert heat into mechanical
energy. This is what a car engine does. It converts into motion the heat

produced by the combustion of gasoline. The problem is that this conversion
can only be partial. In the early nineteenth century, engineers wondered why.
The French Nicolas Léonard Sadi Carnot was the first to come up with an
answer. In doing so, he founded a new science: thermodynamics.
It is based on two main laws formerly known as "principles." The first law is
that heat is a form of energy. The second law is that you cannot convert heat
into mechanical energy without a temperature difference. Indeed, if steam or
hot air can push a piston, one must apply a force to bring the piston back to
its initial state. For this force to be weaker, one must condense the steam or
cool the air content inside the cylinder.
A steam engine produces cycles of transformations. After each cycle it
returns to its initial state. During a cycle, it extracts heat from the boiler where
the water is vaporized, then part of the heat is given back to the condenser
where water condenses. Only the heat difference is converted into
mechanical energy. The maximum fraction of the heat that can be converted
into mechanical energy is called the Carnot efficiency. This amount is
proportional to the temperature difference and can only be obtained if all the
operations are reversible.
This gives the heat a special status. Most forms of energy (electric, chemical,
etc.) are integrally convertible into mechanical work. They are called free
energy. Heat is not. That is why it is considered as a degraded form of
energy. Dissipation of energy amounts to a loss of free energy.
The properties of the steam engine described above are general and apply to
all heat engines independently of how they are built. As enunciated by
Carnot, the second law says you cannot produce free energy in a sustainable
way without conducting closed cycles transformations that extract heat from a
heat source and transfer part of it to a cold source. The efficiency of the
operation is a maximum when all the transformations are reversible. We shall
see at the end of this book (section 16.3) that this law applies to mankind
itself. It is in the process of realizing it to its own cost.
1.4. Entropy
A little later, following from the work of Carnot, a German physicist, Rudolf
Clausius, discovered a mysterious quantity with interesting properties, he
named entropy. After a cycle of transformations, entropy returns to its initial
value if all transformations are reversible, otherwise it increases. Entropy is
therefore a measure of the degradation or dissipation of energy. As long as

the entropy is constant, there is no loss of free energy. Whenever entropy
increases, there is a loss of free energy. Part of this energy is no longer
convertible into mechanical energy: it has been dissipated. When, in current
language one speaks of energy dissipation, physicists speak of entropy
production. The two expressions are equivalent.
If energy is the thread that allows us to monitor evolution, entropy is the arrow
that orients the thread and indicates the direction of time. Although energy is
conserved, it degrades. Entropy is a measure of its degradation. The concept
entropy is essential to a good understanding of this book. Here I will only give
a general idea. Readers wishing to know more can read the additionial
informations given at the end this book (Chapter 17).
1.5 Open and closed systems
Clausius has shown that if a part of the universe is isolated so as to eliminate
all the exchanges of matter and energy with the outside, then its entropy can
only increase or remain constant. It remains constant if all the changes it
undergoes are reversible. It increases if an irreversible transformation occurs.
Consider for example a so-called "Thermos" bottle containing hot and cold
water in similar proportions. After a while, warm water is obtained. The
transformation is irreversible. The entropy of the mixture is greater than that
of its components. Note that with hot water and cold water one can run a heat
engine and obtain mechanical work. Once all the water is at the same
temperature, this is no longer possible. Whenever entropy increases, the
amount of mechanical work one can obtain decreases. There is a loss of free
energy. Energy has been dissipated.
To designate a part which is isolated from the rest of the universe, physicists
use the term "closed system". Real transformations being never completely
reversible, the entropy of a closed system always increases until it reaches a
maximum value for which it is no longer possible to obtain mechanical work.
All differences fade out. There is no longer any difference in temperature, in
pressure or in chemical composition. It is said that thermodynamic equilibrium
has been reached. Any closed system evolves until it reaches thermodynamic
equilibrium.
As interesting as they are, these laws can hardly explain the existence of life.
Although they are not contrary to it. Isolated in a thermos bottle, a fly will
eventually exhaust its reserves in oxygen and food and die. Any motion will
cease. Death is a state close to thermodynamic equilibrium. But none of this
tells us why life began on Earth, let alone how it developed.

Clearly, life would not be possible if the earth was a closed system. It is not. It
continuously receives energy from the sun in the form of radiation, for the
most part visible light at remarkably constant level. It re-emits this energy
throughout space under the form of infrared radiation. In other words, it is
constantly crossed by a flow energy. Illuminated on one side, mainly near the
equator, its temperature is far from being uniform. Temperature differences
set its atmosphere in motion. They create depressions and anticyclones
monitored for the weather. Earth is an open system.

2. Thermodynamics in the 20th century
In an open system crossed by an energy flow, that is out-of-equilibrium,
structures in motion can appear. As they adapt to their environment, they
organize themselves to maximize the flow of energy that goes through them.
This has the effect of maximizing the speed with which energy dissipates.
They are said to be dissipative structures. Hurricanes or living organisms are
dissipative structures. An ensemble of interacting dissipative structures, such
as the earth atmosphere, an ecosystem or a human society is also a
dissipative structure.
2.1. Dissipative structures
Most open systems, crossed by a permanent flow of energy, contain moving
structures. If the flow is interrupted, then the system becomes closed. Its
internal entropy increases until the thermodynamic equilibrium is reached. All
motions stop and structures disappear. If the flow is restored, the internal
entropy of the system can decrease, spontaneous motion appear, mechanical
energy dissipates. In the 60s, the physicist Ilya Prigogine proposed the term
dissipative structure to describe the appearing structures. I shall use this term
in the broad sense of a structure that maintains itself thanks to a constant
flow of energy (13). They are like a sand castle that is permanently rebuilt
with a constant supply of new sand.

Each of us can easily see an example of it by placing a pan of water on the
fire. A flow of energy will cross it upwards. The water heats up on bottom of
the pan, mainly near the center. Since hot water is less dense than cold
water, a stream of hot water rises near the center of the pan. When it reaches
the surface, the hot water spreads out, cools and descends mainly along the
cooler side walls of the pan. Physicists call that phenomenon convection. The
water in the pan is a dissipative structure. It has spontaneously set itself in
motion. At a larger scale, a cyclone sets itself in motion to dissipate the heat
from the ocean into the atmosphere. It is also a dissipative structure. More
generally, the Earthʼs atmosphere is a dissipative structure. It "self-organizes"
itself to transport heat from the equator to the poles.
Prigogine immediately understood that the concept of dissipative structure
applies to life. If the Earthʼs atmosphere self-organizes itself to dissipate solar
energy, life would have self-organized itself for the same purpose. One is a
simple phenomenon of fluid physics, the other one is a much slower
phenomenon of physico-chemical nature.
Clearly a living cell is a dissipative structure. It subsists only under a constant
supply of matter and energy. The energy input is the base of its metabolism.
In general a set of interacting dissipative structures is also a dissipative
structure. For example, this is the case of interacting cells like a colony of
bacteria or a multicellular organism. It is also the case of animal or plant
species. Plants, animals, people or human societies are dissipative
structures. They subsist by permanently renewing themselves, through a
continuous supply of energy. For the first time, physicists had a concept that
could be applyed to inert material as well as to living matter or human
societies. Like sand castles, human societies survive only if they are
constantly rebuilt, one with sand the other with new generations of
individuals.

2.2. The third law of thermodynamics
Let us come back to our water pan. When it is set on the fire, a temperature
difference appears between the top and bottom of the pan. The second law
tells us that, thanks to this temperature difference, a fraction of the water heat
can be converted into mechanical energy. Motions do effectively appear.
There is production of free energy. But as these motions increase their
amplitude, they reduce the temperature difference between the top and
bottom of the pan decreasing the efficiency of mechanical energy production.
At some point, the motions will cease to grow. The rate of free energy

production has reached its maximum value. The flow of energy through the
pan is also a maximum. In other words, motions self-organize inside the pan
so as to maximize the flow of energy that goes through it. The rate at which
energy is dissipated or rate of entropy production is also a maximum.
The same phenomenon occurs in the Earthʼs atmosphere. Because it is lower
on the horizon, each second the Sun brings less energy per unit area at the
poles than at the equator. As a result, the temperature at the poles is thirty
degrees lower than that at the equator. Thanks to this temperature difference,
currents self-organize in the atmosphere to carry heat from the equator to the
poles. This tend to reduce their temperature difference, hence the efficiency
with which mechanical energy is produced. At some point, the currents cease
grow. The flow of energy they carry reaches its maximum value. This is what
geophysicists effectively observe. They say that the Earthʼs atmosphere is in
a state of maximum entropy production. The same phenomenon has been
observed on March and Titan.
So far, this is an experimental finding. No known law of thermodynamics
imply this is a general phenomenon. A growing number of physicists however
believe that it is a general law : dissipative structures self-organize so as to
maximize the energy flow that goes through them. They do this by producing
free energy. They maximize their free energy production, in order to maximize
the energy flux that goes through them. As a result, they maximize the rate at
which energy is dissipated. It is said that the dissipative structures maximize
the rate of production of entropy. Experts refer to this hypothetical law as the
"law of maximum entropy production"or by the acronym MEP or MaxEP.
In January 2003, a researcher of Scottish origin, Roderick Dewar, then
employed by INRA (14) in Bordeaux (France), proposed a demonstration in
terms of statistical mechanics, a branch of physics that I will discuss later.
The generality of this proof is still debated. The second law of
thermodynamics was first recognized as a general principle before being
demonstrated from more fundamental principles. Here we do the same for
this new law which we will refer to as the third law of thermodynamics. We will
see that it is of considerable importance in biology, because it helps explain
the process of natural selection in physical terms. We are interested here by
the fact it also applies to humans and human societies. It is a common
observation that human societies always keep dissipating more energy. The
law of maximum production entropy implies that they self-organize so as to
maximize their rate of energy dissipation. They sure do this unconsciously.

2.3. Statistical mechanics
Carnot and Clausius lived in the nineteenth century. They established the
principles of thermodynamics as general principles able to account for all the
experimental facts. They did it without worrying about the nature of matter. In
the late nineteenth century, mainly thanks to advances in chemistry, a
growing number of physicists were convinced that matter was made of atoms
or, more precisely, assemblies of atoms called molecules. The brightest of
them, such as the English man James Clerk Maxwell, theorist of
electromagnetism, strove to explain the behavior of the matter as that of a set
of molecules. Assuming that molecules interact according to the known laws
of classical mechanics, the pressure or temperature of a gas became for
them statistical quantities, that is to say averages over a large number
molecules. For example Maxwell established that gas temperature is a
measure of the average kinetic energy of its molecules. A new branch of
physics took birth, statistical mechanics.
The English physicist James Prescott Joule showed that shaking water would
raise its temperature and that the temperature elevation was always
proportional to the amount of mechanical energy provided. He concluded that
mechanical energy had been converted into heat, a particular form of energy.
We have seen that this irreversible operation produces entropy. It came to the
mind of an Austrian physicist Ludwig Boltzmann that entropy is a measure of
molecular disorder. Indeed, shaking water, communicates to the molecules a
mechanical motion that is initially ordered. Gradually this motion naturally
tends to become disordered. If temperature is a measure the average kinetic
energy of molecules, then it has been increased. The mechanical energy
associated with an orderly motion of molecules has been converted into heat,
a form of energy associated with the disordered motion of the molecules.
The entropy of an isolated system increases because the random motion of
molecules naturally tends to become disordered. This trend is irreversible. By
contrast, if external energy is provided, then the motion can become ordered.
This is for example the case for a pressure difference. If an external energy
maintains a pressure differential between two parts of a fluid stream then an
ordered flow of molecules will organize itself, creating a current that tends to
equalize the pressure. The experience of the pan of water on the fire shows
that temperature difference can also create an orderly flow of molecules. The
transition from a disordered to an ordered molecular state corresponds to a
decrease entropy.

2.4. Entropy and information
Shortly after, the American physicist Willard Gibbs generalized Boltzmannʼs
theory, including chemical reactions that are essential to explain life. His work
remained long misunderstood. The notion of order has a subjective
appearance. Everyone sets his stuff as he sees fit. A desk covered with
papers may seem in perfect order to the user, while looking in complete
disorder to the person in charge of removing the dust. The notion of order is
intimately linked to the notion of information. Order is a means to store and
share information. In a workshop, a worker puts his tools in order not only to
find them more easily, but also so for his coworkers to find them easily. The
French word for "computer" is « ordinateur » an apparatus that put things in
order.
It was not until the end of the Second World War that an American physicist
working in the field of telecommunications, Claude Shannon, looked to the
problem of how to measure an amount of information. Trying to formalize the
problem, he fell on the mathematic formula Gibbs had given for entropy.
Shannonʼs expression showed that an increase of entropy was tantamount to
a loss of information. It gave a new meaning to the word entropy. When the
motion of its molecules is perfectly ordered, the microscopic state of a system
is completely determined. The speed of each molecule is known: it is that of
the fluid. When their motion becomes disordered, the speed of the molecules
start to take different values. It no more known. The microscopic state of
system becomes indeterminate. Clearly our information on the system has
decreased. Conversely, when, thanks to an external input of energy, the
motion of the molecules becomes ordered, then information appears. The
entropy of the system decreases. With Shannon, the entropy of a system was
becoming a measure of our ignorance of its microscopic state. This has a
number of consequences that are not always fully appreciated.
2.5. The appearance and the storage of information
A first consequence is that the evolution of a self-organising system is more
or less unpredictable. Indeed, if we could perfectly predict its evolution, it
would bring us no information. Our knowledge of the system would remain
unchanged. The fact that the entropy decreases shows that this is not the
case: our knowledge of the system increases. New, unforeseen information
appears. It explains the difficulties of weather forecasts. It also explains why
the behavior of living beings is widely unpredictable. So is also the evolution
of a human society. On the opposite, the evolution of an isolated system is

largely predictable: a mixture of hot water and cold water always give warm
water.
Another consequence comes from the fact that the entropy of an isolated
system can only increase. It implies that, if the entropy of part of this system
decreases, the entropy of the rest of it increases at least as much. When a
dissipative structure self-organizes, its internal entropy decreases. This
means that outside the system, entropy must increase at least as much.
Curiously, a dissipative structure decreases its internal entropy so as to
increase the external entropy. This can be expressed by saying that a
dissipative structure exports its entropy to the outside. According to what we
saw, an export of entropy is equivalent to an import of information. This
means that the new information that appears when a dissipative structure
self-organizes comes from its environment. This information is displayed and
stored in the structure. A dissipative structure adapts to its environment to
maximize the rate of entropy production, that is to say of energy dissipation.
This is what the water in the pan does when put on the fire. The convective
motion of the water adapts to the temperature difference between the top and
the bottom of the pan. It memorizes this temperature difference. If we put out
the fire, the motion does not stop immediately. Memory progressively fades
out (15). Being more complex, living beings have a more permanent memory
with a much larger capacity. They memorize their environment in their genes.
The evolution of genes allows living beings to adapt to their changing
environment.
A new type of memory then appeared, facilitating adaptation: brain memory.
The memory capacity of genes is limited. That of brains gradually grew and
exceeded that of genes. In humans, it is much higher. We will see that initially
genetic in animals, evolution became mostly cultural in humans.
When he invented writing, man has created a memory for human societies.
The printing press has considerably increased the amount of information
exchanged between people. Comparing these information exchanges with
those of neurons in a brain, we see that a sort of global brain self-organizes
in our societies. The modern development of telecommunications and the
invention of computers connected through the Internet keep increasing the
performance of this global brain.
Clearly, life evolves by memorizing an ever-increasing amount of information.
It does this in two different ways, firstly by increasing the number of human
beings able to memorize information, secondly by increasing the memory

capacity of these beings. We have seen that the more information a system
stores, the more its entropy decreases, and that any decrease of the entropy
of a system increases its capacity to produce mechanical work, that is to
dissipate energy.
Hence, life self-organizes to form more and more complex living structures
capable of storing more and more information, so as to dissipate more and
more energy. This is what humans do. They self-organize by forming a
"global brain" able of storing ever more information. This information allows
them to dissipate more and more energy. This is what we call scientific and
technical progress.
The phenomena of energy dissipation have long been an obstacle to the
understanding of the laws of nature. Because of air drag a force seems
necessary to maintain the speed of a moving body. Heavenly bodies move in
vacuum. Thanks to them, Newton was able to show that force is not related to
speed, but to acceleration. The motion of heavenly bodies is perfectly
predictable. The laws of physics have been established through reproducible
experiments, the result of which is perfectly predictable.
It is no longer the same when addressing more complex phenomena such as
those encountered in fluid dynamics. Yet fluids obey accurate equations, the
Navier-Stokes equations, but we cannot solve them analytically. They must
be solved numerically. This is what all meteorologists do, but any uncertainty
on the initial data is amplified making any long term prediction impossible.
The Navier- Stokes contain a term called viscosity. It is the term associated
with energy dissipation. When suppressed, the equations become analytically
soluble and long-term prediction becomes possible.
Biology studies living beings. These dissipative structures are much more
complex than fluid flows. They involve chemical reactions. However, the laws
of chemistry are a consequence of those of physics. Living beings follow
these laws, but more complex than fluids, they dissipate energy more
efficiently. It is therefore not surprising that their behavior is even less
predictable. The problem of biology is that, under these conditions, it
becomes difficult to perform reproducible experiments. The problem becomes
even harder when addressing human sciences. That is why we talk about
hard sciences (such as physics) and soft sciences (such as sociology).
The purpose of this book is to show that energy dissipation processes are the
same from physics to biology or sociology, but they become increasingly
difficult to identify when going from hard sciences to soft sciences. It is

therefore necessary to study these processes in the field of hard sciences,
where they are easily identified by means of reproducible experiments, so as
to monitor and identify them in much more complex areas such as those of
biology or sociology.

3. Self-organization in physics
Dissipative structures self-organize the same way matter change state. It is a
universal process of non-linear dynamics. There exists a critical state from
which events called « bifurcations » appear and take place one after the
other, producing avalanches of bifurcations. The amplitude of the avalanches
is random. Their frequency is proportional to the inverse of their amplitude.
This process is called self-organized criticality.
3.1. The process of self-organization
A common feature of molecules and individuals of a society is their ability to
organize themselves. Water molecules organize themselves to form crystals
of ice. This is the transition from liquid to solid state. Snowflakes offer a
beautiful example of self-organization. The process of self-organization of
human societies would it have a relationship with state of matter changes?
Surprising as it seems, we will see that it is the case.
Physicists distinguish two types of changes of state also called phase
transitions. They distinguish abrupt phase transitions and continuous phase
transitions. The appearance of fog due to condensation of water in the
atmosphere is an abrupt phase transition. Condensation requires the
presence of "germs" such as dust or electrically charged particles, generally
present in atmosphere. When a germ is present, the transition is very fast.
The inverse phenomenon which is the appearance of vapor bubble in water
at boiling temperature is also an abrupt transition. Water is hard to boil
without germs. A pinch of salt causes immediately water to boil. In the
eighties, physicists have discovered that, in general, dissipative structures
self-organize in the manner of continuous phase transitions. I must therefore
describe now these transitions in detail.

3.2. Continuous phase transitions
3.2.1. Critical opalescence
Less known than abrupt transitions, the continuous phase transition from the
liquid state to the vapor state requires no germ. It is observed at a very
precise pressure and temperature called critical.
Figure 1 shows the various states (or phases) that a substance can take
depending on its temperature and pressure. Each state is represented by a
point, the coordinates of which are the temperature on the horizontal axis and
the pressure on the vertical axis. On this chart, three areas can be
distinguished marked solid, liquid and vapor. Whereas the solid area is well
distinct from the other two, the line separating the liquid area from the vapor
area ends up at some point called the critical point beyond which the liquid
phase can no longer be distinguished from the vapor phase. The coordinates
of the critical point are the critical pressure and critical temperature of the
substance.
For water, this pressure is about 220 atmospheres and the temperature near
374 ° C which makes the transition is difficult to observe. It is easier to
observe with gases such as carbon dioxide or sulfur hexafluoride. For carbon
dioxide, the transition occurs at 31.1 ° C under 73 atm. For hexafluoride
sulfur, it occurs at 45.5 ° C under 37 atmospheres. It is a traditional
experience for high education physics courses.

Figure 1. Pressure-temperature diagram

When the volume is that of the critical point, but the temperature slightly
smaller, the fluid is separated into two parts, a dense one called liquid, topped
with a less dense one called gas. The separating surface reflects light as
does the surface of the water. This reflection is due to the density difference
between the two parts. Whe the temperature is increased, the density
difference decreases. While substantially remaining at the same location, the
separating surface becomes less visible (the intensity of the reflection
decreases). When the critical temperature is reached, the separating surface
disappears. The two parts of the fluid have reached the same density. There
is no difference between them. If one continues to heat the fluid, it remains
perfectly homogeneous.
If now the fluid is cooled, a new phenomenon will occur. When the critical
temperature is reached, the fluid starts to scatter light. This is the
phenomenon critical opalescence. It is due to random fluctuations in the
density of the liquid. A surprising feature of critical opalescence is that its
appearance remains identical whether observed with the naked eye, a
magnifying glass or a microscope. Physicists say that its structure is invariant
under a change of scale. If one continues to cool, then droplets form and
grow. Denser than the rest of the fluid, they fall to the bottom of the vessel
where they form
a homogeneous liquid.
3.2.2. From ferromagnetism to paramagnetism
Another example of a continuous transition at a critical point is the transition
between ferromagnetism and paramagnetism. Everyone knows that iron
becomes magnetized in a magnetic field. When the magnetic field is removed
the iron remains magnetic. To convince yourself, just take an office paperclip
and put it against a magnet. The magnetized clip will now attract all the other
paperclips of the box. If a piece of magnetized iron is heated beyond 770 ° C,
it demagnetizes. It has reached its critical temperature or critical point, also
called the Curie point, after the name of the French physicist Pierre Curie.
Beyond the Curie temperature, the iron remains sensitive to the magnetic
field, but it does not keep its magnetization. From ferromagnetic, it became
paramagnetic.
The German physicist Ernst Ising developed a model for this transition. In this
model, each iron particle behaves as a small elementary magnet called spin.
Each spin has two possible orientations, up or down. Beyond the critical
point, called the Curie point, the thermal motion of the particles is such that,

in the absence of any magnetic field, their spin orientation constantly
changes. In the presence of a magnetic field with high enough intensity, their
spins tend to align themselves in the direction of the field, but as soon the
field is removed their orientation becomes again random. If the temperature is
decreased, spins change less often their orientation. A spin tends to take the
same orientation as that of its neighbor. One after the other, spins start
flipping in series, as each one imitates its neighbour. Avalanches of spin flips
are observed. Areas called "Ising domains" form within which all the spins
have the same orientation (Figure 2). Without an external magnetic field,
there are about as many domains with spin up as with spin down. Within a
given domain, spins "cooperate" to produce the same magnetic field. Spins
from two domains with opposite orientations are in "competition" with each
other. The slightest outside magnetic field will break this symmetry and
decide who are the winners of the competition. This is why, when iron cools, it
keeps the magnetization, however small, which it is subjected to. Thanks to
their iron content we have been able to retrieve the earth's magnetic field in
rocks at the time of their solidification and trace their history (16).
The size of the domains is random, but at the critical point, the distribution of
their sizes has a remarkable property. As for critical opalescence, it is
invariant under a change of scale. In other words, these areas form a random
structure which has the same appearance when seen with the naked eye, a
magnifying glass or microscope. They have no characteristic size. No
physical parameter allows us to fix their dimension. Mathematically, it implies
that their size distribution follows a power law. Practically, we find that the
number of domains having a given dimension is inversely proportional to this
dimension (or a power of this dimension, close to unity). Figure 2 shows Ising
domains obtained from numerical simulation for three different temperatures.
Above the point critical (T > Tc) one mostly observes small domains. At the
critical point (T = Tc), their size distribution is scale invariant. Below the critical
point (T < Tc), large domains dominate.
Although developed specifically for ferromagnetism, the Ising model applies
as well to the condensation of a liquid at a critical point. Instead of
considering two spin orientations, it suffices to consider two different
densities, one for the gas and one for the liquid. Depending on the application
either one or the other of these two examples will seem more appropriate.

Figure 2. Examples of Ising fields (Tc is the critical temperature).

It is remarkable that a model such as the Ising model can be applied to
human sciences. In artificial intelligence it is used to model the propagation of
belief. We shall see that evolved animals tend to mimic each other as spins
tend to "mimic" their neighbors. We talk about turning public opinion as we
talk about spin flip. As with spins, individuals can either cooperate or
compete. Indeed we shall see that human societies self-organize according
to a process very similar to a continuous phase transition.

3.3. The concept of bifurcation
A system is said to be in a metastable state if a very small energy amount is
sufficient for the system to swich abruptly to a more stable state. Such a
change of state is called a bifurcation. The energy required for that to happen

is called the activation energy. Figure 3 shows an example of a mechanical
system in which a ball is in a metastable state on top of a half-cylinder. Under
these conditions, a very small perturbation of the environment such as a
vibration or a puff of air can provide the necessary activation energy
for the ball leaves its metastable state and fall into a more stable state.

Figure 3. Example of bifurcation
Then a small amount of external energy allows to release a much greater
amount. In the case of the spins described above, the activation energy is
provided by the thermal motion of the iron atoms. It causes a spin reversal.
The energy released by the reversal of a spin can then serve as an activation
energy to overturn another spin. Then one observes a cascade or avalanche
of spin reversals.
The example in Figure 3 can illustrate the general properties of bifurcations.
They can be listed as follows:
1. Random fluctuation amplification
2. Symmetry breaking
3. Appearance and storage of information
4. Scale invariance
These properties will be found in all self-organization processes.
These processes are triggered by random fluctuations. Some physicists
believe that the universe originated from a quantum fluctuation. Galaxies and
stars have their origin in matter fluctuations of density. Convection or
atmospheric currents arise from thermal fluctuations. In biology, plant and
animal species arise from genetic variations. We will see that human

societies arise from cultural fluctuations. The amplification of these
fluctuations is called "sensitivity to initial conditions." It explains why it is
difficult to predict the evolution of a dissipative structure. This is obvious for
weather forecasts. It is even more obvious when observing the behavior of an
animal, a person or society.
A bifurcation is characterized by what physicists call symmetry breaking. They
give this expression a special meaning. They mean that some geometric
transformations that would have left the system invariant before the
bifurcation will no longer leave it invariant afterwards. For example, a
homogeneous gas is invariant through a translation. After droplet formation it
is no longer invariant. Droplets are invariant by rotation. After crystallization,
they are no longer invariant. More generally, bifurcations introduce constraints
such that transformations that were previously allowed no longer are. For
example, the ball of Figure 3 can exit its metastable state either to the right or
to the left. After the bifurcation, it is bound to stay one side or the other.
Symmetry breakings are observed in the self-organization of the Universe at
the time of the Big Bang (such as matter against antimatter) as well as in the
process of galaxy formation (see chapter 4). The origin of life is associated
with a remarkable example of symmetry breaking: chirality. Most organic
molecules are asymmetrical. In living organisms, only one of the two
symmetric structures is present. Living organisms themselves are
asymmetric. With very few exceptions, the spiral structure of snail shells all
turns in the same sense and we all have our heart on our left side.
There is apparition of information in the sense that the new state can not be
exactly predicted. In the case of Figure 3, the information which appears can
be symbolized by a digit 0 or 1, depending on whether the ball falls on the
right or the left of the cylinder. One bit of information appears.
Scaling invariance implies that bifurcations have the same properties
regardless of the spatial or temporal scale of the events considered. They can
occur at the level of atoms or molecules as well as at the level of a galaxy or
even of the whole universe. They have no characteristic scale. The properties
of the system shown on Figure 3 are independent of the size of this system.
When all the events are of the same nature, the tree of bifurcations becomes
a fractal tree. A fractal structure is invariant under scaling. It has the same
general appearance, seen with the naked eye, a magnifying glass or a
microscope. A snowflake is a good example of self-organization in the form of
a fractal tree.

In the case of dissipative structures it implies that the flow of energy varies as
a some power (usually fractional) of the size of the structure. In
thermodynamics, these power laws are characteristic of systems that are in a
state of maximum energy dissipation. For example, engineers know that, in
order to optimize the power dissipation in a heater, its structure must be
fractal. This optimization principle is known by the acronym HOT (Highly
Optimized Tolerance).

3.4. The process of self-organized criticality
We said that dissipative structures self-organize in the same manner as
continuous phase transitions. There are however, significant differences
between the two. In the case of a continuous phase transition, the system
evolves toward a state of static equilibrium (with no motion). It seeks to
minimize its internal energy. In the case of a dissipative structure, it tends
towards a "dynamic" equilibrium state (with motions) which maximizes the
flow of energy that goes through it. An equilibrium state is said to be dynamic
when it is associated with a stationary motion, that is a motion that stays
identical to itself. It is called a stationary or steady state. A dissipative
structure tends toward a steady state of maximum entropy production. It does
not necessarily reaches this state.
Take for example the Earth's atmosphere (section 2.2). In the absence of
atmospheric currents, the temperature difference between the poles and the
equator increases. This difference makes the atmosphere unstable. Large air
currents self-organize carrying heat from the equator to the poles. These
currents have the effect of reducing the temperature difference that was
created. This destabilizes them. They disintegrate into smaller and smaller
currents. Avalanches of disturbances are observed. The Russian physicist
Kolmogorov established that the amount of energy carried by small
perturbations is a fractional power of their size. These are indeed scale
invariant.
The Danish physicist Per Bak and his colleagues showed that this process is
general and applies to all dissipative structures. Per Bak also compares
energy with sand (section 1.3). Suppose we continuously pours sand on a
table. It forms a pile the slope of which becomes increasingly high. Clearly,
there is a critical slope (analogous to the critical point) beyond which
avalanches can form. These do not form immediately. Most of the time small
avalanches form, less often larger ones, exceptionally very large ones. Per

Bak has shown that the amplitude of the avalanches is inversely proportional
to their frequency. Physicists call this a 1/f law (f denotes the frequency).
These avalanches have the effect of reducing the slope of the sand pile
possibly below the critical slope. Avalanches stop. Sand continuing to pour in,
the slope of the sand pile increases again until it exceeds the critical slope
beyond which up new avalanches again appear. Thus the slope of the sand
pile randomly oscillates around its critical value without ever stabilizing. Per
Bak has shown that this process is very general. Dissipative structures tend
to oscillate around a critical state. He gave this process the name of selforganized criticality (or SOC).
Mathematicians who study nonlinear dynamic systems call an attractor the
values towards which the parameters of such a system tend. When the
parameters evolve in an unpredictable manner these values are called a
strange attractor. In general, the dissipative structures are attracted toward a
state of maximum entropy production which has the characteristics of a
strange attractor (section 18.4).
The 1/f law applies to real avalanches, notably snow avalanches. Their
measured heights or widths have indeed been found to be inversely
proportional to the number of avalanches that have been observed within a
given size range. This law also applies to earthquakes. When geothermal
energy dissipates through the crust, it produces earthquakes the amplitude of
which is inversely proportional to their frequency. This law has been given the
name of Gutenberg-Richter.
The process of self-organized criticality implies that the flow of energy which
passes through a dissipative structure is, in general, not constant. It
fluctuates randomly forming what physicists call a "1/f noise." Per Bak
compares this to a traffic jam on a highway. The flow of cars is a maximum
when congestion appears.
Dissipative structures produce free energy (mechanical energy) from
temperature differences. They are natural thermal engines. We see that they
are unstable: they have always a tendency to run out of control and then
stop. This was also true of the first thermal engines that were built. It is
through the use of a centrifugal governor that the Scottish engineer James
Watt was able to build the first steam engine used industrially. Gas engines
owe their current performance to the multiple servo controlled systems they
are equipped due to progress in electronics.

Per Bak and his coworkers have shown that the process of self-organized
criticality applies to the evolution of species in biology. Some physicists think
it also applies to the evolution of human societies. The thesis of this book is
that it broadly applies to the manner that the universe is self-organizing. This
will be treated in the next chapter. Biological applications will be treated in
Part II. Part III will gradually lead us toward human evolution which is
addressed in Part IV. Here we content ourselves to show some examples in
human sciences.
3.5. Some examples from the social sciences
We have seen that the mechanism of condensation at a critical point applies
to the self-organization of dissipative structures. It therefore applies to life in
general and to human societies in particular.
3.5.1. Avalanches of events
An important feature of the general process of self-organization is the
formation avalanche of events, each event having the properties of a
bifurcation. One can illustrate this process with an allegory due to Benjamin
Franklin:
Without a nail the horseshoe was lost,
Without a horseshoe the horse was lost,
Without a horse the rider was lost,
Without a rider the battle was lost,
Without a battle the kingdom was lost,
And all that because of a horseshoe nail!
It is easy to see that each of these events has the properties of a bifurcation:
This avalanche of events is triggered by a random fluctuation, the apparently
minimal loss of a horseshoe nail.
There is symmetry breaking in the sense that each of these events introduce
new constraints which limit the possibilities of action offered to the fighters.
Sometimes in human sciences it happens that these constraints have also a
geometrical aspect as they have in physics. For example, the development
road networks has resulted in the need to drive always on the same side of
the road, which is a symmetry breaking in the the geometric sense of the
term.

The apparition of information is due to the unpredictable character of the
events considered. The lower is their probability, the greater is the amount of
information they bring. Shannon defines the amount information provided by
an event as the negative logarithm of the probability this event (section 17.5).
The memorization of the information is a consequence of the irreversibility of
events. The loss of a horse or a rider is an irreversible phenomenon. The
result is definitely registered in the course of history.
The scale invariance can be seen from the fact that each of these events
has indeed the same properties although their importance varies in
considerable proportions from the loss of a simple horseshoe to the loss of a
kingdom.
3.5.2. The Zipf law
In human sciences, a population of individuals can play the role of a
population of molecules. The phenomenon of critical opalescence shows that
gas molecules can spontaneously condense in a myriad of droplets of
different sizes. Can a human population do the same?
It does indeed. People tend to condense in cities. The mechanism of the
condensation is quite similar. To random molecular fluctuations correspond
random individual decisions. Avalanches of events do occur, similar to the
avalanche of events described in the previous section.
A city starts at the initiative of a few individuals. One of them decides to build
his home in a place that seems conducive: fertile soil, nearby drinking water,
etc.. Another one one is unsure about moving to the same area or to another
area. He realizes that if he moves in the same place, both individuals can
help each other. A third one arrives and takes advantage of improvements
already made to install himself there too. A hamlet is formed.
One of the people realize that the site is conducive to certain activities that
can generate profit. Attracted by the gain, others come also to do the same.
One of the residents starts to make bread for everyone. He becomes a baker.
Other businesses get settled. These facilities attract new residents. The
hamlet becomes village. One must build a town hall, a church, a school.
Companies settle. The village has become a city.
It is indeed an avalanche of events one causing the other. Similar to spin
avalanches, these avalanches are a characteristic of a self-organization
process in a critical state. If the condensation mechanism is the same, then

the distribution of populations in cities must follow the same statistical laws
than that of droplets at critical opalescence or Ising areas at the Curie point. It
must follow a power law. This is indeed the case. The number of cities with a
population of a given size is inversely proportional to this size. Mainly
established by George Kingsley Zipf, this result is known as Zipf's law.

4. The self-organization of the Universe
To the contrary of what has long been assumed, the observable universe is
an open system. As it evolves, structures keep appearing, that are able to
dissipate energy more and more efficiently. The more energy these structures
dissipate, the less frequent they are, a characteristics of the process of selforganized criticality. The universe maximizes its rate of energy dissipation the
way potential energy in a crystal is minimized by alternating heating and
cooling. There is an oscillation between a macroevolution and a
microevolution.
4.1. The thermodynamic paradox
If you ask a physicist to give an example of a closed thermodynamic system,
there is a good chance that he will mention the Universe as a whole. It
implies that the whole Universe should tend toward thermodynamic
equilibrium. But it is just the opposite of what we observe.
Today we associate the early Universe with an event called the "Big Bang"
that may have occurred 13.7 billion years ago. Astronomers detect and study
the electromagnetic radiation resulting from those early days, the cosmic
microwave background. The observations of this radiation shows us that, at
the beginning, the Universe was very hot and very close to thermodynamic
equilibrium. It kept getting away from it. While cooling, the Universe has
condensed forming macrostructures with decreasing size, superclusters then
clusters of galaxies. With star formation, large temperature differences
spontaneously appeared. With the appearance on Earth of increasingly
complex and highly improbable, living structures deviations from
thermodynamic equilibrium have further increased. Would the universe be
open?
We know that galaxies are receding from us with a some recession speed.
The higher its recession speed is, the more distant the galaxy is. It is the
expansion of the Universe. At some distance, this speed starts to exceed that
of light. Radiation can no longer reach us. There is a limit beyond which the

universe is forever unobservable. As long as the expansion speed of the
universe is fixed, this limit is fixed and the Universe which is (or may become)
observable is closed. Since 1998, we know that the expansion of the
Universe is accelerating. This means that some galaxies that today are (or
might have become) visible will forever disappear. Our universe is open.
According to the principle of relativity, this situation is the same for all people
in all galaxies. Although each of their world is partly different from ours, it is
also open.
The paradox is thus resolved. Its solution comes from the fact that the
velocity of light is finite and limits the possibilities of information exchange in
the space-time. Being open, the Universe can self-organize. Galaxies, stars,
planets can form. Life can appear on Earth. Our very existence is linked to
what happens on the edge of the universe.
4.2. Energy dissipation in the Universe

Figure 4. Energy dissipated per unit mass as a function of the age of
appearance (after Eric Chaisson, 2001).

The energy source that powers the universe is unknown. Cosmologists talk
about dark or black energy. The universe appears to contain also invisible or
black matter. The fact that its expansion is accelerating shows that it is out of
equilibrium. The third law of thermodynamics implies that the Universe selforganizes to maximize the rate of production of entropy. It creates dissipative
structures capable of producing free energy and dissipate this energy more
efficiently.
One can estimate the rate of energy dissipation for different structures in the
Universe: galaxies, stars or live beings. Clearly, a star dissipates more energy
than an animal, but which one dissipates the energy the most effectively?
One way to estimate the efficiency with which a structure dissipates energy is
to measure its rate of production of free energy in Watts per unit mass, for
example in Watts per kilogram of material. This is what did the American
astronomer Eric Chaisson. Fig 4, due to Chaisson (2001), shows the
efficiency with which various structures dissipate energy in the Universe,
depending on the age at which they appeared during evolution. One can see
that this efficiency grows faster and faster over time. It started to grow
particularly rapidly after the onset of life. Able to move, animals dissipate
energy more efficiently than plants. Because of his brain, a man dissipates
energy more efficiently than any other animal. It is impressive to see that, per
unit mass, a man dissipates ten thousand times more energy than the Sun.
Men create societies that dissipate energy even more efficiently. Their
production rate of free energy is constantly growing.
In general, the structures that appear are not at all uniformly distributed. They
are localized in time and space. We shall see that the Universe does selforganize as continuous phase transitions, that is to say in the form of
avalanches triggered by random fluctuations. The rarer these avalanches are,
the more energy they dissipate, a process characteristic of self-organized
criticality.
4.3. The mechanism of self-organization
Theoretical physicists believe that the Big Bang was born of a quantum
fluctuation, followed by the condensation of an avalanche of particles. They
distinguish three sets of successive avalanches producing first quarks, then
hadrons (such as protons and neutrons) and finally leptons (such as
electrons). Each of these series of avalanches would have resulted in a
breakdown of symmetry, the most famous being the one who gave birth to a
world of matter from a mixture of matter and antimatter.

These successive condensations would have been made possible by a
cooling the Universe. This cooling is associated with a very strong
acceleration of the expansion the universe called inflation. Thanks to inflation,
the Universe became a system thermodynamically open (as explained
above) hence out of equilibrium.
The plasma, very hot conducting and opaque gas, then constituting the
universe, cooled down allowing protons to capture electrons. The Universe
becoming a transparent neutral gas, energy then escaped under the form of
radiation. It is this radiation which is now observed as the cosmic microwave
background. The spectrum of this radiation shows us that the Universe was
then very close to thermodynamic equilibrium.
The (very low) inhomogeneities of this radiation show that the random
fluctuations of density of the Universe were scale invariant, as those of the
critical opalescence. This is indeed a property of continuous phase transitions
at a critical point (Section 3.2). The dissipated energy being evacuated, the
material continued to condense, forming superclusters, then clusters of
galaxies. The matter of galaxies eventually condensed to form stars.
Stars are born from a random fluctuation called gravitational instability.
Astronomers such as Venezuelan Antonio Parravano showed that the
mechanism of star formation is also similar to that of a continuous phase
transitions. The initial mass of stars when they form is indeed distributed
according to a power law, a characteristic of condensation at a critical point.
The number of stars that form is inversely proportional the square of their
initial mass. We will find these same mechanisms as well in biology as in
social sciences.
4.4. An overview of the evolution
The Austrian astrophysicist Erich Jantsch distinguishes two types of evolution
he calls macroevolution and microevolution. Inspired by those of Jantsch,
Figure 5 shows a series of slow condensations forming large structures
(macroevolution) alternating with the fast formation of avalanches of small
structures (microevolution). The left side of the figure suggests a possible
relationship between three microstructures and three macrostructures born
during the primordial cosmic evolution. No arrow joins them, because the
Universe being opaque at that time, this part of the evolution is unobservable.

Figure 5. Alternating between macroevolution and microevolution (after Erich
Jantsch, 1980).
Starting from the light atoms (mainly hydrogen) from which galaxies are
formed, one observes the sequence of events described in the following text.
The scientific terms in italics are explained in the glossary. They will be found
throughout this book.
1.
2.

3.
4.
5.
6.

Slow condensation of light atoms into stars, triggering cycles of nuclear
reactions.
Rapid formation of avalanches of heavy atoms. At the end of a stellar life,
an important part of the heavy atoms are released into the interstellar
environment.
Slow condensation of heavy atoms around new stars forming.
Rapid formation of avalanches of small molecules, notably water, and
carbon dioxide.
Slow condensation of planets and possible formation of a so called
"prebiotic" ocean, conducive to the emergence of life.
Rapid formation of avalanches of organic molecules in the prebiotic
ocean.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Slow condensation of autocatalytic cycles inside bubbles of fatty acids.
Rapid formation of avalanches of RNA molecules.
Slow condensation of cycles producing proteins in prokaryotes (cells
able to reproduce without a nucleus).
Rapid formation of avalanches of genes leading to a variety of
prokaryotes.
Slow condensation of cycles leading to the symbiosis of prokaryotes.
Appearance of the first eukaryotic (cells with a core).
Rapid formation of avalanches of genomes (symbiosis of genes) leading
to a large variety of eukaryotes.
Slow condensation of eukaryotes leading to the formation of multicellular
organisms provided with a brain.
Rapid formation of avalanches brain leading to a variety animals.
Slow condensation of neurons leading the formation of the human brain.
Rapid formation of avalanches human brains.
Slow condensation of human brains forming a global brain (human
society).

We will find similar alternations in biology (section 6.4) and in social sciences
(section 12.4).
4.5. The optimization algorithm
Often an engineer has to optimize a complex system which depends on
several parameters. To do this, he must seek the parameter values that
optimize a measurement of the performance of the system. Let us assume
that, after successive approximations, he has found a maximum. He is not
sure that this maximum is unique and, if there are others, if this maximum is
the highest. There can be secondary maxima. In this case our engineer is
likely to use an algorithm called "simulated annealing".
This algorithm simulates a phase transition: the crystallization of a substance.
We know that if a liquid is rapidly cooled below its solidification point, a
disordered set of crystals will form. The crystallization can be improved by
reheating the material (annealing) then allowing the liquid cool slowly. During
the warming, the smaller crystals melt first. Longer to melt part of the large
crystals remain. Their size will increase during cooling. One can continue to
improve the crystallization, by repeating the operation, that is to say by
making the temperature oscillate around the melting point with a decreasing
amplitude (successive annealing). Each time better and better ordered
crystals are obtained until a single crystal is eventually obtained. During this

operation, the material self-organizes thereby minimizing its internal energy.
In a single crystal, the internal energy of the system is minimal.
You can view the operation as a search for the lowest point of a surface
representing the internal energy of the system as a function of the
parameters of the system (the positions of its atoms). This surface contains in
general many troughs or secondary minima. If we place a ball on the surface,
it will minimize its potential energy by rolling into a trough, but the surface
may have deeper troughs. To get the ball out of its trough, one must shake it
(17), that is provide it with energy in a random manner as one provides
energy to atoms in a crystal by heating them. The ball then has a good
chance of falling into a deeper trough as a solid has good chance of finding
itself in a more orderly state, with lower internal energy. The algorithm applies
equally to the search of a minimum or a maximum (by inverting the top and
bottom). It is used by engineers to maximize the performance a system.
Figure 5 shows that the universe proceeds in the same way when seeking to
maximize its production rate entropy. It operates by successive annealing,
with weaker and weaker amplitudes, as structures become more complex
and more efficient at dissipating energy.
Thus, extremely hot at the time of the Big Bang, the universe could have
warmed several times, successively forming hadrons, leptons, then hydrogen
atoms. These successive warming periods may be associated with the
successive condensations of super-clusters, clusters and protogalaxies.
While condensing into stars, the hydrogen of galaxies gets heated again
triggering the nuclear fusion reactions which produce helium. Subsequent
warmings produce heavier atoms such as carbon, nitrogen and oxygen, that
is still more complex ordered structures.
It should be noted that at each step the maximum temperature reached is
less than that of the previous maximum. Ejected into the interstellar
environment, carbon, oxygen and nitrogen atoms in turn condense around
newly forming stars. The temperature reached is then conducive to the
formation of simple molecules such as water or carbon dioxide.
After the cooling of the circumstellar environment and the condensation of the
Earth, the following warming comes from the reactions of nuclear fission
(radioactivity) in the Earth's core. The heat generated by these reactions will
be responsible for the convection in the mantle that will keep the carbon
dioxide in the atmosphere and the water in a liquid state.

We shall see that hydrothermal springs were probably conducive to the
formation of still more complex and orderly structures, organic molecules
which are at the origin of life on Earth (Part II). Internal convection will cause
the condensation of the earth's crust in a succession of supercontinents that
will in turn modulate the climate and the evolution of species, forming ever
more complex organisms.
In biology, the succession between microevolution and macroevolution will be
found under a form called r and K selection. It leeds to the emergence of ever
more complex plant and animal species followed by their extinction (Chapter
6). In social sciences, it will be found in the form of ever more advanced
civilizations and their collapse (Chapter 14).
I compared the result of microevolution to better formed crystals. With the
introduction of genes, it will become clear that these crystalline
microstructures act as a memory. What remains when a star explodes, an
animal species becomes extinct or a civilization disappears, are the germs
that trigger the formation of the following macrostructure. As the evolution
proceeds, these germs memorize more and more information.
We will see (Section 9.3) that a brain, including the human brain, works in a
similar manner. We spend our lives storing large amounts of information the
most of which we will forget. Edouard Herriot defines culture as what remains
when one has forgotten. For humans culture has become the engine of
evolution (part III). It is the result of a lifetime experience.
Thanks to language then writing, a growing part of this experience is
preserved at the death of an individual and is transmitted to future
generations. This book itself is part of the process. My hope is that it will be
among the germs that will build future civilizations.

4.6. Life outside the solar system
Beyond the formation of stars, our description of evolution is limited to a
single sample: the solar system. The question arises whether this sample is
representative. Since 1995, we know that planets are orbiting around other
stars. To date more 500 extrasolar planets have been detected. According to
what we have seen, life is a physico-chemical process of energy dissipation.
It is therefore natural to think that this process must have developed itself
whenever conditions were favorable.

We can consider the formation of planets, and the emergence of the various
life forms indicated in Figure 4 as the avalanches of a self-organized criticality
process. If we estimate the magnitude of these avalanches in terms of watts /
kg as shown on the vertical axis, then we can estimate their respective
frequencies, these being inversely proportional to their amplitudes. Typically
there is an order of magnitude between each type avalanche. Roughly, a star
out of ten may possess a planet comparable to Earth, among which one out
of ten may have given rise to some sort of life form. This is quite consistent
with what we currently know about extrasolar planets. Extrapolating to human
societies, one star among a hundred thousands could have given rise to
some sort of civilization.
It therefore seems plausible that civilizations comparable to ours have been
able to develop in the Galaxy. If they emit in the radiowave range, we should
be able to detect their signals. Radio astronomers have been interested in
this possibility. The number of civilizations whose signals one could detect is
given by the so-called Drake Equation (after the name of the radio
astronomer Frank Drake). Here we can limit this equation to a product of
three factors:
• The rate of star formation in the Galaxy (typically 10 stars per year).
• The fraction of these stars that could give birth to a civilization (estimated
above to be of the order of 1/100,000).
• The time during which this civilization emits in the radio range.
We see that in order to have a chance of detecting at least one civilization
comparable to ours, it must emit for at least ten thousand years. Despite
multiple attempts (18), no extraterrestrial civilization has yet been detected.
One can reasonably infer that, if such civilizations exist, the duration of their
emission in the radio domain must be less than ten thousand years.
We shall see that this is entirely consistent with the conclusions of this book.
The main concern of future mankind will be the preservation of our
environment in order to sustain life on Earth as long as possible. To this end,
all our efforts will be made to use the available energy as efficiently as
possible. In particular, we will avoid to disperse radiation in space. Our
transmissions will preferably be made through cables or highly directional
radiation. Our civilization emits since less than a century. We shall see it is
going through an exceptional period of rapid growth. By the next century, our
emissions toward space are likely to be reduced. If other civilizations evolve
in a similar manner, the duration of their emission will certainly be much less
than ten thousand years, jeopardizing our chances to detect them.

On the other hand, it is possible that civilizations more advanced than ours
exist within the Galaxy and that some of them detect our signals. In this case,
the most likely assumption is that they observe us, somewhat like ourselves
observe apes or dolphins, judging no need to waste energy trying to
communicate with a civilization less advanced than their own. This resolves
the so-called Fermi paradox, named after the physicist Enrico Fermi who
wondered why we apparently find ourselves alone in a galaxy containing
hundreds of billions of stars.
We shall see that mankind tends toward a single culture with a global
planetary brain (Chapter 16). It is therefore not excluded that, in the very
distant future, information exchanged between civilizations more advanced
than ours will create an overall galactique brain (19). It would be entirely
consistent with the laws of evolution described in this book.

4.7. The life of the universe
It is difficult to conclude this chapter without mentioning the hypothesis of a
theoretical physicist Lee Smolin (20). We know that physicists have unified
the laws of nuclear physics with electromagnetism. This has allowed them to
account for the existence of elementary particles, but not their masses.
However, the Universe is very sensitive to the masses of its particles, in the
sense that slightly different masses would confer markedly different
properties to the Universe, especially regarding the existence of life. The
question therefore arises as to why the masses of fundamental particles
seem precisely adjusted to make life possible.
We know that the matter of the Universe condenses into singularities called
black holes. Some theorists believe that black holes are likely to create other
universes. The universes would reproduce themselves through black holes.
However, the possibility for a universe to create a black hole depends upon
the masses of its fundamental particles. Lee Smolinʼs idea is that the
universes that created the most black holes reproduce faster than others. If
we assume that, when a universe reproduce itself, the masses of its
fundamental particles may undergo « mutations », then « natural selection »
will favour the universes whose particle masses produce the more black
holes. Able to reproduce our universe itself would have
the properties of a living organism.

Lee Smolin does not mention the third law of thermodynamics. When he
issued his theory, this law was only a plausible hypothesis. It is now
supporting his hypothesis. We can indeed restate it in terms of the third law.
Our universe is only one element of an avalanche of universes. In this
avalanche, successive universes would dissipate energy faster and faster.
We will see in the next chapter (section 5.3) that natural selection is a
physical process that maximizes the flow energy. In this avalanche of
universes, particle masses would evolve so as to maximize the rate of energy
dissipation, hence the rate of production of black holes.
For the same reason, the masses of the particles would evolve so as to
maximize the chances of occurrence of life and the production of living
organisms. Moreover, we sall see (chapter 9) that the development of
intelligence increases the rate with which living creatures dissipate energy. It
follows that particle masses would evolve so as to maximize the likelihood of
occurrence and development of forms of intelligence.

Part II. Genetic evolution

5. Darwinʼs mechanism.
Natural selection favors individuals that are best adapted to their
environment. In doing so, it maximizes the flow of dissipated energy. It thus
appears as a consequence of the laws of out-of-equilibrium thermodynamics.
Natural selection acts directly on genes. These adapt themselves by
memorizing information on their environment. In reproducing this information,
genes trigger avalanches of dissipated energy.
5.1. The depletion of resources
At the end of the eighteenth century, the population of England was growing
rapidly. Fearing another famine, Thomas Malthus publishes his famous
« Essay on the Principle of Population". He notes that human populations
tend to increase in geometric progression (also called exponentially). The
extent of arable land being limited, a rapid depletion of the food supply
follows. Half a century later, this finding of Malthus inspires Charles Darwin:
the same problem applies to wildlife populations. As long as food is available,
these populations grow exponentially. That is why men and animals must
constantly seek new resources.

One solution to this problem is to migrate. Any foraging animal seeks to
migrate. This is what man has done for a long time. Thanks to modern DNA
analysis one has been able to reconstruct the various migration paths of our
own species, Homo sapiens, since it appeared in Africa more than a hundred
thousand years ago. Even today, when resources become exhausted, a man
seek to migrate, but it becomes increasingly difficult for him to do so.
Whether it migrates or not, a man or an animal survives only if he finds a new
way of feeding himself. Either one must face a change of environment to
which he must adapt. In other words, it is necessary for him to « evolve ». We
have seen that, at the time of Darwin, the idea of evolution was not new. The
French Jean-Baptiste Lamarck had proposed the idea of a natural
progression of nature from small organisms to more complex plants and
animals, leading to man. However, the mechanism of this evolution remained
obscure.
5.2. Natural selection
In the case of animals, Darwin had observed, mainly in the Galapagos
Islands, large differences between individuals within the same species. He
also knew how farmers take advantage of these differences to select the
animals that are the most suitable to consumption and foster their
reproduction. This is called artificial selection. Hence the idea came to Darwin
that this mechanism might also operate in nature and favour the animals that
are best suited to their environment.
Having more difficulties to survive, those who were less fit should have, on
average, a shorter life and therefore fewer offspring. Among them, those who
had inherited the same characters should suffer the same fate, quickly
leading to the disappearance of those characters that are the less adapted to
their environment. This is what Darwin called natural selection. Resource
depletion causing a constant change of the environment, a permanent
evolution of the characters would ensue. Darwin was not only justifying
Lamarck's hypothesis, but also offering it in explanation.
Darwin's theory was going to change biology drastically until today. It was
allowing biologists to understand the evolution of living things by giving their
characters a "selective value". Thus, for an animal eating leaves in trees, a
long neck has a certain advantage. Biologists say it has a high selective
value. Living beings whose characters have a high selective value live longer,

and reproduce more often than others. Their population becomes dominant.
This may explain the appearance a new species such as that of a giraffe.
Imagine a forest is growing. Because of shade, grass grows poorly under the
trees. Herbivorous mammals wither. Some start eating tree leaves. Those
having a neck longer than that of others have more to eat and better
proliferate. Among their descendants, those who have the same character
proliferate also. Encouraging at each generation animals with the longer
neck, natural selection does not take long to produce a particular group of
animals with a neck longer than that of others. Feeding at the same place
these animals breed between them, retaining the advantage of a long neck.
A new species is born, that of the giraffe.
5.3. Thermodynamical aspects
The phenomena described above do have the characteristic property of a
continuous phase transition: amplification of a random fluctuation by an
avalanche of events. Note that if the appearance of a new species
(phylogeny) can be considered as a continuous transition, the development of
an embryo from an organism (ontogeny) can be considered as an abrupt
transition (it requires a germ).
Like any dissipative structure, live beings cannot survive without a constant
energy supply. Plants directly use solar energy. Humans and animals use
indirectly solar energy initially stored by plants. Admirer of Darwin, Boltzmann
(21) saw life as a struggle for energy. When resources get depleted, the
environment evolves. Natural selection then adapts living organisms to their
new environment. This is the basic premise of biology. As outlined here, one
cannot check it quantitatively, because one would need to know the physical
quantity optimized by natural selection, and be able to compare it with the
otherwise measured number of offspring. What is its magnitude? In 1922, the
American statistician Alfred Lotka concluded that natural selection maximizes
the flow energy which passes through an organic structure. It works, he says
explicitly, as a third law of thermodynamics.
This statement is remarkable because, in1922, the maximum entropy
production or MEP law was still unknown. Live beings being dissipative
structures, MEP actually implies that they maximize the flow of energy that
goes through them (section 2.2). Viewed in this light, natural selection is no
longer a law of biology, but a law of physics. It means we can give examples
of natural selection in physics. It's indeed the case.

Consider again a pan of wateron the fire. As long as the difference between
the temperature of the water at the top and the bottom of the pan, is small
enough no motion appears. The heat propagates upwards by conduction (in
the same way it propagates in the handle of the pan). The heat flux is
proportional to the temperature difference.
When the temperature difference is increased a critical threshold is reached
beyond which convection currents appear. The heat flux becomes
proportional the square of the temperature difference. Thus, below the
threshold, the higherheat flow is produced by conduction; beyond the
threshold, it is produced by convection. In either case, "nature selects" the
process that produces the largest energy flow. There is "natural selection."
5.4. Genes
In Darwinʼs publication, part of his theory remained obscure, the origin of
what is now known as genetic variations, that is what causes the variety of
individuals. It was observed, but not understood. Darwin published his theory
in 1859. Six years later, the monk G. Mendel published his study of the laws
of heredity showing the origin of diversity, but his study long remained
unknown. Only thirty-five years later Mendel's work was recognized and his
results were reported. They show evidence for "heredity factors" that have
later been called genes. A population of individuals has a large number of
genes forming what is called a gene pool.
We now know that these gene pools come from random mutations of genes.
These mutations are rare and have generally no discernible effect on the
characters of a population. Each individual has part of these resources, but
only some of these genes are translated into observable characters. Other
genes can be transmitted and possibly also result in observable
characteristics. When their effect happens to be harmful, the relevant genes
are quickly eliminated by natural selection. It is only when their effect is
favorable that they are transmitted in greater numbers and eventually
dominates a population.
The support of genes was quickly identified with corpuscles called
chromosomes, which appear in the nuclei of cells at the time of their division,
but their real nature remained known until 1953 when F. Crick and J. Watson
elucidated the structure of the DNA molecules and its replication mechanism.
We now know that the information contained in the genes is encoded in the
DNA. The evolution of species thus reduces to the evolution of an encoded

information. Natural selection is the mechanism by which this information,
encoded in genes, adapts itself to a change of environment.
5.5. Neo-Darwinism
For modern biologists, natural selection does not apply to individuals, but to
genes, through their manifestation in individuals. This is called neoDarwinism, a theory popularized by the zoologist R. Dawkins in his book "The
Selfish Gene." For Dawkins, we are a "vehicle" built by our genes for their
survival.
Unknowingly, biologists have discovered a fundamental property of
dissipative structures. As we have seen (Section 2.5), they self-organize by
memorizing information on their environment. They memorize the information
that allows them to maximize their production of free energy. It is clear that,
from the point of view thermodynamics, the process of natural selection does
not apply to the structures themselves, but to the information they memorize.
In the case of plants or animals, it therefore applies to genes. The more a
species stores information, the more it dissipates energy. The energy
dissipation is directly related to the decrease of entropy of the system, that is
to say, the information memorized.
With life, nature has discovered a process of information replication, that is a
formidable process for multiplying the amount of energy dissipated. While
energy is conservative, information can replicates itself. It can expand and
continue. If you give energy to someone, you no longer have it. If you give
information, you still have it. A Chinese proverb says that if you give a man a
fish, you feed him for the day. If you teach him to fish, you feed him for life. It
shows how information replication creates avalanches of energy dissipation.
It is the key to evolution.

6. Self-organized criticality in biology
The more energy an organism dissipates, the faster its environment evolves,
and the faster it must readapt itself. By favoring organisms that are the
quickest to adapt, natural selection accelerates evolution, producing mass
extinctions. Periods of fast evolution alternate with periods of slow evolution.
This is the phenomenon of punctuated equilibrium, a biological manifestation
ot the process of self-organized criticality.

6.1. The red queen effect
We have seen that the evolution of the Universe accelerates (Chapter 4).
This is particularly the case of the genetic evolution. We have seen
that living organisms maximize energy dissipation by adapting to the
environment. They memorize information on their environment. The more
information they memorize, the more energy they dissipate . But the faster
they dissipate energy, the faster they modify their environment and the faster
they must readapt. In cybernetics, this is called a positive feedback. This
feedback has the effect of accelerating the evolution so that everything goes
faster and faster.
This mechanism applies to all dissipative structures. The biologist Leigh Van
Valen has discovered it in 1973 in the case of living species. These readapt
through mutations. But the rate of gene mutation is limited. When a species
no longer has time to readapt it gets extinct. To survive, a species must
evolve as fast as possible. Leigh van Valen has called this mechanism the
red queen effect, in reference to the work of Lewis Carroll (22) in which the
Red Queen says, "here, you must run as fast as possible to stay in place. "
This is how Leigh van Valen explains why, all along the evolution, species
have become extinct.
6.2. Mass extinctions
Evidence for this phenomenon has been obtained by paleontologists. The
extinction best known to public is that of the dinosaurs. It occurred 65 million
years ago, that is at the end of the secondary era, now called Mesozoic. It is
considered to be a mass extinction, in the sense that 75% of species (50% of
genera) living at that era disappeared at the same time. The analysis of the
extinct species shows that this extinction is due to a rapid environmental
change, presumably caused by the fall of a meteorite, the effects of which
were exacerbated by volcanic eruptions. A noticable characteristic
of this event is that the extinction mainly hit the biggest organisms.
Most small organisms, particularly the small mammals living at that time,
survived.
Well studied because relatively recent, this mass extinction is far
from being the only one. Before this one, four other major extinctions have
been clearly identified. Still at the Mesozoic, 205 million years ago, 48% of
genera disappeared between the Triassic and Jurassic. The greatest mass
extinction took place 251 million years ago between the Permian and the
Triassic when 83% of genera disappeared, marking the boundary between

the Paleozoic (primary era) and the Mesozoic (secondary era). At the end of
the Devonian, between 360 and 375 million years ago, a series of successive
extinctions caused the disappearance of 50% of genera. Finally, between 440
and 450 million years, between the Ordovician and the Silurian two
successive extinctions caused the disappearance of 57% of genera.
Among the possible causes of these extinctions, are quoted volcanic
eruptions, falling meteors, changes in the level the sea and changes
(warming or cooling) of the climate all over the planet. It should be noted that
these last two causes are now invoked as a threat to mankind. Given what
has been said above (section 3.4.1), the reader will understand that these socalled causes are only the random fluctuations that triggered the observed
avalanches of extinctions. They are only the horseshoe that caused the loss
of the kingdom.
6.3. Punctuated equilibria
Mass extinctions are regularly followed by a flowering of new species. These
gradually occupy the ecological niches released by the extinct species. The
competition between species is therefore very intense. Some species
considered as predatory grow at the expense of others that they take for prey.
Prey then tend to disappear. Finding themselves without resources, predators
tend in turn to disappear, allowing prey to multiply again. The environment is
unstable and population fluctuations quite large. Gradually the environment
stabilizes. Populations that are best able to develop at the expense of others
dominate the evolution. Inevitably, they deplete their resources, which
weakens them. With increasing difficulties to survive, they become victims of
their success. At the slightest change of their environment, they become
extinct, often causing all together other extinctions. Hence a new
manifestation of mass extinction.
The evolution of species is therefore not perfectly continuous as some
biologists once thought, but rather discontinuous. It is interspersed with
phases of rapid expansion, during which a variety of new species appear, and
periods of stagnation, called periods of stasis interrupted by brutal
extinctions. This view, widely confirmed by paleontology, gave birth to the
theory of punctuated equilibria by Stephen Jay Gould and Niles Eldredge.
In 1993, Per Bak and Kim Sneppen have shown that the phenomenon of
punctuated equilibrium is a process of self-organised criticality. Mass
extinctions follow the same statistics as avalanches or earth quakes. The
amplitude of the extinctions is inversely proportional to their frequency.

6.4. r and K selections
The phenomena described above are observed in ecosystems where they
have been studied by Robert MacArthur and Edward Osborne Wilson. They
showed that natural selection can act in two different ways. When the
environment is unstable, it favours those individuals that are the most
adaptable, that is small organisms that reproduce rapidly and disperse over
long distances. This is called r selection. When the environment is stable,
natural selection favors on the contrary, the best adapted individuals, that is
large organisms, that have a long life and produce a small number of
offsprings they protect carefully. This is called K selection.
In ecosystems, either type of strategy can be observed at any time, but in
varying proportions. Some periods of time favour r selection while other
periods favour K selection. Well suited to particular environment, organisms
favored by K selection are very sensitive to changes in the environment. This
is the case trees. When the climate changes, they die first. They are replaced
by savannah. On a much larger time scale dinosaurs gave way to small
mammals. Mammals have in turn evolved to produce mammoths that are
now extinct. One observes that a slow macroevolution dominated by K
selection alternate with a rapid microevolution dominated by r selection. The
analogy with the macroevolution and the microevolution of Jantsch (section
4.4) is striking. We will also find this process social sciences.
We compared this process to a simulated annealing algorithm (section 4.5).
The amount of information stored in genes increases at each iteration, giving
birth to living organisms with ever increasing complexity. One therefore
expects that they will be able to dissipate energy more and more effectively.

6.5. The evolution of metabolism
Figure 4 of section 4 shows the average efficiency with which a plant or an
animal dissipates energy in watts / kg. Figure 6 shows the power dissipated
by living organisms as a function of their mass. We see that it is proportional
to the 3/4 power of their mass. This relationship, first established by Max
Kleiber, bear the name of Kleiberʼs law. This power law apparently applies to
all living organisms, from the smallest to the largest. It does show scale
invariance, as one would expect for an avalanche of bifurcations at a critical
point (section 3.2). Living beings are indeed optimized to dissipate energy.

Figure 6. Kleiberʼs law (after John Whitfield, 2006)
We also note the existence of three different factors, one for each three types
of organisms: unicellular, cold-blooded and warm-blooded. They correspond
to successive stages of evolution, as performance improved with the
complexity of their structure. Biologists slowly discover that natural selection
is not the only mechanism through which life evolves. While it implies
competition between individuals, there is also a mechanism for cooperation.
This mechanism can lead to symbiosis. We will now examine it.

7. Cooperation in biology
Whereas organisms having different genes compete with each other,
organisms with identical genes tend to cooperate: this is called kin selection.
It allows insects to form societies. Organisms having different genes may also
cooperate, forming a symbiosis. While cooperation and competition alternate
their effects on genetic evolution, cooperation ends up succeeding over
competition in forming ever more complex organisms, dissipating energy ever
more efficiently.

7.1. Kin selection
Natural selection puts living organisms in competition for their survival, that is
to obtain a source of energy, their food. Competition allows to select
individuals whose genes are best adapted to their environment. Those
multiply exponentially, resulting in a rapidly dominating replication of the
corresponding genetic information. But it also leads to a rapid depletion of the
resources, hence a change of the environment which will require an update of
the memorized information, causing species to evolve.
It is an endless process. As I described it so far, it is quite simple. Where
things get complicated is that the competition is not the only process that
improves the chances of survival of individuals. There is another process
called cooperation. When food is rare individuals who cooperate are much
more likely to survive than individuals do not cooperate. Long misunderstood
by biologists, cooperation has played a key role in evolution we must now
review.
Take the example of a bee who found a new source of food. One might
expect that it would feed itself with it and keep its discovery for itself to use it
selfishly in the future. Everyone knows that on the contrary it returns to the
hive and, performing a remarkable dance,inform immediately the other bees
of the direction and the distance of the source. For a long time such an
altruistic behavior has intrigued biologists. It seemed contrary to the rules
natural selection, as described by Darwin.
The explanation of this phenomenon is due to the biologist William D.
Hamilton. In 1970 Hamilton and Price have shown that between animals, the
degree of altruism is directly proportional to the number of genes they

possess in common, a result which was resumed, generalized and
popularized by Edward Osborne Wilson. We know that the bees in a hive are
all descend from the same queen. Their altruistic behavior is explained and
by their shared genes. Rarely a law of biology has been so well
experimentally tested, often quantitatively. Biologists have given this behavior
the name kin selection.
Thermodynamically, this result is obvious. We have seen that the production
free energy is related to the amount of information memorized. In the case of
common genes, natural selection does not applies to individuals, but to genes
all these individuals have in common. Their production of free energy is
proportional the number of their common genes.
7.2. The example of the slime mold
A consequence of the above process is that kin selection is closely related to
the mode of transmission of genes. We know that bacteria reproduce by cell
division. The genes of the daughter cell are identical to genes of the parent
cell. The genes transmission is said to be is purely vertical. Bacteria whose
genes are different have descendants whose genes are different. There will
not be any kin selection among them.
In the case of advanced animals reproduction is sexual so that animals with
different genes may have descendants with common genes This is the case
of brothers or cousins. There will be kin selection effects, that is
manifestations of of altruistic behavior for example, between brothers and
sisters.
The slime mold, called "dictyostelium discoideum", is a particularly interesting
case because it has three different reproduction mechanisms:
1. When their food is abundant, they reproduce by cell division like bacteria.
The transmission of information is purely vertical without any horizontal
exchange. This mode of reproduction favors competition between
descendants. There is no kin selection effect.
2. When their food is less abundant, they reproduce by mating between two
amoebas. It is a sexual reproduction resulting in some horizontal exchange of
information. This will cause some kin selection effects.
3. When their food becomes scarce, they emit a distress signal in the form of
a molecule called cyclic adenosine monophosphate or cAMP. Imitated by

neighboring amoeba, this call extends quickly throughout the colony. At this
signal, amoebae gather all to form a multicellular organism that takes the
form of a slug. United with each other, the ten to hundred thousands cells that
form the slug coordinate their efforts. The slug creeps toward light. At the
edge of exhaustion, the slug stops and straightens upward. Its cells
differentiate, forming a long rod, called a pedicel, at the top of which a spore
capsule swells. While the slug dies, the capsule bursts and the spores
disperse, giving rise to new amoebae in an environment that the slug "hopes"
to be better. In this case, all genetic the resources are put in common,
maximizing the cooperation among descendants, hence the phenomenon
kin selection.
In 1975, Wilson predicted that the length of the pedicel should be proportional
to number of common genes of the amoebae in the colony. Indeed, the closer
is their genetic proximity, the more amoebae will be be willing to sacrifice
themselves to help the members of the capsule. This prediction was
experimentally verified in 1990, with a mixture of two cultures of amoebae.
The ratio between the length of the stalk and the diameter of the capsule
varies in proportion to the actual number of common genes.
This process of pooling genetic resources in amoeba is likely to be similar to
that which led to the first multicellular organisms, more than one billion years
ago. In these organisms, all the cells share the same genetic information.
They cooperate closely to ensure the survival of the individual. However their
tasks are highly specialized. This
is possible because only a fraction of their genes is "expressed": that of their
specialization.
7.3. Adaptation and adaptability
We have seen above that cooperation can be more effective than competition
to ensure the survival of individuals. However Darwinian evolution is based
on natural selection, which involves a competition between individuals. How
is it possible to observe both competition and cooperation in the same
population? The underlying reason is related to the difference between
adaptation and adaptability, difference which I have already mentioned about
the selections r and K. Cooperation requires a long and strenuous effort of
self-organization between individuals of the same society. This effort favours
the adaptation of this group of individuals to a given environment. But as
soon as the environment evolves, these efforts are put at risk. Instead,
competition promotes adaptability. Natural selection directly selects those
individuals that are best adapted to the current environment among the high

biodiversity of individuals involved. Once the environment changes, it just
selects others, held in reserve.
Now one better understands the reproductive choices of the the slime mold
(dictyostelium discoideum). When food is scarce population stagnates, and
the environment remains stable. To achieve progress, our amoebae choose a
policy of solidarity: They self-organize by pooling all their genetic resources
and cooperate in order to better adapt to the current situation. On the
contrary, when food is abundant, population grows exponentially, causing a
fast evolution of the environment. To cope with this rapid evolution, our
amoebae choose an individualistic policy: cell division. Each of them retains
its genetic inheritance, but all these legacies compete with each other. Among
them, natural selection will chose those are best suited to the new situation.
It may seem paradoxical to associate cell division or cloning with genetic
variability, but care must be taken to properly distinguish the individual from
the group. To them, the effects of transmission are opposite. Whereas cloning
maintains gene variability within a group, it prevents their variation between
one individual and its descendants. Thus it promotes the adaptability of the
group at the expense of that of each individual. On the contrary, favouring
cooperation, an exchange of genes between individuals promotes the
adaptability of the individual, but not that of the group.
The same argument applies to the rates of mutations. Rapid mutation rate
promotes the adaptability of the individual, but not that of the group. A group
can organize itself only if its components (individuals) are stable (reliable). by
stabilizing individuals a slow rate of mutation favors the adaptability of the
group at the expense of that of the individual.
7.4. Symbiosis in biology
We can represent the various phases of evolution of a group of individuals in
what physicists call a two-dimensional phase space (Fig. 7). Each phase of
the evolution is represented by a point, the coordinates of which are, on the
one hand, the state of the group expressed as the percentage of genes that
are common to all its individuals, plotted here on the ordinate, on the other
hand, the rate of change expressed as the rate of mutations of its individuals
plotted here on the abscissa. One can identify in this diagram four regions
(quadrants) corresponding to the four different states of evolution.
At the origin of life, the mode of reproduction was cell division or cloning.
When each cell has different genes cloning maintains these differences.

Evolution is possible through mutations. Natural selection favors the cells that
are best adapted to their environment. The mode of operation is the original
mode described by Darwin and materialized by a point in the quadrant
marked "Competition" on Fig. 7.
For a long time biologists have questioned the selective advantage of sexual
reproduction. At first it appears as a handicap since it requires uncertain
encounters between several individuals (usually two) to produce a single
descendant. Today biologists agree that the selective advantage is a factor of
adaptability of individuals to a variable environment. In other words, sexual
reproduction would play a role similar to mutations.
When sexual reproduction occurs, the number of common genes increases.
We switch to the quadrant marked " Individual evolution ". This type of
evolution is doubly ensured by mutations and by the mode of reproduction.
However, we have seen that sexual reproduction leads to the process of kin
selection, implying a possible cooperation between altruistic individuals
carrying similar genes. Hence sexual reproduction leads to the "altruistic
cooperation" stage.

Figure 7. Mechanism for the adaptation to the environment

Through task sharing, cooperation increases the rate of energy dissipation.
Any cooperation is however, slow to establish (see Part IV). To completely
establish itself, the rate of gene mutations must be sufficiently slow to
maintain the identity of the common genes responsible for the cooperation. In
this case, one can reach the stage: "Symbiosis". We will see that it involves a
pooling of the genes which then reproduce together.
Figure 7 shows that symbiosis can be achieved through a different route.
When cloning maintains the differences between the individuals, an increase
in energy dissipation can also be obtained by cooperation between
individuals with different genes. We know that this is possible. A classical
example is that of the lichen that combines a unicellular alga with a fungus. In
this case, evolution no longer occurs at the individual level, but at the group
level. New cooperations can be established through new choices of
individuals. On figure 7, this stage of development is called "symbiotic
cooperation ".
7.5. The overall mechanism
The four development patterns of figure 7 are very general. Evolution can
occur either through a genetic modification of individuals or through a change
of composition of the group. Acting on the information stored in genes, natural
selection operates as well at the group or at the individual level. The four
modes of evolution apply equally to the genomes considered as genes
interacting with each other, or to multicellular organisms considered as a
symbiosis of cells. In the latter case, we find again the development patterns
of ecosystems where r selection is associated to competition and K
selection to symbiosis. We will also find these modes of evolution in human
societies.
The choice between these four modes of evolution depends itself on the
evolution of the environment. Cooperation can develop in a stable
environment but, by increasing the production rate of free energy (section
7.1), it will tend to destabilize the environment. On the contrary, by
encouraging adaptability, competition can develop in an unstable environment
(section 7.3), but less able than cooperation to increase the production of free
energy, it quickly leads to resource exhaustion which tends to stabilize the
environment. The representative point will wander in the plane of Figure 7,
oscillating between symbiosis and competition while sometimes groups
sometimes individuals evolve.

This behavior, modeled by the wheel of section 18.4, is typical of strange
attractors in non-linear dynamics (section 3.3). Here, the attractor is the
central point called critical. This behavior causes the the 1 / f fluctuations of
the process of self-organized criticality with a slow formation of
macrostructures followed by their rapid cleavage into smaller structures so
that a symbiotic state is rarely achieved. In general it is only reached after
many iterations of the simulated annealing algorithm (section 4.5).
Thermodynamically the formation of a new organism by symbiosis of two
different organisms is possible if they dissipate more energy together than
they do separately. Both organisms then evolve to the point where they
cannot survive without each other. The phenomenon is similar to the slow
formation of a single crystals by annealing as described in Section 4.5. It is in
line with the evolution of the Universe as described on fig. 5.
This optimization algorithm takes a new aspect of biology. When there is
competition, natural selection acts on individuals. When there is cooperation,
it acts on the groups. It thus tends to alternate optimizing energy dissipation
of the whole and that of the parts. Combining several different optimization
methods, biologic evolution is particularly effective at increasing the
dissipation of energy. Indeed, mathematicians and engineers have developed
optimization algorithms called "genetic" which are largely based on biological
evolution.
Although never observed in laboratory the formation of new organisms by
symbiotic cooperation seems thermodynamically highly probable. For a long
time neglected by biologists, this mode of evolution seems now recognized,
especially after the work of biologist Lynn Margulis. In particular, she
suggested that eukaryotic cells (cells with a nucleus such as those we are
made of) might be the product of a cooperation between of a symbiosis
between prokaryotes (primitive cells without a nucleus such as those of
bacteria) of a different nature. DNA analyses have largely confirmed this
hypothesis.
We can try to compare the evolution as I described it to the resolution of a
puzzle. One usually try first to assemble parts of similar colors, these having
a good chance of belonging to a same region of the puzzle. This is equivalent
to kin selection. It also happens that two pieces of very different colors match
each other. This is symbiotic cooperation but it is quite rare. One usually ends
up assembling large sets of pieces each with their own color. We find this
type of cooperation in ecosystems or within multicellular organisms. We will
also find it in human societies.

8. An overview of genetic evolution
In the beginning, chemical cycles may have formed, increasing the efficiency
of energy dissipation. Life would have appeared when autocatalytic cycles,
that is cycles producing their own catalysts (called enzymes) started to
reproduce themselves. Protected inside a bubble of fatty acid, these cycles
would have given birth to the first prokaryote cells (bacteria). Later on,
symbioses of prokaryotes would have given birth to eukaryote cells. These
would have in turn produced multicellular organisms under the form of plants,
fungi or animals.
8.1. The origin of life
The process through which life emerged on Earth is still widely debated.
Many uncertainties remain. It is clear however, that this process follows the
general laws of evolution described in the first part, especially the laws of outof-equilibrium thermodynamics.
We have seen that living organims are dissipative structures. Whereas
convection currents produce free energy by physical means, a characteristics
common to all living beings is to do the same thing through a series of
chemical reactions called metabolism. One may wonder if this characteristics
is unique to life. It is not.
A dissipative structure produces free energy while remaining identical to itself.
This means that neither matter nor energy can accumulate. This is only
possible if the material of the structure is constantly recycled. This is what all
thermal engines (steam or car engines) do. They operate along cycles.
Convection currents are cycles of matter. The word "cyclone" indicates the
cyclic nature of the phenomenon. In living organisms, chemical reactions are
cyclic. In the 50s, the Russian chemist Belousov wondered if it was possible
to produce cyclic chemical reactions outside life. He showed that it was
possible. In the so-called Belousov and Zhabotinsky reactions, the
concentration of reactants oscillates periodically in a spectacular fashion.
These reactions are an analog of metabolism in biochemistry.
Another characteristic common to all living beings is that they possess a
reproductive mechanism. The cyclic chemical reactions of living beings are
capable of self-replication, that is of multiplying themselves, causing an
exponential growth of the energy dissipation. This feature is unique to living
beings. Physicists and biologists wondered which of the two characteristics

(metabolism and reproduction) appeared first. The reactions of Belousov and
Zhabotinsky show that metabolism is not a characteristic unique to living
beings, whereas reproduction is. Logically metabolism must have appeared
first. Living beings appear as physicochemical dissipative structures able to
self-replicate.
A dissipative structure appears only in an out-of-equilibrium medium, usually
in the presence of temperature differences. These temperature differences
are thus sources of free energy. On Earth, there are two main sources of
energy: solar energy and geothermal energy. Nowadays, life mainly
dissipates solar energy through a process called photosynthesis.Therefore it
has long been thought that life appeared on Earth to dissipate solar energy.
The surprising discovery of the underwater life in the vicinity of hydrothermal
vents led to the idea that these could have been at the origin of life. Because
they do not require photosynthesis, these sources enable the appearance of
simpler physicochemical dissipative structures. They also constantly provide
new matter such as hydrogen sulfide or ammonia gas which are involved in
many bacterial metabolisms.
In the manner of a pan of water on the fire, the energy of hydrothermal
sources dissipates through convection. The average energy transported by a
molecule is the same for each of its degrees of freedom (23). It therefore
grows as the molecule number of degrees of freedom. The law of maximum
entropy production will therefore favour the formation of complex molecules
with a large number of degrees of freedom, since they can carry more energy
than simpler ones.
At thermodynamic equilibrium, chemical reactions occur in both directions.
There are as many molecules that get assembled that molecules which get
disassembled. Due to the thermodynamic disequilibrium, convection quickly
remove newly formed molecules before they disassemble, favouring a
continuous production of molecules. These are transported to colder regions
where they can deposit on minerals, some of which facilitate chemical
reactions. These are catalysts.
Convective motions being cyclical, they help recycling the products of these
reactions. These return to their starting point where they are reused.
Chemicals cycles can thus take place increasing the energy dissipation due
to convection. They are the chemical analog of cycles of steam engine
studied by Carnot. An early form of metabolism could have appeared this
way.

The molecules of a catalyst are found identical to themselves at the end of a
cycle of chemical reactions. By facilitating chemical reactions, these
molecules facilitate energy dissipation. The law of maximum entropy
production will therefore favour the formation of organic catalysts. Biologists
give them the name of enzymes.
It may have happened that an ensemble of chemical cycles was able to
produce all the enzymes necessary for their operation. This ensemble of
cycles becomes then capable of reproducing itself. It is said to be
autocatalytic. The phenomenon of reproduction could have appeared this
way. It is effective only if the enzymes do not get dispersed in nature, but
keep working together.
Among the organic molecules formed this way one may have have found
fatty acids. They have the property of forming membranes similar to soap
bubbles. These membranes are semipermeable. They let go through the
small molecules necessary for the production of organic material, but do not
leave out large molecules that are formed inside.
When an autocatalytic set of reactions is enclosed in such a bubble, it will be
able to reproduce without the enzymes being dispersed. Because they need
less material than volumes, surfaces expand faster. A bubble then flattens
and splits into two parts. This is the reproduction mechanism of bacteria.
However, some enzymes may lack in both parts. Always seeking to maximize
the production of entropy, evolution will favor enzymes capable to attach
themselves one to the other and reproduce this way. Complete sets of
enzymes will then be found in each set of daughter cells.
This is roughly how one can imagine the series of events that led to
ribonucleic acid or RNA. This acid allows the synthesis of proteins needed to
life. It memorizes the corresponding information, but being chemically
reactive, this memory is not quite reliable. This is why life holds in reserve a
more stable type of memory in the form of DNA (acid deoxyribonucleic). For a
while, life has been a mystery because the probability that random chemical
reactions produce RNA is so low that the age of the universe would not have
been suficient to make it appear. The third law of thermodynamics implies
that these chemical reactions have not occurred by chance. At each step the
reactions were systematically selected to maximize the entropy production.
Natural selection applies to physical and chemistry as it applies to living
beings. The third law of thermodynamics makes the emergence of life not
only possible, but highly probable whenever conditions are favorable.

8.2. The evolution of prokaryotes
The first living beings were cells without a nucleus, similar to those I have just
described. They were the ancestors of our current bacteria. Because their
cells have no nucleus, they are called prokaryotes. They probably appeared
about 4 billion years ago, that is only 500 million years after the formation of
the earth. Every bacterium contains a single chromosome, containing a
circular DNA molecule. However, they have a very large genetic variability.
Twenty different metabolisms have now been identified among bacteria, each
adapted to a particular source energy.
In all cases, the energy is stored, carried and distributed by the same
molecule, called adenosine triphosphate or ATP. It is common property of all
living beings. We know that adenine is a component of the genetic code. It
also forms the adenosine of ATP. The chemistry of life shows how the
dissipation of energy and the storing of information are closely related
process.
One distinguishes heterotrophic bacteria who live from other living beings,
and autotrophic bacteria who merely use mineral resources. The first bacteria
were necessarily autotrophic. Those born in the depth of the ocean were
probably part of the chemoautotrophic bacteria whose metabolism uses
hydrogen sulfide or ammonia. Then would have appeared photoautotrophic
bacteria, able to obtain energy from sunlight. This is the case of the purple
sulfur bacteria that uses solar energy to combine directly hydrogen sulfide
with carbon dioxide. It allows them to produce carbohydrates (sugars) while
releasing sulfur.
About 3.8 billion years ago appeared cyanobacteria also called blue-green
algae, able to carry out the above reaction by replacing hydrogen sulfide with
water. In doing so they release oxygen instead sulfur. Traces of their colonies
can be found in limestone formations called stromatolites. Some date back
from 3.5 billion years ago. The oxygen released was first rapidly absorbed by
the metallic iron that was then abundant on earth. Iron rusted producing the
red bands seen in some sediments. But soon oxygen was released in the
atmosphere, endangering other forms of life. Oxygen is chemically very
active. It oxidizes (slowly burns) organic matter. It is as if the atmosphere was
today filled with chlorine. What would we do?
For many prokaryotes the situation must have has been dramatic. Air
becoming increasingly polluted, they had to protect themselves. Some (called
anaerobic) took refuge in the mud at the bottom of the water. Other (called

aerobic) got rid of the oxygen by burning their organic waste, thus discovering
a new source of energy. It became quickly popular. Heterotrophic bacteria
developed rapidly, and the rate of entropy production took another leap
forward at the surface of our planet.
About 1.5 billion years ago, the percentage of oxygen in the air stabilized
around its current value (20%). This is the limit beyond which organic material
becomes flammable. The solar ultraviolet radiation was blocked through the
conversion of the upper atmosphere oxygen into ozone. Life could go on
outside water.
This further evolution raises a number of issues. During this period, sunlight
increased by 10%. How is it that the Earth temperature has remained
consistently favorable to the development of life? Not only oxygen has not
destroyed life, but it has accelerated its development? Why has its
percentage stabilized at the level most conducive to its development? The
answer to these questions lies in the third law of thermodynamics. Each time,
the biosphere has reacted so as to maximize its rate of entropy production.
Favor the development of life turned out to be the most effective way to do
so.
8.3. Colonies of bacteria
Bacteria are prokaryotic cells. They reproduce by cellular division. It follows
that bacteria have the same genes as their only genitor. However, because of
mutations, they do not have the same genes as their neighbors, with whom
they compete. Natural selection favors those genes are best adapted to the
environment but, when the latter varies too quickly, these genes may not
have enough time to evolve. Bacteria may then disappear. If, by chance, a
bacterium found a way to escape death, it is good for the bacteria as a whole
to take profit of it.
This is probably why evolution has favored the development of mechanisms
of exchange of genes between bacteria. There are three different
mechanisms: transduction, transformation and conjugation. Transduction is
an accidental mechanism from viral original, transformation is the most
common mechanism, conjugation is a special mechanism I will talk about
later.
Thanks to these mechanisms, bacteria can acquire large sets of common
genes. Bacteria that share these genes together form what is called a
"strain." Bacteria from the same strain tend to congregate into societies called

colonies. Bacteria that are members of the same colony cooperate together
as do members of the same family. This is the process of kin selection
described above (section 7.1).
Colonies of bacteria have many properties in common with human societies.
They may contain ten to hundred billions of individuals. Within the same
colony, bacteria exchange information in the form of organic molecules (as do
amoebae described in Section 7.2). This mode of communication has given
to us taste and smell. Bacteria of the same colony share a common language
with a wide repertoire of biochemical agents.
This language allows them to cooperate and organize themselves to face
adverse conditions. According to Eshel Ben Jacob, it allows them to collect,
interpret and exchange information about their environment. They store this
information collectively. This ability to acquire common knowledge allows
them to share the same experience. We will see that this learning process is
very similar to that of a brain. One can therefore speak of collective or social
intelligence (Section 9.2).
Bacteria from the same colony can have between them an altruistic behavior.
When one of them discovers a new source of food, it communicates the
information to others. This ability has led
bacteria, such as myxobacterium, to develop strategies in order to deter
fraudulent bacteria, that is to say those who unduly benefit from the collective
effort. In this case they isolate fraudulent bacteria by expressing a new gene,
thus changing their collective identity. They generate a new "dialect" that
cheaters do not know how to interpret.
Sometimes a colony develops a —possibly energically costly— production of
molecules that can poison bacteria belonging to another colony, that is
antibiotic molecules. Two colonies of bacteria can thus fight each other.
Bacteria from different colonies, such as those of the dental plaque, may also
form ecosystems within which a collaboration takes place. Each colony
develops its own expertise, which benefits the entire community. A bacterium
from a strain resistant to an antibiotic may emit a signal to let it know. After an
exchange of relations similar to that of a bride parade, it offers its expertise to
a bacterium from another colony. It then transfers the gene that confers its
immunity through the conjugation process. This is how bacteria develop their
collective resistance to antibiotics.

It now appears that in the presence antibiotics, bacteria alter their social
organization so as to maximize their chance of survival. They collectively
memorize the way they previously reacted to antibiotics so as to learn from
experience. Apparently, bacteria develop resistance faster than we develop
new antibiotics. According to Eshel Ben Jacob, it is possible that our
immoderate use of antibiotics during the last fifty years, has significantly
contributed to the development of social intelligence among bacteria.
8.4. From prokaryotes to eukaryotes
For two billion years genes have built for their survival a multitude of
"vehicles", as Dawkins call them, the prokaryotes. Each type of prokaryote
contains a specific combination of genes, called a genome. Within the same
genome, genes work together for their survival. Although their morphologies
are quite similar, prokaryotes have a wide variety of genomes. In turn,
genomes were going to collaborate for their survival by making still more
sophisticated 'vehicles': the eukaryotes.
Called eukaryotes, the first nucleated cells seem to have appeared two billion
years ago. Oxygen was then invading Earthʼs atmosphere. According to Lynn
Margulis and her coworkers, the first eukaryotic cell would have appeared
through a symbiosis between an archaebacterium converting sulfur into
hydrogen sulfide, and an eubacterium converting hydrogen sulfide into sulfur.
This is a perfect example of two opposite chemical reactions, the union of
which creates a cycle able to produce free energy, that is a dissipative
structure. Each living from the waste of the other, these two types of bacteria
would have united to form a new metabolism, but not necessarily a new living
being.
A living being is characterized by both its metabolism and its mode of
reproduction. At this point, the two bacteria form only a symbiotic cooperation.
As long a they reproduce separately, they can still evolve independently from
each other, at the risk of breaking their collaboration. A true symbiosis implies
that they pool their chromosomes, together with a simultaneous replication of
the two genomes. From symbiotic the cooperation then becomes altruistic.
This implies the development of a new mode of reproduction, able of
replicating several chromosomes together. This new method is called mitosis.
From circular, chromosomes became linear. After these transformations were
completed, full symbiosis was achieved.
Whereas prokaryotes are surrounded with rigid cell walls, eukaryotes cells
have only a flexible membrane. It facilitates exchanges with the outside. An

eukaryotic cell is a wide open thermodynamic system. Only the kernel which
contains the genetic material is protected by an envelope. The rest of the cell
is consolidated by a cytoskeleton. It was important to isolate the genetic
material in a steady environment, since any evolution of the genome could
have destabilized the cooperation. We have indeed seen that symbiosis is
possible only in a stable environment (section 7.4). Whereas prokaryotes
evolve by acquiring new genes, eukaryotes apparently evolve, by acquiring
new genomes.
Most eukaryotic cells contain, outside the core, inclusions called organelles.
Among these are the mitochondria. Inside them is stored, in the form of ATP,
the energy required to operate the cell. According to the endosymbiotic theory
of evolution, the presence of mitochondria is probably the result of a
symbiosis with another bacteria (a proteobacteria). The lack of walls around
eukaryotic cells allows them to swallow foreign particles. They surround the
particle until it becomes an inclusion. It may then be digested. In the case
under consideration, the proteobacteria would not have been digested. It
would have formed a symbiosis with the predatory cell causing a partial
exchange of DNA. We indeed know that mitochondria contain remnants of
bacterial DNA. A similar phenomenon may have happened to the
chloroplasts, organelles that give some eukaryotic cells the ability to capture
light and obtain energy through photosynthesis. This is for example the case
of plant cells.
The mechanism that led a set of bacteria to join together and form a single
eukaryotic cell is difficult to reenact. An analogy strucks the imagination. The
self-organization of different bacteria to form a single living cell is reminiscent
of that of a city. Like cities, eukaryotic cells have widely varying sizes. They
vary by a factor of one thousand. One may speculate whether their size
distribution follows Zipf's law. I am not aware of any estimate.
Protected by their thick cell wall, prokaryotes look like castles from Middle
Ages. They must get their food from outside by secreting digestive fluids. As
fortified villages were attacked by barbarian hordes, bacteria are attacked by
hordes of stray molecules, RNA molecules called bacteriophages. Bacteria
had to learn how to defend themselves.
When peace returned, some villages extended beyond their fortifications and
became major towns. Their economy expanded. A restructuration of the
village became necessary. Becoming useless, some fortifications
disappeared. A similar process applies to prokaryotes that evolved into

eukaryotes. In eukaryotes, the remains of the outer walls became an internal
structure, the cytoskeleton.
When they extend, new towns often include neighboring villages. Eukaryotes
do not hesitate either to include a prokaryote staying in its vicinity. This is
called phagocytosis. The prokaryote is then generally digested. Similarly, the
absobed village is often replaced by a newly planned area. Some ancient
monuments may however remain. Eukaryotes, too, have kept old structures.
Their core, the cell administrative center containing the DNA, is surrounded
by an enclosure which is reminiscent of the first prokaryote enclosures. It is
their citadel.
Among older structures are found organelles, in particular mitochondria.
These are the banks. The molecule of adenosine triphosphate or ATP plays
the role of money. It helps provide the energy necessary to operate the whole
structure. In the same way banks generate currency, mitochondria generates
ATP. As currency is kept in the bank inside a safe, ATP is kept inside the
mitochondrial membrane.
As befits a bank, mitochondria have kept some independence. They have
their own DNA. However, it does not allow them to reproduce. They would
have too much freedom. The DNA in mitochondria only allows to reproduce
its membrane. The DNA which allows the reproduction of mitochondria has
been transferred to the cell nucleus. It is controlled by the central
administration. Mitochondria only control their membrane, that is the access
to the safe. To have access, a double key is needed in the form of proteins.
One is provided by the mitochondria, the other by the nucleus.
I'll stop the comparison here, hoping that I have sufficiently shown how many
economic and social problems we are concerned with were also shared by
the first living beings.
8.5. Multicellular organisms
Less imaginative than genes, genomes have only formed three basic types of
"vehicles" or eukaryotes capable to ensure their survival. But each of these
types has shown a remarkable ability to develop complex structures with very
different morphologies. We distinguish these three types by their metabolism.
That of autotrophs which use solar energy to produce organic material from
inorganic one, that of heterotrophs which feed from living matter and that of
heterotrophs which feed from organic waste. Each of these three types of
eukaryotes has independently given rise to multicellular organisms. The first

ones have given rise to plants, the second ones to animals, and the third
ones to mushrooms.
The early eukaryotes formed an ensemble of living beings mostly unicellular
belonging to the reign of protoctists. The soil amoeba or slime mold which I
have already talken about is an example of protoctist. Although their
metabolisms are much less varied than those of bacteria, their morphologies
and modes of reproduction are much more diverse. It can be said that
protoctists have explored all possible kinds of morphologies and modes of
reproduction. The most enterprising of them started to build "super vehicles"
capable of fully ensuring the survival of their genetic material: multicellular
organisms.
These are thought to have appeared about one billion and two hundred
million years ago. They are the result of a symbiosis of eukaryotic cells, all
born from the same mother cell. Unlike the symbioses of prokaryotic cells that
arise from very different strains, the symbioses of eukaryotic cells consist of
identical individuals. Initially, it is therefore an altruistic type of cooperation
due to the process of kin selection. After division cells simply stay attached to
each other.
This is not enough to make a single organism. Since any cooperation
requires a division of labor, a mechanism of cell differentiation was necessary.
We have seen that the first eukaryotes were born through the acquisition of
new genomes. A growing number of biologists believe that this is how species
evolved. The eukaryotic nuclei proved to be an ideal place to host and ensure
the survival of a large number of genomes. A genome develops cells only
when the environment is favorable. The genome is said to « express » itself.
Different genomes require different environments to express themselves.
Evolution has therefore favored the development of a mechanism wherein
cells issued from the action of a first genome produce favorable conditions for
the expression of the following genome.
Nature had discovered a mechanism similar to that of a multi-stage firework
in which pieces issued from the explosion of a first stage in turn explode
forming pieces that will later explode themselves. Cells issued from different
stages can so acquire different functions. The result is particularly spectacular
in the case of insects in which a first genome produces a caterpillar then,
when the environment becomes favorable, a second genome produces a
butterfly. Biologists call this process morphogenesis. Each step of
morphogenesis prepares the conditions for the next step. The development of
the entire organism is thus programmed in its genes.

As with any symbiosis, this raises the problem of the reproduction of the
individual. The organism being differentiated, the problem was naturally
resolved by giving the reproduction of the organism to a group of particular
cells. Throughout the life of a multicellular organism, each cell keeps
reproducing itself to compensate the loss of others. This reproduction is done
by mitosis (section 8.4). It operates on diploid cells (each chromosome is
double). Such an arrangement naturally lends itself to sexual reproduction.
Given its benefits, it is normal it appeared. In biology, sex and reproduction
are two opposite operations. Sex is a fusion of two cells, while reproduction is
a cell division. For a sexual reproduction, one only had to keep haploid germ
cells (each chromosome is simple). By merging haploid cells from two
different organisms one obtains diploid cells that can continue to reproduce
through mitosis. This new mechanism of reproduction is called meiosis.
We have compared the development of eukaryotes to that of cities. One can
compare the development of multicellular organisms to that of States by
cooperation between independent cities. The first problem to solve is that of
ways for communication. In the early multicellular organisms, cells kept
communicating with each other by exchanging organic molecules. But an
organic substance diffuses only very slowly through a tight cell tissue.
Therefore evolution favoured the development of ways of access in the form
of capillary networks. In animals, it has developed means to exchange
information even faster thanks to nerve cells, the equivalent of our phone
lines.
Cell membranes are semipermeable. They select the molecules they let go
through according to their size. They can also let go molecules, called ions,
that are electrically charged. When the electric charge of a large ion is offset
by the opposite sign charge of a small ion, and only small ions can go
through the membrane, then a difference of electric potential appears. A liquid
which contains ions conducts electricity. The potential difference can then
rapidly propagate itself in the form of an electric current, allowing remote cells
to communicate quickly together. Nature had found a means for converting
chemical information into electrical signals. The first nerve cells were born,
about 700 million years ago, in marine animals similar to our jellyfish.
Not only nerve cells could quickly communicate with each other but also, with
some modifications, their endings could become sensitive to pressure or light.
A new way of importing information had appeared. Being able to import and
store new information, life would continue to organize itself, increasing the
dissipation of energy by a significant amount. This new way of memorizing

information was going to complement that of the genes. As we will see, with
man, it has almost entirely supplanted it.

Part III. From genes to culture
9. The emergence of intelligence
The development of intelligence appears to be a consequence of the laws of
thermodynamics. Bacteria belonging to the same colony exchange
information between them as neurons do in a brain. The whole colony
behaves as a global brain, displaying forms of collective intelligence. In both
cases, we are dealing with a process of self-organized criticality. Insect
societies act in a similar way but, unlike bacteria, the exchanged information
is not genetically transmitted. Human societies behave culturally the way
colonies of bacteria behave genetically.
9.1. The intelligence of a bacterium
Most bacteria have an appendage called flagella shaped in the form of a
corkscrew. Its rotation about its axis allows the bacterium to move forward.
Immerged in an inhomogeneous nutrient solution, the bacteria will swim in
the direction where the concentration of food is the highest. Is this a proof of
intelligence?
If you ask a biologist, he is likely to answer that the behavior of a bacterium is
an example of the emergence of intelligence in living beings. He would say
that intelligence is an emergent property, that is a property that arises and
gradually develops with evolution.
If you ask the same question to a biochemist, he would rather answer that
bacteria obeys the law of Le Chatelier. Stated for the first time in the
nineteenth century by the French chemist Henry Louis Le Chatelier, this law
states that, in the case of an imbalance, a chemical system evolves so as to
moderate its effects. Considered as a set of chemical reactions, a bacterium
moves towards areas where food concentration is the largest to reduce its
concentration, that is to indeed reduce the imbalance.
The law of Le Chatelier is a consequence the first two laws of
thermodynamics. The third law only implies that the bacteria gets there as
quickly as possible, given the constraints it is submitted to. Hence bacteria

obeys the laws of statistical mechanics. Seeking to optimize entropy
production, the development of intelligence appears to be a consequence of
these laws (24).
9.2. The collective intelligence of bacteria
We have seen that, having common genes, bacteria belonging to the same
strain form colonies. Within a colony, bacteria exchange information in the
form of organic molecules. When a bacterium detects and recognizes such a
molecule , it will generally emit again the same signal by producing the same
molecule, in order to transmit the information to other bacteria . We have
already described this behavior in amoebae ( section 7.2).
When imitating their neighbors, spins inside ferromagnetic material generate
avalanches of spin flip. In the same way, when imitating their neighbors,
bacteria generate avalanches of molecular signals. These signals allow
bacteria to collectively organize themselves so as to optimize the
development of their colony and their search for food. In order to do this, the
colony constantly remains near the critical threshold for avalanches (section
3.3). A consequence is the formation of fractal structures, that are reminiscent
of the formation of snow crystals (Fig. 8 ).

Figure 8. The development of a colony of bacteria

(photograph by Eshel Jacob)
Bacteria can be compared to molecules. Molecules exchange information
during molecular impacts. They carry information in the form of momentum
associated with each of their degrees of freedom. This results in a selforganization of the fluid in the form of cascades of vortices obeying under
certain conditions the Kolmogorov law (section 3.3).
Much more diverse, the exchanges of information between bacteria offer
many more possibilities of behavior and adaptation to the outside world.
Bacteria inside a colony are comparable to brain cells. The latter collectively
exchange and store information. Bacteria do this as well. We have seen that
they have a wide vocabulary of biochemicals words they use to communicate
and collectively store information. It is therefore conceivable that they also
give rise to behaviors generally considered as intelligent. They can, for
exemple, generate and use common knowledge, develop a group identity
that will distinguishing them from other colonies, and even take joint decisions
(section 8.3 ). We can therefore effectively talk of collective intelligence.
9.3. A model of the brain
Figure 9 is a block diagram showing how the brain operates according to Bak
and Stassinopoulos. It represents the brain of a monkey. The latter sees a
light signal that can be either red or green, and it has two levers before him. If
the light is red, it must press the left lever. If the light is green, it must press
the right lever. The light signal regularly changes color. Every time the
monkey presses the correct lever, it receives a peanut.
On Figure 9 , the relationship between the monkey and the outside world is
represented by arrows. The monkey receives from the outside world an
information which is in binary form, that is it can take two values (red or green
signal). Every time it presses a lever, it sends to the outside world an
information which is also in binary (right or left lever). Finally it gets from the
outside world some energy in the form of a peanut.

Figure 9. A brain model (after Bak and Stassinopoulos)
We know that, like any dissipative structure, a living organism import
information from its environment to which it adapts by organizing itself so as
to maximize the flow of energy that goes through him (section 2.5). It is
indeed the situation described here. It is therefore expected that non only the
monkey brain will self-organize to maximize the supply of peanuts, but also it
will do it in the manner of a dissipative structure, that like a phase transition at
the critical point. It seems to be indeed the case.
Each small circle in Figure 9 represents a brain cell called a " neuron ". The
arrows shows the way information flows between neurons. The upper line of
cells represents the sensory neurons that receive signals from the outside
world. The lower line represents the motor neurons that give muscles the
orders to act. At every moment, each of the neurons in the brain can have
one or the other of two possible states: either an excited state, through which
it transmits the information or a quiescent state through which it does not. In
Figure 9, the excited neurons are gray, those at rest in white.

When a neuron receives signals from other cells, it becomes electrically
charged. The charge it receives is more or less important depending upon the
intensity of the connection. When its charge exceeds a certain threshold, the
neuron itself becomes excited and transmits the information to the other
neurons. Avalanches of signals are then observed during which a more or
less important number of neurons become excited. The analogy with spin
flips described in section 3.2.2 is striking.
Initially, the intensities of the connections are arbitrary. In the presence of
various signals from the environment, the excited neurons form Ising domains
that are more or less extented depending on the value of the thresholds. The
probability that one of these domains connects sensory neurons to motor
neurons is obtained by solving a mathematical problem called percolation.
The propagation of an electric current through Ising domains is indeed
comparable to that of water through ground coffee. It should be noted that if
the Ising model dates back from 1924 and early work on percolation from
1957, they are still today very active research areas. Among the four Fields
medals that were awarded in 2010, two were for work in statistical
mechanics, among them one to Stanislav Smirnov for his work on these
topics.
When thresholds are low, the Ising domains are large. The connections
between the sensory neurons and motor neurons are numerous, leading to
an intense and disorderly activity. When the threshold values are increased,
the Ising domains become smaller and the connections rarer. A critical
threshold is reached above which the probability of connection becomes very
low and all actions cease . This threshold plays a role similar to that of the
Curie point for iron (section 3.2.2). As for any dissipative structure, one
expects the brain to operate efficiently near the critical threshold.
At the critical point, iron is very sensitive to its environment. The least external
magnetic field decides of its magnetization. In the numerical simulations of
Bak and Stassinopoulos, the supply of a peanut strengthens the connections
between the excited neurons, whether they are directly responsible or not for
the action. It strengthens the avalanches of signals that have contributed to
the energy input. On the contrary, the lack of peanut decreases the intensity
of the connections, hence the amplitude of the avalanches. We have here an
equivalent of natural selection in biology. The latter controls avalanches of
genes, as the intensities of the connections control avalanches of signals. In
both cases, we are dealing with avalanches of information.

However, this is not enough to ensure the proper functioning of the brain. In
order to be sensitive to its environment, the brain must be maintained in the
vicinity of the critical point. This is the key to the success of the algorithm. If
too many motor neurons are excited, the values of the thresholds are
increased. If no neurons motor is excited, the values are reduced. To think,
the brain must be in a state intermediate between sleep and hyperactivity.
Hence the the oscillations of the thresholds, similar to the temperature
fluctuations in the algorithm of simulated annealing (section 4.5), or the
alternance between between long periods of inactivity alternate and short
periods of intense activity, called punctuated equilibrium in biology (section
6.3). It is known that memory fades out when it is not regularly reactivated .
In the numerical tests of Bak and Stassinopoulos, the light signal periodically
alternates between red and green. The percentage of correct answers is
recorded over time. This percentage first fluctuates in very large proportions
then stabilizes around 100 %, demonstrating the learning abilities of this brain
model.
9.4. The properties of the model
The model of Stassinopoulos and Bak accounts well for the the main
properties of brain, essentially to allow living organisms that are equipped
with it, to learn and remember the appropriate response to a large number of
situations. It is fully consistent with what we know about the brain, in
particular being able to learn anew after a removal of part of the neural
network.
It also accounts for a number of current observations . Everyone knows that
is difficult to think in the presence of noise or agitation around. One must then
decrease the sensitivity of our brain to the environment by increasing the
thresholds, but when these thresholds are too high, we fall asleep. Very often,
when we wake up, a solution appears to problems we were concerned about
the day before. This is the moment when our brain is in a critical state.
Per Bak compares the operation of a neural network to that of a network of
channels supplying a set of dams. When the water does not go where you
want it to go, you can redirect it by reducing its access to the currently active
channels (weakening the connections) while opening dams (lowering
thresholds) that supply other channels, and this until the expected result is
obtained. The addition of random fluctuations to the water level prevents the
algorithm to remain trapped in a secondary maximum. We do have here an

algorithm of optimization through successive approximations, quite similar to
that described in section 4.5.
As presented here, the model applies to a regular array of neurons between a
row of sensory neurons and a row of motor neurons. Bak and Stassinopoulos
have shown that it applies to any network of neurons linked through arbitrary
connections. It is therefore possible to apply it to a population of individuals
where each of them can exchange information with any other. One can then
speak of collective intelligence or "global brain."
9.5. The collective intelligence of insects
Man is not the only multicellular organism that forms societies in which a
large number of individuals cooperate, each of them performing specialized
tasks. It is also the case of insects (25). In insect societies, reproduction is
assigned to a single female: the queen. Being descendants of a single queen,
all the community members have genes in common, which gives them an
incentive to cooperate through the process of kin selection (section 7.1).
This cooperation implies exchanges of information between the members of
the society. Like bacteria, insects exchange information in the form of organic
molecules called pheromones. Equipped with a brain and sensory organs,
they also exchange acoustic and visual information, especially at the time of
coupling. Hence all the insects of a colony form a global brain that can exhibit
forms of collective intelligence.
Unlike bacteria, insects do not exchange genes or informations that can be
transmitted to their descendants. This is why insect societies remain frozen.
Their social behavior remains the same from one generation to another. In an
insect society, horizontal exchanges of information (from an individual to
another) are disconnected from vertical ones (from one individual to its
descendants). Being the only one to reproduce itself, the queen is unable to
transmit to his descendants the information that is collectively exchanged and
stored by the colony.
A number of biologists, notably including Edward Osborne Wilson, have
attempted to understand the behavior of Man starting from that of animals,
founding a discipline called "sociobiology". They have usually taken for
model, either animals that are genetically close to Man such as apes, or
insect societies. The application of their results to humans remains
controversial. Firstly, although they form societies that have similarities to

those of insects, men do not do it for the genetical reason of kin selection.
Secondly, although close to men, apes do not form similar societies.
In Section 11.4, we will show that the evolution of man becomes
understandable if we assume that from genetic, it has become cultural. It is
no longer dominated by the information contained in Manʼs genes, but by the
information contained in his brain. We shall see that human societies behave
culturally like bacteria colonies do genetically.

10. The emergence of culture
As brains developed, information exchanged between individuals started to
take new forms (visual or acoustic). No longer memorized in genes but in
brains, this information is said to be cultural. Birds and mammals transmit a
significant amount of cultural information to their descendant by imitation of
adults, hence the appearance of a cultural type of kin selection (group
selection). The transmission of cultural information is integrated with that of
genetic information to their mutual benefit (Baldwin effect).
10.1. Imitation among animals
Imitation is a means for exchanging and replicating information. By imitating
their neighbors, insects or bacteria produce avalanches of biochemical
signals, similar to the avalanches of electrical signals produced by the
neurons of the brain (or to the avalanches of spin flips in Ising domains). It
allows them to form what we have called a global brain with manifestations of
collective intelligence.
It is therefore not surprising that, favored by natural selection, more elaborate
forms of imitation have developed in evolved animals. If living beings similar
to jellyfish have been the first to have a nervous system, it seems that
cephalopods have been the first to develop a brain and elaborate organs of
vision. After the insects, they are the oldest animals in which a capacity of
imitation has been demonstrated.
In 1992, two Italian researchers, Graziano Fiorito and Pietro Scotto, have
trained an octopus to distinguish white balls from red balls by rewarding the
choice of a white ball. This training took place in the presence of other
octopuses that were observing the scene. When these other octopuses were
then subjected to the same training, they immediately chose white balls.
There had learned by imitation.

Although occasionally able to imitate their neighbors, the octopuses do not
have developed collective behaviors. They live alone. This is probably due to
several reasons. The first is that the information thus gained remains
memorized only few days. It is not generally communicated to other
octopuses or to their descendants. The second is that, to protect themselves,
cephalopods tend to conceal themselves. They constantly change shape and
color, making their identification difficult. It seems therefore doubtful they can
identify each other.
We have seen that a neural type network operates thanks to reproducible
interactions between the same players. This does not seem to be possible
with octopuses. Bacteria or insects can identify themselves thanks to the
biochemical signals they emit. In this case, an information stored in a
biochemical form is transmitted in a biochemical form. In the case of
octopuses, the information is stored in the brain. It can only be transmitted
after coding and decoding of visual or acoustic signals. Such exchanges are
said to be cultural. They developed among birds and mammals.
Isolated at birth, a bird will only produce a rudimentary innate song,
characteristic of its species. It is by imitating its parents or its relatives that it
develops an elaborate song, which is a characteristic of the group in which it
lives. The learning period is limited to childhood. At the end of it, the song
often acquires personal characteristics allowing individual identification
among congeners and, more particularly, among sexual partners. There is
indeed a vertical transmission of cultural information.
Not only birds have an elaborate vocal device, but they also have one of the
highest performance vision among animals. Their color vision is superior to
that of most mammals, presumably sensitive to four colors. Their visual
acuity, particularly that of eagles, is well known. Birds can easily identify and
imitate their peers. An often cited example of horizontal transmission of
cultural information among birds is that of tits that, in years nineteen fifty,
began to pierce the capsules of the milk bottles deposited in the morning at
the doors of the inhabitants of London, to drink their content. Londoners were
able to follow directly, and to their detriment, the development of this cultural
behavior.
Birds clearly have the capabilities necessary to develop collective forms of
intelligence. This is particularly visible in migratory birds. Who has never
observed the gathering of swallows in the fall? These gatherings can be
interpreted as a phenomenon of self-organized criticality. They are indeed

similar to condensations near a critical point. Groups are made and unmade
like Ising domains when the temperature fluctuates around a critical point.
Although, in flight, the group follows the head bird, this one is regularly
replaced. There are no permanent leaders, neither in a bacteria colony nor
among neurons in the brain. The decision for the birds to take off is
apparently taken collectively in a purely democratic way. We have seen that
phenomena at the critical point are very sensitive to the environment. It is the
same for these gatherings, often used as indicators of changing weather
patterns.
Bacteria that have common genes form colonies. Insects that have common
genes form societies. Biologists interpret these phenomena in terms of kin
selection. The gathering of migratory birds is a similar phenomenon. Yet it
occurs among birds that, although they belong to the same species, do not
have the same genes. A number of phenomena of this type have long
remained misunderstood by biologists because they do not involve
information stored in the genes, but information stored in the brain. We will
review these phenomena now.
10.2. Dawkinsʼ "memes"
In his book "The Selfish Gene", Richard Dawkins shows that natural selection
applies to the information stored in genes. It favors that which replicates the
fastest. He however notes, that the information stored in genes is not the only
one to be replicated. When we repeat what we have heard, we also replicate
information. He then propose the idea that this information could also be
subjected to natural selection. To emphasize the analogy with genes,
Dawkins suggests to call "memes" the elements of information that men
exchange among themselves, mainly through language. The latter could be
considered as a "memetic code" similar to the genetic code. We pass on to
our children not only genetic resources but also memetic resources, through
the education we give them. Thus the evolution of men would be not only
genetical, but also memetical.
Thermodynamically, these are two different forms of the same identical
process: The acquisition, storage and reproduction of information related to
the environment. In the first case, the information is stored in a DNA
molecule. In the second case, it is stored in the brain. The DNA molecule is
difficult to alter: it is suitable for the long-term storage of information. The
information stored in the brain is much easier to edit: the brain is suitable for
short-term storage. The difference between the two is comparable to that
between the mass memory of a computer and its random-access memory

(RAM). The selective advantage associated with the development of the brain
is that it allows a much faster adaptation to changes of the environment.
In this book, we use the word culture instead of meme. To designate memetic
resources, we talk about cultural heritage. In what follows, we will show that a
number of behaviors of evolved animals cannot be understood without taking
into account cultural information. We then show that in humans, the cultural
part has become dominant.
10.3. Altruism in evolved animals
We have seen that natural selection does not apply to individuals, but to their
genes. When these are common to a set of individuals, then natural selection
applies to this set. It is the process of kin selection. It let us explain why
bacteria belonging to the same strain cooperate inside colonies and why
insects issued from the same queen cooperate within the same society. It
does not let us explain why migratory birds, with different ancestry, still
cooperate and travel together.
In general, kin selection allows us to understand the phenomena of altruism
among individuals issued from common parents, but not among those issued
from different parents. Yet such phenomena do occur and are regularly
observed. They have long remained a mystery to biologists. An often cited
example is that of the alarm calls sent by birds in the presence of a predator.
As soon as a bird emits an alarm, it attracts the attention of the predator to
him. He puts his life in danger. Such a behavior cannot have a genetic origin.
A gene that endangers the life of the individual who bears it, is automatically
suppressed by natural selection.
On the contrary, if such a behavior arises culturally within a group, it
increases the chances of survival of the group. Natural selection will therefore
favour groups within which this behavior is imitated, especially by children.
We do have here an equivalent of kin selection, but it no longer applies to
information stored in genes, but to information stored in brains, that is to
cultural information.
Such a behavior is observed not only in birds, but also in mammals, more
particularly in those who live in groups. A notable example is that of the
vampire bat Desmodus rotondus. It feeds every night by sucking the blood of
other animals. It cannot survive more than two days without doing it. Yet a
significant fraction of them (up to 30 %) come back in the morning with an
empty stomach. The species should have become extinct. It still exists thanks

to an altruistic behavior enabling an individual who has not had food, to
receive some regurgitated by another one. It allows it to survive until the next
night. Such a behavior, harmful the donor, can only develop if the donor
receives in turn a similar assistance when needed. A group of individuals may
then form in which all of them practice this cooperation strategy. Surviving
better than other groups, it will reproduce faster up to the point where this
behavior becomes general.
However, such a behavior requires a mechanism to identify and eliminate
fraud. An individual who receives help, but do help others, has to be identified
and eliminated from the group. It is also necessary that an individual who
already had food, does not ask others. It seems that bats are used to touch
their bellies before exchanging food. We see the importance of exchanging
information between individuals and the need to memorize these exchanges
over time. We do have here an example of collective intelligence related to a
sharing of cultural information.
In both examples above, natural selection favors the group rather than the
individual. Zoologist V.C. Wynne- Edwards described many other examples of
the same type, showing the existence of a process of group selection. Such a
possibility has long been denied, particularly by George C. Williams and
Richard Dawkins, because it is contrary to the neodarwinian theory of the
"selfish gene". This objection fails if one assumes that the process of group
selection is due to an exchange of cultural information. In this case natural
selection does not act on genes, but on a common information stored in the
brain. There is indeed a kind of kin selection, but it has a cultural nature.
In chapter 7 (section 7.4) we have seen that cooperation between two
individuals can have two very different aspects: an altruistic aspect due to the
sharing of a common information, and a symbiotic aspect due to a
complementarity of interests. In the case of genes, an example of the first
aspect is the cooperation between two ants, while an example the second is
the cooperation between a fungus and an unicellular algae that forms the
lichen. The same distinction also applies to culture. If there exist an altruistic
cooperation due to a common culture, there must also exist a symbiotic
cooperation due to a complementarity of cultures. It would not be due to an
affinity between cooperants, but to their best interests. This type of
cooperation has been described by the biologist Robert Trivers under the
name of reciprocal altruism.

10.4. The Baldwin effect
We have seen that the behavior of evolved animals can not be fully described
without considering the cultural information stored in their brains. The
question then arises of the respective contribution of genes and culture to
their evolution. An American psychologist, James Mark Baldwin, was the first
to warn biologists of the need to consider learning ability as a factor of
evolution. In the late nineteenth century, he showed that cultural adaptation
can produce genetic changes. It is called the Baldwin effect.
We have compared above the brain with a computer random access memory
(RAM) and the genes with its mass memory. As a computation result,
recorded in a RAM, can be more permanently stored in a mass memory, in
the same way a cultural adaptation recorded in the brain can be made more
permanent through genetic modifications. In evolved animals, the brain would
thus serve as a guide, accelerating evolution.
To show this more precisely, we can resume the evolutionary example of the
giraffe in section 5.2. In the framework of a strictly darwinian evolution, an
animal whose neck is longer than that of others will survive better and
proliferate more by eating leaves. Gradually the selective advantage of a long
neck becomes dominant, creating a population of giraffes. If one takes the
Baldwin effect into account, this description becomes somewhat different.
From the start, the animal trying to eat leaves is imitated by others. Those
with longer necks survive better and proliferate more. Imitating their parents,
their offsprings also start to eat the leaves of the trees. Among those, the
ones that have the longest neck still proliferate better, leading quickly to a
population of animals with long necks.
This example may give the impression of a lamarckian evolution in which an
acquired characteristic (eating the leaves of the trees) seems to be
genetically transmitted. There are actually two different characters: one of
them (eating tree leaves) is transmitted culturally whereas the other (having a
long neck) is transmitted genetically. These two characters cooperate to the
benefit from each other.
In the following section we will see the increasing importance of the brain in
evolution, from primates to Homo sapiens. Although cultural evolution has
become predominant in humans, it still continues to influence their genetic
evolution. A good example of the Baldwin effect in humans is that of the
lactose. In mammals, the digestion of the lactose contained in milk requires
an enzyme called lactase. The production of lactase normally ceases after

weaning. When they began breeding animals, adult humans started to drink
the milk produced by animals which caused digestive problems.
The result has been a genetic evolution whereby most modern men
(especially in the West) continued to produce lactase in adulthood allowing
them to digest milk.
11. From primates to man
Because cultural information allows a faster adaptation to the environnement,
natural selection favored the development of brain among organisms able to
transmit the associated information. From primates to man, the amount of
information that is culturally transmitted has kept growing to the point where,
for man, it started to exceed the amount of information that is genetically
transmitted. From genetic, the evolution of mankind became essentially
cultural. Culturally similar individuals formed human societies like genetically
similar bacteria form colonies.
11.1. From apes to genus Homo
Mammals evolved differently than birds. About one hundred million years ago,
mammals were small animals that went out at night to escape the dinosaurs.
They developed a good night vision. Many of them still have it today, such as
the domestic cat. Their color vision developed later. It became important for
primates because it helped them better identify fruits in trees. A binocular
stereoscopic vision has also facilitated their gathering.
Mammals were also late to develop an organ capable of emitting complex
and varied sounds such as those of birds. It is among primates that cultural
acquisitions are most clearly identified. Their ability to imitate exceeds that of
all other animals, to the point that the french word "singer" (from "singe"
which means ape in french) has become synonymous to imitate. Young apes
are able to reproduce complex tasks performed by their parents such as
collecting rainwater on a spongy material or insects on branches or twigs.
It is widely admitted that the branch leading to our species has detached from
that of the chimpanzees, about seven million years ago. The split occured in
East Africa. The climate having changed, trees became rarer. Savannah had
gradually replaced the forest. Fruit eaters, primates used to live in trees. They
no longer had food nor housing. They desperately sought ways of survival.
Adapted to the picking of fruits, their hands also allowed them, with a little
effort, to uproot plants. Some of them were able to survive by eating roots, a
hidden part of the plant left over by most other animals. The digestive system

of their descendants slowly adapted to this new regime. The need to stand up
to pull out plants has probably developed in them a morphology favorable to
bipedism, a mode of propulsion they later adopted.
Children education became a problem. Teaching them how to use a twig was
no longer sufficient. One had had to teach them elements of botany. The child
who would best memorize the relationship between the visible part of a plant
and its root had a better chance of survival. He would not waste all his energy
uprooting unsuitable plants. Memory being related to the size of the brain, the
latter began to grow. For short, hundreds of thousands of years later, these
primates became Australopithecines.
The process just described is a typical mechanism of genetic evolution.
Whether due to overexploitation or simple climate change, sooner or later a
population sees its resources disappear. It must evolve. Generally some
individuals survive, often by migrating. They must adapt to a new
environment. Gradually, they form a new species. Australopithecines thus
evolved over millions of years, forming various species scattered over
eastern and southern Africa.
There is a little less than two million years ago Australopithecus were again
without resources. Some survived probably by eating remains of carcasses
abandoned by wild sated beasts. Their descendants did the same. Their
digestive system gradually adapted to this new regime. They began to love
meat. The next step from there, trying to kill other animals, was quickly taken.
They were not physically fit for that, but their brain was sufficiently developed
to learn how to use tools. They knew how to crack nuts with stones. So they
could throw stones at the head of other animals. Gradually they learned how
to choose the right stones, then how to cut them and finally fix them at the
end of a stem to make a lance. Evolution was becoming increasingly cultural.
Educating children was also becaming more difficult. A full technique had to
be taught. Rudimentary sounds were no longer enough. An abstract language
had become necessary. Those whose brain was the most developed were
favored. Primitive men called " genus Homo " were born.
11.2. The appearance of Homo sapiens
Primitive men proved to be very gifted for depleting their environment and
getting regularly on the verge of extinction. To survive, some of them left
Africa. Homo erectus appears to have been the first to do so, more than 400
000 years ago. Crossing the Sinaï Peninsula, he went to Asia. In order to
survive the winter, he mastered fire. Paleontologists have now identified more

than a dozen different species of Homo, probably each genetically adapted to
a different environment. No later than 150 000 years ago, our own species
called Homo sapiens appeared, still in Africa. It has our intellectual capacity. It
is believed to have left Africa 60,000 years ago reaching Australia, thus
demonstrating its ability to cross a strait, line Wallace, by navigating sea.
Having less propensity to migrate, other species of the genus Homo got
extinct having exhausted their resources. 30 000 years ago, only two Homo
species remained, ours and the species Homo neanderthalensis. Apparently
less mobile than us, Neanderthals disappeared too. Yet it has a robust
skeleton. His brain is bigger than ours. Scientists speculate about his
disappearance. Apparently the key to its disappearance lies in the difference
between adaptation and adaptability (Section 7.3) .
Appeared in Europe, Neanderthals are, from a genetic point of view, perfectly
adapted to their environment. Their body mass is better suited to cold than
that of the African born Homo sapiens (26). Their great cranial capacity gives
them the memory of an elephant. But all this requires a lot of energy: The
Neanderthal man has a big appetite, difficult to sasiate. Through his memory,
he keeps a keen recollection of all the details of his childhood. It allows him to
fully exploit his environment, but when the environment changes, he is hard
to adapt. He is very affected by the death of his relatives. He buries them. His
childhood is shorter than ours and he does not live very long. This is how his
species adapts to environmental changes.
About forty thousand years ago, Homo sapiens migrates to Europe. There, he
is less adapted than the Neanderthals, but he is much more adaptable. All of
his life he keeps the brain of a child (27). He constantly learns, as fast as he
forgets. His imagination compensates for his relative lack of memory: just as
gene mutations enable genetic evolution, cultural mutations enable the
evolution of ideas. Less adapted to cold than Neanderthal, Homo sapiens
stands it as well thanks to his technical mastery in the art of protecting
himself with clothing, shelter and homes. Faced with a new game to catch, he
invents new tools, new weapons, new traps. This adaptability leads to a
diversification of his activities and to a division of labor between men and
women. Thus Homo sapiens gradually occupies all the ecological niches
previously occupied by other species Homo. As he keeps invading Europe he
is in growing competition with the Neanderthals. The latter sees his game
disappear. He is doomed to disappear with it. During the last twenty-eight
thousand years, Neanderthal men have no longer left any trace.
Ten thousand years after the disappearance of the Neanderthals, the
adaptability of Homo sapiens is in turn challenged. Begins a slow warming of

the Earth climate. During eight thousand years, the average temperature
rises by one degree every millennium. Plants and animals suffer a profound
change. Adapted to colder climates, many species disappear. This is
particularly the case of large mammals, the main source of food for man.
Many trees also die. They are replaced by a low vegetation, unsuitable to
manʼs digestive tract. Fruits, vegetables, meat to which man was accustomed
to have become exceedingly rare. In turn, the species Homo sapiens is at the
edge of extinction. The situation is particularly difficult in the Middle East.
Wildlife has been replaced by bovids, the aurochs. Born of a symbiosis with
bacteria, they are great machines to tear and digest grass. Unfortunately, the
aurochs have a tendency to gather in dense flocks difficult to attack. Birds
remain too, feeding on seeds. They arrive in the spring and then migrate
elsewhere. They are difficult to catch. The genus Homo seems doomed to
disappear possibly replaced by a new kind of genus, genetically different.
11.3. The Neolithic Revolution
To survive, man has no other resources than also seeds to eat, but it does
not has a bird appetite. He needs a lot of them and he finds them had to
digest. Patiently, he picks them up one by one and crushes them. And then
an event occurs which is unique in the history of evolution. Man discovers
that, boiled in water, seeds become digestible. When the weather is warm, he
learns to pick the pods just before the seeds escape. It then suffices to shake
the pods to procure oneself a lots of them. He succeeds to keep enough of
them to survive the winter. The following spring, he learns how to sow them.
Without being aware of it, he has selected the seeds that are the less likely to
escape from their pod. When reseeding them, he accentuates this genetic
trait. Soon the ripe seeds no longer escape from their pod. Crops improve.
Man has manufactured domestic plants that are unable to reproduce
themselves, but are well adapted to his consumption. He has discovered
artificial selection. Agriculture was born. Rather than hunting bovids, it
became more convenient to capture some, to feed them with grains and let
them reproduce. Livestock develops with agriculture. Then Man began to
drink the milk from cattle, adding a significant complement to food.
In a few centuries the basis of subsistence of our species had completely
changed. This is called the Neolithic revolution. If everything had happened
as before, the genus Homo should have disappeared. After several tens of
thousands of years, a few individuals would probably have survived through a
genetic adaptation to cereals, as birds or cattle did. A new genus would have
appeared, in the same way the Australopithecines did. For the first time an

animal species had completely changed food without any notable
modification of its genes, and that happened in a few hundred years only.
Having occurred ten thousand years ago in the Middle East, the Neolithic
revolution spread to Egypt and throughout Europe. One thousand years later,
a similar revolution independently occured in China and spread to India.
Colonized much later by man, America go in turn through this revolution, first
in the south, five thousand and five hundred years ago, then in the north one
thousand years later. Switching from fruits to roots had slowly transformed us
from apes to australopithecines. Switching from roots to meat had gradually
made us men. The transition from meat to milk and cereals occurs in a few
centuries and, a fact unique in the History of evolution, leaves our genes
virtually unchanged.
What has happened? Thermodynamically, Man had suddenly access to a
new source of energy, grains, thanks to the acquisition of new informations.
Until neolithic, this acquisition was done through genes. It was a genetic
adaptation to a new food. At neolithic, this acquisition was done for the first
time by the brain. It was a cultural adaptation. Man had adapted to grain, not
through an evolution of the genes, but thanks to a new knowledge. Not only
did he learn how to cook his food, but also how to keep it through the winter.
What a squirrel or an ant does genetically, he does it culturally. The genetic
evolution of Man had become cultural. Thermodynamically, these are the
same phenomena . Only the location where the information is stored differs.
11.4. The formation of cultural species
The transition from a genetic type to a cultural type of evolution has been
made possible thanks to the extraordinary development the human brain. The
memory capacity of our brain is difficult to assess, but most of the estimates
that have been made (28) show that it is several orders of magnitude greater
than that of our genes. However, while the information contained in our genes
is directly passed on to our descendants at their birth, that contained in our
brain is gradually transmitted through education. We have seen that among
evolved animals such a transfer is done by imitation of parents. Our species
Homo sapiens seems to have been the first to develop an elaborate langage.
Thanks to this langage, the amount of information transmitted from parents to
children could become higher than that transmitted by the genes. Then
evolution naturally became cultural.
Such a transition can explain a number of anomalies of our species which
would otherwise remain unexplained. The first anomaly is that the genus

Homo consists of only one species, ours. We have seen that in order to
survive, a species must evolve as quickly as possible. It is the Red Queen
effect (section 6.1). A species that does not evolves fast enough becomes
extinct. At the neolithic, an adaptation to a new food that genetically would
have take tens of thousands of years, was accomplished culturally in a few
centuries only, that is a hundred times faster. Such an adaptability conferred
to Homo sapiens an overwhelming superiority to all other animal species,
especially to other Homo species with which he was in direct competition.
With such an exceptional adaptability, Homo sapiens has likely taken all the
niches occupied by other species Homo, bringing then to extinction. This is
the explanation we gave earlier to the disappearance of the Neanderthals. It
seems indeed that, morphologically, it could not have had the speech ability
of Homo sapiens.
The second anomaly is that the species Homo sapiens is the only species
that has a propensity to exterminate individuals of the same species. Any
gene which would develop such a propensity would endanger its own
species. It would therefore be quickly eliminated. It is no longer the case for
our species that has become predominant. On the contrary, evolution having
become cultural, our genetic species has subdivided itself into cultural genera
and cultural species that have been fighting each other. These are the human
societies and civilizations. We have seen that, initiated in the Middle East, the
Neolithic revolution went on to Europe then, successively to China, India,
America and Africa, each time giving birth to a new civilization. As animal
species do, these have expanded more or less rapidly depending upon their
environment.
As there are preys and predators in biology, there also appeared prey and
predatory civilizations. Today, these facts are still often interpreted in terms of
race differences, which implies genetic differences. Should I recall that almost
99 % of the human genome is identical to that of the chimpanzee and that it
takes only a difference in one of our genes among tens of thousands to
change the color of our eyes, our skin or our hair?
We are very sensitive to visual appearances. Among two people with a
different skin color, a blind person will be unable to distinguish which one is
white and which one is black, if both were raised in the same way by the
same family. Both will speak the same language with the same vocabulary
and the same accent. They will both have the same cultural inheritance. On
the contrary this same blind person will easily distinguish two French people
one raised in the south, the other in the north, by their culturally different
accents.

Clearly, we are all part of the same biological species Homo sapiens and, in
biology, members of the same species rarely kill each other. We kill each
other because our evolution is no longer genetic but cultural, and culturally
our civilizations are different. Two individuals who do not speak the same
language, use a different " memetic " code. Culturally, they are like organisms
with different DNA codes!
The study of languages, like that of genes,enables us to retrieve human past
migrations. This is how, an italian linguist, Luigi Luca Cavalli-Sforza, became
a geneticist. Through the study of genes, he has been able to confirm most of
the results obtained by linguists, thereby showing direct evidence for manʼs
cultural evolution as it gradually supplanted his genetic evolution. To Cavalli Sforza, the evolution of man has clearly become cultural (29).
There is finally a third anomaly for which cultural evolution gives account (30).
Man is the only evolved animal that forms societies able to coordinate the
activity of millions individuals. This ability is due to the fact that cultural
information is transmitted horizontally (between two individuals of same
generation ) as well as vertically (from an individual to its descendants),
whereas genes are transmitted only vertically. Manʼs cultural evolution
appears to be at the same stage as that of bacteriumʼs genetic evolution. As
bacteria from the same strain tend to form colonies, humans belonging to the
same civilization tend to form societies within which they coordinate their
activities.
If human societies may resemble insect societies, it is indeed due to the
process of kin selection, but instead of having a genetic origin, it has a
cultural one. Under these conditions, the degree of altruism between two
human beings is no longer determined by their proportion of common genes,
but by their proportion of common culture. Cultural brotherhood replaces
genetic brotherhood. It is especially evident in countries having developed a
national education, common to all children. It explains patriotic feelings and
actions.

Part IV. Cultural evolution
12. The laws of cultural evolution
There is no cooperation without an exchange of information. Cooperation
may begin with reciprocal exchanges and extend among competing
individuals. Whenever it develops, cooperation increases the need to
exchange and memorize information. Created to satisfy this need, the
developments of writing and of money have helped the transmission of
cultural and material wealth. Inheritance rules play for man the role that gene
transmission rules play in biology. Periods of cooperation alternate with
periods of competition. In the same way biological species become extinct,
human societies collapse.
12.1. The prisonerʼs dilemma
The problem of the choice between competition and cooperation has always
been present throughout the history of human societies. It became
particularly acute in England in the nineteenth century when dealing with
communal pastures. At that time an individual could earn a living with the milk
of his cow. Imagine a communal grazing allowing two individuals to properly
graze each of their cow. One of them may decide to save money and buy a
second cow. He will thus double his revenues. The disadvantage is that each
cow will have 1/3 less grass to graze. This drawback may seem acceptable to
him in view of the expected profit. In the absence of any regulation, he will
buy a second cow. In the short term he will probably make a profit. The
problem is that the other individual may not appreciate this behaviour and,
whenever possible, he will do the same. Sooner or later, as the number of
cows increases, grazing becomes insufficient.
At that time, the problem was raised by an English economist called William
Forster Lloyd. Lloydʼs analysis was recalled by Garrett Hardin in an article
published in 1968 in Science (31) under the title of "The tragedy of the
commons". Hardin showed that Lloydʼs analysis applies generally to all the
problems related to overpopulation, such as the depletion of natural
resources or pollution. The problem is that the optimum for a set of individuals
is not the same as that for each of them. Mathematically, one cannot optimize
a system by optimizing each of its parts.
This mathematical theorem contradicts the statements made by Adam Smith.
According to this English economist, an individual pursuing only his own
interest would be led "as if by an invisible hand" to promote the general
interest. The theories of liberal economy in vogue today, of which Adam Smith

is the father, seem flawed from the start. Liberal economists deny it, saying
that Adam Smith never claimed that the particular interest coincided in all
cases with the general interest. For them, the solution to the tragedy of the
common is simply privatization that is to say competition. For others, the
solution is cooperation. It involves exploiting together the commons while
imposing rules accepted by all, that is to say, a democratic government.
The problem of choosing between competion and cooperation is known to
mathematicians, specialists in game theory, as the "prisoner's dilemma ". As
posed in 1950 by Melvin Dresher and Merill Flood, the problem involves two
prisoners that cannot talk to each other. Each is accused of having committed
an offense punishable by ten years in prison. When interrogated, they
hesitate between to compete (denounce the other) or to cooperate (cover the
other). Neither knows the choice of the other. They know that if each of them
denounce the other, then the judge will share the pain in half condemning
each to 5 years in prison. However, if each of them covers for the other,
saying he is innocent, then in doubt the judge will condemn each to 6 months
in prison. Clearly, they have a huge advantage to cooperate. Unfortunately, if
one cooperates saying the other is innocent, but the other does not cooperate
and accuses the first one then, the question being resolved, the one accused
will reap 10 years in prison while the other, made innocent, will be released.
Each of the two prisoners will consider the best possible strategy. Their
situation being identical, each of the two will say: « If the other denounces me
whereas I cooperate, I will be sentenced the maximum pain of 10 years in
prison, but if I do not cooperate I will get only 5 years. If the other cooperate
and I do the same, I'll have 6 months prison, but if I do not cooperate, I will be
released. In both cases, I am better off if I do not cooperate ». Thus, although
as a whole the two prisoners have a huge advantage to cooperate, neither of
them will take the risk. In the absence of shared information, each prisoner
will choose the strategy which is optimal for him, but not to the group .
Mathematically, the problem is of the same type as that analyzed by Lloyd,
when both partners share the use of a communal property. Instead of a
sentence remission, they gain more or less benefits. In general, the solution
to the prisoner's dilemma is based on the degree of confidence one can have
in his partner. Mathematically, it means knowing its probability to cooperate.
This can only be assessed by experience. That is why an American university
professor, specialized in public policies, Robert Axelrod (32), has considered
an "iterated prisoner's dilemma", in which the same type of situation is
indefinitely repeated. He urged his fellow mathematicians, economists,
sociologists and even psychologists to each provide strategies in the form of

a software program. He has then made all these programs (sixty) compete
with each other by pairs. At each iteration the gain of a partner is given by a
gain table that takes into account the choice of the other partner. The final
gain is the sum of the gains obtained at each iteration. After about 150
iterations, none of proposed strategies has constantly been a winner. Among
all the proposed strategies, one of them has however systematically proved
to be superior to the others, the simplest of them, the one that has the
shortest algorithm. One call this strategy " tit for tat ". It is to cooperate first
and then to adopt the latest choice made by the other partner.
This study shows that cooperation can emerge in a world of selfish
individuals, initially all rivals to one another, and that, without the intervention
of any external authority. Cooperation develops only if there is a long term
interaction between a small number of individuals cooperating reciprocally
with each other. It may then expand and maintain itself whatever the
strategies adopted by other individuals are. It leads to the formation of groups
of individuals cooperating with each other and sharing the same strategy.
For a strategy to win, it has to cooperate efficiently with itself. This is the case
of the strategy « tit for tat ». It consists of cooperating as long as others
cooperate. It must also not be defeated by a different strategy. This is also the
case for the strategy "tit for tat." It does not try to cooperate with individuals
that do not cooperate. It is remarkable that such a simple strategy can
gradually develop a stable core of cooperation that tends to develop despite
opposing strategies. The program has only five instructions. It is simple
enough to be stored in a few genes. One can understand that such a
cooperation mechanism has appeared in bacteria. The "tit for tat " strategy is
in fact an imitation strategy. At each iteration, the individual imitates what his
partner has done at the previous iteration (33). One therefore understands
why a faculty of imitation has gradually developed first genetically then
culturally.
12.2. Writing and currency
The preceding analysis shows that cooperation can provide larger earnings
than those of competition. Thermodynamically, it makes energy dissipation
more efficient. But it has a drawback: it is very slow to establish. It requires a
constant exchange information.
When food is plentiful, competition is the most simple solution. In biology, it
means natural selection between individuals. But when food is scarce,
individuals that cooperate with each other are much more likely to survive

than those who do not. If a hunter can catch a hare, three hunters can catch
a much bigger game than three hares: they can catch a mammoth. Task
sharing allows them to do so.
Compared to hunting, agriculture and cattle breeding has still required further
specialization. It is therefore not surprising they have led to the formation of
complex societies. Within the same society, individuals cooperate by
exchanging information. They develop a common body of knowledge called
culture. In the case of the first societies this information was about the culture
of fields. It is therefore not by chance that the word culture originates a
particular form of culture: agriculture.
We have compared these information exchanges to those of neurons in a
brain and showed that there was formation of a global brain with the
emergence of collective intelligence. It is true for bacteria colonies or insect
societies and, a fortiori, for human societies. The problem then arises of the
distribution of wealth. To avoid misunderstanding, when an agreement is
reached, it is important to remember it. It is all the more important when one
partner dies. Then the agreement must be extended to his descendants.
Inevitably our ancestors had to find a reliable way to perpetuate their
agreements. It was natural to do so by engraving information in stone. Writing
was born. Stone was engraved by hitting a wedge with a mass, hence the
name of cuneiform given to the first writings (from the latin cuneus for
wedge). In the case of a debt recognition, it was wise to keep it on oneself. A
small engraved stone was practical. Currency was born. Stone being difficult
to engrave, the use of clay spread rapidly. One could make the engraving
more permanent by cooking the clay. This is what Sumerians did, more than
three thousand years before our era.
Writing was first used for accounting. The nature of the accounted object was
described by rudimentary drawings. These were the first ideograms.
Gradually the problem arose as to represent abstract words. Inevitably, one
had to use a phonetic representation as, for example, a combination of
concrete words pronounced the same way. Reading became akin to
deciphering a riddle. Reading and writing were reserved to a small group of
scribes at the service of a prince or a great priest. Inequalities of wealth
rapidly accompanied cultural inequalities. The same phenomenon occurred
independently in China and in several other countries, after the birth of
agriculture.

A little more than a thousand years before our era, a remarkable progress
was made with the adoption by the Phoenicians of a scriptural code easy to
remember. This purely phonetic code has only 22 characters or letters. To
ease its memorization, the letters are ordained in a fixed sequence one can
learn by heart. The name and the shape of the letter are those of the object
whose name starts with the sound of the letter. Hence, the first letter, aleph,
designates the sound "a" and is represented by an ox (aleph in Phoenician).
Aleph became the Greek letter alpha, then our letter A. One can still see, in
our uppercase letter A, the muzzle of the beef pointing upwards and the two
horns pointing downwards. The second letter, beth (house in Phoenician)
gave beta in Greek then our letter B. The sequence « alpha beta » later gave
the word " alphabet ". The third Phoenician letter guimel or gamel (camel in
English) became the Greek letter gamma. Later on, the Romans made two
letters out of it C and G, in order to distinguish the unvoiced form C from the
voiced one G. The Greeks also completed the Phoenician alphabet by adding
vowels. Learning how to to read became easy and the number of literate
individuals increased in great proportions. It became possible to exchange
messages through distances or time. This progress proved to be decisive for
the development of Western civilization.
If genes can transmit the information stored in a cell and language that stored
in a brain, writing can transmit the information stored by a society, particularly
to its descendants. This, however, requires a population with a good literacy.
Although it reached quite a high level at the peak of the Roman Empire, it did
not resist to its collapse. It resumed in Europe in the sixteenth century, with
the development typography. One can see then the formation, in two
centuries, of a global brain connecting a set of literate individuals, all
speaking the same language: a period called the Enlightenment (see
Introduction).
12.3. The rules of cultural transmission
As the evolution of species depends upon the rules for gene transmission,
the evolution of human societies depends upon inheritance rules. These have
been studied by sociologists, such as Emmanuel Todd. They deal with
cultural as well as material wealth. For each of them, the transmission can be
accomplished in two different ways.
The transmission of material wealth can be egalitarian or non-egalitarian. It is
egalitarian when the inheritance is divided equally between all children.
Otherwise (birthright, etc. . ), it is unegalitarian. Cultural transmission can be

authoritarian or liberal. It is authoritarian if one parent (usually the father)
imposes its way of living to all his descendants. Otherwise it is liberal.

Figure 10. The four family types (after E. Todd).
In Figure 10, the way a society operates is represented by a point, the
coordinates of which are the respective frequencies with which these rules
are followed. One distinguishes four regions corresponding to four types of
families:
•
•
•
•

Communitarian families (authoritarian - egalitarian)
Stem families (authoritarian - non-egalitarian)
Nuclear families (liberal - non-egalitarian)
Egalitarian nuclear families (liberal - egalitarian)

Figure 10 shows countries where each of these types of families are
particularly abundant. Emmanuel Todd has studied the geographical
distribution of these types of family in Europe and has showed that political
votes in these different regions are related to the family type that dominates.
Thus, to each family type, is associated a different polititical ideology. Clearly,
communitarian families are sensitive to communist ideology, while nuclear
families are sensitive to liberal ideology. Historically, these ideologies
corresponded to different modes of family life. Biologically, they correspond to
different survival strategies. The strategy is not the same depending on
whether one owns the land or not, whether you are a farmer or a
sharecropper.
We have seen that for humans cultural information plays the role of genetic
information in biology. It is therefore tempting to compare their transmission

rules, that is to compare the graph of Figure 10 with that of Figure 7 (Section
7.4 ). This can be done under two assumptions. The first one is that the nonegalitarian transmission of wealth plays the role of the rate of mutations.
Indeed it favours a change of knowledge. In a capitalist country, a child that
does not inherit the means of production from his parents must exercise
another profession. The second assumption is that authoritarian transmission
maintains a high degree of common culture, while liberalism favours cultural
diversity.
If we accept these two assumptions, then the ideal of the nuclear family is the
analog of competition in biology. It is indeed the operating mode of liberal
ideology, partly inspired by Herbert Spencerʼs "social darwinism". The ideal
for communitarian families would then correspond to the process of
symbiosis in biology. Between these two operating modes, two intermediate
modes are possible: that of stem families who cooperate while encouraging
individuals to adapt to the group by identifying with it, and that of nuclear
egalitarian families who encourage groups to adapt to individuals by
respecting personal initiatives. These two modes can be found in sociology
(section 13.6).
We have compared the evolution of a society to the way a brain operates.
One can push the analogy further by identifying each quadrant of Figure 10
with a different operating mode of the brain, as indicated by the arrows. The
authoritarian - egalitarian mode maintains tradition and imposes it to all
descendants, while the liberal - egalitarian mode favors innovation. The
authoritarian - egalitarian mode promotes order and subordination, that is
hierarchical organizations. This mode favours action. Instead, the liberal egalitarian mode leaves the way open to all eventualities. It promotes
reflection.
We recognize in these modes the way a human mind behaves. We think
before taking action and we hesitate between acting like everybody else or
innovate. Our brain constantly wanders between these options. It is indeed
the behavior of a strange attractor as described in Section 7.5 and modeled
by the wheel of section 18.4.
One can likewise compare a public policy decided democratically to the
approach of a global brain of which individuals would be the neurons. It is
clear that none of the above four approaches of the brain can be an end in
itself. One must constantly move from reflection to action and mix tradition
with innovation. Similarly no political ideology holds the truth. Depending on
the circumstances, a society must be able to easily switch from one ideology

to another. It is the role of government changes. Individually, each of us
emotionally clings to his ideas, as our neurons maintain their status until the
neighboring neurons possibly change it. But collectively the "brain" of a nation
must be able to evolve as fast as the environment. When it does not, the
nation is in danger.
12.4. The self-organization of human societies
We have seen that the process of avalanches applies to the human sciences
(section 3.4). Having met by chance, two individuals may share the same
concerns and sympathize. It is the starting point of a collaboration. Most
often, as soon as collaboration brings fruits, rivalries form and collaboration
stops, but sometimes other people join the the project. A common culture
develops. One talk about corporate culture. Collaborations develops between
companies. Relationships expand between individuals even better they speak
the same language. They form a common culture. This is how European
nations have developed. When different states share a common culture, they
tend to unite. Thus were born the United States of America. It has led to the
tremendous growth of the U. S. economy. Today, English has become the
language of international relations. It has allowed European nations to unite
in order improve their economy.
We have seen that the evolution of humanity is a cultural evolution (section
11.4). As an animal species is characterized by its genes, a civilization is
characterized by its culture. If, in biology, natural selection applies to genes,
in sociology, it applies to culture. It favors the civilizations that dissipate the
more energy. In a stable environment these civilizations develop and expand.
Like all dissipative structures, they self-organize and adapt to their
environment in order to maximize the production of entropy. In physics, the
process consists of the formation of increasingly large Ising domains. In
biology, this process is called K selection ( section 6.4). It is the emergence of
large trees, large dinosaurs or mammoths. In ancient History, a good example
is the formation of the Roman Empire. In modern history, there may be
mentioned the formation of the great colonial empires or that of the Soviet
Union.
Such a society is characterized by the extension of its culture. It extends to
nearby countries. Immigrants tend to adopt the culture of the host country
and blend in the society. Cultural differences fade. We have seen that insects
having common genes develop an altruistic behavior (section 7.1). It is the
same for individuals who have a common culture. As bees or ants do, they

cooperate together. They are proud of their culture and transmit it to their
children. They are ready to sacrifice their lives to defend it. This is patriotism.
Biology teaches us that species that proliferate are rapidly subjected to the
Red Queen effect (section 6.1). The more a species dissipates energy, the
faster its environment evolves and the faster it must readapt. For human
societies, the evolution of the environment usually translates into the
depletion of natural resources and pollution. Historically, it has produced soil
depletion and deforestation followed by erosion. Today there are concerns
about the depletion of fossil fuels and resources from mining, but also about
the evolution of climate (34) and the loss of biodiversité (35). One must of
course also include the development other human societies, the considered
society is in competition with. It is important to note that the evolution of the
environment is largely unpredictable because it is related to self-organization
processes that are themselves difficult to anticipate (section 2.5).
Dissipative structures that are subjected to the Red Queen effect quickly
reach a state, called critical, of maximum entropy production. The speed at
which a dissipative structure adapts being finite, its adaptation to the
environment becomes more and more difficult. Self-organization continues
but has increasing difficulties to adapt to environmental changes. Economists
talk about diminishing returns. Producing free energy becomes increasingly
difficult. In the case of a human society, the economy begins to stagnate. As
we shall see (section 13.3) wealth inequalities then follow a power law
(Pareto's Law). Leading classes can retain their economic and social status
only by trying to maintain economic growth, but it accelerates environmental
changes. Investments are no longer productive. The society becomes
indebted. Large companies go bankrupt. The middle class collapses. Social,
economic and financial crises happen in succession. The society becomes
unstable (Physicists say that evolution becomes chaotic).
Under these conditions a society gradually loses cohesion. Short-term
competition outweighs long-term cooperation. Seeking to adapt to
environmental changes, behaviors become individualized. Cultures diversify.
Instead of merging, they isolate themselves from each other. This is the
phenomenon of city or suburb "ghettoization". Religious sects proliferate.
Biologist Konrad Lorenz noticed that when an animal species expands too
fast, animals no longer educate their offsprings. The same is true of human
societies. In an affluent society, education no longer seems necessary. The
trend is toward "laissez-faire". Being poorly educated, children develop a
narcissistic behavior that pushes them toward competition. Natural selection
will select those that are the most fit to the new environment.

At the critical point, a dissipative structure is very sensitive to its environment.
The least fluctuation of the latter can trigger a more or less important cacade
of events (avalanches) which brings the structure back to the critical point.
This is the process of self-organized criticality. These " avalanches " lead to a
restructuring of the society in the sameway earthquakes lead to a
restructuring the earth's crust. Their magnitude is inversely proportional to
their frequency. In the case of human societies, one often observe minor
restructuring in the form of new regulations. Their economic cost generally
makes obsolete the economic improvement they provide. They maintain free
energy production, without significantly improving it. Imposing new
constraints on individuals with little result, these bureaucratic adjustments are
often increasingly ill perceived. "Social tensions" develop. These tensions
often cause more important events such as a change of government.
Occasionally, revolts lead to a change of regime. Exceptionally one can
witness a revolution or a war, with more or less important destructions,
occasionally resulting in the the questioning of existing societies. Even more
rarely, an entire civilization disappear. One then talk about a collapse.
Quite often, the questioning of a society reflects into a split. The Roman
Empire and, more recently, colonial empires and the USSR have been
replaced by smaller independent structures. This is what we have called in
physics "annealing" (section 4.5). It allows the production entropy to escape a
secondary optimum and go in search of a higher optimum. In biology, this
process is called r-selection ( section 6.4). It is observed when large trees are
replaced by savannah or dinosaurs by small mammals. Among these new
structures, some of them will in turn expand and dissipate energy even more
efficiently.
This alternation between periods of economic growth and periods of
stagnation recalls the phenomenon of punctuated equilibrium described by
Jay Gould (section 6.3). It is observed throughout human History (Chapter
14). Many historians and anthropologists have sought to understand its
origin. Among modern writers, the best known include: Arnold J. Toynbee ( A
Study of History ), Joseph A. Tainter (The collapse of complex societies ) and,
more recently, Jared Diamond (Collapse). Biology gives an explanation. The
phenomenon is of the same nature as the alternation between periods of
macro-evolution (selection K) and the periods of micro-evolution (selection r)
observed in biology. Through biology on can trace the physical origin of the
phenomenon: it is the process of self-organized criticality, a natural process of
dissipation energy through which the universe itself self-organizes. The
different aspects of this process are summarized in Table 1.

Thermodynamically, this process has two aspects. The first one is
informational. It is related to the decrease in entropy, that is to the way a
society organizes itself. In humanities, this aspect is the object of study of
sociology. The second aspect is energetic. It is related to free energy
production. In humanities, this aspect is the object of study of economy. The
reader will have understood that economy and sociology are in fact branches
of thermodynamics, that is statistical mechanics. If they are not yet perceived
as such, they inevitably will be one day. In the next chapter, we propose to
study the relationship between these disciplines.
General

Physics

Biology

Sociology

Slow
macroevolution.

Formation of large
organized
structures. Order.

K selection:
Large organisms.
Efficiency.

Solidarity. Cooperation.
Cultural integration.
Adaptation.

Critical point: Scale invariance. Power law distributions.
Fast
microevolution

Split down into
small disordered
structures (chaos).

r selection:
Small organisms.
Resilience

Individualism.
Competition. Cultural
segregation. Adaptability.

Table 1. The two sides of the critical point.

13. Thermodynamics and social sciences
Economy follows the rules of thermodynamics. Monetary flows are
information flows. They depict entropy flows through a society, although in
opposite direction. A market economy is a process of self-organized criticality.
At the critical point, wealth distribution is scale invariant. Beyond that point,
wealth condenses in two phases while producing economic and financial
crises. The laws of statistical mechanics also apply to sociology. The two
forms of solidarity of Durkheim are the equivalent of the two forms of
symbiosis in biology.

13.1. Thermodynamics and economy
The chemist Frederick Soddy (36) seems to have been the first to link the
laws of thermodynamics with economy. In his book " Wealth, Virtual Wealth
and Debt, "written in 1926, he explains that money is only a virtual wealth.
True wealth is the daily amount of energy which is available to us, that is the
power one can dissipate. He proposes to get rid of the gold standard and to
link money to energy dissipation by calculating an index of consumer prices.
He explains that as long as investments are profitable, energy dissipation
increases and society becomes richer. When they cease to be profitable,
society becomes endebted. This is how Soddy predicted the crisis of 1929.
Kenneth Boulding (37) was probably the first to attract the attention of
economists to the fact that natural resources are limited. He is known for his
famous phrase: "Anyone who believes that exponential growth can continue
indefinitely in a finish world is either a madman or an economist. " However, it
is Nicholas Georgescu Roegen (38) who first studied the consequences of
the fact that any energy dissipation leads to production of entropy, that is to
the degradation of natural resources. In his book entitled " The Entropy Law
and the Economic Process ", he proclaims: " Thermodynamics and biology
are the torches necessary to illuminate the economic process. "
I hope the reader is now convinced of it. Unfortunately, written in 1971,
Georgescu Roegenʼs work is entirely based on the thermodynamics of the
nineteenth century exposed the first chapter. Although apparently aware of
the work of Prigogine and of the relationship between entropy and
information, he does not seem to have appreciated their significance.
Nowadays, economists such as as Robert Reiner U. Ayres (39) or Kummel
(40) continue to proclaim the importance of thermodynamics concepts in
economy, but most of them (41) ignore the work of Per Bak and the law of
maximum entropy production (here called third law of thermodynamics) with
its recent advances. We have seen that this law allows to understand
biological evolution. It seems to me crucial to the understanding the economy.
Economy seeks to optimize the way a society works, but economists do not
agree on the quantity to be optimized. Some have proposed utility, that is
profit for the producer and the well being for the consumer, but no one knows
how to measure utility or well being. Modeling human behavior has always
been the stumbling stone of economy. The third law of thermodynamics
solves this problem. It tells us that human societies self-organize to maximize
their rate of production of free energy. It therefore allows us to build a true

economic science. Working it out is of course beyond the scope of this book. I
will confine myself to making a few suggestions that could serve as a starting
point.
13.2. Currency
The first remark concerns currency. Although rarely considered as such,
currency is aninformation. It is one of the kind of informations that humanity
uses to self-organize. If one follows the advice of Georgescu Roegen, it is
tempting to draw a parallel between the various supports of information
of a human society with those used by living organisms, and compare their
respective roles. I suggest the following equivalence:
• DNA : culture. All the information stored in books and transmitted through
generations.
• RNA : knowledge. Cultural information stored in brains (42).
• Messenger RNA : General education. Knowledge transmitted through
education.
• Ribosomal RNA : Know-how. Allows to apply knowledge to specific needs.
• Transfer RNA : Technical instruction. Transmission of know-how.
• Hormone: Media. Information disseminated to the whole society.
• Enzyme: Invested money. It catalyzes production. Like any catalyst, it is
given back to the lender at the end of the contract. An autocatalytic
structure generates its own funding.
• ATP: standard currency. Biologists themselves compare ATP to a
currency. In each cell ATP is generated by mitochondria who play the role
of banks.
The analogy between living organisms and human societies is striking. All
living organisms use the same type of "money", adenosine triphosphate or
ATP generated by the mechanism called "cell breathing". The amount of fuel
(sugars) that our cells can burn to generate ATP is regulated by an hormone,
insulin, according to the needs of the organism. The production of ATP is
related to the metabolism of the organism, that is to the rate of free energy
production. The "currency" ATP is indeed indexed to body consumption, as
Soddy suggested for human societies.

13.3. The self-organization of the economy
We have seen (section 12.1) that cooperation is based on trust. Trust in the
currency is the starting point of cooperation in a society. The currency is
guaranteed by the society. It facilitates the division of labor allowing us to
cooperate with people we do not know. A large scale cooperation can thus be

established through monetary exchange. This is the self-organization
mechanism of the society described by Adam Smith as the effect of an
invisible hand.
We have seen that it is the self-organization process of a dissipative
structure. It leads human societies to maximize their energy dissipation. All of
us contribute. The money we spend statistically measures our own
contribution. That we spend on our food measures the calories which keep us
alive. That we spend on our electricity or gas bills, measure the other forms of
energy we use. This is true of all the money we spend, because we pay the
work of those who have contributed to the realization of what we buy. We
allow them to live, that is to dissipate also energy.
If the monetary value of a commodity is determined by the law of supply and
demand, the value of a currency is statistically determined by the set of all the
transactions that are made. A currency is therefore a statistical quantity. It
measures (although with the opposite sign) the flow of entropy produced by a
society ( section 17.10 ). In order to produce, a company needs a capital. The
capital enables it to organize itself, that is to reduce its internal entropy. This
decrease enables it to produce free energy and to generate profit. It can thus
regenerate the invested capital in the same way a catalytic cycle regenerates
its enzymes. When reinvesting the excess profit, a company minimizes its
internal entropy so as to maximize its production free energy, hence the flow
of entropy it generates. The GDP (Gross domestic product) of a country is an
approximate measure the flow of entropy produced by its inhabitants.
In a market economy, a capital allows to invest money. When the investment
is profitable, the capital increases. One can then invest more, which may lead
to new profits, and so on. It is indeed an avalanche process. Avalanches stop
when investments are no longer profitable. The economy thus tends toward a
critical state at which economic growth is a maximum. This is clearly a
process of self-organized criticality. A feature of this process is to produce socalled 1/f fluctuations, the amplitude of which is inversely proportional to their
frequency f. There are many small avalanches, occasionally larger ones,
exceptionally very large ones. This behavior of economic fluctuations was
observed in 1962 by the mathematician Benoît Mandelbrot in his well known
analysis of cotton price. Today, it is still ignored by economists because it
generates fluctuations the variance of which is infinite, which makes
conventional market analysis awkward.

13.4. Economic and financial crises
One of the problems associated with this process is that it is subject to the
Red Queen effect. Initially a stable environment facilitates economic growth
with the formation of large businesses. Due to the economies of scale, these
companies become increasingly productive. They maximize the efficiency of
the economy. The more they produce, the faster they affect their
environment, for example promoting competition or saturating the market.
They suffer from David Ricardoʼs law of diminishing returns. These
businesses are then forced to evolve and to adapt to changes.
The sooner they readapt, the faster the environment will change and the
sooner they will have to evolve again. Having trouble to adapt to an
environment that ever faster evolves, large businesses tend to split into
smaller more adaptable ones. These no longer optimize their economic
efficiency, but rather their resilience, that is their adaptability. The economy
slows down. It allows some of these companies to grow again and become
more efficient. Economy constantly fluctuates around a critical point for which
the size of the companies is distributed according to a power law (which is
scale invariant).
These oscillations have long been observed by economists. The French
Clément Juglar has been one of the first to show evidence for them in 1852.
Because economic data were still recent, he was only able to highlight short
periods (8 to 10 years). Later Nikolai Kondratiev could show evidence for
longer oscillation periods (40-60 years). These oscillations are clearly the
result of a process of self-organized criticality. Indeed, they are not really
periodic. For a physicist, they have the characteristics of a "1/f noise", that is
of random fluctuations, the amplitude of which is inversely proportional to
their frequency. It means that a market economy is inherently unstable. Very
large amplitude fluctuations may occasionally occur. When such a fluctuation
occurs, it affects the whole society. A sharp slowdown of the economy is
perceived as a crisis. Economic crises are a consequence of the process of
self-organized criticality.
Then there is "condensation" of the economy in two phases with the
formation of two distinct economies, an economy of production and an
economy of finance.
The production economy is that of workers, those who physically dissipate
energy. They borrow money and invest it to produce. However, as the
environment rapidly changes, an investment which seems profitable at a

given time, may not be so when the product is finished. An example typical
for France is that of a winegrower who invests in planting vineyards. At a
given time, the world demand may favour the Chardonnay. Our winegrower
will therefore invest in planting Chardonnay. Such an investment becomes
profitable only after 7 years. Demand evolving ever more quickly, his
investment may no longer be profitable. It comes a time when the producer
no longer knows how to invest. Bankruptcies increase. When this happens
often, one talks about an economic crisis.
Financial economics is that of shareholders. Those do not work physically.
They are sitting in front of a computer. With a click of a mouse, they
constantly redirect their money to the most profitable investments. It is easy
for them to adapt to an ever faster changing environment. For some time,
they keep getting richer and richer. This creates a discontinuity between
workers and shareholders. It is the collapse of the middle class. The
enrichment of shareholders is, however, not without risk. Being ever less able
to make the economy progress, their investments become less and less
profitable until the collapse, that of the stock exchange. One then talk about a
financial crisis. These phenomena, widely observed today, show that we are
well past the critical condition where the production of free energy is optimal.
13.5. Wealth inequalities
If energy is dissipated through avalanches of goods, money follows the
reverse path. It concentrates on an increasingly reduced number of
individuals. This is the phenomenon of condensation at the critical point. It
implies that most people are rather poor while some become wealthy (the
middle class) and some become very rich. In a market economy, economic
growth automatically generates inequalities of wealth.
The process of self-organized criticality implies that, at the critical point, the
distribution of wealth is scale invariant. It follows a power law. This is indeed
what is observed. Discovered in the nineteenth century by the Italian
economist Vilfredo Pareto, this law is known as the Pareto law or the 80-20
law. It implies that about 80% of the wealth is owned by 20% of the
population. Beyond the critical point, wealth splits into two phases: a "gas"
phase consisting of a small number of very rich individuals, and a "liquid"
phase in which a large number of poor people concentrate. As the molecules
of a gas, rich people enjoy a great freedom of action and a lot of energy.
Captive in their liquid phase, poor people have lost their freedom. Between
the two, the middle class has collapsed.

The phenomenon of "condensation" of wealth is not limited to monetary
wealth. It extends to the cultural wealth. Education is an investment. Learning
to read opens the way for studies that will themselves pave the way for new
studies. When the economy is down, nobody knows in which studies to
invest. This is the collapse of cultural transmission or educational crisis with
the appearance of ever more pronounced cultural inequalities.
Those who know, know more than before, while illiteracy is spreading. it is
widely found today. Note that these inequalities knowledge contradict
economic theories that are based on the idea that prices reflect
at every moment all the available information.
13.6. Thermodynamics and sociology
Few sociologists are aware that sociology has any connection with
thermodynamics. Yet sociologists such as Émile Durkheim have been largely
inspired by it. Considered as the father of french sociology and one of the
founders of human sociology, Durkheim wrote the major part of his work
between 1890 and 1900. Boltzmann then had just laid the foundations of the
statistical mechanics. Follower of positivism, Durkheim believes that the study
of human societies can become a "positive" science, as well as physics and
chemistry. Inspired by them, he takes statistical physics as a model.
For him, sociology is the study of "social facts". He defines social facts as
objective, measurable entities, that are independent of the individuals. To
reveal them, he uses statistics which allow to eliminate the variations
between individuals and finally study an average. This is exactly what a
thermodynamician does when he defines the pressure or the temperature of
a gas as an average taken over a set of molecules.
For Durkheim, the social fact put constraints on individuals. We indeed talk
about social pressure, by analogy with the pressure exerted by a gas
pressure on the behavior of its molecules. I have shown the analogy between
spin reversals in physics and the propagation of beliefs. Like as a spin, an
individual tends to imitate his neighbours (43). This is the sociological holism
which is statistical in nature. Like any dissipative structure, an individual
continuously adapt himself to its environment. He is conditioned by his
environment. He therefore adapts to the surrounding society. This is the
socialization process.
Durkheim noted that industrial companies tend to differentiate themselves
because of the division of labor. This is indeed what a pan of water does

when put on the fire. Organized currents appear that differentiate molecules.
Some rise whereas other go down. The self-organization of a society is of the
same nature as the self-organization of convective currents inside a pan of
water. Each individual of a society depends on all the others. Similarly, the
mean motion of each water molecule depends on the motion of all other
molecules. Durkheim had intuitively discovered the universality of statistical
laws (section 3.1). More recently, sociologists such as Michel Forsé (44) have
clearly been inspired by statistical mechanics, but their model remains that of
Boltzmann. They have been very little followed.
13.7. Solidarity in sociology
We have seen (section 12.3) that there are two possible ways to swich from
competition to cooperation, that is from individualism to solidarity: either
individuals adapt to the group, or the group adapts to individuals. In biology,
the first case corresponds to kin selection. This is what we called altruistic
cooperation, for which individuals exist only for the survival of group. The
second case applies to what we called symbiotic cooperation, where the
group exists only for the survival of individuals (fig. 7).
Durkheim also distinguishes two types of solidarities he calls respectively
"mechanical" and "organic". Speaking of the first he says (45): "Solidarity
which derives from similarities is a maximum when the collective
consciousness exactly covers our whole consciousness, coinciding
everywhere with it: but at this moment, our individuality is gone "..." When this
solidarity exerts its action, our personality vanishes, one might say, by
definition; because we are no longer ourselves, but the collective being.
Social molecules which would be coherent only in this manner could
therefore move together only insofar as they have no own movements ... "
One recognizes well in this description the process of kin selection that could
be described as cultural brotherhood. It leads to a cooperation of the altruistic
kind.
Speaking of the second, he says: "It is entirely different for the solidarity that
division of labor produces. While the previous one implies that all individuals
are alike, this one presupposes that they differ from each other. The first is
possible only insofar as the individual personality is absorbed into the
collective personality; the second is possible only isofar as everyone has a
sphere of action of his own, therefore a personality. " We are indeed dealing
here with symbiotic cooperation in which different individuals complement
each other. This latter type of solidarity admits and respects individual

differences. It is particularly common in egalitarian - nuclear families. In
France, where families of this type are numerous, it is the ideal of secularism.
Historically, the French nation was first built on a model of altruistic
cooperation. In 1429, thanks to Joan of Arc, a nation took birth, France, with
the coronation of Charles VII. Culturally, it was born by the will of God,
against the English nation. Under François the first, it adopts an official
language through the edict of Villers-Cotterets (1539). Since then, the role of
regional languages never ceased to decrease. But religion which, with
Jeanne d'Arc, unified it, will divide it. Follow nearly two centuries of religion
wars. Quarrels cease in 1598 with the Edict of Nantes, but the latter is
revoked in 1685 by Louis XIV. One must wait until the French Revolution for
protestants to have rights to legal equality. In 1789, the Declaration of the
Rights of Man and the Citizen introduces the idea that the group must respect
the freedom of conscience of individuals. From altruistic cooperation has
become symbiotic. Whereas the first requires fraternity, the second requires
liberty. Full symbiosis requires the conciliation of both.

14. Cultural evolution in the West
The evolution of western civilizations is described in terms of
thermodynamics (critical point, Ising domains) as well as in terms of biology (r
and K selection, kin selection, symbiosis). Cultural Ising domains keep
forming and collapsing as if following a simulated annealing algorithm. These
are successively the Roman empire, Europe in the Middle-Ages, nationstates, colonial empires, then Atlanticism and the eastern bloc. The collapse
of the last one tends to produce a single world culture. Will this culture in turn
collapse?
14.1. The ancient mediterranean civilisations
14.1.1. The first farmers
We have seen (section 11.3) that the neolithic revolution started in the Middle
East. It then reproduced independently in the East, then in America and in
Africa, each time creating new civilizations. Here we will content ourself to
describe the first wave which, starting from the Middle East, spread toward
Egypt, then throughout Europe, giving European civilizations a step ahead of
all the others.
In his book " Guns , Germs and Steel " Jared Diamond poses the question of
why early civilizations have developed in the Middle East. The development

of a civilization being a process of self-organization, the properties of this
process, described in Chapter 3, help us understand what happened.
We have seen that self-organization proceeds through avalanches, the
amplitude of which is inversely proportional to their frequency. It implies that
there has probably been a lot of random attempts to develop agriculture in
the world, wherever Homo sapiens had put his feet, but generally with limited
success. The question is therefore not whether the first agricultural attempts
were made in the Middle East, but for which reasons they triggered the
avalanche of events which led to the development of Mediterranean
civilizations.
It seems there are three environmental reasons for this: the mediterranean
climate, the presence of the rivers of the fertile crescent, and that of an inland
sea, the Mediterranean sea. Each of these three reasons is related to one of
the phases of this development. The first phase was facilitated by the
Mediterranean climate, mild and humid. At that time, the soil was fertile on the
side of the Middle East Heights because of the humus from trees and the
moisture from the Mediterranean sea. Moreover, a number of plants were
easy to domesticate. This is the primary reason of the development.
However cultivated soils depletes. The land becomes less fertile. After having
prospered for some time in the same place and affected its environment, a
community is sooner or later bound to move to a more favorable location.
This is again the Red Queen effect or process of self-organized criticality. It
implies a "1/f " demographic evolution, that is it consists of peaks the
intensity of which is inversely proportional to their frequency.
Such a development has actually been observed by archaeologists. Fig. 11,
from the book by Stephen Shennan ( Genes, Memes and Human History)
shows changes in the number of villages, not in the Middle East, but in a site
of Jura (Chalain/Clairvaux) between 4000 and 1600 B.C.. The population
there is never continuous. A single village is quite often observed, sometimes
several, exceptionnally a large number. This is indeed the characteristic
behavior of a process of self-organized criticality.

Figure 11. Evolution of the number of villages in a Jura site
(after S. Shennan).
14.1.2. The civilizations of the fertile crescent
Rain washes humus into the rivers down the valleys. It was therefore natural
for agriculture to follow. The problem then is summer droughts. After having
learned to organize themselves and cultivate land, farmers learned how to
build irrigation canals. They were then ready for the second phase of this
evolution, their expansion inside the fertile crescent.
The exceptional presence of three major rivers, the Tigris and the Euphrate in
the east, the Nile in the west, forming what is called the fertile crescent is the
second reason for the expansion of civilization. With humus being constantly
renewed by rivers rich in alluviums, the environment had become stable. In

3500 B.C. appeared the first civilizations, Sumerian in the east and Egyptian
in the west.
Sumerians are credited with the invention of writing and money (section
12.2). The population then condensed in cities. These provided themselves
with a government and an administration. They are town-states. In Egypt,
there is the formation of a central government. Around 3000 B.C., Memphis
became the capital of Egypt. Five hundred years later, they built the
pyramids.
In terms of biology, the first phase evolution is clearly a phase of r selection.
The unstable environment favored the formation a large number of small
groups of farmers, capable of reproducing themselves culturally and disperse
quickly. The second phase is clearly a K selection phase. The environmental
stability favoured the development of increasingly large societies, dissipating
an increasing amount of energy, but less adaptable thus increasingly fragile.
Early Sumer had no central government. Around 2300 B.C., Akkad includes
Sumer, creating a vast cultural Ising domain controlled by a central
administration. The ruling class strives to maintain economic growth. Wood
being essential, deforestation continues upstream of major rivers. It facilitates
erosion which carries along the soil down to the valley. Soon mud invades the
irrigation canals. A critical state is crossed beyond which the evolution of the
region becomes chaotic. Fragilized, the Sumerian civilization is less able to
resist the invaders (46). There occurs a series of destructive invasions
interspersed with spectacular rebirths.
More dispersed and much more distant, the sources of the Nile were not
subjected to deforestation. This particularity allowed Egyptian civilization to
maintain itself much longer than the Sumerian one. Invaded by the Hyksos
around 1700 B.C., the Egyptians get rid of them in less than a century.
Around 1500 B.C., they form a vast empire extending to Syria. This time, the
critical state is definitely reached. The strength of its agriculture and
administration allows Egypt dominate these areas for a few centuries, but
weakened, it resists with more and more difficulties to attackers. After having
absorbed invaders from Libya and Ethiopia, it is definitely invaded by the
Assyrians (600 B.C.), then by the Persians (525 B.C.).
14.1.3. The expansion of Mediterranean Civilizations
The presence of the Mediterranean sea is the third reason of the expansion
of civilisations. Owing to the Le Chatelier law ( section 9.1), energy

dissipation tends to reduce the gradients of concentration of raw material.
That is why any economic development requires transportation. On land,
transport is slow depending on the terrain. It requires the maintenance of
access roads. At sea, it is much easier. Being an inland sea, the
Mediterranean offered an exceptional means of communication. This is why
the civilization developed around it.
Around 2000 B.C., the Egyptians develop maritime trade. It extends to Crete
and along the east coast of the Mediterranean, from Syria to current
Palestine. Through these exchanges, the Minoan civilization develops in
Crete. That of Phoenicians develops up to the heights of current Lebanon.
Then one witness a new phase of evolution dominated by r-selection. Unable
to live from agriculture, the phoenicians live from trade. They build boats to
export timber. Unable to develop on their homeland, they go and colonize the
sparsely populated North African coast, founding Carthage. They settle in
Sardinia, in Sicily and even on the Spanish coast. They spread their
civilization all around the Mediterranean sea without ever forming an Empire.
According to Herodotus, some of them even went around Africa.
Through trade centers, civilization centers develop in the islands and around
the Aegean sea. The Mycenaean civilization takes over from the Minoan one,
but the Mycenaeans are soon be invaded by the Ionians, the Aeolians and
the Dorians. One witness then a mixture of civilizations, a real "melting pot "
from which Greek civilization is born.
Hitherto civilizations had developed as insect societies. As bees have a
queen, societies had a king. This is the same process as that of kin selection
in biology. As the queen bee carries the genes of the community, the king
carries the culture of the community. With Greece emerge a new kind of
civilization made up of individuals from different cultures. Instead of
individuals having to adapt to a society, the society must adapt to individuals
and respect their freedom.
In 750 B.C. Athens was formed by the union of several villages with different
cultural backgrounds. Two and a half centuries later, the first democracy was
born. So that everyone could have responsibilities in the construction of
society, one had to learn. Having adopted the Phoenician alphabet (Section
12.2), the population will become literate. Then appears the Hellenic
civilization, a symbiosis of all the civilizations that preceded it. Thanks to
writing, it will have a considerable influence on all subsequent civilizations.

Around 600 B.C. Greek agriculture became less and less able to sustain a
growing population. For a while the Greeks lived from trade, founding
colonies and extending their civilization to the west of the Mediterranean sea.
They were soon in competition with the Phoenician civilization to which they
put and end. Around 450 B.C., their wood reserves became depleted and
their land heavily eroded. Trade rivalry increased between Greek cities,
leading to the Peloponnesian War, which weakened Greek civilization.
Meanwhile, thanks to a land that was still fertile, a late civilization was
progressing in northern Greece. Educated in Thebes, Philip II of Macedonia
returned to his country and made a militarily innovation. He developed a long
spear, the sarisse, recruited warriors with Macedonian horses and went to
take the control of Greece. In 338 B.C., he took Thebes and Athens. His son
Alexander said "the Great" succeeded to him. In 10 years he took the control
of Persia, spreading Greek culture throughout the Middle East all the way to
Egypt and along the Indus river.
14.2. The Roman world
14.2.1. The Roman Republic
According to tradition, Rome was founded in 753 B.C. on the border between
two cultures, the Latin culture and the Etruscan culture. It was then a
monarchy. The so-called " Republic of the Patricians " was created in 509
B.C.. Subjected to constant struggles between Patricians and Plebeians, it
gradually became democratic. This democratization led to the formation of a
" Patricio-Plebeian " aristocracy. Located in a fertile region near the sea, the
Roman Republic lived on both agriculture and trade. Initially confined to
Lazio, it gradually extended. In 260 B.C., it was extending to almost the entire
Italian peninsula. The Romans then carried out extensive works of water
supply and road constructions that sustained economic growth. The society
having adapted to individuals, individuals also adapted to the society. From
symbiotic, cooperation became altruistic. A common culture developed. Being
a Roman citizen became an honor, but not everyone had the right to vote.
The population then grew rapidly but, increasing its needs, it started to affect
environment. Roman culture became in conflict with another culture who,
started from Carthage, extended to North Africa and Spain. Occupying Sicily,
the Carthaginians were threatening the Romans to which they were supplying
cereals. It was the beginning of the Punic Wars. Thanks to the cohesion of
their society, the Romans were victorious. In 146 B.C. Carthage was
destroyed. The Romans became the masters of all Western part of the

Mediterranean sea. But their economy was destabilized. They could no
longer subsist without constantly achieving new territorial conquests.
The decline of a civilization can be measured by the status of its economy,
and this status is related to the degree of condensation of its material and
cultural wealth (section 13.4). One may consider the Roman population as
divided into three classes: the patricians, the plebeians and the slaves. As
long as the economy was prosperous, the plebeians grew to the point of
forming a plebeian aristocracy. Very affected by the Punic Wars, the
plebeians did not revover. Being a middle class, it gradually collapsed.
After the conquest of the Italian peninsula, Roman lands became less fertile
and hills more deforested. During the Punic wars boat construction increased
deforestation. Many lands were abandoned by peasants going to war. At the
end of the Punic wars, the Romans were importing their grain at low prices
from the conquered countries: Sicily, North Africa, but also Sardinia and Spain
and even Egypt. Being no longer competitive, the Roman agriculture
collapsed. Most of the land was then planted with vines and olive trees.
Wealth became concentrated into the hands of aristocracy. It bought the land
at low price and had it cultivated by increasingly numerous slaves. The
middle class had collapsed in favor of a few large
landowners and speculators that had invested in maritime activities and
banks. Followed a major social crisis.
14.2.2. The crisis and the Empire
In 133 B.C, the tribune of the plebeians Tiberius Sempronius Gracchus tried,
however unsuccessfully, to restore the middle class by limiting the size of
farms. He was assassinated together with 300 of his supporters. Caius
Gracchus his brother managed to pass some sort of social welfare in the form
of a distribution of wheat at low price, even free. Chased by his enemies, he
committed suicide in 120 B.C..
The year 73 B.C. is that of the revolt of the slaves led by Spartacus. In the
following century Juvenal described the hungry and unemployed Romans by
summarizing their desires as being for " bread and circuses. " Luxury was
running along poverty. A civil war was becoming inevitable. Back from Gaule,
Caesar took power. In 44 B.C. he was appointed dictator for life. The Roman
Republic became a military dictatorship, then an empire. This empire could
only be economically maintained through an ever extending avalanche of

territorial conquests . At its peak, in 360 AD. it will extend from England to
Egypt.
The growth of the Roman Empire can be regarded as the formation, through
a series of avalanches, of a huge " cultural Ising domain ". Formally the
process is the same. Each step leads to the next. The process stops when it
is no longer supplied with enough energy. The annexation of a province can
provide for the maintenance cost of the main body, but the cost of
maintenance increases at each step, requiring ever more annexations. This is
the Red Queen effect. The Roman Empire will succumb.
One recognize the optimization process by simulated annealing described in
Section 4.5. Stucked in a secondary optimum from which it cannot escape,
the algorithm which maximizes energy dissipation produces the equivalent of
a " warming ". As an Ising domain the temperature of which is increased, the
Roman Empire will break down into small pieces under the influence of the
surrounding domains which have a " Barbarian " culture. Let us recall that at
the time of the Greeks and the Romans the word "barbarian" has no negative
connotation. This onomatopoeia refers to a people whose language cannot
be understood, that is to say whose culture is different.
14.3. The birth of Christianity
14.3.1. From polytheism to monotheism
Like all animals, humans must get food. To do this effectively, they must be
able to predict the outcome of their actions. This is possible in so far as the
result is reproducible. In some cases, it perfectly is: if one drops a stone, it
falls. Gradually, humans realized that a number of events were fully
reproducible, hence predictable. This is the case, for example, of most
astronomical events. Under our latitudes, the sun sets every night and rises
every morning. Men have studied the apparent motion of the Sun and learned
how to determine the seasons. This determination proved to be important for
the progress agriculture, that is to survive.
Unfortunately, many events are poorly reproducible. We have seen that it is
the case for all self-organizing systems (section 2.5): rain or storms are
difficult to predict. The most difficult events to predict are probably the
reactions in human beings. Men were thus led to distinguish the body, a
visible object, from the invisible soul which dictates our actions, hence the
idea that all the unpredictable events are driven by a soul. This is the basic
idea of the primitive religions called animists. It has led to polytheism.

If rain is dictated by a soul, then there is a god of the rain whose soul decides
on the weather. Such a concept implies that gods behave like humans: they
can quarrel, or have children. This is what the gods of antiquity indeed do.
The essential difference with humans is that they are immortal. Hence the
idea that, as Plato thought, the soul is immortal, an idea that offers some
relief to the prospect of death.
Everyone knows that to change the behavior of a ruler to his favor, one must
please him. A child learns how to please his parents by obeying them. He
thus learns the rules that allow to please others when one lives in a society. It
is the same for gods. To attract the favor of gods, one must please them by
following established religious traditions. This is what Greeks and Romans
did.
These traditions are transmitted by the society, mainly by the parents. Thus
we arrive at the idea that, to please oneʼs parents one must please the gods
by following the established traditions. In so-called patriarchal societies,
traditions are transmitted by the father who, being authoritarian, imposes it to
his descendants. This was the case among the Hebrews . One had to please
the gods to please the father. This is probably how the idea has gradually
been forged among them of a single, authoritarian god, similar to the father. It
is the God of Abraham and Moses, that of the Old Testament.
14.3.2. The beginnings of Christianity
The monotheistic culture of the Hebrews could but oppose to the polytheistic
Greco-Roman cultures. After having faced Greek invasions, it had to face the
Roman invasion. In 63 B.C. the Roman general Pompey took Jerusalem, the
first city of Judea. At that time, several religious trends were in competition.
The Pharisees tended to protect themselves from foreigners. Having
strengthened their religious precepts, the Pharisees trend gave later birth to
present Judaism.
More open, the trend preached by Jesus Christ stated that a father loves his
children even though, authoritarian, he castigates them. Suffering is but a
punishment imposed because of an earlier disobedience: the original sin.
Being the children of God, we must all love each other with a fraternal love.
Greco-Roman culture had put the emphasis on freedom, but ignored mercy.
Christianity was going to spread by preaching fraternity.

While the Roman civilization develops around the Mediterranean sea,
populations mix together and become literate. A Mediterranean
cosmopolitanism emerge. Born from a Jewish family in Tarsus, an intellectual
known under the name of St. Paul speaks Greek and Hebrew. Educated by a
Pharisee, he participates to the persecution of the early Christians, then
converts himself to Christianity. He acquires Roman citizenship. Thanks to his
travels and epistolary relations, he becomes one of the greatest propagators
of the Christian religion.
Let us recall that the word "epistolary" comes from the Latin word
"epistola" (letter ) that gave " epistle " in English. Copied many times, the
epistles of St. Paul were to become one of the foundations of the Christian
religion. Thanks to the possibility of exchanging letters, a global
Mediterranean brain forms inside which Ising fields representing different
cultures compete one with the other.
The social crises and civil wars that had put an end to the Roman Republic
were throwing doubts about the Roman cultural model. They had allowed
Christianity to infiltrate. The military anarchy and the monetary crisis of the
the third century makes the Romans think they have been abandoned by
their gods. One accuses Christianity which is expanding. The Romans try to
restore their traditional worship. Suspected of undermining the social order,
Christians are regularly persecuted.
However, open to new ideas, the Roman elite cannot overtly oppose to
Christian ideas. These are particularly prevalent in the East. In 313, Emperor
Constantine 1st favours Christianity. The latter is then free to continue its
expansion. Gradually the Roman Empire, or at least what is left of it,
becomes Christian.
14.4. The Barbarian times
14.4.1. The collapse of the Roman Empire
Soon after the conquest of Italy, the Roman economy reaches the critical
point beyond which it cannot maintain itself without avalanches of successive
restructuring. The process of condensation at a critical point leads to an
increasing concentration of monetary wealth, that is a collapse of the middle
classes. We have seen (section 13.4) that this process also applies to cultural
wealth. The Mediterranean Basin having become a potpourri of different
cultures, the Romans begin to doubt their own culture. The rise of Christianity

is only one of the consequences. Before collapsing physically, the Roman
Empire is going to collapse culturally.
A sign of this decline is the rise of illiteracy. Graffiti on the walls of Pompeii
attest that, at the first century A.D., a large fraction of the population was
literate. At that time, many stamps, seals and other written materials for
commercial, administrative or military use, provide the proof of the continuous
use of writing. Julius Caesar is not only a General and a great political leader,
he is also a writer. He speaks and writes fluently Latin and Greek. In the third
century A.D., one mocks Emperor Maximin 1st from Thrace because, being
from the Balkans, he writes poor Latin and does not know Greek.
In 410 A.D., Rome is invaded by the Barbarians. The western part of the
Roman Empire collapses. From that date on, written documents almost
entirely disappear. Names and other inscriptions, which were widespread on
common objects, also disappear. Although it has maintained itself, the
eastern part of the Empire also suffers culturally. In 518 A.D. the Byzantine
Emperor Justin Ist seizes power. He can neither read nor write. A few
centuries later, aware of the importance of education but already old,
Charlemagne himself was going to try learning how to read and write, but
without great success.
14.4.2. The global brain asleep
We have shown (section 9.4) that the brain model of Per Bak applies to the
"global brain" that forms a population of individuals sharing information. The
"thresholds" represent the resistance of a population to foreign cultures, the
"intensity of the connections " represents the intensity of cultural exchanges,
the "peanuts" are the success of the economy. One can apply this model to
the Roman Empire.
At its beginning, the Roman culture represents an "Ising domain" of
increasing importance. The economy being booming, cultural exchanges
keep growing. Roman culture extends and becomes the dominant culture.
Faced with this development, foreign cultures react. Some strengthen their
thresholds, others evolve. New cultures appear. This is the case of
Christianity that was intended to grow.
To begin with, these foreign cultures are repressed by the Roman culture.
The process of repression is well known in psychoanalysis. But gradually
economic progress slows down. It plays the role of Per Bakʼs peanuts.

Disturbed, the whole brain does not know how to react. It goes through
crises.
The second step is assimilation. The global brain seeks to assimilate foreign
cultures, forming a still larger Ising domain, but without questionning itself. It
is the assimilation of Christianity by the Emperor Constantine. The responses
of the global brain remaining unchanged, the economy does not improve.
Ultimately, collapse becomes inevitable.
In 410 A.D., the western part of the Roman Empire is physically and culturally
invaded, causing a sudden drop of the economy. It is the complete lack of
"peanuts". We have seen (section 9.3) that such a shortage immediately
causes a drop in the intensity of exchanges. The global brain finds itself
studded with small domains that are physically and culturally isolated.
Cultural wealth is not lost, but it has condensed among a small number
intellectuals. At that time, it is the monks. As seeds keep genetic information
until the environment becomes favorable, similarly convents keep cultural
information.
Under such conditions, percolation no longer occurs. For several centuries,
the global brain will sleep. This cultural sleep is associated to an economic
sleep. Being no longer fed, people are suffering from famine. The population
density decreases. It is estimated that in Gaule, it has dropped by a factor of
2 or 3. We have seen (section 9.3 ) that sleep is necessary to restructure the
brain. In a brain asleep, thresholds become gradually lower until a new
percolation emerge. That's is the wake up.
14.4.3. The awakening
The awakening of a society is a process of ideological percolation. New
ideological structures appear until one of them triggers a recovery of the
economy. The information being in the hands of the clergy,
these new structures could only come from Church.
Thermodynamically, temporal power controls energy dissipation and spiritual
power controls information, that is the decrease of entropy. Without a
reduction of entropy, there is no free energy production. At that time the
temporal power was in the hands of a multitude of local lords in competition
with each other, while the spiritual power was the hands of a single leader,
the Pope. The decrease of entropy, that is the organization of the society was
in his hands.

Controlling the minds, the Church must control and educate the leaders. To
rule over Gaule, Clovis must submit himself to the Catholic Church. Local
lords receive an education to become knights. Reciprocally the warlords
protect the Church. Under the influence of the latter, a new civilization
develops, but its center of gravity is moved to the west of Europe.
Educating barbarian chiefs was a lengthy undertaking. The success having
been mixed with the Merovingians, in the eighth century the Church
encourages a takeover by Pepin le bref, son of Charles Martel, who had just
repelled the Islamic culture. In the year 800, Pope Leo III brings to Rome his
successor, Charlemagne, to crown him emperor, according to the model of
Roman emperors. However, the empire of Charlemagne was to be of short
duration. In 843, it is shared between three of his grandsons. Divided again,
the West will go back to sleep for a few more centuries.
To the east, the Holy Roman Empire of Otto I will keep for a while the old
culture but, poorly adaptable, it will not resist to the evolution of the west.
14.5. From the Middle Ages to today
14.5.1. The Middle Ages
It will be a half-sleep. While sleeping, the brain continues to operate. Under
the influence of scholars from all over Europe, an extensive education
program had been initiated by Charlemagne. Thanks to the learning of Latin,
a language that had been forgotten, information keeps flowing.
In 877, his grandson Charles the Bald privatize ancestral lands by making
them heritable. A new system for the organization of society arises:
feudalism. In 987, this system "percolates" with the arrival of Hughes Capet,
king of the Francs. Western civilization wakes up. Peace having returned,
trade develops. Economic and demographic growth resumes.
This awakening will be dominated by the influence of the Church. Popes like
Gregory VII and Innocent III had already understood that, to renovate society,
one must think globally but act locally. Thanks to cultural exchanges, a
medieval literature develops. Thanks to economic progress, a new
architecture arises. Built to the glory of God, cathedrals reflect the
brotherhood of companionship.
Economic prosperity gives more weight to temporal power. Dissensions
appear that the Church has no longer the power to arbitrate. With the

Hundred Years War, then the great religious schism followed by the rise of
protestantism, the cultural unity of the Middle Ages collapses. The wars of
religion and the cultural contributions of the Renaissance destabilize the
society. Evolution becomes again chaotic. The simulated annealing algorithm
goes looking for a new optimum for economic growth (47).
14.5.2. Modern Times
The "cool down" that follows crystallizes the West into the form of nationstates. The cultural unity is no longer guaranteed by the Church, but by a set
of monarchies. The feeling of belonging to a nation develops, but the socalled monarchies of "divine right" tend towards absolutism. Imposed by
Christianity, cultural fraternity had obliterated the freedom of thought. The
sight of Greco-Roman culture was completely lost.
Meanwhile, the invention of typography and the subsequent rise of literacy
was leading to an extraordinary awakening of the collective consciousness
(see introduction). In 1649 the English were the first to behead their king. In
1689, they re-impose freedoms by establishing a constitutional monarchy. In
France, Louis XIV still maintains an absolute monarchy, but it is the century of
the Enlightenment. Louis XVI is beheaded in 1793. Issued from the
Enlightenment, the ideal of the French Revolution will be to reconcile liberty,
equality and fraternity.
This awareness translates into an increasing build-up of knowledge. By
storing information, that is by decreasing its entropy, Western society
significantly increases its production of free energy. It is first the invention of
the compass and the progress of navigation, which brings a considerable
amount of labor and wealth. It is then the discovery of fossil fuels (coal, gas
and oil) and their industrial use. Against all odds, the population growth that
had frightened Malthus continues uninterrupted until today. In a few centuries,
mankind exhausts near a billion years of solar energy slowly accumulated by
plants.
14.5.3. The Contemporary Period
The economic and demographic growth of the nation-states leads to an
expansion of their cultural Ising domains in the form of colonial empires.
Being in competition, these empires confront each other. The Red Queen
effect causes their collapse after two world wars. The algorithm of simulated
annealing then crystallizes all the nations into two opposing ideological blocs.
To the east, dominates the authoritarian - egalitarian ideology of communist

countries; to the west, the liberal - inegalitarian ideology of Anglo-american
countries (see Figure 10). The Cold War develops between an authoritarian
communism, forgetful of freedom and an inegalitarian capitalism forgetful of
brotherhood.
Under the leadership of his central government, the USSR soon marks
points. If the United States were the first to explode an H-bomb in 1952, the
USSR does the same only a year later. In 1957, it launches the first artificial
satellite. In 1961, it puts the first man in orbit. The United States become
concerned and organize themselves to cope with the competition.
Well suited for the reconstruction of a post-war society the USSR economic
structure is much less adaptable than that of the United States. The Soviet
bureaucracy slows down its evolution. Natural selection will favour the liberal
culture because it is the cultural « species » which is the most adaptable to
change. By favouring competition and inequality, it facilitates the adaptation of
the society to an ever faster technical progress. Inexorably the "American
model" wins.
Modeled on the United States, the EU project takes shape. Initially, there is a
fast economic growth. In France, this period is called the "Glorious Thirty".
But, following the 1973 oil shock associated to the Yom Kippur War, economic
growth slows down. Faced with the power of the Soviet Union, Ronald
Reagan in the United States and Margaret Thatcher in England decide to
intervene by removing anything that may hinder the possibilities of adaptation
of a society: it is the deregulation or "neo-liberalism".
Because it is less adaptable, the cultural species represented by the
communist regime of the Soviet Union cannot keep up. An economic
restructuring or "perestroika" is needed. Given too late, the remedy
destabilizes the Soviet Union which collapses. The Russians themselves
recognize the cause of this collapse, a lack of "glasnost" that is freedom of
expression. Again, one recognize here the thermodynamical importance of
information in the organization of a dissipative structure and its adaptation to
the environment. The collapse of the Soviet Union produces a rapid decline of
its authoritarian-equalitarian" ideology" represented by communism.
People, such as Francis Fukumaya, have somewhat naively concluded it was
the end of history. Biologically, it reminds us of what happened at the
paleolithic when the genetic species Homo sapiens won over all other Homo
species because it was the most adaptable. We know that a little later, the
Homo species became almost extinct. It survived only because of the

neolithic revolution. Is it going to be the same for the now prevailing cultural
species? Jacques Blamont named the XXIth century, the century of threats. Is
our culture now threatened?

15. The century of threats
An unprecedented worldwide demographic and economic growth
characterizes the last two centuries. It translates into a fast exhaust of natural
ressources and a growing pollution, even a gobal warming of the climate.
Humanity will not subsist unless it masters an restructures its economy, but it
can only do so collectively. A collapse of civilizations seems unavoidable.
15.1. Can we predict the future?
15.1.1. The limits of knowledge
We have seen (section 2.5) that the evolution of a self-organizing
thermodynamic system is widely unpredictable. This is the case of mankind.
Trying to foretell its evolution is a risky endeavour.
When trying to predict the evolution of mankind, intuition is of little use. It is
even counterproductive. The human brain has evolved to make short term
predictions, typically the length of a year (the seasons), at most that of a
human life. It is very hard for him to imagine what is going to happen after a
century or more. Daily experience is of no help to us. We are particularly
inclined to reject anything which is unpleasant or far from our current feelings.
The general opinion is that a good knowledge of the History of mankind helps
understand its evolution. Historians have long noticed that historical
phenomena have a tendancy to repeat themselves. Periods of fast economic
growth are regularly followed by periods of economic stagnation. We have
given an explanation. In general, History never repeats identically to itself. By
itself, it does not allow us to understand where we are going.
In the chapters before, we have shown that the evolution of Man is part of the
biological evolution and that its periods of stagnation are of the same nature
as that of punctuated equilibria in biology. The evolution of Man is only the
last phase of the biological evolution. Life has exploded about a billion years
ago. The human population has started to prevail only ten thousands years
ago. To judge of the future evolution of life on earth by looking only to the
History of mankind is akin to judge of the evolution of a year by looking only
to the last second.

When trying to foresee the future evolution of mankind, one must take into
account the whole biological evolution. The argument of this book is that it
follows the laws of thermodynamics. These are statistical laws.They do not
allow to make deterministic predictions, but they allow statistical estimates.
The problem is similar to that of weather and climate forecast. One must
distinguish short term and long term predictions.
Weather forecasts are short term predictions. We are all use to look at
weather forecasts while knowing that they can be wrong. In the case of
mankind, it is even more difficult because knowing the forecast may alter the
evolution. That does not prevent economists to make foecasts, even though
they are often wrong.
Unlike the above examples, we shall not seek to make short term forecasts,
but rather long term estimates, similar to those done for the climate. In this
case, knowing the laws of evolution adds further constraints. Although the
Gutemberg-Richter law does not allow us to predict a single earthquake, it
does allow us to make precise statistical estimates of future ones. It is under
such a perspective that we shall attempt to trace the future evolution of
mankind.
We will content ourselves to describe the most probable events that we can
expect even though we will neither be able to tell the date, nor the exact way
it is going to happen. To do this we will be helped not only by the knowledge
of the general process that dictates these events, but also by the numerous
examples of application that nature offers us as well in biology as in the
already known part of human history. We shall first recall the general process
of evolution.
15.1.2. The process of evolution
Figure 4 (section 4.2) shows how the rate of energy dissipation evolved in the
Universe. One can see that this rate is ever faster increasing. We have seen
that this process is not continuous, but consists of a succession of
avalanches, each being triggered by the previous one. One can then consider
this evolution of the Universe as an immense avalanche of events.
Each part of this immense avalanche is itself an avalanche. Hence the
evolution of life on Earth is in itself an avalanche which consists of other
smaller avalanches: avalanches of procaryotes, then eucaryotes, and finally
multicellular organisms. The latter comprizes itself an avalanche of evolved

animals having led to apes, then mankind. The evolution of mankind is itself
an avalanche made of many smaller avalanches, the history of which we
have sketchted out. We presently live the end of the last one we called the
industrial revolution. It has itself been interspersed with many, even smaller
avalanches, and so on. One recognize the scale invariance of the selforganization process. A characteristic of this process is that, for each of these
avalanches, the efficiency of the process keeps increasing. Everything occurs
as if the evolution was proceeding ever faster. It is the red queen effect
(section 6.1).
One must not loose sight that these avalanches have the properties of
earthquakes. Although seismometers keep recording them, the large majority
of them are imperceptible to us. In the same way, the large majority of the
avalanches are meaningless and go unperceived. This is why biological
evolution is essentially made of periods of stasis during which nothing seems
to occur. Occasionally some minor changes appear. Sometimes, however,
the whole life on Earth finds itself transformed. A good example is that of the
dinosaurs. The population of dinosaurs has maintained itself stable for 160
millions of years, without any noticeable evolution. An important pertubation
(a meteor) had been necessary to swich evolution in favor of mammals, that
dissipate still more energy. It is this phenomenom that the biologist Jay Gould
described under the name of punctuated equilibria. The periods said to be of
equilibrium or stasis are « punctuated » with short periods of fast evolution.
I said above that one cannot predict the evolution of mankind by taking only
its history into account, because it would be alike judging the evolution of a
year from its last second. The thesis of this book is that neolithic represents a
major change in the mode of reproduction and transmission of biological
information: it is the transition from genetic evolution to cultural evolution. The
closest equivalent during the previous evolution is the appearance of
multicellular organisms and the reproduction through meiosis. This
appearance has led to what is called the Cambrian explosion. It is therefore
not surprising that the neolithic revolution has also led to an explosion of the
population as well as energy dissipation. The history of mankind up to date
can be considered as the story of this explosion.
What biological evolution tells us is that, sooner or later, a new period of
stasis will set up and the evolution of mankind will necessarily stabilize. It
means that the history of mankind as we know it does not represent the
normal state of mankind, that is the state of mankind once stabilized, but only
a transitory state. Two questions then come to mind. The first one is: how
long this transitory state will persist? The second one is: what will be the state

of mankind when its evolution will have stabilized? This chapter is an attempt
to answer the first question. The next chapter is an attempt to answer the
second one.

Figure 12. The evolution of world population (Wikipedia data).

15.2. The end of growth
15.2.1. The demographic growth
Figure 12 shows the evolution of the world population during the last three
thousand years. One clearly distinguish two phases: a first phase of slow
growth until the XVIIIth century, followed by a phase of very fast growth
associated with what is called the « industrial revolution ». As we have seen,
the transition corresponds to the century of Enlightment, a true awakening of
the collective consciousness.
In 1800, Malthus had modeled this fast growth with an exponential, while
acnowledging that in a finite world there are limits to growth. Fifty years later,
inspired by the work of Malthus, the belgian mathematician Pierre François
Verhulst proposes a more accurate model. Verhulst notes that, in the case of
animals, one also observe phases of fast growth every time a new source of
food appear. The population level then adjusts itself as a function of the food
availability. The modelisation of Verhulst leads to a sigmoid: the population

grows rapidly then stabilize itself. In the case of humans, the growth would be
due to the progress of agricultural techniques. The use of fossil fuels, that is
the industrialization of agriculture, would have allowed growth to maintain
itself until now.
Demographs talk about a demographic transition. When the conditions of life
improve, the child mortality rate decreases, but the birth rate maintain itself
leading to a fast increase of the population level. When the population
becomes too large, the birth rate slows down and adjust itself so as to
maintain the population constant but at a level higher than the previous one.
This is the evolution observed in developped countries. Il is roughly
consistent with Verhulstʼs model.
The current growth of the world population shown on figure 12 is essentially
due to developping countries that have not yet achieved their demographic
transition, mainly in Africa. One therefore expects that the world population
will stabilize as it did in developped countries. Growth has indeed slowed
down since its doubling time has gone from 30 years to presently 50 years.
This shows that mankind is ending a phase of very fast growth. The present
state of growth seems normal to us because we have been observing it for
several generations but, in reality, it is an exceptional state. One may wonder
for which reason we are presently in this state. The answer is simple. This
state of growth has made mankind conscious of the mechanisms that dictate
its own evolution (see introduction). It is precisely because we are in this
state that we are becoming conscious of evolution.
We have seen that the existence of phases of rapide expansion is fully
conform to the laws of evolution and to the phenomenon of punctuated
equilibria. It is a consequence of the physical process of self-organized
criticality (section 3.3). The period of world demographic growth that are now
ending to go through is nothing else than a big avalanche. It itself consists of
smaller ones spread over time. France seems to have been the first to
stabilize its population. From 1850 to 1900, its population ceases to grow
while that of the rest of Europe more than doubles. Today the population of
Europe decreases. Developed countries have stabilized their population. It
will soon be the case of developing countries. Demographs estimate that the
world population will stabilize itself around 10 billions of people near year
2050.
Whereas mankind is ending a phase of exceptionally large demographic
expansion, similar phases, although with a smaller amplitude, clearly occured

in the past. For instance, the expansion of the Roman Empire must have
been associate with a strong demographic expansion. Unfortunately,
population estimates are quite uncertain. The phase of stagnation that
followed seems to have been associated with a decrease of the population.
On the French territory, it is estimated to have decreased by a factor 2 after
the end of the Roman Empire (between 400 and 1220).
We have seen that this phenomenon is similar to that of puntuated
equilibrium in biology (section 6.3), that is a slow evolution of species with
occasional phases of rapid expansion. We have compared the present
evolution of mankind to the explosion of pluricellular organisms in the
Cambrian. As the reproduction of genetic information through meiosis may
have caused the former explosion, similarly the reproduction of cultural
information through books may have caused the current demographic
expansion of mankind. Both process are indeed fundamentally of the same
nature.
It is interesting to note that the Cambrian expansion phase ended up by a
mass extinction during which 85% of the species may have disappeared. It is
tempting to draw a parallel between this and the demographic drop which
followed the collapse of the Roman Empire. It let us conjecture that our
present expansion phase may be followed by a drop of the world population.
Instead of stabilizing around 10 billions of people, the population may rather
decrease.
15.2.2. The economic growth
Figure 13 shows the evolution of the world power dissipated in kW per
individual throughout the XXth century. The horizontal line, at the bottom of
the figure, shows the energy dissipated by our metabolism. Until the XVIIIth
century, muscular energy was our main source of energy. The occasional use
of animal muscular energy, wind or water mills produced only a little
complement of energy. In the XIXth century, extrasomatic (that is ouside of
the organism) energy dissipation began to become more and more important.
The curve on figure 13 shows its evolution during the XXth century.
It is important to note that the numbers given here are averages taken over
all the people on Earth. Since Paretoʼs law also applies to energy dissipation,
80% of the power indicated here is dissipated by 20% of the world population,
that is by developed countries. Typically, a European dissipate 7 kW whereas
in the United States, an american dissipates more than 10kW.

Figure 13. The evolution of the power dissipated per world individual (48).
One notes the important increase of the energy dissipation rate at the end of
the second world war, due to a major reorganisation of societies favouring
trade and the development of transportation means. This world scale
avalanche is itself constituted of smaller avalanches scattered in time and
space all over the world.
Figure 13 shows that the world energy dissipation now tends to stagnate
again. This is due to the stagnation of economy in developed countries,
current growth being mainly due to developping countries like China. The
whole curve is consistant with a model of self-organized criticality, the phase
of rapid expansion between 1950 and 1970 being framed with phases of
much slower expansion.
Whereas demographs think that the world population will stabilize itself during
the XXIth century, the majority of economists think that the world economic
growth will keep on going. An objection immediately comes to mind: current
growth being due to fossil energies, the exhaust of these ressources will
necessarily bring growth to a halt. To that, economists say that we will find
something else. What do the law of thermodynamics say?
They say that economists are both right and wrong. They are right in the
sense that energy ressources are not lacking. Since Einstein we know that
matter itself is a form of energy. A few tons of matter would suffice to currently

feed the whole mankind with energy for a year. They say they are wrong in
the sense that this energy is not free energy. The current production of
energy through nuclear fission would not have been possible without the
progress due to oil. The construction of new nuclear plants or simply the
maintainance of currently existing ones will be difficult within a declining oil
economy. Regarding the production of energy through nuclear fusion, it is so
difficult that only an international consortium of developped countries could
have allowed to finance a study such as that of the project ITER (49) at
Cadarache. One finds again the law of decreasing returns that many
economists seem to forget or doubt about. We have seen that it leads us to
the collapse of civilisations.
If the interpretation of figure 13 in terms of self-organized criticality is correct,
then there will be no economic recovery without a break followed by a
restructuration of our societies. It seems appropriate to recall here the studies
done at the MIT under the initiative of the Club of Rome, the results of which
have been published in 1972 in a report entitled « The limits of growth »,
report also known under the name of Meadows report. The conclusion of this
report is that the current growth cannot go on without a collapse of the world
around us. If nothing is done to avoid it (standard scenario), the collapse will
be brought by the exhaust of our oil resources. With our currently evaluated
ressources, it will happen soon.
The report also considers other scenarios. If we assume that our oil reserves
are inexhaustible, then the collapse will be due to pollution (one now knows
about greenhouse gases). If we assume that pollution can be overcome, then
the collapse will be due to an insufficient agricultural production. If we finally
assume that this one can be increased, then the collapse will be due to the
insufficient extent of our arable lands.
This very pessimistic report has been criticized by economists because it
does not comply with the laws they have established. Still today, the general
opinion is that, since no collapse has occured since the publication of the
report 38 years ago, its predictions were false. However, figure 14 shows that
the numerical prediction of the standard scenario (standard run) are fully
consistent with the world evolution as it has been observed until recently
(observed data). Hence, the predictions are more than ever relevant. It is
interesting to note that, in its standard scenario, the Meadows report forecast
a drop of the population that would fall back to around 4 or 5 billions people at
the end of the XXIth century.

Figure 14. The evolution of the world population (Meadows report)
after Turner (30).
The reader would have acknowledged that the conclusions of the report are
also consistent with the laws of thermodynamics we have described. As
Georgescu Roegen recalled us, while dissipating energy, mankind inevitably
modify its environment. One now knows that the more it modifies its
environment the faster it must readapt. Figure 14 shows that it is already no
longer able to readapt fast enough to avoid a collapse of the population level
around 2030. It is indeed the Red Queen effect in biology or the process of
self-organized criticality in physics.
Evidence for this process is clearly shown by the numerical simulations of the
Meadows report. Evidence can also be seen locally all along the history of
mankind, not only in the West (chapter 14), but also on the american
continent with the examples of the Anasazi or Maya civilizations. The most
spectacular example of collapse is undoubtedly that of Easter Island (Rapa
Nui) in the Pacific Ocean. For a description of these events, I refer the reader
to the literature on these subjects (51). In every cases, it seems that a ruling
class has attempted to maintain economic growth, producing irreversible
transformations of the environment that proved to be fatal for the concerned
civilisation (52).

Given these exemples, the collapse of our current civilisations seems highly
probable, this time at the scale of the whole globe.
15.2.3. The growth of information
Thermodynamically, the worldwide growth of the energy dissipation, that is
demographic and economic growth, is related to the self-organization of
mankind. This self-organization has been made possible by the continuous
growth of information exchanges between individuals. Table 2 shows the ever
faster growth of information and communication techniques. Here again, we
are dealing with an avalanche, each scientific and technical progress
resulting in other ones that will themselves result in additional ones. Like any
avalanche, it will stop only when the process is no longer fed with energy, that
is when our societies will collapse.
We are now attending the formation of an extraordinary global brain. While a
neuron stores one bit of information, an indivual stores gigabits. Whereas a
handful of connections are established between neurons in our brain, each
individual of the society can now get almost instantly connected with any
other among other billions of people throughout the planet. Unlike what
happens in our brain, these connections are both ways and constantly evolve
over time.
Among the new means of communication, radio and television play a
particular role. The transmission is one way and is from a very small number
of individuals to very many. These means of communication play a role
equivalent to that of the brain hormones. Our brain does indeed secrete
hormones that dictate how the whole brain react, in particular its state waking
or sleeping.
The right side of Table 2 shows the progress in the techniques of information
memorization. One knows that for the last 40 years performances have been
growing exponentially. It is the so-called empirical Mooreʼs law (53).
Networking computers together led to a remarkable phenomenon, the
creation of a world-wide extrasomatic brain. There is currently a frenzy in
storing human knowledge into computers so as to make it available on the
Web. We will see how this memorization will accelerate the evolution of
humanity.
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Table 2. Progress in the means of information transmission (left)
and storage (right).
A number of specialists in artificial intelligence, such as Ray Kurzweil, have
speculated about what will happen when the intelligence of extrasomatic
brains will exceed that of human brains, a time called "singularity".
I immediately reassures the reader. Nothing more will happen than when the
extrasomatic dissipation of energy outperformed that of muscle energy, a time
that could have been called "energy singularity". In the same way that the
energy singularity led to a rapid growth of energy dissipation, the "information
singularity" will lead to a rapid growth of the awareness of mankind in its
destiny (section 16.3).
15.3. Toward a collapse
15.3.1. Globalization
We have seen that we can interpret the cultural evolution of mankind in terms
of the formation of a global brain (section 14.4.2). We are witnessing the

formation and expansion of cultural Ising domains. We have seen that,
through the division of labor, the larger an Ising domain is, the more efficiently
it dissipates energy. The trend is therefore toward the formation of
increasingly large Ising fields. But the more a domain dissipates energy, the
faster it makes its evolve environment and the sooner it will collapse. Thus
two tendencies oppose each other:
• The expansion of cultural Ising fields (macroevolution);
• The fragmentation of these domains due to the Red Queen effect
(microevolution).
It is the process of maximization of entropy production by means of simulated
annealing that we have followed all along the evolution of mankind in Chapter
14. We have seen many exemples such as the growth and collapse of the
Roman Empire or, in contemporary times, the growth and collapse of colonial
empires. More recently we have witnessed the formation and the collapse of
the « eastern bloc ».
Current progresses in communications are such as they generate a
globalization of knowledge. What occured in Europ during the century of the
Enlightment is occuring today at the scale of the whole world. Mankind is
becoming conscious of its evolution. Its energy dissipation is dominated by an
ensemble of countries with a so-called neoliberal ideology. Born in the United
States, this ideology spread to Europe. One now talks about a neoliberal
globalisation, a mainstream conformist thinking called in french « pensée
unique ». American culture is spreading everywhere in the world. The
americal language is becoming a universal memetic code. Cultural
« biodiversity » is threatened. It is clear that if there is a collapse, it will be the
collapse of this currently dominating culture. It will collapse as collapsed the
greco-roman culture, the Christandom of the middle-ages, or the absolute
monarchies.
One can try to estimate the date of this collapse by comparing the lifetimes of
the various Ising domains we have just mentioned. One is again struck by the
extraordinary acceleration of the evolution. Nine hundred years elapsed
between the foundation of the Roman Republic and the end of the Roman
Empire. From Charlemagne to the hundred years war, the growth phase of
the Middle Ages lasted 500 years. Colonial empires have typically lasted
100-200 years. The Soviet Union lasted only 70 years. This suggests that the
current ideology will soon collapse.
We have mentioned (Section 15.1) that it is very difficult for humans to
imagine what will happen at the scale of a century or more. When the lifetime

of ideologies become of the same order of magnitude as that of a human life,
then men become more aware of the process of evolution. The twenty-first
century will be a century of awareness by mankind of the rules that govern its
evolution. Men will then have to face their destiny. It will be up to them to take
charge.
15.3.2. From K selection to r selection
We have explained that collapses are due to the Red Queen effect (section
12.4). An animal species disappears when its genes have no longer the time
to evolve. Similarly, a civilization disappears when its culture has no longer
the time to evolve. It is the crisis of culture described by Hannah Arendt (54).
We no longert know what knowledge to transmit. The school system breaks
down. Young people are unemployed. Not so long ago one would keep the
same job all his life. Today, an engineer takes a new job on average every
three years. He must constantly get a new training. Those who are fortunate
enough to still have a job must run faster and faster to stay in place. While
technical progress should allow us to get more free time, we have less and
less.
This acceleration process has long been known. In 1872, the historian Jules
Michelet already wrote (55): « One of the most serious facts, and the less
noticed, is that the pace of time has completely changed. In a simple human
life (typically seventy two years), I have seen two large revolutions that, in the
past, would have perhaps occured two thousand years apart. » Today, the
american journalist, James Gleick, specialized in popularizing science,
publishes « Faster: The Acceleration of Just About Everything ». Even more,
a german sociolog Harmut Rosa (56) publishes a thesis on the subject.
According to him: « Because of the speed of the economy or of technical
progresses, laws that would have required some time for preparation,
thinking and debate, become obsolete before being effective. »
Thus, the society spends more time restructuring than progressing. It is the
same for businesses. In order to survive, they must constantly reorganize
themselves and innovate. They can be divided into three categories. Those
that seek to avoid risks and go gradually downhill. Those that take risks and
go bankrupt. Those that take risks and amass fortunes. Being the head of a
business is becoming a very risky endeavor. It is understandable that they
are offered golden parachutes. Wealth inequalities continue to grow. The
middle class is collapsing. Economic growth stagnates.

Let us consider again the example of the grower who invests in planting
vineyards (section 13.4). Whenever demand is changing rapidly, our grower
will seek to avoid risk by diversifying its cultures. Doing so, he loses the
advantage of the economy of scale. He knows that in any case, part of his
investment will not be payed for. The key is that the gain on the part that will
prove to be profitable will offset the losses on the part that will not. In all
cases his gain will be less than it would have been if, with some luck, he had
not diversified, but he did not take the risk. He sacrificed adaptation for
adaptability.
We recognize here the strategy favored by r selection in biology (section 6.4).
It promotes the proliferation of small organisms that reproduce rapidly, that is
diversification. In our current societies, it promotes the proliferation of small,
short-lived businesses. To avoid bankruptcy, big businesses subcontract
everything they can to smaller businesses.
As r selection favours the proliferation of small organizations, it favours
challenge. On one hand rich people do all they can to maintain the ideology
that, by enriching them, has allowed them to seize power. Having
monopolized the media, they flood the population with sleep hormones. While
asleep, a majority of the population clings to the ambient ideology. On the
other hand, we are witnessing the birth of a multitude of protest movements
in competition with each other.
Movements in favor of human rights and secularism defend « cultural
biodiversity ». Social movements struggle against capitalism, without knowing
how to replace it. Environmental movements fight for the protection of the
environment, without realizing the implications. Movements appear that are
opposed to growth without being able to agree on a strategy. In short, one no
longer know where to turn, resulting in a rise of religious sects reminiscent of
the appearance of protestantism in the late Middle Ages.
Type r selection also manifest itself in the transmission of knowledge. The
French nation was once equipped with a national education system that
reflected its republican and secular ideology. While French culture dissolves
itself into an Americano-European culture, its education system crumbles
through a multitude of private schools with all denominations.
15.3.3. From rejection to recovery
At first ideas that are not conform to the dominant ideology are rejected. In
Roman times, the first Christians were persecuted. At the end of the Middle

Ages, heretics were chased. In 1972, the publication of the Meadows report
was also subject to a wide rejection. The first environmental political parties
appeared as opposition parties. They did, however, make people aware of
their dependence on the environment.
Shortly after, the emergence of a hole in the ozone layer over Antarctica was
discovered. One knows that without ozone to stop the ultraviolet radiation
from the Sun, no life is possible on Earth. In 1985, the alert is given. For the
first time, provisions are made for the international protection of the
environment. The Montreal Protocol was signed in 1987. In 2009, it was
ratified by 196 countries. This is the first environmental treaty to achieve this
status. This success was possible because measures did not significantly
affect the economies of the concerned countries.
In the 80s, scientists are worried about another problem, greenhouse gases.
In 1988, a group of intergovernmental experts on the evolution of climate
(GIEC) is created. It publishes a report every 5 years. Year after year, fears
become almost certainties: from the beginning of the twentieth century, the
average temperature of our planet has increased at a rate unprecedented in
the history of the world. Such a fast increase is likely to be due only to
greenhouse gases emitted by industrialization. At the end of 1997,
international negotiations are held in Kyoto. But this time, the measures
seriously affect the economies of all countries. The United States refuse to
ratify the Kyoto protocol.
Some people still reject reality. The majority affect to believe that the
protection of the environment is compatible with the present mode of
economic growth. One speaks about « sustainable development » and
contents oneself to trade emission permits. Recalled in 1979, by GeorgescuRoegen, the laws of thermodynamics are ignored. This is similar to the
attitude of the Romans whot put the christian God in their Pantheon, a
temple dedicated to all gods. As if a monotheist god was consistent with a
plolytheist religion. One has swiched from rejection to ideological recovery.
Opposed to the idea of « sustainable development », small groups dare state
that the protection of the environment is not compatible with current growth.
These are the « growth objectors ». They are still a small minority.
The rising opinion in favor of ecologist movements goes with a growing
support to an agriculture which is more respectful of the environment. Seed
certification and even worse, the industrial production of genetically modified
organisms (GMOs) has caused an outcry. Associations develop in favor of
community supported agriculture. They provide an alternative to super

markets. The intensive use of chemical fertilizers and pesticides is
increasingly criticized. Many people prefer organic farming, but it too
becomes industrialized. Supermarkets are gaining control of it.
15.3.4. A problem with no issue
In 1989, the Berlin Wall is demolished. It is a victory of the West. The Soviet
bloc collapses. Communist ideology is definitively rejected. Those who
remain communists do not dare say they are. Divided among themselves, the
left parties nevertheless continue their struggle fueled by rising social
inequality. Convinced that economic growth is compatible with reduced social
inequalities, the socialist ideology continues to garner votes. Unfortunately,
we have seen that they are not consistent with each other (section 13.3).
Gradually mankind discovers the harsh reality. One cannot reduce social
inequalities, nor protect our environment without slowing economic growth.
Meanwhile, we are all competing with each other to maximize energy
dissipation. For a country, slow growth means losing competitiveness. One
must therefore run as fast as possible. To paraphrase Margaret Thatcher,
there is no alternative (57). One recognize again the Red Queen effect. It
leads straight to the collapse of our societies.
Is there really no way to get get out of this? Not individually. The first one who
starts running slower is outstrip by others. He is immediately removed from
the race by natural selection. The only solution would be that all of us
collectively agree to slow down our economic growth. This is the famous
Prisoner's Dilemma. It is possible only if a close cooperation is established
between all the countries of the world. Establishing such a cooperation
requires a long-term effort. It is the tit for tat strategy (section 12.1). We can
see it in the difficulty of maintaining the Kyoto agreements. In biology, the
examples I have given, dealing with bacteria, amoeba or vampire bats, show
that such an effort is made only in periods of hardship, when everything goes
wrong.
Today, even though wealth is very unevenly distributed, we are in a period of
abundance and overproduction. We are caught in a vicious circle where only
a continued economic growth can maintain our current standard of living. It is
understandable that no government wants to take the risk of slowing down
the growth of its country. It will do so only if all other governments of the world
do the same, and if no one has the possibility of cheating. It implies that the
current foundations of our economy must be put back into question. One can
easily understood that this will not happen unless everything goes wrong. Put

asleep by the hormones from the media (section 15.2.3), the global brain of
our societies will not wake up until the economic "peanuts" completely cease
to arrive (section 14.4.2). Unfortunately, when this will happen, it will be too
late. The collapse of our society seems inevitable.

16. The future of mankind
Examples from physics and biology help us understand how our societies
evolve: we transform our environnement faster than we can adapt to it. This is
leading us toward a general collapse of our economy which will be followed
by a restructuration. The premise presented here is that mankind is evolving
towards the formation of a single planetary organism made of independent
but integrated parts. Being both more efficient and more resilient, the
economy will gradually move towards a long lasting stationary state.
16.1. The collapse
We are now entering the domain of speculation. Knowing the mechanism of
collapse, we can nevertheless try to imagine what will happen. We know we
are dealing with an avalanche process, that is with an accelerated series of
various crises (financial, social, etc..) of growing gravity. We can not predict
the date or magnitude of the avalanches, but highlandmen know when there
is a danger of a snow avalanche. They see it by looking at the state of the
snow.
It is the same for human societies. There is a danger whenever the speed of
change a society becomes incompatible with the time it takes for it to adapt.
This is the case of all societies undergoing a fast development, whether they
are advanced or not. This can be seen in the case of companies that no
longer find a demand compatible with their investments and go bankrupt. It
can be seen in the case of young people who cannot find jobs compatible
with their studies and take drugs or commit suicide. Such a society is
unstable. Any event can create an avalanche of other ones.
16.1.1. Examples of collapse
To describe the phenomenon, we can draw upon both physical and biological
models (earthquakes, forest fires, extinction of the dinosaurs) as well as
human models (historical collapses of societies the past).
Let us take the case of the vegetation in an ecosystem. As long as the
environment is stable, increasingly large plants appear. A forest grows.

Creating shade, it limits the development of low vegetation. But trees
reproduce slowly. When the climate changes, they tend to die, while low
vegetation renews and expands. Gradually dead wood accumulates. The first
drought triggers a forest fire. Low vegetation takes place, creating a new
ecosystem.
This model is well adapted to the situation of the world in the late nineteenth
century. At that time people differed in their culture, as plants in an ecosystem
differ in their genomes. The population was still young and oil was becoming
an abundant source of energy. In the twentieth century the fire took the form
of two world wars. After smoldering some more time under the form of a cold
war, fire eventually subsided. From the ashes was born a liberal Europe
(section 14.5.3).
Today the standardization of cultures, the aging of rich countries and the
rising cost of energy make the situation less flammable. The dinosaur model
seems more appropriate. After 165 million years of existence, their genome
became less suited to their environment. It seems that a meteor caused a
temporary cooling of the planet, perhaps enhanced by volcanic eruptions.
Dinosaurs may have become extinct due to a lack of food. Our liberal
democracies may perish due to a lack of oil.
Among historical models, the most suitable is certainly that of the end of the
Roman Empire. The Roman Republic has first generated strong social
inequalities, creating insurrections such as that of Spartacus. It could
maintain its economic growth only by forming an empire around the
Mediterranean basin, a phenomenon fully analogous to the current
globalization. TIn the third century, unemployment and monetary crisis
appear. We have that too. The world Roman protects its borders from
immigration. Currently, Europe and the United States do the same. The
Romans ceased to protect their borders because they no longer had the
economic means to do it.
Shall we be invaded like them? Probably not militarily invaded, but physically
replaced. With the progress of communications, Western culture is extending
its influence all over the world. While the average level of education is in
decline in developed countries, it is rising in developing countries. There are
not anymore hoards of barbarians, but instead countries which, to avoid
being eliminated by natural selection, seek by all means to reach our level
energy dissipation. Unfortunately, the faster a country tries to develop, the
more likely it is to collapse. This is again the Red Queen effect.

At the local level, examples of collapses abound, especially in the USA.
Subject to rapid developments, this country is known for its ghost towns.
Today, the most spectacular example of it is probably that of the city of
Detroit. As large as Manhattan, Boston and San Francisco together,
this city hosted two million people in 1950. Today it has only seven hundred
thousand inhabitants forming independent communities inside a vast field of
ruins. This example is fascinating because it gives a taste of what may occur
on a more massive scale.
It shows the essential aspect of the process: a changing economic
environment causes the collapse of a community which organized on a large
scale. The later is replaced by a constellation of small communities
independent of each other. If one wants to predict what is going to happen,
one has to analyze the evolution of our environment and determine to which
aspect our society is the most sensitive. As for the underlying cause that
triggers the avalanche, we know that it is a random fluctuation. It is like the
nail of Benjamin Franklinʼs horseshoe (section 3.4.2). It cannot be
predetermined.
16. 1. 2. The evolution of the environment
We hear more and more of environmental problems. Our mineral and energy
resources are depleted. Biodiversity decreases. Air, earth, water are ever
more polluted, climate warms. A volcanic eruption or an earthquake, that
would have once caused only local damages, nowadays become an
international disaster (58). Adapted to a given environment, we are becoming
less and less adaptable.
Like any dissipative structure, we are first of all adapted to our sources
energy. For two centuries our societies have been devouring fossil fuels.
Today 85% of the energy we dissipate comes from them, among which one
third is oil. This is the Achilles heel of our societies. The Meadows report has
largely confirmed this view. Until recently, the economic slow down of the
nations has been offset by a growing opening of their economies to the
outside, that is to say, by an increasing flow of goods and services. These
flows are based on means of transportation, mainly road and especially air
transportation, and these are based on our oil reserves.
Most experts agree to say that current world oil production is reaching a
plateau. When demand starts to exceed production, one talks about the oil
peak. It is rather likely to be a plateau. This plateau seems to have been
reached in 2008. Oil prices increased causing the economic crisis that we

know. The rush of the United States on their shale oil confirms that it is the
real cause of the crisis. What happened in 2008 can happen again at any
time. Increasingly fragile, our economy is more and more sensitive to the
slightest price increase. Such an increase can cause a general collapse of
the economy. We shall talk about a new oil shock. It could be fatal to western
societies.
Our agriculture has become particularly dependent on oil. It depends on it not
only to power tractors, but also for the irrigation and for the manufacture of
chemical fertilizers and pesticides. It also depends on it for transportation.
Our agricultural products often come from distant areas where labor is cheap.
In developed countries, arable land near cities is often replaced with
concrete. Nine billion people are expected to live on Earth in the middle of
this century. Without oil, one would be back to the agriculture of the beginning
of the twentieth century. It fed five times fewer individuals. Will 7.2 billion
people die from hunger?
Judging from past trends, a vast majority of economists believe that we will
find technical solutions to most of our problems. Efforts are already made to
develop renewable energy resources such as wind turbines. We will find as
well substitutes to oil. One already produces biofuels (see supplements on
energy). The problem is that these new developments take time.
There are more serious problems. The Meadows report showed that, even if
a supply of oil was found, another problem would arise. In this case, the
pollution might cause a collapse. The exploitation of shale oil is already
causing ecological disaster. The major problem would then be the lack of
drinking water. Creating desert areas, global warming could worsen.
Assuming that even pollution was controlled, the production of agriculture
would then become insufficient.
The real problem is that we change our environment faster than than we can
adapt to it. That is the essence of the Red Queen effect. Because time is
lacking to develop long-term solutions, we try to maintain at all costs our
current structures by developing short term solutions that only aggravate the
problems. Let us take for example the automobile industry. It is increasingly
indebted. To keep the economy running and help its conversion, it receives
aid. The number of vehicles continues to grow. But the more the number of
vehicles increases, the more oil is wasted in traffic jams and the more we turn
around to find a parking place. We expand highways, but the more we
expand them, the more people take them, which slows down the traffic

quickly again (59). It is indeed a vicious circle out of which one cannot escape
unless we change in a radical way our means of transportation.
16.1.3. The nightmare
It is unrealistic to try to predict exactly what will happen. What is clear, is that
major crises will affect the whole mankind. Because they are the most
developed, the United States and Europe will be the first to be affected. The
more advanced is their economy, the more rapidly other countries will be
affected. Still asleep and little aware of the realities, the global brain of
mankind will inevitably go through a period of nightmares.
The depletion of our mineral and oil resources imply that it will be increasingly
difficult to maintain the complex structures of our societies. The ruling classes
will do anything they can to maintain their standard of living. In many
countries, an increasingly restricted number of ever richer people will
monopolize all power, impoverishing the population. Social upheaval will
multiply. They will be repressed by ever less democratic, possibly totalitarian
governments. The heads of State will be increasingly discredited.
Countries that are rich, or in the way towards enrichment, will help each other
and form coalitions, creating multiple conflicts. New wars as short as they
may be devastating may arise. On the one hand, U.S. and the European
Union talk about forming an atlantic alliance. On the other hand, Brazil,
Russia, India, China and even South Africa (BRICS) are planning joint
agreements. Will both sides come into conflict?
Assuming wars are avoided, a plausible scenario could be the following. Let
us assume that an atlantic alliance is formed. Faced with a stagnant economy
and an increasing debt, the alliance decides to adopt a single currency, the
Euro-dollar. After a brief respite, given the absence of any other measure, the
situation continues to deteriorate. Some States of the alliance then decide to
resume independence, causing a series of scissions both in Europe and in
the USA. A return to protectionism reduces air and road traffic, even faster as
the cost of oil continues to increase. Automotive and aerospace industries go
bankrupt. The economy is in freefall. It is the collapse. Being economically
dependent of the alliance, the BRICS countries, including China are, in turn,
in trouble. The Heads of State meet. Liberal economy is questioned. A single
world organization is given the responsability for creating and controlling
money. It attempts to solve a crisis that has become global.

Two opposite tendencies come into conflict: the globalization of the economy
with the creation of a single world currency and its regionalization with the
creation of regional currencies. From a global economy, one return to a
multitude of local economies, each seeking its independence. One recognize
here the characteristic of collapse processes. Large structures are replaced
by small ones: large trees are replaced by low vegetation, dinosaurs by small
mammals. This is the melting phase of the simulated annealing algorithm that
is looking for a new optimum that will dissipate energy, still more efficiently.
16.2. The restructuring
It is no longer question of directives, either from Brussels or Washington.
Discredited, the government leaders are banned. Opportunities for
exchanging goods being limited, it becomes necessary to produce locally
what one cannot obtain from elsewhere. No more unemployment. Regional
initiatives multiply. Many people have then a feeling of freedom, similar to that
which prevailed at the end of the Second World War, when everything had to
be rebuilt.
Having become autonomous, regions develop local solutions tailored to each
region, in order to solve a global problem common to the whole humanity. In
fact, most of the local solutions already exist or are being tested. In the same
way small mammals have developed before the extinction of dinosaurs, or
low vegetation develops before the death of large trees, the ways of life of our
future society are already here, but in an embryonic stage. They are part of
the associative life. This is community agriculture face to industrial
agriculture, local markets face to supermarkets, cooperatives face to
multinationals, wind turbines face to nuclear plants, or even local currencies
face to national or multinational currencies. After the collapse, these local
solutions will suddenly proliferate.
The main concern is energy. Given the increasing number of accidents,
nuclear energy is finally abandoned (section 19). There is an energy
shortage. It is rationed. No more waste. One uses energy sparingly.
Economists define the energetic intensity as the amount of energy it takes to
produce a given amount of wealth. It continues to decrease. A given material
wealth requires less and less energy to produce. Manual labor is given an
increased value. The efficiency with which energy is used steadily increases
in order to retreave the past level of wealth. Priority is given to renewable
energy sources.

We have seen that in times of shortage bacteria, amoebae or higher animals
collaborate. One should therefore expect that, in a big show of solidarity,
everyone participates to the reconstruction of the society. Contrary to what
happened at the end of the Roman Empire, the information remains
accessible. The internet still works although with impaired performance. It is
known that the removal of part of the network has a minimal impact on the
functioning of the whole (section 9.4). Facing everywhere the same problems,
men help each other through communications. Original solutions developed
locally benefit to all. Still alive, but torn by hunger, the global brain of
humanity gradually gets out from its nightmare. He wakes up. The whole of
humanity is reorganized.
The result is likely to be the appearance a common global culture. The
process of kin selection will gradually produce a « fraternal » behavior at a
planetary scale (60). This planetary solidarity may manifest itself by a
common worldwide use of the electricity that is generated locally and by the
use of a common worlwide currency. Being in charge of creating a worlwide
currency, the new World Bank will no longer have economic growth as a
mission, but the preservation of the environment. At the outset, it will favor
the less developed regions and encourage the local production of renewable
energy. Everywhere trees will be planted for future generations.
The reader will probably consider the situation I have just described as totally
utopian. So I need to give some theoretical justifications.
16.2.1. A physical analogy
We have seen (section 13.5) that the universality of the laws of statistical
mechanics allows us to justify the sociological approach of Durkheim.
Inspired by his work, one can consider again the analogy between a
population of individuals and a population of particles and compare the flow
of energy through a society to the flow of particles in a pipe.
One knows that when the velocity of the flow in a pipe exceeds a certain
threshold, the flow becomes chaotic. From laminar, it becomes turbulent.
Physicists characterize the transition by a number R called the Reynolds
number. I will give a single formula in this book, but everyone can understand
it: R = u.L / ν. The flow becomes turbulent when R increases, that is when
one increases the velocity u of the flow or the width L of the pipe, or also
when one decreases the kinematic viscosity ν of the fluid, that is the cohesion
of the particles.

Presumably, as in fluid dynamics, there is also a Reynolds number in
population dynamics. Evolution may become chaotic when one increases the
flow u of energy or the extent L of the exchanges, or when one decreases the
cohesion ν of the individuals. This is exactly what happened during the last
two centuries. The flow u of energy has never ceased to increase
(fig. 13). Globalization has made L grow to the size of the planet. Liberalism
has reduced the social cohesion ν, replacing solidarity with competition. It
therefore seems natural that this trend has led to chaos.
We have seen that the collapse of our societies will diminish the flow u of
energy and will reduce the dimensions L to that of the regions. It will also
have the effect of increasing the solidarity that is the cohesion ν of the
populations. One can therefore speculate that from "turbulent", the energy
dissipation of the society will become "laminar", consequently eliminating the
chaotic fluctuations related to the process of self-organized criticality. In the
absence of competition inside as well as between regions, the Red Queen
effect will no longer manifest itself.
We know that two systems do exist for energy flows. The equivalent of the
"laminar" regime is the Onsager linear regime, named after the Norwegian
physicist Lars Onsager. The transport of heat through conduction is part of
Onsagerʼs linear regime because the heat flow increases linearly with the
temperature difference. The transport of heat through convection does not
belong to it, because the heat flux increases as the square of the temperature
difference (section 5.3). The transition between conduction and convection is
a critical point.
With a low Reynolds number, the reconstruction the society will be below the
critical point. The increase of L and u will be compensated by a simultaneous
increase of the cohesion ν of the society. We will therefore remain in a nonchaotic subcritical regime. The economy being kept below the critical point,
wealth inequalities will naturally disappear without the need of an intervention
(section 13.3). The increase of the efficiency due to a very strong cooperation
will allow the economy to resume, but flows of matter and energy will remain
limited. The economy will then gradually tend toward a steady state (19.7
section). Rejected by the majority of modern economists, the idea that the
economy can move towards a stationary state is not new (61). I will simply
reproduce here what John Stuart Mill said about it in 1848 (62):
« It must always have been seen, more or less distinctly, by political
economists, that the increase of wealth is not boundless: that at the end of
what they term the progressive state lies the stationary state. » He further

adds: « I cannot, therefore, regard the stationary state of capital and wealth
with the unaffected aversion so generally manifested towards it by political
economists of the old school. I am inclined to believe that it would be, on the
whole, a very considerable improvement on our present condition. I confess I
am not charmed with the ideal of life held out by those who think that the
normal state of human beings is that of struggling to get on; that the
trampling, crushing, elbowing, and treading on each other's heels, which form
the existing type of social life, are the most desirable lot of human kind, or
anything but the disagreeable symptoms of one of the phases of industrial
progress ». The result « is that the life of the whole of one sex is devoted to
dollar-hunting, and of the other to breeding dollar-hunters ».
16.2.2 . The biological model
We have seen that, with mankind, evolution has gone from a genetic form to
a cultural one. This fundamental change of paradigm has led to the
demographic explosion of the recent centuries. While the world population
stabilizes, humanity must restructure itself to shift from a regime of rapid
growth to that of a steady state (Section 15.1.2). The assumption that is made
here is that cultural evolution goes through the same steps as genetic
evolution, but much more rapidlly.
The beginning of this cultural evolution has been described in Chapter 14. We
have compared it to the genetic evolution of bacteria or prokaryots (section
11.4). As the bacteria of a same strain form colonies, human beings
belonging to the same civilization form societies. These societies have
condensed to form town-states. Similarly, prokaryotes have condensed to
form, by symbiosis, the first cells with a nucleus called eukaryotes. We have
shown the analogy between the organization of cities and that of eukaryotic
cells (section 8.4). We have seen that these cells have experimented all
possible kinds of organization in the form of protoctists (section 8.5). It is the
same for human societies with the formation of state-nations. Finally the
eukaryotic cells condensed to form multicellular organisms. The human body
is a conglomerate of bacteria aggregates (63). We can therefore expect
humanity to condense in a single living organism, a conglomerate of
aggregates of individuals (64). As all living organisms do, it will reach a state
called homeostasis by biologists,
that is a stationary state.
Clearly evolution proceeds by successive symbioses, from prokaryotes to
eukaryotes, and multicellular organisms. Logically, the next step is a

symbiosis between individuals forming a single living organism. It is also the
final stage of an annealing algorithm: the formation of a single "crystal" at the
scale of the planet. As a perfect crystal minimizes its internal energy, the
perfect symbiosis of an ensemble of individuals into a single living organism
maximizes the efficiency with which the whole dissipates energy. The
aggregates of individuals are regions which have materially reorganized
themselves to survive the collapse. In the same way we are multicellular
organisms, mankind will be multiregional organism. The same problem of
survival arising worldwide, each region will share and accumulate a common
experience, based on all the knowledge accumulated by mankind, the
equivalent of the common genome of all our cells. This sharing of a common
information, when there is an energy shortage, is well illustrated by the
behavior of the soil amoeba (dictyostelium discoideum) described in section
7.2. When their food becomes scarce, they put their genomes in common.
This mechanism is considered as a precursor for the formation of multicellular
organisms.
We know that, although having a comon genome, being formed in different
environments, the cells of our body are differentiated. In the same way,
because they will develop in different environments, the different parts of
humanity will be differentiated. Technically, they will use only part of the
knowledge which common to all mankind, but the "vision of the world " of the
individuals will be the same on the whole earth, because all will have suffered
from the same events and will have shared the same experiences. The
process of cultural kin selection will then generate a universal brotherhood.
Like the cells of our bodies, individuals will be subject to constraints. That of
respecting their environment. But, as in any successful symbiosis, the
optimum of the whole will also be that of the parts. The interest of each one
being also the general interest, and everybody being aware of it, it will not be
necessary to reduce freedom. For the first time, a concept, born in France
during the Enlightenment and written as a motto on our schools and our town
halls, will become a reality: Liberty, Equality, Fraternity.
16.3. The future mankind
In the twentieth century, science has made a fantastic leap forward, creating
new knowledge and powerful means of information and communication. In
the twenty-first century, these means are making this new knowledge
accessible to everybody. They allow mankind to evolve rapidly. The global
brain of humanity takes form. It wakes up and becomes aware of the realities
of evolution (65). When the consciousness of a child wakes up, he becomes
concerned about his individual survival. In the same way, as mankind

becomes conscious of itself, it becomes more and more concerned about its
long term survival. Fed so far by fossil fuels, a kind of maternal milk provided
by the Earth that has generated it, mankind has been able to develop. It is
soon the time for weaning. Becoming adult (66), it will have to learn how to
feed itself. Mankind will then realize that solar energy alone can ensure its
long-term survival.
Let us now imagine that we are in the XXII century. Economists have finally
understood that the economy follows the laws of thermodynamics. They have
understood that an isolated system tends toward thermodynamic equilibrium,
that is death, and if humanity wants to survive, it has no other solution than to
use an external source of energy, the Sun. Any other form of energy including nuclear - is excluded, because, by irreversibly increasing its entropy,
it would necessarily leads humanity to its death (Section 19.6). In a general
way, economists have understood the laws of evolution and their implications
for biology. One can summarize them as follows.
After a period of trial and error, controlled by natural selection, some
prokaryots have eventually merged to form eukaryotic cells within which they
maintain an environment which is permanently adapted to them. In doing so,
they have increased the efficiency with which they dissipate energy. Because
the external environment could still vary, natural selection has resumed
acting, now on the eukaryotic cells. These eventually coalesced to form
multicellular organisms able to maintain within themselves an environment
which is continuously adapted to their cells. The efficiency with which these
cells dissipate energy has again increased. Since the external environment
could still vary, natural selection kept acting on the entire multicellular
organisms. Successively appeared vertebrates, mammals, then men. These
last ones have formed societies. Natural selection has continued to act,
favoring the societies that dissipate the most energy. Gradually these became
united to form a single world-wide society, ending the competition between
them. A planetary global brain has formed. While getting awake, this brain
now realizes that it is his role to maintain the environment adapted to life. It is
necessary for its survival.
In order to do this, humanity must constantly evacuate the entropy it
produces. In a combustion engine, the combustion of gasoline allows to push
a piston and produce mechanical work, an operation which produces entropy.
Engineers soon realized that to keep the engine going, one must return the
piston to its initial position and evacuate the entropy produced in the form of
heat toward a cold source. This entropy can be completely removed if all the
operations are reversible.

We are now discovering that this also applies to mankind. During the last
centuries, it has entertained producing mechanical work while increasing the
entropy the planet. It now realizes that to make it sustainable, it must
evacuate the entropy produced and return our planet back to its initial state,
that is it must recycle. This is already what most of the biosphere does. In
order to produce free energy in a sustainable way, it has evolved so as to
recycle. Mankind has no other choice than to do the same. It must follow
Carnotʼs recipe, that of the reversible cycles (section 1.4).
In order to do this, it requires an external supply of heat from a hot source.
The Sun gives it to him the form of radiations centered over the visible range.
It will continue to do it for a few billion years. Mankind must necessarily give
some of this heat back to a cold source. Again the Universe provides it. The
diffuse 3° K cosmological background can absorb it without significantly
heating up. Mankind has therefore the essential means to subsist without
making its environment significantly evolve. But it can only do so by
cooperating so as to avoid wasting material and energy and by recycling. The
production of free energy is a maximum when all the operations are
reversible. Any physicist knows that the slower a transformation is performed,
the closer to the reversibility it will be. One must therefore slow down the
speed of the cycles, that is one must increase the lifetime of all the products
we manufacture.
We are presently doing just the opposite. If we do not change our habits, then
our environment will evolve and the planetary society we are building will
collapse. It will fragment again into smaller societies in competition with each
other. Natural selection will then be in charge of recalling us, not without pain,
what we need to do until everything gets back on tracks. Thus, sooner or
later, mankind will be led into forming a single society of individuals capable
of collectively controling their environment. Men will identify all the atomic
elements that are available to them and ensure that they are recycled. The
chemical composition of air, water and soil will constantly remain optimal for
his development. Here again, it will have the means to do so. The computer
resources that are at its disposal will find their full employment. Equipped with
a powerful exosomatic brain, mankind will be able to control its destiny.
It is interesting to note that our own brain has evolved in similar way. While
struggling to adapt to the vagaries of the environment, our inner brain called
the reptilian brain, coupled itself to an emotional brain, the limbic brain, to
form an autonomous brain. Being not powerful enough, the brain of the
primates surrounded itself with an even more powerful outer brain, the

neocortex, that our inner brain uses to solve its problems. The global brain of
mankind is simply doing the same thing (67). It is currently equipping itself
with an exosomatic brain more powerful than itself, the network all the world
computers.
Hence, mankind will be in charge of maintaining not only itself, but also the
whole complex dissipative structure to which it belongs. Feeding itself with
solar radiation while rejecting infrared radiation, this structure includes not
only every other living beings (the biosphere) but also land, water, the
atmosphere and the climate, all what many now call Gaia with James
Lovelock. Progressively mankind will learn how to control Gaia. Dawkins has
shown that a living organism is a "vehicle" controlled by its genes to ensure
their survival. Similarly Gaia will become a "vehicle" controlled by living
organisms to ensure their survival.
As a perfect crystal minimizes its internal energy, a perfect symbiosis
maximizes the efficiency with which energy is dissipated. This is why
necessarily, in accordance with the third law of thermodynamics, mankind will
gradually form a symbiosis of all human beings, as our body forms a
symbiosis of all our cells. Extremal state, hence stationary, a perfect
symbiosis has zero growth. The planetary society now in gestation will have
reached its maturity, that is homeostasis. It is not by chance if the alliance
"liberty, equality, fraternity "is one of our aspirations. It will become a reality.
Humanity will have finally reached the age of reason.
The humanity of the future will never, of course, control everything. It will be
difficult for example to control earthquakes, volcanic eruptions or falling
meteors. But it will be less sensitive than current humanity to natural
disasters. Because it will be made of largely autonomous regions, a disaster
affecting one of its regions will little affect the other ones. Moreover, having a
great sense of brotherhood, the whole humanity will immediately send relief
to the affected area. One of the essential qualities of the future of humanity
will be its "resilience" that is its ability to recover from a trauma, like a human
body. Imagine a single nuclear plant feeding the entire planet with electricity.
At the first failure, it is a disaster. Conversely, if each of us produces electricity
to the extent of its means (solar panels, wind turbines, hydropower) and
make all of it available to everybody then, whatever happens, there will
always be electricity for all of us (68).
A large number of readers will think I'm too optimistic and that all this is
utopia. I will give them two answers. The first one is that since man exists, life
has never ceased to improve. In prehistoric times life expectancy was only 30

years. Since then, it has more than doubled. With medical advances, it
continues to increase. We know no strict limit on human lifespan. The death
of individuals is the way species adapt to changes in the environment through
natural selection. Once mankind will have full control of its environment,
death will no longer have the same reasons to be. Because of the Baldwin
effect, natural selection will continue to act on genes. It will favor longevity.
This one will therefore continue to increase steadily.
My second answer is that there is a previous example of the situation above
described. In Colombia, on a high plateau in the Andes, more than 6000 m
high, lives a tribe that is a descendant of the Maya: the tribe of the Koguis.
Highly threatened by our own civilization, that of Koguis has been able to
maintain itself, thanks to their isolation. They have genetically evolved to
spend a normal life at very high altitude, that we cannot do. Virtually isolated
from the outside world like Earth is in space, the civilization of the Koguis has
remained unchanged for the last 4000 years. They have probably broken all
the records for the life length of a civilization. How did they do it? Their
civilization has three features:
• The first is the absence of any competition. They have a constant desire
to maintain a close communication between them together with a great
brotherhood. Their community is a good example of a single living
organism within which each individual has his place and plays his role;
• The second is their commitment to the environment. They have a
constant desire to maintain and preserve the environment as it was
transmitted by their ancestors;
• The third is the maintenance of traditions. They have a constant desire to
memorize and transmit their ancestral traditions.
The civilization of the Koguis is a perfect example of steady-state economy. In
the absence of growth, there is no inequalities among them.
Because, unlike us, they lack ultrasensitive sensors to detect changes in their
environment, the Koguis have imagined an interesting solution. They
bandage the eyes of their future "shaman" until his teen years. It has the
effect of developing all his other senses. He becomes particularly sensitive to
the slightest change in the sound of birds or the scent of plants and can alert
the community.
For the Koguis our civilization seems incomprehensible. They inquire on why
we dig tunnels through mountains. When we explain that it is to go faster,
they ask: "Why do you want to go faster? "The future humanity will be a little
bit like the Koguis. It will find present humanity quite strange.

In their book Roger Bonnet and Lodewijk Woltjer ask: "Can we survive a
thousand centuries? "We have seen that one must distinguish man,
characterized by its genes, from human civilizations, characterized by their
culture. If, despite their limited resources and knowledge, the Koguis have
been able to preserve their culture for 40 centuries, one does not see why,
being more educated, our future planetary civilization would not do much
better. For the first time, mankind will be able to make long-term investment
for its survival. Regarding our genes, they will certainly persist much longer.
They will evolve only to the extent that our future cultures will not be able to
control fully the changing environment.

Part V. Supplements
17. Supplement on entropy
A short historical account on the notion of entropy and its successive
mathematical expressions. A discussion follows about the subjective
character of entropy and the paradox that ensues. Its relation with money is
made explicit.
17.1 The Carnot cycles
Any heat engine (steam or car engine) produces mechanical work by
performing cycles of operations. After each cycle, it returns back to its initial
state. To do this, it is in contact with so-called heat sources, that is objects
that can provide or absorb heat without altering their temperature.
During a cycle, the machine receives a quantity of heat Q1 from a hot source
but, in order to return to the initial state, it must necessarily give back an
amount Q2 of heat to a cold source. Only the difference W = Q1 - Q2 is
converted into mechanical work. In this expression, the mechanical work W is
expressed in the same unit of energy than the quantities of heat Q1 and Q2,
usually in calories or joules (a calorie is 4.18 joules).
The engine efficiency is the ratio r = W/Q1 of the work done over the heat
received. It is necessarily less than unity. Carnot has shown that efficiency is
the greatest when all the operations are reversible. An ideal heat engine all
the operations of which are reversible is called a "Carnot engine". The

quantities of heat Q1 and Q2 are proportional to the absolute temperatures T1
and T2 of the sources. The efficiency of this ideal engine depends only on the
temperature of the sources. It is worth: r = W/Q1 = (Q1 - Q2) / Q1 = (T1 - T2) / T1.
The biosphere functions as a thermal engine. It receives heat
from the Sun. The latter behaves as a hot source at an absolute temperature
of about 6000° K. The night sky behaves as a cold source at an absolute
temperature close to 3° K. The biosphere can thus produce mechanical work
with an efficiency reaching almost 100%. It does this partly through
intermediate cycles of chemical reactions.
17.2. The entropy of Clausius
In a Carnot engine Q1/T1 = Q2/T2. Clausius has shown that more generally,
during reversible transformations, the quantity Q / T is conserved. He
proposed to call this quantity "entropy". When a system performs a
thermodynamic cycle of reversible transformations, it receives as much
entropy as he provides. One can say that its internal entropy is conserved.
When doing an irreversible cycle of transformations, its internal entropy
increases. More generally, the entropy of an isolated system can only
increase. If it undergoes only reversible transformations, it remains constant.
The increase of entropy characterizes the irreversibility of the transformations.
The approach of Clausius defines entropy except for an additive constant.
Only changes of entropy are defined.

17.3. The entropy of Boltzmann
Boltzmann is considered the founder of statistical mechanics. It has shown
that it is possible to find the laws of thermodynamics by applying the laws of
mechanics to the molecules that constitute matter. It has especially shown
that, in a gas at thermodynamic equilibrium, the average kinetic energy of
molecules is equal to kT / 2 per degree of freedom (parameter of movement).
In this expression, T is the absolute temperature of the gas and k is a
constant called "Boltzmann constant".
The temperature of a gas is thus a measure of the kinetic energy of its
molecules. When a quantity of heat Q is dissipated, it is distributed among all
the degrees of freedom of its molecules. At equilibrium, it is equally
distributed. The number of degrees of freedom over which it is distributed is

then 2Q / kT. We recognize here the expression of entropy within a constant
factor 2 / k. Thus entropy measures the number of parameters over which the
energy is distributed.
The set of all these parameters (positions and velocities of each molecule)
forms a mathematical space with a very large number of dimensions, called
the phase space. Each point in this space represents a particular microscopic
state. In general, the macroscopic state of a system as it is observed
(pressure, temperature, etc.) consists of a large number of possible
microscopic states. Representative points of all these states occupy a certain
volume Ω in the phase space. The larger is Ω, the greater is the entropy S of
the system.
Consider two independent systems. One has a phase space with n1
dimensions, the other with n2 dimensions. The macroscopic state of the first
system occupy a volume Ω1, that of the second system a volume Ω2 . The
phase space of the ensemble of both systems has dimensions equal to the
product n1 . n2. In this space, the macroscopic state of the ensemble occupies
a volume Ω1 . Ω2 , but the entropy of the ensemble is the sum S1 + S2 of the
entropies of each system. It follows that the relationship between S and Ω is
logarithmic. Boltzmann has established that the entropy of a system is S = k .
log Ω. This formula has been engraved on his tomb in the cemetery of
Vienna.
It should be noted that the entropy thus defined depends upon
the unit with which the volume is measured. A change of unit is equivalent to
multiplying all the volumes by an arbitrary amount,
that is to adding all entropies the same arbitrary amount. As the entropy of
Clausius, Boltzmann's entropy is defined within an arbitrary additive constant.
Quantum mechanics has later allowed to define an absolute entropy by
providing a natural choice for the unit volume in the phase space. Indeed, the
uncertainty relation of Heisenberg implies that a microscopic state occupies a
non zero volume equal to (h / 4π )n where h is Planck's constant and n the
number of dimensions of the phase space. The number of possible
microstates is therefore given by the volume Ω measured in (h / 4π )n units.
17.4. The entropy of Gibbs
Boltzmannʼs expression is valid at the thermodynamic equilibrium where all
the microscopic states are equally likely. Gibbs has generalized Boltzmannʼs
expression to the non-equilibrium case where the probabilities are different. If
pi is the probability of a microscopic state i, then the entropy of the system is

S = - k . Σ pi . log pi where the sum Σ is extended to all microscopic states i.
When one has Ω microscopic states having all the same probability pi = 1 / Ω,
one gets Boltzmannʼs formula back.
17.5. The entropy of Shannon
As he worked in the field of telecommunications, Shannon was seeking to
measure the amount of information to be transmitted. He defined an element
of information as being represented by a binary quantity, that is a quantity that
can take either of two values,depending on whether an announced event
had occurred or not. He called this quantity a bit, an abbreviation for "binary
unit". According to Shannon, the lower the probability of the event, the larger
the amount of information. The latter is a decreasing function of the
probability p of the event.
One knows that the probability of two independent events is the product of
their probabilities, whereas the associated information is the sum of the two
informations. It follows that the amount of information is necessarily of the
form - log p. The minus sign comes from the fact that a probability p being
comprised between 0 and 1, the amount - log p is positive. Base 2 logarithms
allow the information to be expressed in bits. Hence, an event that has a one
chance to occur out of two has a probability 1/2 = 2-1. The corresponding
amount of information is 1 bit.
Reported events being random, their corresponding information -log p is
random too. Shannon wanted to know the average amount of transmitted
information (the expected value of the information). For a series of random
events, the average amount of transmitted information is -Σ pi . log pi , where
pi is the probability of the event i. The sum Σ is extended to all possible
events.
Shannon recognized in this expression, Gibbs formula. It shed new light on
the notion of entropy. The latter was appearing as the average amount of
information one must provide to specify the microscopic state of a
thermodynamic system. The larger the entropy of a system, the more
information is needed to specify its microscopic state. Energy dissipation
(increase of entropy) was taking the form of a loss of information about a
system.
Shannon wanted to give a name to the average amount of information. It is
said that Von Neumann would have suggested him to call it "entropy" by
saying « anyway, nobody really understand what entropy is ». Following

Shannon this quantity has been called " informational entropy ". Gibbsʼ
thermo-dynamic entropy then appeared as a special case of Shannonʼs
entropy.
17.6. Energy dissipation and loss of information
The speed of a computer is basically limited by the speed at which the
information propagates between the components of the processor, that is by
the speed of light. In order to reduce the propagation time of signals,
engineers have built increasingly small processors. But the smaller a
processor
is, the hotter it becomes. Physicists then wondered whether there is a lower
limit to the energy dissipated in a processor.
The work of Rolf Landauer, Charles Bennett, and later Edward Fredkin has
allowed to answer the question. They have shown that a loss of information is
necessarily associated with a dissipation of kT joules per bit. This loss can be
avoided by performing reversible cycles of calculations after which the
computer returns to its original state, thus establishing a parallel between
thermodynamics and digital calculation. Ones now talk about "digital physics".
A consequence of this work is that Gibbs thermodynamic entropy and
Shannon informational entropy are physically equivalent concepts.
17.7. The Gibbs paradox
The informational aspect of entropy leads to paradoxes that have long
intrigued physicists. Imagine an enclosure made of two isolated
compartments separated by a removable partition. Initially the partition is
closed. Both compartments contain a noble gas, at the same temperature
and under the same pressure. There is thermodynamic equilibrium. Then, the
experimenter removes the partition by slowly sliding it in a direction parallel to
itself, without providing any mecanical work. There is still thermodynamic
equilibrium. The macroscopic state of the gas has not changed. In particular,
its entropy has remained the same.
Suppose now that the experimenter hears that the two compartments actually
contained different noble gases. One contained argon, the other krypton.
When the partition had been removed, the two gases had been mixed. This
transformation being irreversible, the entropy of the system had increased. Its
number of microscopic states had indeed increased. In the first case, an
exchange of molecules between the two compartments did not change the
microscopic state. In the second case, the exchange produced a different

microscopic state. Thus the variation of entropy depends on our knowledge of
system. This fact is known as the Gibbs paradox.
We have seen that any increase of entropy causes a decrease in our ability to
produce free energy. It is indeed the case in the experiment described above.
Once the experimenter knows that the two gases are different, he can devise
a method for producing free energy. He may, for example, replace the
removable partition with a porous wall permeable to argon atoms, but not to
krypton ones that are bigger. The krypton gas will then exert a pressure on
the wall. If the latter can slide like a piston, it will provide work. Once the two
rare gases mixed, this possibility disappears.
17.8. Maxwell's demon
In his correspondence, physicist James Clerk Maxwell describes a similar
device where the two compartments contain the same gas. He then imagines
that "a smart being" can see the gas atoms and open the partition whenever
an atom from the left compartment goes toward the right side, but closes it
whenever an atom from the right compartment goes toward the left side. It
does that without producing any mechanical work. After a while, a pressure
difference appears between the two compartments in contradiction with the
second law that says that an isolated system tends toward thermodynamic
equilibrium. This pressure difference can be used to produce mechanical
work.
Selecting atoms depending on their speed, it may as well let fast atoms go to
the right compartment and slow atoms to the left compartment. After some
time, a temperature difference will appear between the two compartments,
also in contradiction with the second law of thermodynamics. As before, this
temperature difference can be used to produce mechanical work through a
Carnot engine.
The «smart being» imagined by Maxwell is known in the literature as
"Maxwellʼs demon". It should be noted that Maxwellʼs demon must
necessarily store information on the direction or magnitude of the velocity of
the molecules that come to him so he can react appropriately. The french
physicist Léon Brillouin has shown that the amount of information stored by
the demon corresponds exactly to the produced decrease of entropy. The
contradiction with the second law is only apparent, because, to be able to
operate indefinitely, the demon must clear his memory between each
operation. In doing so, he dissipates as much energy as the system allows
him to produce.

17.9. Entropy and life
As Maxwell's demon does, a living organism stores information, producing a
decrease of entropy. This decrease of entropy enables it to produce free
energy that he can convert into mechanical work. The dissipation of this
mechanical work produces entropy that is evacuated in the form of heat.
One must not confuse the internal entropy of a living being, that it maintains
low during its whole life, with the entropy it produces, which tends to be as
high as possible. A living being constantly feeds with low entropy energy it
rejects in the form of high entropy energy. When it dies, the information
stored in its brain is erased, producing a rapid increase of its internal entropy.
That contained in its genes degrades and becomes unusable. The production
of mechanical work stops.
The same is true for human societies. In contemporary societies, scientific
research allows us to store in books or computers a growing amount of
information on the properties of the universe that surrounds us. The entropy
of the society decreases. Thanks to technical progress, this decrease in
entropy allows us to produce a growing amount of free energy. The latter can
be delivered in the form of electricity. It is then either dissipated in the form of
heat, or converted into mechanical work to be later dissipated. The GDP
(gross domestic product) of a society is a measure of its production rate of
entropy. When a society collapses, its GDP falls steadily whereas a new
society, with a different organization, takes the relay.
The informational aspect of entropy arises a fundamental philosophical
problem about the nature of our knowledge. Entropy appears as a property of
the observer as well as of the observed Universe. It is impossible to
dissociate one from the other. On cannot understand the universe without
understanding man nor understand humans without understanding the
Universe, because man is a product of the evolution of the Universe. It
implies that our knowledge is and will always be limited, but it does not
prevent progress. Moreover, the progression of our knowledge is a
consequence of the laws of evolution of the Universe. I hope to have shown
that statistical mechanics provides a global approach this problem. In this
context, the bayesian interpretation of probabilities appears natural (see
Introduction). It seems to be the only one to enable progress in this area.

17.10. Entropy and money
Physicist Valery Chalidze (70) has apparently been the first to suggest the
existence of a relationship between entropy and money, but he has made no
attempt to make this relationship explicit analytically. We can do so by
considering the probabilities of transaction, that is the probability that a
financial transaction occurs in a given time interval. For example, consider
the sale of an object of which many copies have been manufactured. One
can reasonably assume that the lower is the proposed price, the larger is the
probability p of finding a buyer. When two such objects are independently set
for sale at different prices, the probability of selling both objects is the product
of their probabilities of sale, while the compensation of the manufacturer is
the sum of the charged prices. It implies that the relationship between the
price si proposed for an object i and its probability pi of being sold is a
logarithmic relationship of the form si = - k . log pi, where k is here an arbitrary
constant. The expected gain of the manufacturer is then the sum S = Σ pi . si
= k . Σ pi . log pi extended to all items for sale. One does find again the
expression of Gibbsʼ entropy.
The manufacturer will seek to maximize his profit by adjusting his production
and prices so as to maximize S. In this sense, one can say that, by
maximizing his profit, the producer maximizes his rate of entropy production.
By doing so, he effectively import information from his environment, here his
customers. He adapts his production to his customers.
(70) Valery Chaldize, Entropy Demystified, Potential Order, Life and Money,
Universal Publishers (2000).

18. Additional information on self-organized criticality
The properties of the process self-organized criticality are explained with the
help of simple hydraulic models of non-linear oscillators.

18.1. The potential wells
Matter consists of atoms and assemblies of atoms called molecules. These
assemblies are generally sufficiently stable so that we have the time to
observe them and study their properties. Physicists describe this situation by

saying that they are in a potential well. One can compare a potential well with
a hollow inside which a ball is dropped. On a surface made of hollows and
bumps, a ball rolls until it falls into the bottom of a hollow and stays there. It is
then in a stable state of equilibrium.
To disturb this equilibrium one must give the ball a certain amount of energy.
The amount of energy necessary to overcome the « potential barrier » and
get the ball out of the hollow is called the activation energy. When the
temperature is high enough, collisions between molecules can provide
enough activation energy to overcome a potential barrier and, for example,
break molecule. As the temperature decreases, such events become less
and less likely. That is why most chemical reactions cease at low
temperatures.
When a ball leaves a hollow, it generally dissipates energy before reaching a
lower hollow where it stabilizes. The energy it dissipates can be much greater
than the activation energy that was provided to get it out of the hollow. That is
why spending a small amount of energy can often reap much more.
The concept of activation energy can be extended to macroscopic systems,
notably whenever the supply of a small amount energy can free a much
larger amount. For example lighting a match may provide enough activation
energy totrigger a forest fire. An A bomb provides the activation energy
necessary for fire an H-bomb (Section 19.6).
This concept also extends to humans. When a prehistoric man throw a lance,
he physically spends energy. When he kills a bison, he reaps more of it in the
form of food. In modern societies, energy is bought. If an energy input can
provide a much larger output, then a money input can be used to enrich
oneself. In this case, it is said that one has made a worthwhile investment.
18.2. An hydraulic analog
Figure 15 shows a container equipped with a siphon. It can be considered as
an hydraulic analog for a potential well. Water represents energy. The amount
of water needed to fill the siphon is the activation energy. Water drips, filling
the container. When initiating the siphon, the last drop of water provides the
"activation energy" necessary to clear the container.

Figure 15. A non-linear oscillator also called a relaxation oscillator.
Figure 15 shows the water level in the container as a function of time. It
draws a periodic sawtooth. As the container is being filled, the water level
slowly rises until the siphon is triggered. The water level then suddenly drops,
emptying the container. The siphon is killed and a new cycle starts again.
Such an oscillator is said to be nonlinear. The period of the oscillations
is determined by the flow rate of the water in the container. Oscillations of this
type, the period of which is determined by the rate of input energy are called
relaxation oscillations (71).

Figure 16. A network of non-linear oscillators

Per Bak and his colleagues have shown that the phenomenon of selforganized criticality appears in networks of nonlinear oscillators. Figure 16
shows part of such a network. For reasons of simplicity we have shown a
regular network. Suppose that initially all the containers are half full, as
shown in fig. 16. The upper container continues to gradually fill. When it is
full, its siphon is triggered. It then empties in one shot into the two containers
that are immediately below. Initially half full, these are quickly filled. They, in
turn, trigger their siphons and empty themselves into the four following
containers, which quickly fill and empty themselves into the next eight
containers. All floors suddenly empty themselves producing a large waterfall
or avalanche of water.
Suppose now that it takes one minute to fill the top container and a negligible
time to empty it. It will empty itself every minute. The two containers
immediately below will fill and empty themselves every two minutes. The four
containers will do that every four minutes, etc.. Cascades or avalanches are
observed. The greater is the amplitude of the avalanches, the larger is the
interval of time between them, or the lower is their frequency. More precisely,
the amplitude of the avalanches is inversely proportional to their frequency.
This is a characteristic of self-organized criticality processes.
In the device we have described, the siphon starts only when the container is
full. In practice, activation energies occur at random. In chemistry, they are
provided during a collision. Our network of nonlinear oscillators is regular. In
practice they are irregular. Under these conditions avalanches are random. It
can be shown that statistically their amplitude is still inversely proportional to
their frequency.
18.3. Properties of cascades or avalanches
Although idealized, the example we have given exhibits a number of
properties of the process of self-organized criticality:
– Cascades occur only if the input flow of water is less than the flow rate of
the siphon. More generally, avalanches appear only when the initial flow of
energy is low enough to cause a local depletion of the energy resource.
– Each cascade consists of a sequence of cascades, the amplitude of which
grows in geometric progression. More generally, in a cascade the energy flow
grows exponentially until the resources are exhausted. This is the exponential
growth of animal populations in biology or the exponential growth of economy
in human sciences.

– Cascades take the water that is initially in the same container to redistribute
it into many containers. More generally, cascades initially take the energy
from a single potential well and redistribute it into many potential wells. This is
the very process of entropy production. It redistributes energy into
an increasing number of degrees of freedom or quantum levels.
– The potential wells tend to cooperate to form locally, in space and time,
coherent states in which avalanches get synchronized. By self-organizing
themselves, these states produce a local decrease of entropy.
– Any subset of consecutive stages of the network of figure 16 has the same
properties as the whole network: it produces
avalanches whose amplitude are inversely proportional to their frequency.
When these avalanche are energy avalanches, then each of these subsets
has the properties of a dissipative structure. More generally, a set of
interacting dissipative structures is still a dissipative structure.
– In the model of figure 16, all the elements are identical. The properties of
the the resulting structure is scale invariant.
18.4. Strange attractors
The regular network shown in Figure 16 excludes the possibility for the water
to go back to the upper container, that is to be recycled. However, we have
seen that dissipative structures tend to form cycles of matter and energy
(section 8.1). Figure 17 shows a hydraulic analog allowing to recycle water
containers. It was imagined in 1970 by Willem Malkus and Lou Howard. In
this model, the containers leak permanently. They hang all around a wheel
that rotates freely about its axis.

Figure 17. The chaotic wheel of Malkus and Howard (after Strogatz).

Coming from above, water starts filling the top container. When there is a
sufficient flow water, the weight of the water which accumulates sets the
wheel in rotation in one direction or the other, allowing the other containers to
be filled. The wheel then starts to rotate regularly as the wheel of a mill do.
As one increases the flow rate of the water, the wheel spins faster and faster.
There comes a time when the containers have no longer enough time to be
filled when they are up, or to be emptied when they go down. The motion of
the wheel then becomes chaotic. It may stop or even reverse unpredictably.
This chaotic motion is characteristic of what is called a strange attractor. This
type of evolution is observed in many instances of dissipative structures. We
have seen examples in sections 7.5 and 12.3.
Now imagine that the wheel is fed by a network similar to that described in
the previous section. As long as water comes in the form of multiple, but low
amplitude avalanches, the movement of the wheel remains regular. When a
large avalanche occurs, it becomes chaotic. In the same way, multiple but
small avalanches produced by colliding molecules can maintain a steady
convective motion. But, when the amplitude of the avalanches increases, a
regular convective motion is replaced with chaotic motion, which is said to be
turbulent. Similarly, multiple but small avalanches of profit can maintain
regular economic cycles but, when large avalanches occur, the evolution of
economy becomes chaotic, causingcrises and recessions.

19. Additional information on energy
A discussion about the possible sources of energy able to feed mankind.

19.1. The units of energy
Physicists measure forces in newtons (N). The newton is the force necessary
to increase the speed of a one kilogram mass of material by one meter per
second, every second. It corresponds to the force of gravity that pulls down a
weight of about 102 grams. The international unit for energy is the joule (J). It
is the amount of mechanical work done by a force of one newton that moves
its application point by meter. Hence, it is the energy required to raise a
weight of 102 g over a height of one meter. The amount of energy required to
increase the temperature of 1 gram of water by 1° C is called a calorie. A
calorie is worth 4.18 J.

The "power" of a source of energy is characterized by the speed of its energy
flow, that is the amount of energy it provides per unit time. By extension, any
flow of energy is called a power. Powers are measured in joule per second
(J / s) also called watt (W). Hence a 10 W bulb dissipates 10 J of energy
every second. As kilogram is worth one thousand grams, a kilowatt (kW) is
worth one thousand watts. The tradition is to bill electric energy in kilowatthours (kWh). It is the amount of energy provided by a one kilowatt source of
energy during one hour, that is by a flow of one thousand joules per second
during 3 600 seconds that is 3.6 million joules or 3.6 MJ (megajoule). It can
raise one ton of material over a height of 367 meters that is roughly an
automobile to the top of the Eiffel Tower. This amount of energy is currently
charged about 10 cents of Euros.
One can do the same amount of work by climbing a hill with a car. On a
horizontal road, a car typically uses 0.06 liter of fuel per km to overcome
mechanical friction and aerodynamical drag. On a slope of 4%, at the same
speed, it will use 0.10 liters of fuel per km. The difference, 0.04 l / km, is used
to overcome gravity. To climb 300 m, it must travel 7.5 kilometers thus use an
additional amount of 0.3 liters of gasoline. At 1,5 €/liter, the invoice amounts
to 0.45 €, or 4.5 times more than the above electricity bill. This is due in part
to the taxes collected by the government for road maintenance. If one
removes the taxes, the bill drops down to 0.18 € which is barely twice that of
electricity.
The above discussion implies that a volume of 0.3 liters of gasoline provides
1 kWh of mechanical work. In fact, as we have seen (section 1.3), internal
combustion engines have a limited efficiency (their Carnot efficiency). That of
car engine is about 30%. The chemical properties of octane tell us that it
suffices to burn 0,112 liters of gasoline to dissipate 1 kWh. Knowing that
0.112 liter of gasoline weigh 82 grams, one deduces that one ton of gasoline
provides about 12,000 kWh. One ton of crude oil provides 11,630 kWh that is
about 42 GJ. It is the unit of energy used in industrial economy: the ton oil
equivalent (toe).
19.2. The sources of energy for industry
The population of the world currently consumes 10.5 billion toe per year
(excluding firewood), that is an average dissipation of 2.2 kW per person (see
the evolution of this amount on figure 13). 85% of this dissipated power
comes from non-renewable fossil energies (coal, oil, gas). The remaining
15% is shared mainly between nuclear energy and hydrolic energy (dams).
The contribution from wind and solar energy is still negligible on a global

scale. This means that if mankind is to keep its current "lifestyle", it will have
to find substitutes for 85% of the energy it consumes.
Judging from the experience of past centuries and confident in scientific and
technical progress, a vast majority of economists believe, not only that
mankind will find such substitutes, but also that the economy will keep
progressing exponentially. In 1970, scientists of the Club of Rome warned
economists against this belief (section 15.2.2) but they were not listened to.
The evolution of the last thirty years has yet fully confirmed their predictions.
The thesis of this book is that mankind will actually find substitutes to fossil
fuels, but it will take time and result in a major restructuring of our societies.
From an exponentially growing economy, mankind will move to a stationary
economy. We have shown that, related to the depletion of natural resources,
this type of transition can be seen throughout the biological evolution of all
species in which short periods of fast evolution alternate with long periods of
stasis. It is the phenomenon of punctuated equilibria theorized by biologist
Jay Gould, a phenomenon which has itself been linked to the thermodynamic
process of self-organized criticality by physicist Per Bak.
19.3. The energy sources of life
We have seen (section 8.1) that, if life appeared on Earth, probably owing to
geothermal energy, it has then developed owing to solar energy. The latter
allows plants to synthesize organic material by means of a mechanism called
photosynthesis. Basically, photosynthesis allows the carbon dioxide from the
air to combine with water, thus producing organic matter with a release of
oxygen. The organic matter which is generated is called the biomass. Fossil
fuels come from the biomass that has accumulated for more than a billion
years. It can be considered as some sort of bottled solar energy. When we
burn the biomass (wood, coal, gas, petroleum), we recombine it with the
oxygen from the air. By doing so, we recover the initial energy, regenerating
both the carbon dioxide and the water.
Burning oil is a powerfull reaction at high temperature. It is it which powers
your car engine. To operate our muscles, nature has managed to produce a
similar but much more gentle reaction at human body temperature. We
somehow "burn" our food. The energy produced is measured in calories. It is
mostly contained in sugars and fats. Their slow-burning is done by means of
catalysts called enzymes (section 8.1). Breathing allows to inhale the oxygen
and exhale the carbon dioxide and the water.

19.4. Possible sources of energy for the future
We said above that fossil fuels have a solar origin. It is the same for
hydropower. It is indeed the heat of the sun which, by evaporating the water
from the ocean, feeds the rivers. Hence, apart from nuclear energy, virtually
all of the energy that sustains our life on earth is of solar origin. Only
geothermal and tidal energies are of terrestrial origin.
The total energy dissipated by the Earth tides is 2Gtep per year, one-fifth of
what the industry uses. We can only recover a small fraction. The flow of
geothermal energy at the surface of the Earth is of the order of 60 mW per
square meter. This is very low compared to the 360 W per square meter the
Sun provides on average. Hence, the energy of the future will be either solar
or nuclear.
Solar energy can be recovered either directly or indirectly. Among the indirect
methods only hydropower can be stored (in dams). Great efforts are being
made to develop other indirect methods, based on the energy of the wind or
that of ocean waves or currents. It requires heavy investments and does not
solve the problem of storage.
Solar panels (photovoltaic cells) allow to recover solar energy directly in the
form of electricity, but does not allow to store it. The production of solar
panels is itself costly in energy and raw materials. Only the production of
biomass allows to recover solar energy directly and store it. That's what living
organisms have done for billions of years. This is what humans do for food
and have started to do to fuel industry (bio-oil).
The production of biomass is by far the easiest way to recover solar energy. It
is accessible to everyone, but interferes with the production of food. Man had
always to choose between planting vegetables for food or trees to warm
himself during winter. At a time when a billion people are hungry on Earth,
should we use farmland to produce biopetroleum?
19.5. The dilemma of the biomass
The industrialization of agriculture has enabled the world population to double
during the second half of the twentieth century. To compensate for the
decrease of the soil fertility and to increase productivity, one had to make a
massive use of chemicals (fertilizers, pesticides), creating considerable
environmental problems. Today the soil has become an inert support. Soilless
cultures called hydroponics show that one can perfectly do without it. To

further increase the productivity one has developed genetically modified
organisms.
All this is not without consequences for mankind. Gradually it has culturally
adapted to a new food. It may also have to adapt genetically to it. To
compensate for its deficiencies, wealthy people buy vitamin supplements.
Pills with high nutritional value are made thanks to a microalgae known as
spirulina. Will man eventually end up feeding only with pills?
Parallel to this development, industrial agriculture grow more and more crops
to produce biofuels, creating a conflict in the use of farmland. Will man have
to choose between feeding himself or his industry? There is indeed a great
difference between the nutritional needs of man and his industrial needs. Man
has very specific needs, not only in energy, but also in chemical elements. To
live he needs elements such as nitrogen, sulfur or phosphorus. The
hydrocarbons we burn in our cars contain only carbon and hydrogen. Our
industrial needs for energy are much easier to meet than our needs for food.
It is hoped that the use of farming land to produce biofuels is only a
temporary phenomenon. If microalgae are able to feed humans, a fortiori they
are capable of producing biofuels. It is likely that this is how nature has
produced oil. The problem is to produce in a few days what took thousands of
years for nature to make. It is technically possible as long as a sufficient
concentration of carbon dioxide is available. A spanish company, BFS,
already produces bio-oil from industrial carbon dioxide. The recovery of the
industrial carbon dioxide helps solving the problem of global warming. This
shows the importance of the recycling of the elements.
Rather than feeding man with pills and growing plants to produce oil, it seems
to me urgent to return to more traditional farming methods and save high tech
production methods for bio-oil.

19.6. The nuclear options
I said before that the energy of the future will be either solar or nuclear. Many
scientists, including James Lovelock himself, believe that nuclear energy is a
possible option for the future of mankind (72). What can be exactly said about
it?

There are two kinds of nuclear energy. The first kind is the energy of fission. It
is the energy produced by splitting heavy nuclei such as that of uranium. It is
that of the first atomic bomb, called an A bomb, used by the americans on
Hiroshima and Nagasaki at the end of the war. It is also that which is used in
nuclear reactors to generate electricity, especialy in France. The Chernobyl
accident and the more recent one of Fukushima show the danger of this
technology. As these reactors get older, their maintenance becomes
increasingly costly, especially in a declining economy, and the risk of
accidents will inevitably increase. Moreover our uranium reserves will be
depleted within a century. It is possible to slightly extend this time by recycling
the fuel, but this leads to use the plutonium the toxicity of which is extremely
high.
The second kind of nuclear energy is that of fusion. It is the energy used by
the Sun to keep us alive. It is produced by the fusion of hydrogen atoms into
helium atoms. It is also the energy used in an H bomb. The challenge is to
compress matter sufficiently to produce the fusion (confinement). To do this,
one must bring energy. It can be considered as an "activation energy" (section
18.1). In the Sun, this energy comes from gravitation. In an hydrogen bomb it
comes from an A bomb. This activation energy is enormous. To produce
electricity, it must be constantly provided. The problem is to produce more
energy than one supply.
To date the most advanced project is that of the international project ITER in
Cadarache. It is only intended to test the scientific and technical feasibility of
a continuous production of energy through fusion. It will not produce
electricity, only heat. Originally set to 2018, the completion date of the project
is currently delayed to 2020. Originally set to 10 billion Euros, the cost of the
project is now estimated to be 16 billion Euros. The actual use time of ITER is
scheduled to be 400 hours spread over 21 years in the form of tests of a few
minutes each. The project will then be dismantled.
Depending of the results, it is planned to build later a demonstration reactor.
Applied reactors will probably not be built before 2050. A number of scientists
actually doubt about the chances of success of this technology because of
plasma instabilities. Finally ITER consumes lithium. Assuming that economic
growth stops, with reactors such as ITER, mankind will deplete its lithium
resources in ten centuries. We are still far from the thousand centuries of
Bonnet and Woltjer. Moreover, as we shall see, there is very little chance that
growth stops.

19.7 The irreplaceable solar energy
The real problem is not the total stock of energy that mankind can use but its
flow rate, that is the amount of energy that is available per unit time.
The current problems of mankind comes from the use of fossil fuels,
especially oil. If the total amount of oil that mankind can use is limited, its flow
rate is potentially unlimited. We can drill as many oil wells as we want and
that is what we indeed do. The third law of thermodynamics tells us that
dissipative structures evolve to maximize their dissipation of energy. Biology
confirms that this is what living species do. They evolve so as to deplete their
resources as fast as possible. This is indeed what mankind does, notaby
regarding oil.
The problems of mankind can only worsen with nuclear energy. Life is indeed
a form of combustion. The more fuel is available, the faster the fire expands.
If man succeeds in using nuclear fusion, it will burn itself out. We have seen
that, whenever a source of energy is available, with an unlimited flow rate,
competition prevails over cooperation, short term goals prevail over long-term
ones. It's an explosion, a demographic or exosomatic one. The life of
mankind is reduced to that of a flash in the pan.
Suppose now that we give up nuclear fission, deemed to be too dangerous.
We are running out of fossil fuels. Global economy declines. The development
of nuclear fusion is left out because too expensive. Only solar energy can
maintain a certain standard of living. For developed countries, it is an energy
shortage. We have seen that under these conditions cooperation prevails
over competition. Mankind organizes itself to deal with the shortage. Longterm investments prevail over short-term ones. After having plummeted, the
economy slowly recovers to reach a steady state adapted to the flow rate of
the energy received. Social inequalities between individuals as well as
between nations become reduced. Now a thing of the past, the ideology of
growth is forgotten. From a flash in the pan, we have switched to a slow
controlled combustion. This is the assumption made in this book (section
16.2.1). Under these conditions, mankind can certainly last a thousand
centuries.

20. Replies to a philosopher
Among the first readers of this book, a professor of philosophy, Julien Fleury,
has asked the questions below. It has seemed to me that our discussion was
worth to be reproduced here.
J.F.: You simply offer to explain, in one or two hundred pages, the causes of
everything, everywhere, all the time ...
F.R.: «Explain» is a big word. But state that there is a simple law, sufficiently
general that will allow us to understand the evolution of the world, yes, I think
there is. It may be a surprise for philosophers, not for physicists. They have
long searched for a single equation that could explain the whole world. They
have almost succeeded. One has only to unify gravitation with quantum
theory. The laws of physics themselves show that it should be possible.
J.F.: ... but perhaps, one has also left out part of the complexity of the world.
F.R.: The difficulty is not in the equation but in its resolution. It is double: 1)
The world follows non linear laws. Non linear equations can seldom be solved
analytically. One has been able to progress in this area thanks to computers.
2) The number of variables is enormous. Progress has been due to statistical
methods, hence the importance of statistical mechanics. The complexity of
the world is not in its laws, but in the consequences of its laws, that is in the
resolution of the equations. That is where it has been left out.
J.F.: One wonder about the status of a scientific statement like MEP.
F.R.: You can have an idea about it by looking at Wikipedia on the internet. It
is a good summary of the situation. To me, MEP gives a good account of the
fact, as we are part of the universe, our information is necessarily limited. I
made an attempt to say a word about it in the introduction. I entirely share
Jayneʼs point of view. It is the only way to make progress. Unfortunately,
hurting old habits, this point of view is still contested by some. Implicitely,
what I write shows that this point of view is very fruitful. One can also
consider MEP as a general principle that has proven to be true in all its
consequences, without bothering to prove it from more fundamental
principles. That has been case, in the beginning, for the first two laws of
thermodynamics that were called principles.
J.F.: It seems to me, very schematically, that most epistemologist
philosophers would qualify your work as «reductionist» in the sense that you

always explain complex phenomena starting from simpler ones, without
considering that there may be a difference of nature between them.
F.R.: Any scientific approach is from the start reductionist. Has not Descartes
said that one must divide the difficulty to better overcome it? To understand
the world, or at least the Earth and measure it, the «geometer» starts by
defining the point, then the straight line, which are idealized concepts with no
real equivalent. He then approaches reality by forming ever more complex
combinations of these parts. This is the way one computes an integral, by
summing an ever increasing number number of ever smaller quantites (idealy
an infinite number of infinitely small quantities). One must then state the
conditions at the limits.
The thermodynamics of the nineteenth century has been built by reducing
thermodynamic systems to a juxtaposition of parts in equilibrium (local
thermodynamic equilibrium, reversibility). This has proven to be insufficient.
Prigogine's genius is to have found another type of reduction: interacting
dissipative structures. Like points or straight lines, dissipative structures do
not exist in nature, but they can be approached indefinitely close. In
thermodynamics, the boundary conditions are that of the universe. Is it open
or closed? It is the same in geometry. Is the Universe Euclidean?
If the scientific approach is first reductionist, it is not only that. One still has to
rebuild everything from its parts. It is of course materially impossible to
rebuild everything. The key is to convince onself that it is possible. Until
proven otherwise the theory is presumed to be correct.
J. F.: Another whole piece of sociology is constructed from Weber's principle
of understanding, from the meaning that men give to their actions.
FR: That is, I think, where the beauty of thermodynamics resides. It includes
man in its description. It is inseparable of it. Where would you put the limit?
Between the australopithecines and species Homo? Or between species
Homo sapiens and Homo? Even if it is not not regular, evolution is clearly
continuous. That's what I have tried to show in Part III (genes to culture).
Monkeys also give a meaning to their actions, be it when they peel a banana.
You have certainly seen them at the zoo. Our two hundred millionth grand
parent, common to you and me was a fish. At what point our ancestors would
have ceased to follow the laws of thermodynamics? My answer is that we still
follow them, without being aware of it. We are dissipative structures. We can
exist only by dissipating energy. We can dissipate this energy only by
acquiring information on our environment, so we can adapt. That's what a

cyclone does. In the case an animal, one says it has learned. In the case of a
man, one says that he has become aware of. In every case it is the same
process that Weber could not know.
JF: What bothers me, perhaps in the entire work, but especially in section 14
is that you do not seem to consider that we have here an hypothesis, but a
real law.
FR: As you know as well as I do, a law is never certain. It can only be
contradicted (Popperʼs falsification). Chapter 14 is here to show that the
history of mankind does not contradict it. To me, it's quite the opposite. I
believe that the laws of thermodynamics are shedding new light on the history
of mankind.
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Glossary of scientific and technical terms
The following terms are in italic in the text:
Absolute temperature: Absolute temperatures are expressed in Kelvin
degrees. They ae obtained by adding 273°.15 to the usual temperature
expressed in Celsius degrees. When its density is sufficiently low, the
pressure and the volume of a gas are proportional to its absolute
temperature. A gas that always has this property is called an ideal gas.
Activation energy: energy necessary to cross a potential barrier in order to
release energy.
Aerobic: It is said of an organism which utilizes the oxygen from the air.
Altruist: see atruist cooperation.
Altruistic cooperation: Cooperation generated by common genes or a
common culture.
Anaerobic: It is said of an organism which does not utilize the oxygen from
the air.
Annealing: operation which consists of heating a substance, maintening it at
the same temperature and then cooling it, to improve its crystallization.
Archaebacteria: Also called Archaea. A variety of prokaryote now considered
distinct from « true » bacteria (also called eubacteria).
Artificial selection: Mechanisms through which humans modify the natural
evolution of species to meet their own needs.
ATP: Adenosine triphosphate. Organic molecule used by all living organisms
to transfer and store energy.
Attractor: An attractor is a domain of the phase space toward which all the
neighbouring trajectories converge.
Australopithecus: A genus belonging to the family of hominidae. Their fossils
are found only in Africa. The genus Homo is likely to be issued from an old
gracile branch of australopithecae.
Autocatalytic: A chemical reaction is said to be autocatalytic if it produces its
own catalyst.
Autotroph: Is said of an organism able to live in the absence of any organic
matter. Opposite of heterotroph.
Baldwin (effect): Evolution factor proposed by Baldwin in 1896. One now
knows that it relates to a genetic evolution triggered by a culturally
transmitted behavior.

Bifurcation: Discontinuity of an evolution in the phase space.
Biomass: Matter of organic origin able to provide energy through combustion.
Biosphere: Ensemble of all living organisms and their environment.
Cambrian: The oldest geological period of the paleozoic. It extends from 542
to 488 million years before today.
Carboniferous: Next to last period of the paleozoic. It extends from 360 to 300
million years before today.
Carnot efficiency: Maximum fraction of heat convertible into mechanical work.
Catalyst: substance able to considerably increase the speed of chemical
reaction. Compared to the reactants, it intervenes in the reaction in very small
quantities and is recovered unchanged at the end of the reaction.
Cephalopod: Class of mollusks including the octopus, the squid and the
cuttlefish.
Chimioautotrophe: Said of a living organism obtaining its energy from
inorganic chemical reactions.
Chirality: The fact of not being superimposable to its image in a mirror.
Chloroplast: organelle site of photosynthesis.
Chromosome: Structure containing the DNA inside a cell. In eukaryotes,
chromosomes are in the nucleus of the cell.
Cloning: Obtaining a living organism genetically identical to the parent who
gives birth.
Club of Rome: Think tank founded in 1968 and known for having published in
1972 a report (called the "Meadows" report) which is entitled « The Limits of
Growth ».
Colony: a population, the elements of which are from the same strain. It
applies to bacterial populations as well as human populations.
Conduction: Transport of heat without any movement of material.
Conjugation: Mechanism by which a bacterium transmits genetic material to
another bacterium.
Convection: Heat transfer through movement of material.
Cretaceous: Third and final period of the Mesozoic era. It extends from 145 to
65 million years before today.
Critical: refers to a state or conditions which are characteristic of a critical
point.
Critical opalescence: Scattering of light by a fluid at the critical point.

Critical point: Conditions under which two different states of matter become
identical (or a given state splits into two different states).
Cultural: Pertaining to culture.
Culturally: In a cultural way.
Culture: Any information stored in the brain.
Cuneiform: Refers to the most ancient form of writing of the world. It was
engraved in clay by means of a corner. It appeared in Mesopotamia between
3400 and 3200 BC.
Curie point: Critical point of transition between ferromagnetism and
paramagnetism.
Cybernetics: Science that studies the exchanges of information inside a
system.
Cytoskeleton: filamentous network giving some mechanical rigidity to the
eukaryotes cells.
Devonian: Fourth period of the Paleozoic era. It extends from 416 to 359
million years before today.
Diploid: Is said of cells the nuclei of which have two sets of chromosomes.
Dissipative structure: A structure which subsists only if it is constantly fueled
by a flow of energy. Living organisms are dissipative structures. Dissipative
structures self-organize in the manner of continuous phase transitions.
DNA: Desoxyribonucleic acid. A very long molecular chain along which are
coded the necessary informations for a living organism to reproduce itself.
Ecological niche: Environment to which a species is adapted.
Economies of scale: There are economies of scale if the unit cost of
production decreases when production increases.
Endosymbiosis: a symbiosis between two organisms one of which contains
the other.
Endosymbiotic: By means of endosymbiosis.
Entropy: A measure of the irreversible dissipation of energy. The entropy
measures the loss of our ability to convert energy into mechanical work. It
also measures the corresponding loss of information.
Enzyme: Name given to catalysts in biochemistry.
Eubacteria: bacteria other than archaea.
Eukaryote: living organism each cell of which contains a nucleus.
Exponential: see geometric progression.

Exponentially: according to an exponential.
Feedback: Inclusion in the control of a system of information on the result of
its action.
Ferromagnetic: refers to a substance that becomes magnetic in the presence
of a magnetic field and then keeps its magnetic properties.
Ferromagnetism: Property of ferromagnetic material.
Flagellum: organelle ensuring the mobility of a cell.
Fossil energies: Energies obtained from the combustion of fossil materials
issued from the anaerobic decomposition of living beings (coal, oil, natural
gas).
Fractal(e): Said of an object whose structure is invariant under scaling.
Free Energy: Energy fully convertible into mechanical work.
Gaia: Name given by James Lovelock to the symbiosis that Earth seems to
form with all living beings.
Gene: Element of hereditary information. More specifically: chromosome
fragment encoding a given information. Most often this information relates to
the production of a particular chain of amino acids in a protein.
Genetic: Pertaining to genes.
Genetically: In a genetic manner.
Genome: ensemble of genes necessary for a given living organism.
Geometric progression: Refers to a series of numbers in which each term is
obtained by multiplying the previous one by a single coefficient. When the
process is continuous, the growth is said to be exponential.
Group selection: A form of natural selection acting on all the individuals
belonging to the same group. Denied by some biologists, group selection is
possible when there is a socialization of the individuals. It is for example the
case if there are exchanges of cultural information between individuals
belonging to the same group.
Haploid: is said of cells the nuclei of which have one set of chromosomes.
Heterotrophic: is said of a living organism that cannot live without feeding
from organic material (from other living beings). Opposite of autotrophic.
Homeostasis: A term used by biologists to describe a steady-state of dynamic
equilibrium. This term applies to living organisms.
Homo erectus: Representative of the genus Homo whose fossil remains are
found in Asia. Appeared between one and two million years ago, the species
may has become extinct 200 or 300 thousand years ago.

Homo neanderthalensis: Representant of the genus Homo whose fossil
remains are found in Europe. Appeared a few hundred thousands years ago,
the species may have become extinct less than thirty thousand years ago.
Homo sapiens: Name given to our species in the classification of living
organisms introduced in the eighteenth century by the Swedish biologist
Linnaeus. The species Homo sapiens is sometimes divided into two
subspecies: Homo sapiens sapiens and Homo sapiens neanderthalensis.
This distinction now seems to have been abandoned, the neanderthalensis
being considered as a separate species under the name of Homo
neanderthalensis. Homo sapiens is currently the only representative of the
genus Homo, all other species of the genus Homo being now extinct.
Hormone: A substance secreted by a living organism in order to transmit
information to all its cells.
Inflation: Period during which the expansion of the Universe has accelerated.
Ion: An atom or a molecule which is electrically charged.
Ising field: Area within which elements share a common information (originally
a common spin).
Jurassic: The second period of the Mesozoic era. It extends from 200 to 145
million years before today.
Kinetic: Which is associated to the movement (kinetic energy, kinetic
momentum). Gas kinetic theory is interested in the movement of molecules.
Kin selection: A form of natural selection which acts on all the individuals who
share genes from a common ancestor. It is the genetic form of group
selection.
Logarithm: The logarithm (of base 2) of 2n is n. If an event has one chance
over 2n to occur, its probability is 1/2n, which is written as 2-n. The
corresponding amount of information is n bits.
Logarithmic: Said of a law or function represented by the logarithm of the
variable.
Meiosis: Mode of division of eukaryotic cells which results in halving the
number of chromosomes. A diploid cell gives two haploid cells. This mode
produces the germ cells (gametes) required for the sexual reproduction of
multicellular organisms.
Meme: Name proposed by Richard Dawkins to designate the cultural
equivalent of genes. Piece of information transmitted through language.
Memetic: Which deals with memes: memetic code (language), memetic
resources (knowledge).

Mesozoic: Former secondary era. It extends from 251 to 65 million years
before today.
Metabolism: Ensemble of all the biochemical reactions producing free energy
in a living organism.
Mitochondria: an organelle which is present inside eukaryotic cells and is
used for cellular respiration.
Mitosis: asexual mode of reproduction of eukaryotic cells through cellular
division.
Morphogenesis: Development of the different forms of the same organism.
Mutation: Random gene changes that are transmitted hereditarily.
Natural selection: Ensemble of all mechanisms through which a biological
species continuously adapts to its natural environment.
Neolithic: Prehistoric period during which man began to use agriculture and
grow livestock.
Ontogeny: genesis of a living organism from an embryo.
Ordovician: Second period of the paleozoic era. It extends from 488 to 444
million years before today.
Organelle: Inclusion observed in eukaryotic cells.
Paleontology: The study of fossil remains from ancient live beings in order to
better understand their evolution.
Paleozoic: Former primary era. It extends from 542 to 251 million years
before today.
Paramagnetic: Is said of a substance which, when inside a magnetic field,
becomes magnetized in the direction of the field but, when outside the field, it
loses its magnetization.
Paramagnetism: Property paramagnetic substances.
Permian: Sixth and last period of the Paleozoic. It extends from 299 to 251
million years before today.
Phagocytosis: a mechanism according to which a cell can surround and
assimilate a foreign particle or another cell.
Phase space: The set of parameters used to monitor and describe the
different phases of evolution.
Phase transition: A change of the state of matter such as the transition from a
a liquid to a gaseous state. One distinguishes abrupt phase transitions which
require a germ, from continuous phase transitions, which do not require it, but
occur only under specific conditions called a critical point.

Pheromone: A chemical used to exchange of information between members
of the same species.
Photoautotrophic: Is said of a living organism which obtains its energy from
solar radiations.
Photosynthesis: Mechanism allowing some living organisms to use solar
energy to synthesize organic matter.
Phylogeny: Genesis of a new biological species.
Potential well: a state of stable equilibrium of which a system can not get out
without an input of energy.
Prokaryote: Living organisms whose cells do not contain a nucleus. Bacteria
are prokaryotes.
Protoctists: organism made of a very small number of eukaryotic cells,
usually a single cell (protist). Protozoa are protoctists whose mode of nutrition
is that of animals.
Protozoa: see protoctists.
Punctuated equilibria (Theory of): A theory proposed by Jay Gould and Niles
Eldredge according to which evolution is not continuous, but generally slow
while interrupted with much more rapid phases.
Quantum (pl. quanta.): an indivisible amount of energy.
r and K selection: Two different aspects of natural selection. When the
environment is unstable, natural selection favors small organisms able to
reproduce and disperse quickly. Natural selection is then said to be of type
"r" . When the environment is stable, opposite phenomena are observed.
Natural selection is then said to be of type K.
Red Queen (Effect): Name given by Leigh van Valen to a mechanism leading
biological species to extinction. The name refers to a character in Lewis
Carroll's novel "Through the Looking Glass."
RNA: Ribonucleic acid. A molecular chain similar to that of DNA but capable
to trigger the synthesis of the corresponding amino-acids.
Scaling (invariance): is said of a spatial (or temporal) distribution which is
independent of the considered space (or time) scale. Mathematically, the
function f(x) which represents it must be proportional f(kx), where k is an
arbitrary scaling factor. It implies that f(x) takes the form xα, that is of a power
law. Indeed (kx)α = kαxα is proportional to xα.
Self-organized criticality: Name given by Per Bak and his colleagues to a
general statistical process according to which nonlinear dynamical systems
self-organize while creating avalanches to dissipate energy.

Silurian: Third period of the Paleozoic era. It extends from 444 to 416 million
years before today.
Simulated annealing: an optimization algorithm which works in the presence
of secondary optima.
Spin: Quantum of angular momentum. For a charged particle, an elementary
quantum magnet.
Statistical mechanics: Science that studies the macroscopic behavior of a
very large number of physical objects interacting with each other.
Strange attractor: An attractor which is sensitive to initial conditions. Its phase
space trajectories have a random character.
Stromatolite: A limestone formation built by bacterial colonies mainly made of
cyanobacteria.
Symbiosis: A permanent association between organisms belonging to
different species.
Symbiotic: By means of symbiosis.
Symbiotic cooperation: Cooperation between two genetically or culturally
different organisms.
Transduction: Transfer of DNA fragments from a bacteria to another one via a
virus.
Transformation: Integration of a fragment of foreign DNA into a cell.
Trias: First period of the Mesozoic era. It extends from 251 to 200 million
years before today.
Wallace (line): Line separating the Australian fauna from that of Asia. It was
first identified by Alfred Russel Wallace.
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