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Prolegomenon

The seemingly all-embracing title of this book might create the impression that it is
going to deal with (almost) everything. This is by no means my intention. In order to
avoid any misunderstanding concerning what this book is about, the reader is invited
to start by reading these introductory remarks before proceeding to the main text.
One can even start by reading the conclusion at the end of the book (depending on
how one likes to read detective stories).

The focal point of this first volume is the concept of information, which is meant
to include both the quantitative and the qualitative (or semantic) aspects of infor-
mation, thereby providing a link between physics and biology. Why, then, do I start
in the first chapter by talking about the elementary states of matter, ranging from
particle physics to cosmology? And if I think that matter constitutes an important
part of my subject, why do I not leave its description to the experts in the field? In
fact, I strongly suggest that the reader consult other writings on modern physics for a
better understanding of what I in many cases only can hint at. My reason for starting
with the physics of matter is to emphasise the difference in the ways of thinking
that we encounter when we try to gain an understanding of the physical nature
of elementary, inanimate matter as compared with the complex states of animate
matter.

Elementary structures are uniquely fixed a priori by physical principles. The struc-
tures of living entities, by contrast, are results a posteriori of a protracted evolutionary
process. They are a means to an end. It is true that the realisation of animate matter
requires certain (molecular) structures upon which the higher-order structures are
built, but the guiding principle is function rather than structure. The periodic tables
of quarks and leptons reflect fundamental physical symmetries that are given a priori,
in a way similar to that in which the periodic table of the chemical elements reflects
the immediate consequences of those symmetries. In contrast, the table of the genetic
code does not offer any obvious a priori principle, although it, too, possesses a logical
structure. Where symmetries or logical principles are found in biology, they usually
turn out to be of an a posteriori nature, in that they arise from a functional advantage
that they offer, rather than from a more general principle that requires them to be
the way they are. In this way, they also reflect their own historical origin.
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Given this fact, it may seem surprising how much physical regularity is still
involved in Nature’s design of life. Here I do not so much mean the material struc-
tures that we discover. Of course, these are made of molecules, and these must fulfil
the physical and chemical criteria of existence and stability, which in turn are the
result of physical laws. However, this is the realm of biochemistry and biophysics, and
it answers questions such as that of how a protein should be designed for functional
activity, or how a permeable membrane can best be constructed. The problem I wish
to address is a different one: it is that of the design of the unimaginably complex
blueprints of the living state that have now been continuously in existence for some
4000 million years. How did this information originate, and how could it eventually
bring about structures as complex as the human brain? This question is a special
version of an unsolved mathematical problem: how can problems of exponential
complexity be solved within polynomial time? The solution in this case, of course,
has to be found by physical means. This is what I call the “physics of biology”. It differs
from the physics of inanimate matter and also from what we call biophysics, i.e. the
physics behind the structure and function of all the “gadgets” that operate in a living
organism.

If we ask a biologist how the miracle of life was able to originate on our planet,
he will most probably refer to Darwin. He will refer to the myriads of small steps in
an evolutionary process. The great developmental biologist Theodosius Dobzhansky
once stated: “Nothing in biology makes sense except in the light of evolution.” The
fact that life had to evolve was already widely accepted in Darwin’s time, but before
Darwin no mechanism had been suggested that could place such a process on a
durable, rational basis. Darwin provided this mechanism: the principle of natural
selection. I cannot get away from the impression that physicists have somehow
never accepted natural selection as a true physical principle. Even though it has at
last been exonerated from the (completely false) accusation of being tautological in
character, its physical foundation has remained suspect up to the present day. Erwin
Schrodinger spoke explicitly of his regret that biologists had to accept the validity
of Darwin’s principle while for him, as a physicist, Lamarck’s ideas seemed so much
more attractive. And in the six volumes of the Lexikon der Physik, a remarkably well-
edited reference work that appeared in Germany a few years ago, one finds under
“Darwin” only a biography of the physicist Sir Charles Galton Darwin, a grandson
of the famous naturalist. Nevertheless, Charles Darwin’s contemporary, the physicist
Ludwig Boltzmann, praised him as the man of the century, calling the 1800s the
“century of Darwin”.

The biologist, on the other hand, has problems with accepting “natural selection”
as a principle based on physics. Ernst Mayr, the doyen of 20th-century biology, called
it a “biological theory”. This would certainly have been correct if, at the same time, he
had not explicitly contrasted it with “physical theory”, which “can be written down in
mathematical terms”. I cannot agree with this distinction, and I am not even sure that
Darwin himself would have agreed with it. If I understand Mayr correctly, he was
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referring to the incredible complexity of any biological situation, which cannot be
accounted for other than by “biological experience”; however, theories always refer
to an abstraction of reality.

Take, for example, quantum mechanics, the hallmark of theories in 20th-century
physics. It makes general assertions, such as particle-wave dualism and fundamental
“uncertainty” in the description of physical processes in space and time, and these
have far-reaching consequences for the behaviour of matter at the elementary level.
Owing to its mathematical exactitude we are able not only to obtain detailed insight
into the structure of matter, but also to see the consequences of this theory when
we perform experiments under strictly defined initial and boundary conditions.
This has created a new understanding of the physical world, which includes a deep
understanding of chemistry - despite the fact that certain chemical systems may be
too complicated for carrying out precise calculations. Quantum mechanics as such
provided a deep physical understanding of chemistry without putting experimental
(and theoretical) chemists out of their job.

In the same way, I see the usefulness of a physical understanding of biology. It will
allow us to apply the stringency of theory directly to systems of defined composition
and structure in a manner testable by experiments. In this way it will provide us
with precise knowledge about fundamental mechanisms of selection and evolution.
Yes, selection and evolution are processes of self-organisation, based on non-linear
dynamics in macromolecular systems that have certain reactive properties. In this
book, we are going to see what properties are required in order to endow these
systems with information-generating behaviour. We shall visit the new physical
world of information space, where systems emerge out of randomness and stabilise
themselves by reproductive feedback and - through a series of (first-order as well as
critical) phase transitions — end up as highly adapted systems, developing all sorts of
functions.

To what overall functions are they adapted? The answer is: existence — under
any habitable environmental conditions! In this respect, a theory with workable
solutions for the existence of life is just as fundamental for the existence of life as
quantum mechanics is for the existence of matter. Such a theory can be formulated in
definite terms and applied for definite initial and boundary conditions. The existence
of life, then, is dependent on the existence of conditions for self-organisation of
information-gathering systems. This can be, and has been, tested experimentally in
chemically relevant environments.

Now let me be somewhat more concrete: The physical basis of natural selec-
tion is to be found in non-linear molecular dynamics. But how can selection for
a certain performance - often some very “unphysical” property - be based on the
physical mechanisms of dynamical behaviour? Selection must be an internally self-
organising process; there is no external selecting agent other than selection pressure
for existence, exerted by the environment. Hence, the internal feedback mechanism
of selection must include some relationship that brings the idea of purpose onto
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the physical level of dynamics. The magic word that does this is “information”, used
here in the sense both of absolute quantity, representing “entropic complexity”, and
of semantic quality, representing “specified complexity”. The latter turns out to be
uniquely linked to reproduction. If it is to offer any advantage, specified information
must be capable of (1) conservation, (2) proliferation, (3) variation and (4) selection.
The common factor that links all these four requirements is error-prone replication.

Information - more precisely, semantic information - represents a particular
choice from among a tremendous variety of alternative structures with finite lifetime.
Replication, as an inherent autocatalytic property of the class of material information
carriers, is the only way to conserve such semantic information, which otherwise
would disintegrate without any hope of recovery. Being autocatalytic in nature,
replication automatically results in the proliferation of this conserved information.
Proneness to error introduces the requisite variation. Selection arises as a conse-
quence of replication under conditions of growth limitation. Both the stability of
information and the selection of advantageous alternatives require that the error
be kept below a defined threshold value. Violation of the error threshold causes
selection in the form of a phase transition in information space. All these properties
can be described by a system of non-linear differential equations which, according
to a theorem of Perron and Frobenius (Chapter 4), can be shown to be generally
solvable.

Can such a straightforward physical process bring about anything as complex as
the human brain? A positive answer rests on the fact that the evolutionary process
as a whole is practically unlimited - even though any individual step may represent
only very slight progress. Natural selection utilises advantage, regardless of whether
the advantage is the result of a property at the molecular level or the higher level of
a complex integrated network of molecules, cells or even organisms.

“Problem-solving without knowing the problem” sets almost no bounds to the
complexity of the problem-solving system. Thus, systems can arise that appear to
behave in a highly logical way. However, logic of this kind is an a posteriori property,
that is, it has arisen in response to a selective requirement.

Here we see most clearly the difference between the “physics of biology” referred
to above and the physics of matter. Consider an elementary structure, such as an
atom. The atom is a direct and inevitable consequence of general natural laws that
already embody the logic and symmetry of its structure. This structure reflects in
an inevitable manner the cause of its existence. Consequently, it is not dependent
upon “historical” events. Up to the level of atoms and small molecules, there is no
alternative to unique solutions. However, their “simplicity” gets stranger and stranger
the more we try to approach the origin of matter.

In this respect, biological structures are completely different. They result from
protracted processes whose history is reflected in the variant chosen - one among a
huge variety of complex structures — which ultimately becomes selected. The solving
of each problem of adaptation can proceed along many alternative paths and may



