Entropy and life

Research concerning the relationship between the
thermodynamic quantity entropy and the evolution of
life began around the turn of the 20th century. In 1910,
American historian Henry Adams printed and distributed
to university libraries and history professors the small vol-
ume A Letter to American Teachers of History proposing
a theory of history based on the second law of thermo-
dynamics and on the principle of entropy.!'!!?! The 1944
book What is Life? by Nobel-laureate physicist Erwin
Schrodinger stimulated research in the field. In his book,
Schrodinger originally stated that life feeds on negative
entropy, or negentropy as it is sometimes called, but in a
later edition corrected himself in response to complaints
and stated the true source is free energy. More recent
work has restricted the discussion to Gibbs free energy
because biological processes on Earth normally occur at
a constant temperature and pressure, such as in the atmo-
sphere or at the bottom of an ocean, but not across both
over short periods of time for individual organisms.

1 Origin

In 1863, Rudolf Clausius published his noted memoir
“On the Concentration of Rays of Heat and Light, and
on the Limits of its Action” wherein he outlined a pre-
liminary relationship, as based on his own work and that
of William Thomson, between his newly developed con-
cept of entropy and life. Building on this, one of the first
to speculate on a possible thermodynamic perspective of
evolution was the Austrian physicist Ludwig Boltzmann.
In 1875, building on the works of Clausius and Kelvin,
Boltzmann reasoned:

The general struggle for existence of ani-
mate beings is not a struggle for raw materials
— these, for organisms, are air, water and soil,
all abundantly available — nor for energy which
exists in plenty in any body in the form of heat,
but a struggle for [negative] entropy, which be-
comes available through the transition of en-
ergy from the hot sun to the cold earth."”!

2 Early views

In 1876, American civil engineer Richard Sears McCul-
loh, in his Treatise on the Mechanical Theory of Heat and
its Application to the Steam-Engine, which was an early

thermodynamics textbook, states, after speaking about
the laws of the physical world, that “there are none that
are established on a firmer basis than the two general
propositions of Joule and Carnot; which constitute the
fundamental laws of our subject.” McCulloch then goes
on to show that these two laws may be combined in a sin-
gle expression as follows:
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S = entropy

d(@ = a differential amount of heat
passed into a thermodynamic sys-
tem

T = absolute temperature

McCulloch then declares that the applications of these
two laws, i.e. what are currently known as the first law of
thermodynamics and the second law of thermodynamics,
are innumerable. He then states:

When we reflect how generally physi-
cal phenomena are connected with thermal
changes and relations, it at once becomes ob-
vious that there are few, if any, branches of
natural science which are not more or less de-
pendent upon the great truths under consid-
eration. Nor should it, therefore, be a mat-
ter of surprise that already, in the short space
of time, not yet one generation, elapsed since
the mechanical theory of heat has been freely
adopted, whole branches of physical science
have been revolutionized by it.[IP- 267

McCulloch then gives a few examples of what he calls the
“more interesting examples” of the application of these
laws in extent and utility. The first example he gives, is
physiology wherein he states that “the body of an animal,
not less than a steamer, or a locomotive, is truly a heat en-
gine, and the consumption of food in the one is precisely
analogous to the burning of fuel in the other; in both, the
chemical process is the same: that called combustion.”
He then incorporates a discussion of Lavoisier’s theory of
respiration with cycles of digestion and excretion, perspi-
ration, but then contradicts Lavoisier with recent findings,
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such as internal heat generated by friction, according to
the new theory of heat, which, according to McCulloch,
states that the “heat of the body generally and uniformly is
diffused instead of being concentrated in the chest”. Mc-
Culloch then gives an example of the second law, where
he states that friction, especially in the smaller blooded-
vessels, must develop heat. Without doubt, animal heat is
thus in part produced. He then asks: “but whence the ex-
penditure of energy causing that friction, and which must
be itself accounted for?"

To answer this question he turns to the mechanical the-
ory of heat and goes on to loosely outline how the heart
is what he calls a “force-pump”, which receives blood
and sends it to every part of the body, as discovered by
William Harvey, that “acts like the piston of an engine
and is dependent upon and consequently due to the cy-
cle of nutrition and excretion which sustains physical or
organic life.” It is likely, here, that McCulloch was mod-
eling parts of this argument on that of the famous Carnot
cycle. In conclusion, he summarizes his first and second
law argument as such:

Everything physical being subject to the
law of conservation of energy, it follows that no
physiological action can take place except with
expenditure of energy derived from food; also,
that an animal performing mechanical work
must from the same quantity of food generate
less heat than one abstaining from exertion, the
difference being precisely the heat equivalent
of that of work.[4I:P- 270

3 Negative entropy

Later, building on this premise, in the famous 1944
book What is Life?, Nobel-laureate physicist Erwin
Schrodinger theorizes that life, contrary to the general
tendency dictated by the Second law of thermodynamics,
decreases or maintains its entropy by feeding on negative
entropy.”®! In his note to Chapter 6 of What is Life?,
however, Schrodinger remarks on his usage of the term
negative entropy:

Let me say first, that if I had been catering
for them [physicists] alone I should have let the
discussion turn on free energy instead. It is the
more familiar notion in this context. But this
highly technical term seemed linguistically too
near to energy for making the average reader
alive to the contrast between the two things.

This is what is argued to differentiate life from other
forms of matter organization. In this direction, although
life’s dynamics may be argued to go against the tendency
of second law, which states that the entropy of an iso-
lated system tends to increase, it does not in any way con-

GIBBS FREE ENERGY AND BIOLOGICAL EVOLUTION

flict or invalidate this law, because the principle that en-
tropy can only increase or remain constant applies only to
a closed system which is adiabatically isolated, meaning
no heat can enter or leave. Whenever a system can ex-
change either heat or matter with its environment, an en-
tropy decrease of that system is entirely compatible with
the second law.[®! The problem of organization in living
systems increasing despite the second law is known as the
Schrodinger paradox.!”!

In 1964, James Lovelock was among a group of scien-
tists who were requested by NASA to make a theoretical
life detection system to look for life on Mars during the
upcoming space mission. When thinking about this prob-
lem, Lovelock wondered “how can we be sure that Mar-
tian life, if any, will reveal itself to tests based on Earth’s
lifestyle?” 181 To Lovelock, the basic question was “What
is life, and how should it be recognized?” When speak-
ing about this issue with some of his colleagues at the Jet
Propulsion Laboratory, he was asked what he would do
to look for life on Mars. To this, Lovelock replied:

I'd look for an entropy reduction, since this
must be a general characteristic of life.!®!

Thus, according to Lovelock, to find signs of life, one
must look for a “reduction or a reversal of entropy.”

4 Gibbs free energy and biological
evolution

In recent years, the thermodynamic interpretation of evo-
lution in relation to entropy has begun to utilize the con-
cept of the Gibbs free energy, rather than entropy. This
is because biological processes on earth take place at
roughly constant temperature and pressure, a situation in
which the Gibbs free energy is an especially useful way
to express the second law of thermodynamics. The Gibbs
free energy is given by:

AG=AH -TAS

The minimization of the Gibbs free energy is a form of
the principle of minimum energy, which follows from
the entropy maximization principle for closed systems.
Moreover, the Gibbs free energy equation, in modified
form, can be utilized for open systems when chemical po-
tential terms are included in the energy balance equation.
In a popular 1982 textbook, Principles of Biochemistry
by noted American biochemist Albert Lehninger, it is ar-
gued that the order produced within cells as they grow
and divide is more than compensated for by the disorder
they create in their surroundings in the course of growth
and division. In short, according to Lehninger, “living or-
ganisms preserve their internal order by taking from their
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surroundings free energy, in the form of nutrients or sun-
light, and returning to their surroundings an equal amount
of energy as heat and entropy.”!!"’

Similarly, according to the chemist John Avery, from
his recent 2003 book Information Theory and Evolu-
tion, we find a presentation in which the phenomenon
of life, including its origin and evolution, as well as hu-
man cultural evolution, has its basis in the background of
thermodynamics, statistical mechanics, and information
theory. The (apparent) paradox between the second law
of thermodynamics and the high degree of order and
complexity produced by living systems, according to Av-
ery, has its resolution “in the information content of the
Gibbs free energy that enters the biosphere from outside
sources.”'!l The process of natural selection responsible
for such local increase in order may be mathematically
derived directly from the expression of the second law
equation for connected non-equilibrium open systems.[!?!

S Entropy and the origin of life

The second law of thermodynamics applied on the origin
of life is a far more complicated issue than the further
development of life, since there is no “standard model”
of how the first biological lifeforms emerged; only a
number of competing hypotheses. The problem is dis-
cussed within the area of abiogenesis, implying gradual
pre-Darwinian chemical evolution. In 1924, Alexander
Oparin suggested that sufficient energy was provided in a
primordial soup. The Belgian scientist Ilya Prigogine was
awarded with a Nobel prize in 1977 for an analysis in this
area. A related topic is the probability that life would
emerge, which has been discussed in several studies, for
example by Russell Doolittle.!*!

6 Entropy and the search of life
elsewhere in the Universe

In 2013 Azua-Bustos and Vega argued that disregard-
ing the type of lifeform that could be envisioned both on
Earth and elsewhere in the Universe, all should share in
common the attribute of being entities that decrease their
internal entropy at the expense of free energy obtained
from its surroundings. As entropy allows the quantifi-
cation of the degree of disorder in a system, any envi-
sioned lifeform must have a higher degree of order than
its supporting environment. These authors showed that
by using fractal mathematics analysis alone, they could
readily quantify the degree of structural complexity dif-
ference (and thus entropy) of living processes as distinct
entities separate from its similar abiotic surroundings.
This approach may allow the future detection of unknown
forms of life both in the Solar System and on recently
discovered exoplanets based on nothing more than en-

tropy differentials of complementary datasets (morphol-
ogy, coloration, temperature, pH, isotopic composition,
etc). Detecting ‘life as we don't know it’ by fractal analy-
sis

7 Other terms

For nearly a century and a half, beginning with Clausius’
1863 memoir “On the Concentration of Rays of Heat and
Light, and on the Limits of its Action”, much writing and
research has been devoted to the relationship between
thermodynamic entropy and the evolution of life. The ar-
gument that life feeds on negative entropy or negentropy
was asserted by physicist Erwin Schrodinger in a 1944
book What is Life?. He posed, “How does the living or-
ganism avoid decay?" The obvious answer is: “By eat-
ing, drinking, breathing and (in the case of plants) assim-
ilating.” Recent writings have used the concept of Gibbs
free energy to elaborate on this issue.!'*! While energy
from nutrients is necessary to sustain an organism’s or-
der, there is also the Schrodinger prescience: “An organ-
ism’s astonishing gift of concentrating a stream of order
on itself and thus escaping the decay into atomic chaos
— of drinking orderliness from a suitable environment —
seems to be connected with the presence of the aperiodic
solids...” We now know that the 'aperiodic’ crystal is DNA
and that the irregular arrangement is a form of informa-
tion. “The DNA in the cell nucleus contains the master
copy of the software, in duplicate. This software seems
to control by “specifying an algorithm, or set of instruc-
tions, for creating and maintaining the entire organism
containing the cell.”!'>) DNA and other macromolecules
determine an organism’s life cycle: birth, growth, matu-
rity, decline, and death. Nutrition is necessary but not
sufficient to account for growth in size as genetics is the
governing factor. At some point, organisms normally de-
cline and die even while remaining in environments that
contain sufficient nutrients to sustain life. The control-
ling factor must be internal and not nutrients or sunlight
acting as causal exogenous variables. Organisms inherit
the ability to create unique and complex biological struc-
tures; it is unlikely for those capabilities to be reinvented
or be taught each generation. Therefore DNA must be
operative as the prime cause in this characteristic as well.
Applying Boltzmann’s perspective of the second law, the
change of state from a more probable, less ordered and
high entropy arrangement to one of less probability, more
order, and lower entropy seen in biological ordering calls
for a function like that known of DNA. DNA’s apparent
information processing function provides a resolution of
the paradox posed by life and the entropy requirement of
the second law.!'®!

In 1982, American biochemist Albert Lehninger argued
that the “order” produced within cells as they grow and di-
vide is more than compensated for by the “disorder” they
create in their surroundings in the course of growth and
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division. “Living organisms preserve their internal order 9 See also

by taking from their surroundings free energy, in the form
of nutrients or sunlight, and returning to their surround-
ings an equal amount of energy as heat and entropy.”(!”]

Evolution-related concepts:

e Negentropy — a shorthand colloquial phrase for neg-
ative entropy.!'8!

e Ectropy — a measure of the tendency of a dy-
namical system to do useful work and grow more
organized.!"’!

e Extropy — a metaphorical term defining the extent
of a living or organizational system’s intelligence,
functional order, vitality, energy, life, experience,
and capacity and drive for improvement and growth.

¢ Ecological entropy — a measure of biodiversity in
the study of biological ecology.

In a study titled “Natural selection for least action” pub-
lished in the Proceedings of The Royal Society A., Ville
Kaila and Arto Annila of the University of Helsinki de-
scribe how the second law of thermodynamics can be
written as an equation of motion to describe evolution,
showing how natural selection and the principle of least
action can be connected by expressing natural selection
in terms of chemical thermodynamics. In this view, evo-
lution explores possible paths to level differences in en-
ergy densities and so increase entropy most rapidly. Thus,
an organism serves as an energy transfer mechanism, and
beneficial mutations allow successive organisms to trans-
fer more energy within their environment.>!

8 Objections

Since entropy is defined for equilibrium systems,*! ob-
jections to the extension of the second law and entropy
to biological systems, especially as it pertains to its use
to support or discredit the theory of evolution, have been
stated.??! Live systems and indeed much of the systems
and processes in the universe operate far from equilib-
rium, whereas the second law succinctly states that iso-
lated systems evolve toward thermodynamic equilibrium
— the state of maximum entropy.

On the other hand, (1) live systems cannot persist in iso-
lation and (2) the second principle of thermodynamics
does not require that free energy be transformed into en-
tropy along the shortest path: live organisms absorb en-
ergy from sun-light or from energy-rich chemical com-
pounds and finally return part of such energy to the envi-
ronment as entropy (heat and low free-energy compounds
such as water and CQO5).
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