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Abstract

Generalizing Landau’s spontaneous symmetry breaking argu-
ments using the standard groupoid approach to stereochem-
istry allows reconsideration of the origin of biological ho-
mochirality. On Earth, limited metabolic free energy density
may have served as a low temperature-analog to ‘freeze’ the
system in the lowest energy state, the set of simplest homochi-
ral transitive groupoids representing reproductive chemistries.
These engaged in Darwinian competition until a single con-
figuration survived. Subsequent path-dependent evolutionary
process locked-in this initial condition. Astrobiological out-
comes, in the presence of higher initial metabolic free energy
densities, could well be considerably richer, perhaps of mixed
chirality. One result would be a complicated distribution of
biological chirality across a statistically large sample of ex-
traterrestrial stereochemistry, in contrast with a recent pre-
diction of a racemic average.
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1 Introduction

Amino acids and the backbone of DNA/RNA in living things
on Earth are found in only one of the two possible mirror-
image states available to them. Respectively, the L-forms of
amino acids primarily serve as the building blocks of proteins,
and D-sugars form the DNA/RNA backbone [1]. Attempts to
replicate early conditions on Earth – Miller/Urey experiments
– always produce ‘racemic’ mixtures having equal amounts
of both possible amino acid symmetry forms. This funda-
mental conundrum was recently addressed by Gleiser et al.
[2], who, in a computationally intensive study adapting San-
dars’ ‘toy model’ of polymerization [3], conclude that other
planetary platforms in this solar system and elsewhere could
have developed an opposite chiral bias to that of Earth. As a
consequence, a statistically large sampling of extraterrestrial
stereochemistry would be necessarily racemic on average.

Here we attempt a more direct treatment based on the ho-
mology between free energy density and information source
uncertainty that was the basis of the analysis used in [4],
and argue, via a statistical thermodynamic construction, that
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available metabolic energy could well have been the princi-
pal determining environmental influence. As a consequence
of groupoid symmetries associated with stereochemical struc-
ture, a statistically large sampling of extraterrestrial stereo-
chemistries could well be far more complex than [2] proposes,
i.e., not racemic on average.

The development is straightforward:

1. Reproducing molecular codes, in the largest sense, them-
selves constitute information sources that are Darwinian indi-
viduals, subject to variation, selection, and chance extinction.

2. Enantiomeric forms of molecules constitute equivalence
classes that can be represented by groupoid, rather than
group, symmetries, leading to a groupoid version of Landau’s
classic phenomenological model for phase transition and its
extension via Pettini’s ‘topological hypothesis’ [5]. The ne-
cessity of using groupoid methods in stereochemistry has long
been recognized, and will not be reviewed here [6-13]. For a
tutorial on groupoid methods see Brown [14] or Weinstein
[15]. Wallace and Wallace [16] provide other details.

3. Groupoid symmetries and available metabolic free en-
ergy are, as a consequence of the Darwinian individuality of
coding schemes, in the sense of Gould [17], contexts for, rather
than determinants of, the resulting evolutionary processes, in-
cluding punctuated equilibrium.

A strong current in contemporary theoretical biology [18-
20] argues that, in modern organisms, genomic complexity
fits within standard information theory as the information
the genome of an organism contains about its environment,
so that evolution on the molecular level is a collection of infor-
mation transmission channels, subject to certain constraints
defined by the asymptotic limit theorems of information the-
ory. The organism’s genes code for the information, a mes-
sage, to be transmitted from progenitor to offspring, and are
subject to noise from an imperfect reproduction process. Thus
the information content, or complexity, of a genomic string by
itself, without referring to the embedding environment, is a
meaningless concept, and a change in environment leads to a
change in complexity. The transmission of reproductive in-
formation is thus a contextual matter involving the operation
of an information source that must interact with embedding
ecosystem structures. Here we will focus on the role of avail-
able metabolic free energy as the main driving environmental
factor.

Reproduction – biotic or prebiotic – is thus to be char-
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acterized by an information source, whose source uncertainty
has an important heuristic interpretation. Following Ash [21],
we may regard a portion of text in a particular language as
being produced by an information source. The probabilities
P [Xn = an∣X0 = a0, ...Xn−1 = an−1] may be estimated from
the available data about the language; in this way we can
estimate the uncertainty associated with the language. A
large uncertainty means, by the Shannon-McMillan Theorem,
a large number of ‘meaningful’ sequences. Thus given two lan-
guages with uncertainties H1 and H2 respectively, if H1 > H2,
then in the absence of noise it is easier to communicate in the
first language; more can be said in the same amount of time.
On the other hand, it will be easier to reconstruct a scram-
bled portion of text in the second language, since fewer of the
possible sequences of length n are meaningful.

Thus, depending on the degree of noise, either high or low
reproductive source uncertainty can have selective advantage,
a kind of stochastic resonance related to the mesoscale reso-
nance arguments of [16].

2 Free Energy Density and Informa-
tion Source Uncertainty

Information source uncertainty can be defined in several ways.
Khinchin [22] describes the fundamental ‘E-property’ of a sta-
tionary, ergodic information source as the ability, in the limit
of infinity long output, to classify strings into two sets;

1. a very large collection of gibberish which does not con-
form to underlying rules of grammar and syntax, in a large
sense, and which has near-zero probability, and

2. a relatively small ‘meaningful’ set, in conformity with
underlying structural rules, having very high probability.

The essential content of the Shannon-McMillan Theorem is
that, if N(n) is the number of ‘meaningful’ strings of length
n, then the uncertainty of an information source X can be
defined as

H[X] = lim
n→∞

log[N(n)]/n =

lim
n→∞

H(Xn∣X0, ..., Xn−1) =

lim
n→∞

H(X0, ..., Xn)

n + 1
,

(1)

where H(...∣...) and H(....) are conditional and joint Shan-
non uncertainties defined from the appropriate cross-sectional
string probabilities.

The free energy density of a physical system having vol-
ume V and partition function Z(K) derived from the system’s
Hamiltonian at inverse temperature K is [23]

F [K] = lim
V→∞

− 1

K

log[Z(K,V )]

V
=

lim
V→∞

log[Ẑ(K,V )]

V
,

(2)

where Ẑ = Z−1/K .
Feynman [24] concludes that the information contained in

a message is simply the free energy needed to erase it. Thus,
according to this argument, source uncertainty is homologous
to free energy density as defined above.

Ash’s remark then has a corollary: If, for a biological sys-
tem, H1 > H2, source 1 will require more metabolic free en-
ergy for ongoing maintenance than source 2.

3 The Basic Model

We begin by classifying the available molecules in our pre-
biotic soup by their underlying stereochemistries, and allow
the reproductive systems to, for purposes of initial classifica-
tion, reflect those stereochemical equivalence classes. Interac-
tions between stereochemical equivalence classes can be used
to classify higher order structures.

Equivalence classes define groupoids, by standard mecha-
nisms [14, 15, 25-27]. The basic equivalence classes will define
transitive groupoids, and higher order systems can be con-
structed by the union of transitive groupoids, having larger
chemical alphabets that allow more complicated statements
in the sense of Ash above.

Given an appropriately scaled, dimensionless, fixed, in-
verse available metabolic energy density K, we propose that
the metabolic-energy-constrained probability of a reproduc-
tive information source representing stereochemical equiva-
lence class Di, HDi , will be given by the classic relation [23]

P [HDi
] = exp[−HDi

K]/[
∑
j

exp[−HDj
K]],

(3)

where the sum is over all possible elements of the largest
available symmetry groupoid. By the arguments above, com-
pound sources, formed by the union of (interaction of species
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from) underlying transitive groupoids, being more complex,
will all have higher free-energy-density-equivalents than those
of the base (transitive) groupoids.

Let

ZD ≡
∑
j

exp[−HDj
K].

(4)

We now define the Groupoid free energy of the system, FD,
at inverse normalized metabolic energy density K, as

FD[K] ≡ − 1

K
log[ZD[K]].

(5)

We have expressed the probability of a reproductive infor-
mation source in terms of its relation to a fixed, scaled, avail-
able (inverse) metabolic free energy density seen as a kind of
equivalent (inverse) system temperature. This gives a statis-
tical thermodynamic path leading to definition of a ‘higher’
free energy construct – FD[K] – to which we now apply Lan-
dau’s fundamental heuristic phase transition argument [5, 23,
28].

The essence of Landau’s insight was that second order phase
transitions were usually in the context of a significant symme-
try change in the physical states of a system, with one phase
being far more symmetric than the other. A symmetry is lost
in the transition, a phenomenon called spontaneous symmetry
breaking. The greatest possible set of symmetries in a phys-
ical system is that of the Hamiltonian describing its energy
states. Usually states accessible at lower temperatures will
lack the symmetries available at higher temperatures, so that
the lower temperature phase is less symmetric: The random-
ization of higher temperatures – in this case higher available
metabolic free energy densities – ensures that higher sym-
metry/energy states – mixed transitive groupoid structures –
will then be accessible to the system. Absent high metabolic
free energy densities, however, only the simplest transitive
groupoid structures can be manifest, i.e., those associated
with the simplest stereochemistries. A full treatment from
this perspective requires invocation of groupoid representa-
tions [29, 30].

An extended version of Pettini’s [5] Morse-Theory-based
topological hypothesis can now be invoked, i.e., that changes
in underlying groupoid structure are a necessary (but not suf-
ficient) consequence of phase changes in FD[K]. Necessity,
but not sufficiency, allows mixed symmetries, e.g., L-forms of
amino acids working in concert with the D-sugar DNA/RNA
backbone.

4 Discussion and Conclusions

What, in one sense, compromises this analysis, but in a more
fundamental way completes it, is that the reproductive chem-
ical strategies represented by the HDj are not merely passive
actors. Quite the contrary, they are full-scale Darwinian in-
dividuals in the sense of [17], and thus subject to variation,
selection, and chance extirpation. Thus, given sufficient ini-
tial metabolic energy density, there is no inherent reason why
higher order, non-transitive, groupoid reproductive chemical
systems – of mixed chirality – might not prevail, particularly
in view of the Ash quotation above. That is, one can ‘say’
more in a shorter time using a richer reproductive language,
and this might well have selective value. Thus we may, if
this model is correct, expect to observe some surprising as-
trobiological reproductive stereochemistries, in contrast to the
simple ‘racemic’ conclusion of [2].

The corollary to this argument is that initial preaero-
bic metabolic free energy density on Earth may just not
have been sufficient to activate non-homochiral reproduc-
tive chemistries, and that the two possible amino acid sys-
tems, L,D, engaged in a competition through which one pre-
vailed. Subsequent path-dependent evolutionary lock-in pro-
duced the ultimate result.

Again, groupoid symmetries and available metabolic free
energy are, as a consequence of the Darwinian individual-
ity of reproductive coding schemes, contexts for, rather than
determinants of, evolutionary process, including punctuated
equilibrium. They are the banks between which the prebiotic
evolutionary glacier flowed – sometimes slowly, and sometimes
in sudden advance.
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