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The history of the Universe started about 14.5 Ga ago, when the period known as the
Big Bang took place. Its evolution in space and time went on, and in the region where
we live, about 3.5 Ga ago, the first manifestations of the phenomena we call Life were
already taking place. Today living things (human beings) are capable of asking mean-
ingful questions about the origin, evolution and even the future of the Universe and its
organization [1], all the way from apparently less “complicated” structures to struc-
tures as complex as living organisms and ecologies (Figs. 21.1 and 21.2). The science
that describes such interpolation is Astrobiology. Perhaps, Astrobiology will be for
Biology in the future what Cosmology is for Astronomy today.

In the beginning the original components of the Universe interacted to give rise to
the nuclei of the light primeval elements (H, He, Li and some of their isotopes) during
the first three minutes [2]. It took until the Universe was 300,000 years old for its size
to be large enough so that the free electrons were captured by these nuclei and their
atoms formed. This is the era of de-coupling between matter and radiation which led
from domination by radiation to a matter-dominated Universe. In some regions of the
Universe the energy density was slightly superior to others and matter tended to accu-
mulate there

∗
 (remember that in general mass is equivalent to energy), thus giving rise

to huge structures that in a rather short period of time fragmented and became super-
clusters of galaxies. In the galaxies the primeval gas atoms accumulated in some large
enough regions, and stars began to form that due to the compression effects of self-
gravity became gigantic nuclear furnaces where the heavier elements began to “cook”.
Sometimes, the materials were reprocessed inside other stars that eventually formed
and even heavier elements, in turn, formed. Clouds of gas and dust collapsed and frag-
mented inside galaxies, giving rise to associations of gravitationally bound structures
such as globular clusters or open star clusters. In other locations the gas and dust ac-
creted into rotating blobs which flattened into discs out of which planetary systems
arose: this must have had happened where we live about 4.6 Ga ago. For reasons that
we do not understand in detail, the material in the cloud, out of which the Solar System
formed, organized itself into a huge gas ball (Sun) and into rocky planets (such as

                                                            
∗
 The “top-down” scenario for structure formation in the Universe will be described: from super-

clusters of galaxies to galaxies and stars. There is a reversed scenario with the smaller struc-
tures forming first and then accreting into large structures: the “bottom-up” scenario. It still is
not known which of these two scenarios actually took place.
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Fig. 21.1 Iconic representation of the evolution of the Universe: from the Big Bang to the emer-
gence of DNA/RNA. Major events such as the formation of galaxies, the cooking of the heavy
elements in supernovae explosions, the formation of planetary systems, separation of planets
into gas giants and rocky planets, the presence of carbon molecules in the interstellar gas, or the
emergence of DNA are all represented here. This picture does not show the evolution of life on
Earth. Each of the major events represented in the picture is known to have been associated with
its power law phenomenology; why this is so is known in some cases, in other cases it remains
unknown. Time runs from the upper right corner (the Big-bang) to the origin of planetary sys-
tems and to the formation of DNA (lower right) on Earth. Taken from the NASA Jet Propulsion
Laboratory website.

the Earth or Mars) and gas giants (for example Jupiter or Saturn) [3]. After its forma-
tion 4.56 Ga ago, the Earth must have been very hot, with additional heat being re-
leased due to the disintegration of radioisotopes in the original material. Probably large
quantities of water vapor and other volatiles where captured around the planetary bod-
ies [4]. As the Earth cooled and its surface was less subject to impacts from large-size
bodies which were orbiting around the Sun, the conditions became such that chemical
evolution of molecules could take place, membranes enclosing chemical reactors arose
and by about 3.9 Ga to 3.5 Ga ago living objects in the form of prokaryotic cells were
already present.

The chemical and biological evolution of these cells took place as a chemi-
cal/biological response to the changing environmental conditions on the young planet
Earth. More complex structures emerged as a consequence of the adaptive evolution of
these living agents, so that new species populated the various available niches [5].
Eventually, man and many other complex systems arose on this planet [6].

Why all this happened, and more specifically the events leading to life, is the subject
matter of Astrobiology, which tries to test wether “Life is a cosmic imperative” [7].
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Fig. 21.2 Continuation of Fig. 21.1 into the evolution of life on Earth. Taken from the NASA
Ames Research Center website.

In the history that we have just described we note several important regularities that
have taken place. There is a pattern of evolution in time and in space; accompanying
this pattern, there is a series of events that can be identified. These events mark changes
in the local state of the Universe where a transition has clearly taken place from one
state (for example, a gas and dust cloud) to another qualitatively different state (for
example a planetary system). In addition, we observe that these events take place at
similar scales: no planetary system has the size of a galaxy, just as there are no ants
having the size of a dinosaur. Galaxies of each type are roughly equivalent in size and
mass, ants of the various families are roughly equal in size and mass, and so on [8].
Finally, among the main patterns we can identify a systematic presence of systems
within systems, within systems: planetary systems, within galaxies, within clusters of
galaxies, or bases within DNA molecules, within chromosomes, within cell nuclei,
within cells, etc .

These patterns have to do with phenomena known as “emergence”, “scaling” and
“hierarchies” [9]. All of them are part of what is now known as “complexity science”
or “complexity theory”. Complexity theory tries to identify non-obvious patterns of
self-organization in nature that occur in complex systems, i.e. in systems where “the
whole is more than the sum of its parts”. Thus, trying to understand if life is a cosmic
imperative, that is, that it emerges everywhere in the Universe where there is an op-
portunity for chemical evolution, requires that we ask these questions within the
framework of “complexity theory”, which becomes the basic analytical tool for de-
scribing, understanding and unifying astrobiological phenomena.
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21.1 Astrobiology as the Realm of Emergence, Hierarchies
and Scaling

When observing the evolution of the Universe we see that we are dealing with “com-
plex systems”. That is, systems made up by many parts (components) in interaction
with each other (the parts) and between the systems themselves. As a result of the inter-
action among the components of the system, the behavior of the system as a whole is
“more than the sum of its parts”. More specifically, this means that given the properties
of the individual parts, the laws of their interactions and the boundary conditions (in-
cluding the nature of the environment) to which the system is subject, the behavior of
the whole cannot be predicted by a mere simple superposition. The system can thus not
be investigated by the usual reductionist approach so common in science. The proper-
ties of the whole “emerge” [9, 10] because the complex system has access to new states
which a collection of simple systems could not reach.

For these systems, notions such as “emergence”, “evolution”, “transition”, “organi-
zation” and “collective behavior” are commonplace and have a very real meaning. How
does this happen? By describing with words how this takes place, we will uncover a
very deep connection between the emergence of complexity, hierarchies and scaling
behavior. Although a lot is already understood about this connection not all details are
worked out, and they constitute a very active area of research [11-14].

Let us begin by considering a system made up of just a few parts (which we will
consider to be simple, i.e. non-divisible) and which are weakly aware of each other:
that is, they are diluted and weakly interacting. For such a system the whole may be
thought of as a superposition of the parts: nothing but additivity is relevant in this
uncomplicated system. However, if we now increase the number of parts to the point
where we no longer can enumerate them separately, new situations come up as a con-
sequence of the rise in relevance of the various interactions (largely due to the non-
linear character of the interactions) among the components associated with the increase
in the number of parts. By doing this, it may come to a point where the number of
components is so large that we cannot keep track of each individual component, and
we need to “average” in some way; perhaps by introducing “effective components” as a
means of keeping track of the increase in complications. An “effective component”
would then be a selected association of the components. At some point in this process,
we will also have to attempt to consider some effects that we observe in the system but
whose exact cause we cannot accurately and uniquely pin-point because they are
maybe, the consequence of processes taking place at scales smaller than our resolution
scale. These latter effects we will classify as “noise”, so that at this stage we will have
to introduce a statistical description of the system which, in turn, is dependent upon
our resolving power or observation scale [15].

Several features begin to become prominent in a complex system: the presence of
many individual (or “simple” at some level of description) components, stochastic
effects which we cannot describe precisely but which we can characterize as “noise”
with some statistical properties and the “environment” within which the complex sys-
tem is submersed. In addition, interactions absent when only two-bodies (or just a few
bodies) were present may begin to develop activity as we increase the number of com-
ponents and as non-linearity begins to dominate the system. These features: many com-
ponents, non-linear interactions, stochastic effects, interaction with (and in response
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to) the environment are the hallmark of a complex system [16, 17]. Such systems can
display qualitatively new behaviors depending on the circumstances and even their
history. These behaviors are called “emergent behaviors”, and although their precise
description is not well understood, we are now in the process of arriving at such a
description using “complexity” theory [9].

As is clear, emergent behavior is accompanied by a change of state in the system.
Before the system emerged it was in a state different from the one it was before it actu-
ally emerged into the new state. Such transitions between states occur in a dynamical
fashion, i.e. they take place in the course of time [18, 19]. Some times the system
fragments, breaks-up, in the course of these transitions; other times the system remains
whole but changes its properties, and in yet other systems, the system aggregates with
other systems and gives rise to larger entities. It is an observational fact that in this
process of emergence, fragmentation / coagulation many of the key properties of the
system follow what is mathematically known as a “power-law” or “scaling behavior”.
Furthermore, many times the fragmentation process is such that within the apparent
ensuing disorder there is a “hierarchical” order, according to which the system breaks-
up into autonomous subsystems which, in turn, break-up into subsystems which are
made-up of further sub-systems until some “elementary” system level is reached (see
Fig. 21.3) [20].

There is then a relationship between Emergence, Hierarchies and Scaling behavior.
This scaling behavior has been detected for all of the major transitions that have taken

Fig. 21.3 The popular Russian craft “matryushkas” provide a good example of a hierarchical
system. In this example each hierarchy level corresponds to a particular doll. Note also that the
various dolls can be very different in their individual details.
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place in the evolution of the Universe such as was described in the introduction; in
addition, in many transitions in the history of Life on Earth, where this class of analysis
has only recently been introduced, we are also beginning to detect the presence of
power law (or scaling) behavior associated with emerging behaviors. This should not
cause any surprise for, as it has been known in physics for almost a century, transitions
between states (phase transitions or critical phenomena) where emergence is at work,
are characterized by power law (scaling) phenomenology. It took until the 1960’s and
70’s to explain how these took place in condensed matter physics, where a tool called
“Renormalization Group” was essential to understand critical phenomena [21, 22].

But, “what is a power law?” A power law is a particular mathematical relation
where an observable property of a system, say N(m), written in terms of a variable m, is
given by Eq. 21.1:

αmmN ∝)( (21.1)

that is, property N(m) is proportional to m raised to the power α. Here N(m) could be
the number of objects in the system with a property of value m, or any other relation
between measurable properties; for example N(m) could be the correlation between
two objects separated by a distance m. The quantity α is called the exponent of the
power law [18, 23].

A power law distribution of a quantity in terms of another is highly non-trivial and
its presence indicates emergence, criticality and the presence of collective behavior, as
has already been mentioned. Furthermore, as will be described in more detail below,
the value and nature of the exponent in a power law is of fundamental importance for,
at least, attempting to identify the nature of the phenomenon that generates such be-
havior.

Experimentally one knows of power laws with integer, real and complex exponents.
Each has its own twist. For example, all known fractal behavior corresponds to α
being a real number, but understanding lies in being able to calculate the value the
exponent by applying reasoning based on first principles. It took 50 years to clarify this
in the case of phase transitions and critical phenomena [24, 25]. In astrobiology, with
the variety of phenomena and processes that underlie the known power laws and the
many that are being discovered, it is a monumental challenge to make sense of them.
But such progress will help greatly in improving our understanding of life and possibly
its cosmic nature.

Phenomenologically, power laws are detected for example when studying the statis-
tics of some property of a system for which a time series is available, or when one is
studying some property of the system as a function of some control variable. Power
laws are “seen” as a straight line in a log-log plot; the slope of the line is the exponent
in the power law. However, much caution needs to be exercised: double logarithmic
plots tend to smooth out variations in the data and one may be tempted to identify as
power law behavior some kind of behavior which in reality is not. This calls for the use
of multiple statistics and for extensive testing. Realistic power law behavior tends to
hold over several orders of magnitude, and this is something that one can take as an
indication that a true scaling phenomena is present in the phenomena being analyzed.
This word of caution is particularly important when trying to discriminate power-law
behavior in a probability distribution function (pdf) from log-normal behavior. Due to
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the properties of the exponential function, the log-normal distribution can mimic a
power law distribution over a non-trivial range of the independent variable, and what in
actuality it is a log-normal distribution could be mistaken by a power law with an
exponent made-up of a constant part and a slowly varying function of the independent
variable [26].

Note also that for power law distributions, large, or “catastrophic”, events are much
more frequent than for gaussian or poissonian distributions, where these events are
exponentially suppressed.

21.2 Implications of Power Law Behavior

Many of the features of systems described by power law behavior follow from a simple
(and important!) mathematical property of a power law: self-similarity or scale invari-
ance. This is clearly seen and understood from its mathematical form. In fact, denoting
the proportionality constant in a power law by A, we obtain Eq. 21.2

αmAmN ×=)( (21.2)

The proportionality constant can be re-written as Eq. 21.3 and we obtain Eq. 21.4

α−= 0mA (21.3)

( )α0/)( mmmN = (21.4)

and m0 can be interpreted as a reference value for m, i.e. where we normalize N(m) to
be 1, that is N(m0) = 1. Performing a change of scale in the system, i.e. choosing a
different set of units for m (and m0), by using λm and λmo instead of m and m0 , we see
that

( ) ( ) )(//)( 00 mNmmmmmN === ααλλλ (21.5)

That is N(m) remains unaffected by the scale change on m; furthermore, since the above
is true for any value of λ, we see that N(m) = A mα is scale invariant (or self-similar).

The above is all the mathematics one needs in order to understand the gross features
of systems with power law behavior.

A first observation one can make is that these phenomena are such that many differ-
ent scales in the system must be involved in producing power law phenomenology.
Hence, we are dealing with a system where its many components are in interaction and
share in the dynamics; both, the short distance (short time) and the long distance (long
time) behavior of the system are somehow involved when power laws are detected. The
small scales (fast variables) and the large scales (slow variables) participate in the
phenomenon which in this way becomes a collective or cooperative phenomenon.
Hence we see right away the connection with the complex behavior of many-
component systems. Furthermore, we also infer immediately that short distance inter-
actions can effectively lead to a long range correlation, as happens in the case of phase
transitions and critical phenomena.
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The above properties are seen in a variety of behaviors, some of which are under-
stood in great detail while others are still poorly understood. The first place where
power law phenomenology was seen in the context of physical phenomena was in
phase transitions, where the specific heat of the material undergoing the transition,
taken as a function of the deviation of temperature from the critical temperature, goes
like a power law. A thorough understanding of this class of phenomena took more than
half a century, and the classes of critical phenomena have increased to dynamical criti-
cal phenomena and to phenomena beyond what was traditionally understood as con-
densed matter, such as biological or astrophysical phenomena.

Another realm of phenomena where power law behavior is known to occur is within
“self-organized” systems. For reasons which one did not at all understand in general,
these systems go into self-organized niches while displaying scale invariance [27, 28].
It is as if long-range correlation and short distance interaction conspired to give rise to
a new collective system made-up of many “elementary” components. Sometimes, these
transitions are equivalent to changes in complexity in the system, and which final state
the system goes into is a function of the initial values in the parameters that character-
ize the system: such changes can often be viewed as examples of emerging behavior or
of “emergence”. In yet other classes of systems what happens is that the “landscape”
(i.e. the environment on which the system exists) matches better certain ranges of val-
ues of the parameters (such as viscosity) and there is an evolution in their values which
amounts, to driving the system into different emerging states, giving rise to the cate-
gory of phenomena known as “Complex Adaptive Systems” [10], so typical of living
systems. For these systems feedback plays an essential role, but the generalities of how
these mechanisms actually work are far from being understood.

During the process of self-organization and the concomitant long-range correlation,
there is the possibility that the system dynamics is such that it breaks-up (fragments)
into smaller subsystems or that it adheres (accretes) more components. This, again,
gives power law phenomenology. It is equally possible that the initial conditions on the
values of system parameters or that evolution by adaptation lead the system into power
law behavior with a complex exponent; in this latter case the system develops a hierar-
chical character associated with the log-periodic behavior of correlation functions
[29]. Furthermore, it can be shown that the phenomena of “punctuation” and “Devil’s
staircases” [27] so important in evolution and adaptive behavior also emerge in the
presence of power laws with complex exponents. The observed “lumpiness” of systems
within a hierarchical structure is also generated for power laws with this class of expo-
nents [30].

21.3 Exponents and Their Meaning

The exponents in a power law have very deep significance. Not only because depending
on their nature the system follows one behavior or another, but also because they are a
direct reflection of the geometrical context (e.g., bulk density is proportional to spatial
dimension raised to –3) in the simplest cases, and because in general they are indicators
of a concurrence of the regular (deterministic) and the random (fluctuating) compo-
nents present in all physical systems. Quite generally, an exponent is made up of the
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additive contributions of a geometrical part (or canonical dimension) and a dynamical
part with a deterministic piece on which the effect of fluctuations is superimposed. Out
of the competition between the various pieces of the exponents in a variety of circum-
stances there results an effective value for the exponent, which is why several emergent
behaviors for a single system can happen; it is the task of the experimentalist to actually
identify the dominant component, and the task of the theoretician to identify mecha-
nisms based on first principles which can explain the relative contributions identified
by the experimentalist.

Given a phenomenon, power law behavior of the pdf percolates into all parameters
in the model. Different properties of the system may show apparently unrelated values
for their exponents, but their common origin (from the pdf) manifests in the existence
of relationships between the exponents and therefore their values. This observation
plays an essential role in the classification of phenomena and the grouping together of
seemingly unrelated phenomena. Through these relationships phase transitions have
been classified, and out of it has come to light the notion of “universality” [21, 24].
Phenomena such as for example magnetization and the condensation of a fluid which
physically are so different have been shown first experimentally and then theoretically,
to have power law behavior with exponents obeying certain relationships, but also with
identical values for the exponents. The property underlying such behavior is “univer-
sality” and it translates into the tendency for the local and short distance details of a
system to become less and less relevant as the system approaches the transition to criti-
cality or self-organized behavior.

In fact, it turns out that it is the dimensionality of space or the number of neighbors
involved in the interaction that end up really playing a role in the critical behavior of
the system. More specifically, if the transition between states is characterized by some
“order parameter” (such as a difference in density) which goes to zero at the transition,
the value of the exponents in these phenomena depends on the dimensionality of space
and in the symmetry properties of the “order parameter”. Since all that matters is the
symmetry properties of the order parameter and not its details, one can see how very
different phenomena end up being classified in a particular universality class, for the
detailed properties of the order parameter are not relevant. The existence of universal-
ity and universality classes is a very powerful practical tool for the study of apparently
unrelated phenomena: once the appropriate relations between exponents have been
found, and the phenomenon classified as belonging to a certain universality class, and
at least a member system in the universality class is well understood, then one can hope
to describe and understand the properties of all systems in the universality class.

A typology of scaling phenomena and their general classification does not yet exist,
but astrobiology is a prime candidate field to benefit from such a classification, since
the many power laws observed in astrobiology would fall into place, and their relation-
ships would be clarified.

21.4 Where and How Have Power Laws Been Used?

As we have mentioned above, power law behavior has many uses in the sciences (see
below for specific examples). One of the first places where scaling behavior was dis-
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covered was in the physics of phase transitions, where the coexistence (of the various
phases of a fluid near its critical point) curves (a plot of T/Tc vs. ρ/ρc) of many fluids
were shown to collapse into a single curve under simple rescaling of the temperature
and density into the dimensionless variables T/Tc and ρ/ρc, with Tc the critical tem-
perature and ρc the critical density. Since all the data points for all the substances stud-
ied collapse into a single curve, this means that all the materials can be described by a
single, universal exponent. The materials ranged from noble gases to carbon monoxide
and methane, and it was a completely unexpected result that all curves collapsed under
rescaling. This opened the way for a revolution of the detailed understanding of the
physics of phase transitions [21, 24].

In the field of elementary particle physics the tool needed for understanding scaling
was first developed. This tool is the “renormalization group” (actually a semi-group!)
and it was in this field where the uses of scaling and scale-invariance in connection
with a fundamental understanding of the underlying dynamics were first put to use
[31]. The discovery of “colored” quarks and of the nature of the strong force was a
direct consequence of understanding the connection between scaling, fluctuations and
fundamental dynamics in particle physics.

Of essential importance in polymer chemistry, power laws have been exploited to
increase our understanding of the fascinating world of polymers [32]. There, a gener-
alization of a quintessential scaling phenomenon, Brownian motion, to the case of self-
avoiding random walks has led to a huge understanding of the processes involved in
polymer chemistry and physics.

More recently, power laws have been seen to play important roles in helping to un-
derstand the nature of the large scale structure of the Universe [33-35], allometries in
biology [36] and even to understand the evolution of ecologies [37]. In some cases a
measure of detailed understanding is available, but in most examples there is little or
no fundamental understanding of the ubiquity of power law behavior. In the following
we give a brief discussion of some selected examples of power law behavior that range
from astrophysics to ecology.

21.5 Examples of Power Laws:
From Cosmology to Paleontology

Power law behavior is phenomenologically well documented in many fields, but un-
derstanding its origins is, often, a formidable challenge, as in the case of Kolmogorov
scaling in the inertial regime of turbulent flows [38]. Furthermore, the number of new
phenomena displaying some form of power law behavior is simply staggering, which
makes their understanding even more pressing. The choice of power law phenomena
that will be described below is a very small sample of what is known, and the intention
is only to give a brief introduction for astrobiologists; we will go from very large
scales to smaller scales, from apparently less complex to more complex systems.
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21.5.1 Examples from Cosmology and Astrophysics

In cosmology, the power spectrum of density fluctuations is known to obey a compos-
ite power law: one at small moment (corresponding to very large spatial coherence
scales typical of the epoch of de-coupling) and another at larger moments typical of the
size of galaxies. The power spectrum for small moments k, goes like k+1.0 and at large
moments (corresponding to the sizes of galaxies) goes like k-1.65 (see Fig. 21.4). The α
= 1.0 exponent at small moments has been predicted by inflationary cosmological
models and it is the best evidence in their favor; the α  = 1.65 ± 0.15 exponent at the
scales of galaxies was a mystery for more than a quarter century, but it is now under-
stood in terms of a phase transition in the Universe as it expanded and cooled. Under-
standing the change in slope (change in α) from 1.0 to –1.65 ± 0.15 is a major open
problem which affects our understanding of the transition from the largest scales to
shorter scales in the Universe or, equivalently, the transition from a homogeneous to
an inhomogeneous Universe [39, 40].

Fig. 21.4 The observed power spectrum for the largest scale structures in the Universe. The
power spectrum is related to the Fourier transform of the 2-point correlation function, and a
power law power spectrum implies a power law for the correlation function. In simpler lan-
guage, this implies that at the scales where the power law holds, the Universe is self-similar. The
transition from the largest structures to galaxies takes place where the slopes change: this is a
major puzzle for cosmology.
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Fig. 21.5 The structures seen in the Universe arrange themselves as hierarchies. It is remarkable
that their mass/size relationship can be fitted with a power law; furthermore, both their mass and
size can be additionally classified according to a hierarchical law similar to the Titius-Bode law
(taken from [41]).

Still in astrophysics, it is known that the mass of objects which range from the larg-
est clusters of galaxies to the smallest open star clusters, is proportional to the longitu-
dinal size of the object raised to α = 2.10 ± 0.07 as seen in Fig. 21.5. This is again a
mystery, but there are well founded reasons to believe that this relationship together
with the associated fragmentation phenomenology can be understood through the the-
ory of dynamical critical phenomena [41].

At shorter distances and still within the realm of astrophysical phenomena, it is very
well documented that the number of clouds of mass in the interstellar medium goes
like the mass raised to α −≈ 1.8. This is another unexplained power law, and it be-
comes even more mysterious when one notices that assuming either gravitational col-
lapse of the cloud or reorganization of the material due to turbulent flow give the same
exponent. This is part of a very vigorous debate of the issues associated with the phys-
ics of the interstellar medium [42-45].

Perhaps the “queen” of power laws in astrophysics is the Titius-Bode law of plane-
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tary distances, shown in Fig. 21.6, which was discovered in the latter part of the 18th

century and still is not understood from first principles [46]. The law states that the
distance d(n) to the n-th planet from the Sun is given by the modified power law (Eq.
21.6)

)()( nfBAnd n ××= (21.6)

where A = 44 (if distances are expressed in terms of the radius of the Sun), B = 1.73
and the function f(n) is an oscillatory function of n with an amplitude of less than 0.1.
The f(n) piece can be understood in terms of the chaotic evolution of the primeval solar
system. This effect is very small. The large effect of the product A× Bn is not yet under-
stood from first principles even though many explanations have been offered in terms
of various phenomenology; but its origin has remained mysterious for a long time.
Recently, however, an explanation has been offered [29] in terms of the hydrodynamics
of the primeval solar system, maximal probability and dynamical critical phenomena.

Fig. 21.6 The Titius-Bode law. Predicted (open circles) and observed (filled circles) positions
of the planets in the Solar System. Predicted positions (and the straight line) are computed using
the power law  with B = 1.73, as derived without any object in location n = 5 (Asteroid Belt)
and n = 10 (Pluto). The remaining points represent the other planets.

Still within astrophysics, but closer to the scales with which we are more familiar, it
is also known that for objects within the solar system the number of impact craters
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versus their diameter follows a power law [47]. The exponent is not a constant for all
the bodies in the Solar System, and has different values for the various bodies. Little,
or almost nothing, is understood about the origin of this law, but it is believed that it
could hold important clues to answer the question of the nature of the processes that
were involved in the origin and early evolution of the Solar System.

21.5.2 Examples from Planetology

In the study of the physical behavior of our planet there are many power laws that have
been detected in the phenomenology. We will briefly discuss only three power laws:
one associated with rock mechanics, another one that emerges in earthquake phenome-
nology and a third one that holds in the realm of river geology [48].

When one considers the action of weathering on rocks and the ensuing fragmenta-
tion of the rock, one uses the cube root of the fragment volume to define and assign a
longitudinal (or linear) size for each fragment. By a sieve analysis one can proceed and
count how many fragments have a size larger than a certain value r. It has been known
for many years that the number of fragments whose size is larger than r is given by

DrrN −∝> )( (21.7)

where D ≈ 2.5. This power law is known to hold with a similar exponent not only for
rock fragments resulting from weathering, but for impact ejecta, rock fragmented in
chemical or nuclear explosions and even in laboratory impacts of poly-carbonate pro-
jectiles impacting on basalt samples. The power law holds with a constant exponent
over a few orders of magnitude. Similar power laws hold for a large variety of frag-
ments produced by a variety of processes, and a certain dispersion in the value of the
exponent has been detected which correlates exponent value with the origin and nature
of the fragmentation process. No causal mechanism is nonetheless available to explain
either the origin of the power law or the value of the exponent.

One of the best known power laws in geophysics is the famous Gutenberg-Richter
frequency-magnitude law for earthquakes, Fig. 21.7. Its origin, however, is not under-
stood in spite of decades of effort to unveil the nature of earthquakes and the geophys-
ics underlying these important phenomena. The law is purely phenomenological, stat-
ing that the number or earthquakes whose magnitude (a logarithmic quantity) is greater
than a certain value M, is proportional to a power of the magnitude. The law applies to
individual fault systems and to earthquakes worldwide. The value of the exponent in
the power law depends on the definition adopted for the magnitude of the quake, and
this leads to difficulties in identifying a dynamical origin not only for the law, but also
for the value of the exponent. Because of this there has been a tendency in the special-
ized literature to search for a more basic observable in earthquake dynamics and to
refer to it the regularity expressed by the law. The basic observable that is used is the
offset area of fault involved in the quake. More specifically, earthquakes occur, for
example, when failure takes place in the stick-slip evolution of a fault or a
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Fig. 21.7 The well known Gutenberg-Richter law relating number of earthquakes to magnitude.

fracture. The area of the slip between fault faces that leads to the quake is now used for
the characterization of the Gutenberg-Richter law. A direct relationship with earth-
quake magnitudes can be established in this way.

The Gutenberg-Richter law has clearly an exponent for earthquakes occurring near
the surface and a slightly different exponent for deep earthquakes. This difference in
exponents, can be intuitively seen to have its origin in the following arguments:
“small” earthquakes (up to magnitude 6) are contained within a volume of the schizos-
phere and, therefore, are “three-dimensional”, on the other hand “large” earthquakes
involve fractures with surface ruptures that result from their large size because they
cannot be fully contained in the schizosphere, and are therefore “two-dimensional”.
Critical (or power law) exponents have different values in different number of dimen-
sions. The values for the exponent in the area version of the Gutenberg-Richter law are
b(3)  = –1 ± 0.1 and b(2)  = –1 ± 0.2, with b(3) for “small” and b(2) for “large” earth-
quakes respectively [49].

Finally we consider an example of a power law that applies to river basins and
which, again, is lacking an explanation, this time from geologists. Let us consider the
drainage basin of a river, i.e. the surface area containing creeks and rivulets transport-
ing the water that eventually flows into larger rivers, and finally into an even larger
river that flows into the ocean. It has been known for a long time that river networks
follow a power law in their ordering. To make this explicit, we need to introduce an
ordering system to describe the network: streams with no upstream tributaries are
called first order streams; the combination of two first order streams defines a second
order stream, whereas the combination of two second order streams gives rise to a
third order stream and so on. When a lower-order stream joins a larger order stream we
call the latter “side tributaries”. If we define the bifurcation ratio as
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where Ni is the number of streams of order i, and the length-order ratio Rr as
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then we find that

D
rb RR = (21.10)

where D = 1.8. Note that since river basins are almost two-dimensional systems, this
value of the exponent is reasonable (it is close to 2) and the deviation from 2 can be
attributed to the mechanisms of water flow in rivers: for short distances the water
flows diffusely under the surface or on the surface without cutting streams and leaving
big “scars” on the terrain. The precise origin of this exponent value and of the power
law itself are far from being understood, however.

21.5.3 Examples from Biochemistry

In biochemistry we also find a huge number of power laws. The vast majority of these
remain a mystery. They show-up everywhere, from the basic chemistry of bio-polymers
to the properties of cellular membranes, including frequency of introns. Hierarchical
behavior also proliferates in biochemistry but practically nothing is known about its
origin; even less is known about the connection between morphology, functionality,
hierarchy and scaling behavior, all of which are suspected to be linked but little more
than that is available.

For reasons of space we will only consider here two power laws: the one associated
with introns and one appearing in the case of cellular membranes.

In studying the sequence of bases in segments of chromosomal DNA it is a possible
to introduce a version of a random walk which has been called a “DNA walk” [50]. It
is a procedure to map the DNA sequence into a form of random walk by assigning a
“step-up”, in the walk at position i if a pyrimidine (C or T) occurs in position i of the
DNA sequence, and assigning to position i a “step-down” if instead a purine (A or G)
happens to be at location i. With this very simple definition of a random walk based on
the chemical complementarity between pyrimidines and purines it is possible to intro-
duce a means of analysis of correlation in DNA sequences. The resulting random walk
when plotted gives rise to a “DNA landscape”, Fig. 21.8. Because of the way in which
we have established the correspondence (purine/pyrimidine) the random walk is a one
dimensional random walk. Analysis of actual data show that the 2-point correlation
function for points separated by a distance l in the “DNA walk” goes like lα with α ≠
½. For uncorrelated random walks one has α = ½, whereas for “persistent” one-
dimensional walks α > ½ and for “anti-persistent” walks α < ½. It turns out that for
non-coding regions of the human genome α ~ 0.72, while for coding regions it is
found that α ~ 0.49. Further study and analysis of the data shows indications of both
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some very special (and not understood!) polymer phenomena taking place as well as
properties like entropy and redundancy typical of natural languages. Understanding all
these phenomena provides a fascinating opportunity for astrobiologists.

Membrane phenomenology is another field where many power laws have been iden-
tified [51]. In this area there is a little more guidance than in some of the previously
discussed phenomena because the connection between the phenomena and some un-
derlying physical properties is easier to establish. Biological membranes are generally
amphiphilic bilayers made up by phospholipids; in addition, they also contain a large
variety of different components. In the case of both prokariotic and eukaryotic cells a
structure made with protein complexes holds the membrane in place and forms the
cytoskeleton. For Archaea the structure of the membrane is different both

Fig. 21.8 Typical “DNA walks” for some parts of the human genome (taken from [50]).
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chemically and structurally from that of Bacteria and Eukarya. As noted by several
authors, understanding the origin of this difference is key to understanding the “early
organization of Life” on Earth.

Of particular importance in understanding membrane phenomenology is the effect
of fluctuations both on single membranes and in collective effects in cells immersed in
a fluid. It is well known that fluctuations in the membranes of red cells play a signifi-
cant role in creating an effective long-range steric repulsion between membranes. It is
also well documented that fluctuations are essential in determining membrane stability.
In fact the presence of fluctuations gives rise to modifications of the elastic constants
of a membrane which manifest in crumpling, surface vibrations and affect all the prop-
erties of the membrane, including its “porosity”. When the bilayer closes, it forms a
vesicle. The membrane (and the vesicle) are held together by using free energy with an
important contribution coming from the curvature of the membrane. The vesicle
shapes follow from imposing a set of geometric constraints on the free energy of the
membrane. The collective presence of these affects can be seen experimentally in the
determination of the number of vesicles containing n amphiphilic molecules per unit
volume. The size distribution is of the form

α−∝ nnN )( (21.11)

where the exponent α is given in reference [52]. The origin of the exponent is closely
linked to self-organization mechanisms for out-of-equilibrium systems, a formidable
physics problem where again physics and complexity theory can be of help to astrobi-
ology, especially in helping determine the differentiation between archea and prokari-
ots-eukariots.

21.5.4 Examples from Biology

Literally hundreds of power laws have been identified in biology, including microbiol-
ogy, developmental and evolutionary biology, ecology and paleontology (which we
have chosen to include in Biology). They show up as neat power laws valid over many
orders of magnitude, as concatenated sets of power laws that describe hierarchical
behavior, or as trends in data for which there is little intuition [53]. How they work or
why they exist is, to date, mostly a mystery, but progress is beginning to be made in this
wonderful collection of problems. Here we can again touch upon a few selected exam-
ples; they are chosen from the biology of vertebrates, cell biology, ecology and pale-
ontology. We will not be able to discuss the many fascinating examples linking mor-
phology with environment and survival (e.g., in the so-called “Tiffany” wings) or as-
pects relating compartmentalization with network scaling.

In biology isometric (geometrically similar) bodies are not common, even through
living things make use of many common patterns of organization. Because of this,
Huxley coined the word “allometry” to describe the non-isometric nature of scaling in
biological phenomena. (“allos” referring to different). Allometry in biology deals with
an incredibly large number of phenomena where some physical property, such as aorta
radius or population density, are related either to mass or size of the host system via a
power law. Perhaps one of the most celebrated allometric relations is the one describ-
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ing mammalian skeletons. As it is obvious, the bones of an elephant are proportionally
heavier and thicker than those of a shrew. We wish to understand the “proportionality”.
This is an example already considered by Galileo and leads to interesting observations.
If we consider leg bones, and since leg bones support the weight of the mammal, if we
assume that we double the linear dimensions of the animal without distorting its shape,
then its mass will increase by a factor of eight (mass is proportional to volume which
goes like size to the cube). Under this scaling change the cross section of the bones
also increases, and since we are dealing with an area (the cross-section of the bone), it
must quadruple. But multiplying by 4 will not be able to compensate the factor of 8
needed for the increase in body mass! Thus the bones must be scaled out of the pre-
dicted “logical” scaling proportion! There must be a limit to how one can maintain
such a proportion based on the compressive strength which bones can withstand. This
led Galileo to say that the largest vertebrates would have “to float” in order to compen-
sate for the compressive stresses in their skeleton if they stood on the surface: thus he
understood that the largest mammals (whales) had to be marine animals. (A first pre-
diction of Astrobiology?). Simple theoretical arguments based on the composition and
geometry of skeletons lead one to postulate that the skeletal mass of a mammalian
would have to increase like body mass raised to 1.33. This is not borne out in Nature,
where for more than six orders of magnitude it is observed that the scaling exponent is
1.09 instead of the 1.33 required by the arguments just sketched. A similar scaling
exponent (1.07) holds for the whole skeleton of the mammal, not only its legs. It is
then clear that the skeletal mass of a mammal is not designed to only cope with gravi-
tational loads, but other (not completely known) factors, like adaptability for locomo-
tion, must be involved in the low value of the exponent. But there is no complete un-
derstanding of this remarkable regularity ... more than three centuries after it begun to
be analyzed!

Another famous power law in biology is the one known as Kleiber’s law [8]. It says
that the metabolic rate (a power measured in watts) goes like the body mass raised to
0.75. This holds over many orders of magnitude and, again, it is not understood al-
though some progress has been made recently. If the metabolic rate was in balance
through heat exchange with the exterior, then it would go like the exposed surface of
the animal which goes like the body mass raised to 2/3; since this is not the case, again
other explanations have been sought but there is no general agreement, even though a
model based on the “elastic similarity” of muscles has been proposed and has had for
years a rather wide following. Recent progress attributes Kleiber’s law to general fea-
tures of biochemistry combined with a postulate on the fractal nature of transport
systems in living things.

Our next example is drawn from the growth patterns of cell colonies [54]. The pro-
totype experiment consists of inoculating a uniform agar substrate with some species.
This has been done for example with Escherichia coli and with Bacillus subtilis. As
the bacterial colony feeds on the agar it grows in size and a rough surface emerges at
the edges of the bacterial colony, where it invades the agar. The edge of the rough sur-
face serves as the phenomenological feature characterizing the growth process. Since
this edge is non-uniform, one can determine the deviation σ (l) of parts of the inter-
faces for various values of the separation l; then one can average over segments of the
same length. Two features stand out: (1) first the deviation σ (l) follows a power law,
σ (l) ∝  l2H and (2) that H = 0.78 ± 0.07. The power law behavior for the correlation is
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surprising because one would expect the growth to be uniform or, at most, gaussian (H
= 1/2); the value of the exponent is a complete surprise because it puts bacterial
growth into a universality class of its own. Finally, we point out that the exponent has
been measured for other bacterial species and the value is consistent (within errors)
with the value quoted for H above. Why bacterial colonies follow this rule is a com-
plete mystery. How can one tell from sedimentary processes? This perhaps could be
used to develop criteria for markers of biological activity.

From bacterial colonies we now go to fully active ecologies [8]. Here again many
power laws and hierarchies are known; also very little causal explanations are avail-
able. We will describe only one example: the population/body size law, also known as
Damuth’s law (Fig. 21.9). If we measure in an ecosystem the population density for the
species in the ecosystem habitats and plot it versus typical longitudinal size for each
species, one finds that population density goes like size raised to –2.25 all the way
from bacteria to large mammals, a staggering 8 orders of magnitude! Since body mass
goes like size to the cube, one finds that population density goes like mass raised to –
2.25/3 = –0.75. This form of Damuth’s law is the most widely used. Nobody has a
good explanation for Damuth’s law, but its interpretation is both elegant and useful:

Fig. 21.9 The population density of individual organisms (in number per square kilometer)
versus the typical length of the adult organism also follows a power law. Here the data from
bacteria to the largest mammals are plotted on a log-log plot; the slope of the line indicating the
power law is -2.25 (taken from [8]).
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combined with Kleiber’s law, Damuth’s law implies that the amount of food generated
per day and per square kilometer is consumed by the species in the ecosystem in such a
way that resources are conserved. If this does not happen the ecosystem will evolve
until it dies. It is one of the golden rules of ecology, even if nobody understands its
origin at a basic level.

Even in paleontology we immediately discover the presence of power law phe-
nomenology as soon as we try and submit it to mathematical analysis [55]. The number
of species on planet Earth has had fluctuations in the course of time: there have been
periods of extinction followed by periods of growth in the number of species and vice-
versa. This we know by painstaking studies of the fossil record, including its diversity
as a function of time. These data contain information on both the evolution of living
beings and on their collective interactions, including the causes of their extinction. The
two are very difficult to disentangle, but even so regularities emerge for example in the
distribution of the geologic life-spans of fossil genera, or in the extinction intensity for
genera. In both cases power law behavior is again, mysteriously, found. In the first case
the number of fossil genera goes like their life span in million of years raised to –2.0
(Fig. 21.10). In the latter case, if we characterize extinction intensity by the number of
geologic stages involved in the extinction and by the percentage of species wiped-out
in the extinction, one finds again a power law. The number of geologic stages goes like
the percent of the extinction raised to –2.0. The

Fig. 21.10 Distribution of life spans for fossil genera [42]. As explained in the text, this distri-
bution also follows a power law. This graph is not a log-log plot and therefore the power law
does not show up as a straight line, however fitting of the data is best with a power law.
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smooth grading of extinctions that results from this analysis suggests that there is no
discontinuity between small and large extinctions, but nobody understands the reasons
why this is so, nor why power laws appear, let alone the values of the exponents. What
is known, however, is that the presence of power law behavior must be related to the
existence of punctuated equilibrium in macro-evolution. The details of the connection
are, once more, missing.

21.6 Conclusions

We have very briefly reviewed the presence of power law behavior in astrobiology. It is
remarkable how such a simple phenomenology, so alien to chance (in the sense of
gaussian disorder) is so ubiquitous. We have mentioned that power laws are related to
changes of phases or to critical states, where a many body system evolves from one
state of self-organization into a different state. Often these states are complex and they
indicate patterns of self-organization in the evolution of complexity. Power laws
show-up not only as a sign of correlation between microscopically unrelated parts, but
also as indicators of ways into which a given system responds to the environment and
evolves its organization; thus hierarchies, fragmentation, coagulation or network feed-
back give power law phenomenology: either with real or with complex exponents.

This phenomenology shows-up everywhere and we have illustrated it with just a
small number of examples of the many that are known all the way from cosmology to
astrophysics, from geology to biology. The specific causes for each of the phenomena
known to display power law behavior must be different, since the forces and variety of
components differs from phenomenon to phenomenon. However, the fact that such
simple behavior stands out from such a huge variety of complex phenomena undoubt-
edly leads one to posit that there must be some general principles or set of rules at
work that pervade the behavior of the Universe: from the non-living everywhere, to the
living here on planet Earth and, maybe the living elsewhere. This indicates that under-
standing the evolution and emergence of complexity is essential in order to be able to
determine wether  “Life is a cosmic imperative”.

Complexity theory is intimately related to scaling or power law behavior, and this,
together with the ubiquity of power law phenomenology in Astrobiology, means that
by scientifically applying complexity theory it may be possible to identify the principles
of self-organization of extra-terrestrial life; it may be possible to submit such princi-
ples to mathematical/theoretical analysis, and, in the true tradition of the scientific
method, it may be possible to use computers to apply the theoretical findings to study,
codify or, eventually, even to predict the existence of extraterrestrial life. And under-
stand Life on Earth ... as a byproduct.
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