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The current state of the problem of the breaking of mirror symmetry in the organic medium in the
course of the appearance of life is reviewed. A detailed analysis of the data available leads to the
conclusion that the stage in which the various components of the future biopolymers (amino
acids, sugars, etc.) formed and accumulated in racemic form must have been followed by a stage
of a strong breaking of mirror symmetry and a deracemization of the organic medium. The
deracemization process was a cooperative, bifurcation process. Analysis shows that the sign of the
chiral polarization of the biosphere (L-amino acids, D-sugars) was the result of a "memory" of a
random selection in the course of a bifurcation, rather than a consequence of parity breaking in
weak interactions. The possibilities of a breaking of mirror symmetry in the "warm" (terrestrial)
and "cold" (extraterrestrial) scenarios of the origin of life are analyzed. The model of a
destruction of the biosphere as a result of long-term global racemizing perturbations is also
discussed.
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1. INTRODUCTION

It has been more than a hundred years since Louis Pas-
teur's discovery of a ""demarcation line" between life and
nonlife: the mirror dissymmetry of organisms.' It might
seem that over such a length of time essentially any field of
research (including this one) would have been exhausted.
However, the fact that living organisms use only one of the
two mirror isomers of such molecules as amino acids and
sugars, while making absolutely no use of the other isomer
(only the D isomers or sugars are found in nucleic acids, and
only the L-isomers of amino acids are found in enzymes),
remains an intriguing puzzle.

This phenomenon—the breaking of mirror symmetry
in the molecular basis of life—is apparently the first and one
of the clearest examples of a symmetry breaking in natural
science. The interest in this problem, which might itself ap-
pear to be purely biological, has arisen more from chemistry
and physics than from biology. P. Curie,2 Lord Kelvin,3 P.
Jordan,4 E. Fisher,5 J. Bernal6 and many others have paid
tribute to this problem.

Before we begin our discussion of the present state of
the problem of the breaking of mirror symmetry in living
nature or, more precisely, at the molecular level of living

nature, however, we would like to recall for the reader some
of the basic concepts which we will be using below.

Entities which do not have a center and an inversion
plane are called "chiral" (or "mirror-antipodal"). If such
an object is reflected in a mirror, the result is an object which
is spatially nonsuperimposable with the original object, just
as the left hand and the right hand. This is, by the way, the
origin of the term "chirality": The Greek word for "hand" is
%£ip. The term itself was introduced in science by Lord Kel-
vin. Among chiral objects are, in particular, molecules
which contain a so-called asymmetric carbon atom: amino
acids, sugars, etc. These molecules have the property of chir-
ality in the case that if all four substituents (ligands) which
are bound to the central carbon atom are different (Fig. 1).
Mirror isomers (enantiomers) of such molecules are usually
called leva and dextro isomers and are designated in the bio-
physical literature by the letters L (from laevo, "left") and
D (from dextro, "right"). We will be using these symbols
below. (In the chemical literature, the so-called R, S-nomen-
clature recommended by the IUPAC is more common for
designating mirror isomers.) Mirror isomers are remarkable
in that substances which are formed exclusively by L-
isomers or exclusively by D-isomers (e.g., solutions and
crystals) have identical physical properties: an identical in-
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FIG. 1. Mirror isomers (L and D) of a molecule with an asymmetric
carbon (C) atom.

ternal energy, an identical solubility, an identical melting
point, an identical boiling point, etc. The only physical dis-
tinction between them is that these substances rotate the po-
larization plane of light passing through them in opposite
directions; i.e., they have an optical activity. The chemical
properties exhibited by mirror isomers as they interact with
nonchiral molecules are also identical. We might note that
phosphorus and nitrogen atoms could also serve as the asym-
metric center, instead of carbon. We know of molecules
whose chirality stems not from the presence of some asym-
metric center (atom) but from the spatial structure7, e.g.,
biphenyls (Fig. 2), which have a "propeller" structure.
From the standpoint of the problem of the breaking of mir-
ror symmetry in the molecular basis of life, however, the
sugars and the amino acids are of primary interest.

Chiral purity in contrast with the chirality of an indi-
vidual small molecule (such as an amino acid or sugar mole-
cule), is a property of an object (a macromolecule—a pro-
tein or a nucleic acid—or a medium consisting of isomer
molecules) formed by chiral molecules. This property is that
such an object contains molecules of only one chirality type
(either L or D). If an object contains equal numbers of mir-
ror antipodes, it is "racemic."

In nonliving nature, leva and dextro molecules are pres-
ent in equal numbers, but in living nature we observe a
marked disbalance between the leva and dextro isomers: As
we have already mentioned, the molecular basis of life is
chirally pure. Chiral purity, along with a genetic code which
is common to all life on earth, is thus a distinguishing and
crucial property of living things.

No scenario for the origin of life could be constructed
without solving the question of the mechanism for the aris-
ing of chiral purity (or, as it is also phrased, the "breaking of
mirror symmetry"). For this reason, attempts to find an an-

CH3

FIG. 2. Mirror isomers of a substituted biphenyl. The chirality results
from the "propeller-shaped" structure of the molecule.

swer to this question have been made continuously for more
than a century now. Another reason for the unflagging inter-
est in this problem is that the chiral purity of biopolymers is a
necessary condition for their normal functioning. It is for
this reason that the question of the origin of this property
becomes one of the crucial questions for reaching an under-
standing of the processes which lead to the formation of self-
reproducing biological systems.

Until recently, one could distinguish two basic ap-
proaches to the solution of the problem of the arising of
chiral purity. The first approach started from the idea that
this property is biogenic: Isomers of one type were selected in
the course of the vital activity of the first organisms.9 It is
assumed here that chirally pure initial organisms construct-
ed from the same isomers as modern organisms had some
evolutionary advantage over racemic organisms, i.e., organ-
isms made up of a racemic mixture of isomers, and won the
struggle for existence. That approach, however, runs into
some fundamental difficulties, which we will discuss in §2.

The second approach starts from the idea of an abio-
genic path for the appearance of chiral purity in a prebiologi-
cal, chemical stage of evolution as a result of physicochemi-
cal processes in a "primeval soup."

One can choose between these two approaches by re-
solving the "auxiliary" question of whether the property of
self-replication of molecular structures (such as protonu-
cleic acids) would be possible in a racemic medium. If it is
possible, the version of a biogenic chiral purity would be
permissible; if it is not possible, the breaking of mirror sym-
metry is not biogenic. The analysis of this question is the
basic content of §2.

Along the abiogenic approach, two paths have devel-
oped for solving the question of the appearance of chiral
purity. One path links the breaking of mirror symmetry of
the organic medium with an effect of some asymmetric fac-
tor which had conferred an advantage on mirror isomers of
one type. A gradual "buildup" of this advantage resulted in
the dominance of this type of isomer. This scenario for the
breaking of mirror symmetry might be called the "sequential
evolution scenario" or simply the "evolutionary scenario."
This approach is discussed in §5.

A completely different path for the appearance of the
chiral purity of the organic medium is seen in the scenario of
a spontaneous breaking of mirror symmetry in a chemical-
evolution stage. The essence of this path is that the deracemi-
zation of the protobiosphere is linked not with some asym-
metric external agent but with a self-organization of
chirality in a primeval soup. An initially racemic mixture
attains chiral purity through a nonequilibrium "phase tran-
sition." Note that this scenario is based on not only a theo-
retical analysis of the kinetics of processes in nonequilibrium
chiral systems (§4) but also the experimentally observable
cooperative nature of the behavior of even slightly viscous
solutions of mirror isomers.9^12 The scenario of a spontane-
ous breaking of mirror symmetry is discussed in §6. In the
same section we analyze the question (presently the subject
of an active discussion) of whether weak asymmetric agents
can be amplified by systems with a spontaneous breaking of
mirror symmetry. The interest in this problem stems primar-
ily from the hypothesis of a relationship between the derace-
mization of the prebiosphere and parity breaking in the weak
interactions of elementary particles.
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Treating the process by which the prebiosphere was
deracemized as a "phase transition," we can evaluate the
physical conditions which would be required for reaching
chiral purity. In particular, we can estimate the time at
which we would expect an irreversible breaking of mirror
symmetry to begin. This question is discussed in §7.

There has recently been a revival of interest in "extra-
terrestrial" scenarios for the origin of life on earth. This in-
terest has stemmed, on the one hand, from the discovery of
some fairly complex organic compounds (ranging up to ami-
no acids) in space, with the implication that the synthesis of
such molecules also occurs under conditions which are quite
extreme from the standpoint of terrestrial chemistry. I3 i l4On
the other hand, impressive geological discoveries of recent
years definitely indicate that a quite developed biosphere ex-
isted on the earth as early as 3.5-109 to 3.8-109 yr ago.15'16

Since the origin of life would have been possible only after
the formation of a solid crust on the earth, which occurred
4-109 yr ago, the duration of the prebiological stage of evolu-
tion could not have exceeded 0.2-109 to 0.5-109 yr. Such
severe time limits on the process by which life arose, bracket-
ing the period from the formation of the primeval soup con-
taining all the necessary "building blocks" of life to proto-
cells and primitive organisms, have caused some researchers
to doubt the validity of the "standard model" of the origin of
life, i.e., the Oparin-Haldane theory.17"19 Note, however,
that the hypothesis of an extraterrestrial origin of life, which
dates back to the "panspermia" theory of Arrhenius,20 does
not by itself eliminate the fundamental question here: the
question of the processes capable of giving rise to the crucial
properties of life, primarily the chiral purity of the organic
medium. The hypothesis of a "cold prehistory of life" must
be analyzed from this standpoint. The possibilities for a
breaking of mirror symmetry in this version are discussed in
§8, where we focus on the "stabilization" of the chirality
under low-temperature conditions (such that chemical reac-
tions go by a tunneling mechanism).

Finally, in §9 we discuss the possibility of a destruction
of the chiral purity of the biosphere under the influence of
long-term racemizing influences.

This review is thus devoted primarily to the physical
aspects of the problem of the breaking of mirror symmetry in
the course of a prebiological evolution of the organic medi-
um. We believe that appealing to physical ideas and methods
to solve this problem not only leads to a deeper understand-
ing of the actual problem of the appearance of the chiral
purity of the biosphere but also makes it possible to analyze
the processes which determined the course of the process by
which life arose.

2. CHIRAL PURITY AND SELF-REPLICATION

The biogenic scenario for the arising of chiral purity
implicitly assumes that the functioning of an information
carrier—a nucleic acid molecule—does not depend in a fun-
damental way on the chiral composition of its primary se-
quence. Let us examine this question in more detail. We
know that the DNA molecule is a double-stranded structure
whose primary sequence is formed by nucleotides (phos-
phate group + sugar molecule + nitrogenous base) (Fig.
3). The strands are connected to each other in accordance
with a complementarity rule: Each of the four nitrogenous
bases—adenine (A), guanine (G), thymine (T), and cyto-
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FIG. 3. Mirror isomers of a nucleotide. The sugars have opposite chirali-
ties.

sine (C)—forms bonds only with the base which is comple-
mentary to itself, specifically, A-T and G-C. We have al-
ready mentioned that only the D-isomers of sugar molecules
are used in nucleic acids. Is there a relationship between the
chirality of sugars and the complementarity of the double
helix of a nucleic acid? This question was answered in Refs.
21 and 22.

It seems almost obvious that the replacement of a single
natural D-nucleotide (i.e., a nucleotide which contains the
D-isomer of a sugar molecule) in a double-stranded struc-
ture (e.g., DNA) by its mirror-image L-isomer will lead to
the formation of a structure with a higher energy. However,
will the complementarity of a chirally defective pair of this
sort be retained in the double-stranded structure? Further-
more, will such a defect turn out to be a local defect, or will it
disrupt a large region of the double-stranded structure?
Qualitative answers to these questions can be found by con-
structing a molecular model of the situation. The most suit-
able models for this purpose are the Corey-Pauling-Coltun
molecular models.

For a comparison, two fragments of a double-stranded
structure, each containing five A-T complementary pairs,
were constructed. The nucleotide strands of each fragment
contained only one type of nucleotide (poly-A strands and
poly-T strands, respectively. These fragments serve as mod-
els of a polynucleotide chain which is characteristic of DNA
(or of RNA, if the T-base—thymine—is replaced by the U-
base uracil—and if the deoxyribose is replaced by ribose).

In the first fragment, each of the filaments was chirally
pure. The structure of the fragment was of course regular
(Fig. 4), and results in a fragment of the so-called B-form of

FIG. 4. Homochiral double-stranded A-T structure.
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FIG. 5. Fragment of a double helix: poly-A-poly-T.

the usual double helix (Fig. 5). The second fragment dif-
fered from the first in that the T-nucleotide in the third unit
was replaced by its mirror-image isomer (i.e., the D-sugar
was replaced by an unnatural L-sugar). Such a nucleotide
was introduced into the structure in such a way that the
poly-T strand was not broken (Fig. 6). This structure mod-
els a chiral defect in a polynucleotide chain.

Figure 7 shows the B-form containing a chiral defect. In
such a structure, the pyrimidine ring of the "defective" T-
nucleotide has been swung through an angle ~ 100° from the
normal position of the nitrogenous base in the double helix.
Hydrogen bonds thus cannot form between the A- and T-
bases of the defective pair, so we lose the main reason for the
appearance of the A-T complementarity (and also for the
G-C or A-U complementarity, for RNA), since in this case
the combination of the bases of the nucleotides of the defec-
tive pair can be arbitrary. The situation remains the same
when we look at yet another shape of the double helix which
is encountered, the so-called A-form, containing a chiral de-
fect.

It is not difficult to see that when one unit (one pair of
nucleotides) is incorporated in a homochiral double-strand-
ed structure the chirality of the two partners is always oppo-
site that of the remaining nucleotides. Again in this case, a
foreign pair cannot be incorporated in the structure.

Chiral purity of polynucleotides is thus a necessary con-
dition for complementarity.

In the absence of enzymatic replication mechanisms

FIG. 6. Double-stranded structure with a chiral defect.
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FIG. 7. Fragment of a double helix with a chiral defect.

(which are characteristic of modern organisms), this prob-
lem becomes extremely pertinent. In particular, the forma-
tion of a chiral defect can occur in the process of matrix
oligomerization. It is extremely likely that an abiogenic for-
mation of polynucleotides of this type was characteristic of
the conditions prevailing during the prebiological evolu-
tion.23 This process is of considerable interest, especially
since the discovery that RNA exhibits an autocatalytic ac-
tivity and is capable of self-replication even in the absence of
a special enzymatic apparatus.24'25

After it has been established that there is an unambigu-
ous relationship between complementarity and the chiral
purity of polynucleotide chains, however, we are confronted
with another question. Let us assume that a single chirally
pure polynucleotide chain (proto-RNA) has formed by
chance in a racemic medium. Will it be capable of replicating
itself in such a medium through a process of matrix oligo-
merization?

Experiments were carried out in 1984 to determine how
the chiral composition of a medium affects the process of
matrix oligomerization.26"28 Those experiments can be sum-
marized as follows. Some polynucleotide chains which had
been synthesized (the matrices) were placed in a solution of
monomer nucleotides, which was chirally pure in one case
and racemic in another. After a certain time, a study was
made of the result of the process of matrix oligomerization of
the nucleotides on the matrices. In other words, the length of
the chirally pure "replicas" was studied as a function of the
chiral composition of the monomer medium.

It was found in those experiments that the process by
which a complementary chain is assembled on a chirally
pure matrix is greatly suppressed if the solution of mono-
mers is racemic. This result can be understood quite easily by
taking account of the relationship between the chirality of
polynucleotides and their complementarity. Furthermore,
experiments of this type make it possible to construct a quali-
tative model which relates the replication process to the
chiral composition of the medium.29'30

We assume that in a medium with a chiral polariza-
tion31^ = \(L —D)/(L +D)\ (Land Dare the amounts of
leva and dextro monomers in the medium; for a racemate we
would have T\ = 0, while for a chirally pure medium we
would have |??| = 1) a certain number of chirally pure po-
lynucleotides of length n have arisen by chance. As we have
already seen, a necessary condition for the complementarity
of each unit of the original matrix and of the replica is that
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the nucleotides which enter these units in pairs (e.g., A-T
and G-C pairs) be of identical chirality. We then see that a
necessary condition for the formation of a replica of any
substantial length, for any value of n, is that the original
polynucleotide matrix be chirally pure (in the rj = 1 case,
this condition is set by the initial condition itself, while in the
case 7/7^ 1 it is a consequence of the exponential suppression
which was demonstrated in Refs. 26 and 27). For simplicity
we will stop drawing a distinction between the replica and
the original matrix (as we are justified in doing since the
replica itself becomes the matrix in the next step). We intro-
duce a rate constant K / (77) of the replication of the poly-
mers of length n in a medium with a chiral polarization 77,
and we also introduce a decay rate constant of these poly-
mers, K ~ (77). By the "decay" of a chirally pure polynucleo-
tide we mean not only its destruction but any process which
has the consequence that the polymer loses the self-replica-
tion property, e.g., the appearance of a unit with a monomer
of the antipodal chirality in the polymer chain. We write a
kinetic equation for the number ( x n ) of chirally pure poly-
mers of length n in the following form:

(1)
We say that the replication process is "stable" if dx,,/dt > 0
(x,, increases with the time) or "unstable" if dx,,/dt <0.

To analyze the problem of the stability of the self-repli-
cation of polymers of length n in a medium with a chiral
polarization rj, we need to know how the replication rate
constant and destruction rate constant of the polymers de-
pend on these parameters. We would naturally expect that at
a fixed value of n the time scale for the assembly of a replica
on a matrix will increase, at least at n>n'. Consequently,
K ,,+ (77) must be a decreasing function of «. On the other
hand, we would expect that at a fixed value of n the constant
K ̂  (77) would decrease with a decrease in the chiral polar-
ization of the medium. These arguments are based on the
experimental results of Refs. 26 and 27. The distributions of
the chirally pure polynucleotides which build up over the
course of an experiment with respect to their length n (Fig.
8 ) can be interpreted as the probability distribution for the
formation of such polymers in a medium with a certain value
of the chiral polarization 77. It is easy to see that the distribu-
tions of chirally pure replicas depend extremely strongly on
both the length of the replica and the chiral purity of the
composition of the medium. These distributions can be ap-
proximated, at least starting at a certain value of n, by the
exponential distribution29-'0

with an exponent a which decreases with increasing T)[X,,
(r) is the number of oligomers of length n which are formed
during the duration of the experiment, T, in a medium with a
chiral polarization 77]. On the basis of these results, the rate
constant of the replication process which we introduced
above [see Eq. ( 1 ) ] can be found from

At r ) -
(T)

hereC1,, (n,r) is a factor which links K,,+ (77) with the experi-
mental values of x,, (T}/T [for a polycondensation process,
C (n,r) would be a nonincreasing function of n ] . For the
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FIG. 8. Distribution of replicas synthesized on a chirally pure matrix, a—
Replication in a chirally pure solution of nucleotides; b—replication in a
racemic solution of nucleotides.

dependence of K ^ (77) on n and 77 which we have intro-
duced, we can thus choose a very simple interpolation of
K ̂  (77) using a linear dependence of a on 77:

Kn 0)) = An exp |(a0 — a,) (2)

where a0=a(rj = 0),a,=a(77 = 1) , and A,,=A
exp( — «„«) is the rate constant of the replication of a poly-
mer oflength n in a racemic medium.

For K ~ (77) we can use the following very simple ap-
proximation: K ~ (77) =K~ = const. This approximation
corresponds to the assumption that the decay time of the
polymer (rd = \/K ~ ) depends on neither the length of the
polymer nor the chiral polarization of the medium, 77. Since
K ~ (77) should generally increase with increasing n as well
as with decreasing 77, incorporating the dependence ofK ~ on
these quantities could only reinforce the results derived be-
low. It follows from (1) and (2) that the replication of chir-
ally pure polymers of length n in a medium with a chiral
polarization 77 is a stable process if

Ku (r)) - Alt exp l(au - a,) m]| > K-,

i.e.,
n(A-/MH -cyi
(o.-o,)n -r (3)

Note that if the relation 77" > 1 holds for any values of or,,, a,,
K ~, A, and « the meaning is that the replication of polymers
oflength n is an unstable process in a medium with an arbi-
trary chiral polarization, since the relation \ij\<\ holds by
virtue of the definition of 77. We also note the weak (logarith-
mic) dependence of rj" on a variation of the decay rate con-
stant K ~ and the considerably stronger dependence on the
length of the polymer, n.

Let us estimate the quantity ̂ rj" = 1 — rj", which de-
scribes the deviation of 77" from the polarization of a chirally
pure medium. From (3) we find

— ct,
(4)

Relation (4) shows that as the polymer gets longer the
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"gap" AT/" becomes progressively narrower: A progressive-
ly closer approximation to a chirally pure medium is neces-
sary for stable replication of longer polymers. It also follows
from (4) that there exists a certain length nmax above which
a polymer is no longer capable of stable replication. For all
polymers of length « > #max, the replication process is unsta-
ble, even in a chirally pure medium. The quantity «max can
be found by setting AT?" = 0 in (4):

«mnx = —ln-^r.

The upper limit on «max can be found easily by using
rough estimates of the parameters a0, a{, and A which can
be extracted from the experimental data reported in Refs. 26
and 27 for polynucleotides (a()~3, a,~10~', A~W~5

s~ ' ) and by assuming that the decay time of these polymers,
ra, is comparable to the age of the earth. In other words, we
adopt the value of K ~~ ;= 10 ~ ' 7 s ~ ' , which is obviously too
low. As a result we find «max ~3-102. Longer polynucleo-
tides cannot replicate stably even in a chirally pure medium.
Chirally pure polymers with n > 300 which are capable of
replication apparently appeared even in the later stages of
the prebiological evolution, as a result of an interaction of
chirally pure polynucleotides of length n ~ 300 with spec-
trally pure oligopeptides and/or polypeptides (and, possi-
bly, protoenzymes). We wish to stress that the length of the
polymers which are capable of stable replication falls off rap-
idly with decreasing 77, and in a racemic medium its value is
only ~ 10' (even with our value of A" ~ ~ , which is clearly too
low).

These qualitative estimates, combined with the rigid re-
lationship which has been established between the chiral pu-
rity of polynucleotides and their property of complementar-
ity, let us proceed to the conclusion that even the simplest
self-replicating systems could have appeared only in a medi-
um in which there was a pronounced breaking of mirror
symmetry—essentially only in a chirally pure medium. Con-
sequently, it was in the prebiological stages of evolution that
the physicochemical processes which led to the global break-
ing of mirror symmetry of the organic medium must have
occurred.

It can be concluded from these results that the biogenic
scenario for the onset of the chiral purity of the biosphere

could not, even in principle, have been realized in the course
of evolution, since without chiral purity of the medium the
apparatus of self-replication could not appear. This appara-
tus is a basic process in the self-reproduction of any organ-
ism. Life cannot arise in a racemic medium.

Furthermore, we cannot accept scenarios in which the
chiral purity of the prebiosphere is linked with a selection
step in the stage of the formation and selection of the prede-
cessors of the most important biopolymers. As was shown
above, the process by which they form and accumulate could
not occur in a racemic medium.

We are thus left with the abiogenic scenario as the only
realistic scenario for the appearance of chiral purity. The
following sections of this review contain a detailed analysis
of various aspects of this approach to the problem of the
breaking of mirror symmetry.

3. RACEMIZATION, HUND'S PARADOX, AND THE
DERACEMIZATION PROBLEM

For a long time it was believed that any chemical trans-
formations which result in the formation of chiral mole-
cules, as well as transformations of the chiral molecules
themselves, could lead to only a racemic mixture of these
molecules. The most common arguments can be reduced to
the following form. We consider a reaction in which a chiral
molecule is formed from an achiral molecule, specifically, a
reaction in which one of the two identical ligands Y in a
tetrahedron of chemical bonds is replaced by a ligand R
(Fig. 9). It is totally obvious that the ligands Y are equiva-
lent and that the replacement of either of the ligands in this
reaction is equiprobable. Consequently, the result is the for-
mation of a racemic mixture of L- and D-isomers.

It is also easy to see that under symmetric conditions
(in an isotropic space) the thermodynamic potential Fof a
system of mirror isomers with concentrations XL and XD,

F — (XL In XL In

reaches its minimum in the case of a racemic mixture
( XL =x0), since in this case the mixing entropy is at a maxi-
mum (« is the internal energy of the isomer molecules).
Consequently, even if one of the isomers was present in ex-
cess initially, sooner or later the chemical transformations

\ FIG. 9. Reaction in which a chiral molecule is formed from
an achiral predecessor.
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TABLE I. Time scales of the racemization of amino acids.

Amino acid

Alanine

Asparaginic acid

Valine

Isoleucine

Phenylalanine

Temperature,
°C

0
25
0

25
135
135

0
25

KM)
200

0
25

pHof
medium

7
7
7
7
7
0,9
7
7

7
7

Racemiza-
tion "half-
life," yr

1,4-106

1,2-10'
4,3-105

3.5-W
0,25
1,33

(MO6

4,8-10J

! , (>
5 -I t)-5

l , l i -10s

2 • 10:J

would bring the system to a racemic state, which corre-
sponds to thermodynamic equilibrium. The system race-
mizes itself, as it is said.

The racemization process (or the inversion of the anti-
podes) can be represented by the reaction

D. (5)

where kr is the racemization rate constant. This model de-
scribes not only the direct inversion of antipodes but also
other processes which effectively reduce to model (5). At
temperatures of the order of room temperature (and above),
racemization occurs as the result of an above-barrier transi-
tion. In other words, it results from thermal excitations. A
racemization process can also be induced, e.g., by radiation,
in which case we would speak in terms of "photoracemiza-
tion" or "radiation racemization." The time scale of racemi-
zation depends very strongly on the external conditions (the
temperature, the pH of the medium, the presence of heavy-
metal ions in the medium, etc.).32"36 Table I shows some
experimental data on racemization. Note that as early as
1927 Hund37 pointed out that racemization is—speaking
somewhat loosely—inherent in chiral molecules. The situa-
tion is that mirror isomers constitute states which are degen-
erate in energy from the quantum-mechanical standpoint
(Fig. 10), so they are not eigenstates of a molecule, since the
L- and D-states have a chirality but do not have a definite
parity. Eigenstates of the molecule which are capable of ex-
isting in two mirror-isomer forms are symmetric and anti-

FIG. 10. Chiral molecule as a two-level system, x—Collective coordinate
of molecules: E—height of the barrier separating the L- and D-states; Q—
width of barrier.

symmetric combinations of the states | + ) and |-}:

(6)

These states have a definite parity but not a chirality. Conse-
quently, the molecule "oscillates" between the L- and D-
states through a tunneling with a characteristic frequency

(7)

where M is the mass of the molecule, E is the height of the
energy barrier separating the L- and D-states, Q is the width
of this barrier, and r is a time scale of the intramolecular
motions. Accordingly, if the molecule is initially in, say, the
L-state then after a time T = fl ' it will be in the D-state.
Consequently, over a time ?> T the probability for finding a
molecule in the L-state will be the same as that for finding it
in the D-state, 1/2. This result means that the system of
isomers racemizes itself over a time t^> T.

Racemization processes prevent a breaking of mirror
symmetry, tending to restore the system to a racemic state.
Consequently, a deracemization could have occurred only if
processes capable of effectively countering the tendency to-
ward racemization exist.

4. BASIC TYPES OF PROCESSES IN CHIRAL SYSTEMS

Let us assume that we have a system containing chiral
molecules (L and D, with concentrations XL and XD) and
achiral molecules (with concentrations XA, . . .) which are
capable of undergoing various chemical transformations.
The kinetics of reactions which lead to a change in the con-
centrations of chiral molecules is described by the equations

- = /»(*<;
(8)

where x/ = (XL,XD,XA,. . .), and {A:,} is the set of reaction
rate constants. Models of chiral systems are usually ex-
pressed and studied in terms of the variables XL and XD. As
was shown in Refs. 31 and 38, however, the dynamics of
chiral systems can be studied considerably more convenient-
ly in terms of some other variables: the "chiral polarization"

and the "dimensionless concentration of antipodes" in the
system,

0 = v (A-j, *A, . . .) (j-,, + JT,),

where v(kitxA ) is a coefficient which depends on the reac-
tion rate constants. The chiral polarization 77 plays the role
of an order parameter for chiral systems31-.The value 1971 = 1
corresponds to a totally ordered—i.e., chirally pure—state,
while the value 77 = 0 corresponds to a racemic state. Studies
of the behavior of chiral systems in terms of the variables
(XL,XD) and (?/,<?) are completely equivalent, since the
transformation (XL,XD ) -> (fj,d) changes neither the
numbers nor types of singular points of the system.

Depending on the nature of the chemical transforma-

Sov. Phys. Usp. 32 (1), January 1989 V. I. GoI'danskiT and V. V. Kuz'min



TABLE II. Basic types of processes in chiral systems.

Block

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

Reaction

A — >- L.

A—* D,
Synthesis

h,.
L^I D,
Racemization

h
A + L — >- L + n,

ft

"Accidental"
autocatalysis

L + L — » L+n,

D + D — >• L+n,
Binary
racemization

L + L — »- A + B,

n + n — >- A+B,
Binary destruction

h
A + 2 L — * 2L + I1,

h

"Accidental"
superautocatalysis

L-^- A,
A"

D — >• A,
Destruction

A + L —. «-2L,

A + D — >-2D,
Autocatalysis

L + D — «-L + L,

L + D — >-D + D,
Cross-inversion

L + n-* A + B,
"Annihilation"

ft1'
A + 2L — 3L,

A + 2 L — • 3D

Type of process

Racemizing

»

»

»

»

»

Neutral

»

»

Deracemizing

»

Dynamic equation for TI

AF = x = ii

'—(-£)"

T)= -2fr,i]

.

T|-=-2/,vlt)

t|— ---frOri

T1 —

=- -- / (f l fTl- t ) ' )

A
H - - - 2

-A-^lfiT)

^-0

^-n

^ = n

.'l-|fl(ri-Ti»)

*

,-.xe^-,,')

AF = n * «

^(^)
X («-*i)

1n=-T
X l&(g — T])

X (1— II2)

n-A-g(i-T)*)

^-W(f(t-,»)

1,^2^(1-^)

fc

" X(l-t]2)

n f f -»oo)'man v' '

g—- 0 g=t 0

0

0

n

o

n

0

In

In

Tin

I t |

1 1 1

*

0

e

M 1

I t 1

1 1 1

1 1 1

tions in the system, i.e., depending on the processes in the
chiral subsystem and the interaction of the chiral and achiral
subsystems, one can identify the basic types of dynamic pro-
cesses in chiral systems. There are only three of them (Table
II).

a) Racemizing (r). Included in this category are pro-
cesses involving a relaxation of chiral order to a racemic
state. It can be seen from Table II that this category includes,
first, reactions which are of zeroth order in the chiral reac-
tants and, second, the racemization process proper and pro-
cesses which stem from the finite stereoselectivity of the in-
teractions of chiral molecules (blocks I-VI in Table II). The
general form of the dynamic equation for processes of the

racemizing type can be written as follows:

/ clri \
(•jrir -flT)-

Figure 11 shows a typical plot of rj(t).
b) Neutral (N). Processes of this type do not alter the

chiral order of a system, leaving the initial chiral polariza-
tion of the system unchanged:

It follows from Table II that the category of neutral
processes includes the autocatalytic synthesis of mirror
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FIG. 11. The function ij(t) for a racemizing process.

isomers (VIII), processes which destroy them (VII) (i.e.,
all irreversible reactions of first order in the concentrations
of the antipodes), and the cross-inversion process (IX). Fig-
ure 12 shows the function rj(t) for neutral processes.

c) Deracemizing (dr). Processes of this type lead to an
increase in the chiral order of a system (Fig. 13). A charac-
teristic feature of processes of this type is a positive feedback
in the chiral polarization, which arises because of the "inter-
action" of mirror isomers. As can be seen from Table II, this
category includes the "annihilation" of antipodes in their
interaction (L + D-»A) (X) and "superautocatalysis"
(A + L + L^3L, A + D + D^3D) (XI). The general
form of the dynamic equation for chiral polarization in the
case of deracemizing processes is

(9)

The form of this equation is similar to that of equations in the
theory of nonequilibrium phase transitions (Refs. 39 and 40,
for example). This form of the equation is characteristic of
systems which exhibit a critical behavior: At a/& < 0, a race-
mic state is stable in the system. When the critical conditions
(a/13 = 0) are reached, the racemic state loses its stability.
At a/13 > 0, stable chirally polarized states arise; i.e., there
is a spontaneous breaking of mirror symmetry.

We have some brief comments on Table II. This table
gives "reaction building blocks" which can be used to con-
struct fairly complex models for processes in an extremely
simple way. It is easy to write dynamic equations which di-
rectly show the nature of the behavior of the chiral polariza-
tion in a model which has been constructed. On the other
hand, this table can be used as a "stencil" for analyzing any
proposed reaction model. This is the basic advantage of a
classification based on the use of the variables (77,$). Note
that this classification makes it possible to identify a class of

FIG. 12. The function ij(t) fora neutral process.
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FIG. 13. The function 77(0 for a deracemizing process.

processes which are capable of effectively leading to the de-
struction of mirror symmetry—deracemizing processes—
and specifies the minimum set of reactions i.e., building
blocks which implement this process (Table HI).

In order to distinguish among the basic types of pro-
cesses—racemizing, neutral, and deracemizing—in chiral
systems we have not considered possible effects of asymmet-
ric factors—advantage factors—on these processes. The
presence of an advantage factor has the consequence that the
rate constants of mirror-image reactions (for L- and D-
isomers) are no longer the same. A measure of an advantage
factor can be introduced as the relative difference between
the rate constants for mirror-image reactions:

Incorporating an advantage factor leads to additional terms
in the equations for chiral polarization. For processes of the
racemizing type the contribution of an advantage factor is of
the form

dt|/ on \ '*'Ur) =
while for neutral and deracemizing processes it is of the form

(10)

Since the equation for the chiral polarization for neutral pro-
cesses is of the form (d-q/dt) N = 0 in the absence of an ad-
vantage factor, one would get the impression that a neutral
process would become a deracemizing process in the pres-
ence of an advantage factor. This is not the case, however. In
nonliving nature there are no processes with an absolute
stereoselectivity. This circumstance means that the "wrong"
reactions occur in parallel with the "right" ones. For exam-
ple, the neutral process (VIII)

iL
A + L — — 2L,

I.D
A + D 2D

is actually always accompanied by a deracemizing process
(III)

A+L — "U L + D,

A + D L + D.

A process of this sort makes a contribution — 2kmrj to the
equation for the chiral polarization. As a result we find the
following equation for the chiral polarization:
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TABLE HI. Models for the development of chiral order.

Type of
model

Simple
(evolu-
tionary)

To » "

» »

» »

Bifur-
cation

»

„

Set of
blocks

VIII (N)

VII(N),
g-CPL

I (r)

VII (N)

II (r) ,
S-WNC

VII (N)

II ( r ) ,
g-P

radiolysis
VIII (N)

X (dr)

I (r)

VIII (N)

X (dr),
g-WNC

VI (r)

XI (dr)

Set of reactions

A + L-»-2L, A + D-*2D
(£_ jL_ fcD^

Jordan-Kuhn model
ftL ftD

L >• A, D * A

ftL ftD
A >-L, A *• D,

L »A, D 1- A,
ft

L~ *"D

ftL ftD
L »• A, D >• A,

ft
L ~* D

ft

ft
A+D — *• 2D

_*a

Frank model
ftL ftD

A-*- L, A — *- D

A + L«2h, A + D=^2D

L + D ->- B,
Modified
Frank model

A + 2L-*3L,
A + 2D-.-3D

A + 2L-j-2h + D,

"Supercompetition"
model

Final state (»/mox )

Tloo = T)0

1

g

T

g
k

in

0 for p<pc .

± (l r-j for P > PC,

p = f ( f c j , IA)

0 for p<p c ,

± (l — ̂ -) for p>pc ,

P = / ( f e £ , IA)

Ref.

4,41,
42,89

47,48

103,112

in

148

151-156

144

The various sets of reactions, both with and without an advantage factor, were analyzed in detail
in Refs. 38 and 125-127. CPL = Circularly polarized light; WNC = weak neutral currents.

dT ( ID

The chiral polarization of the system tends not toward 1, as
would follow from (10), but toward a value ~g/kR. We will
estimate this quantity in order of magnitude in §5 in a discus-
sion of the hypothesis that the chiral purity of the organic
medium arose from an effect of an advantage factor on the
"primeval soup."

We wish to stress that an analysis of the dynamics of
chiral systems in terms of the variables (rj,0) furnishes an
unambiguous answer to the question of which types of pro-
cesses occur in the system, in contrast with a similar study
carried out in terms of other variables. We will demonstrate
this point on the example of the rather popular hypothesis of
an autocatalytic appearance of chiral purity, which has been
suggested by several authors.4"41'42 This hypothesis is based
on the following reaction scheme:

A + L-^2L, A 4 - D - A - 2 D

(the rate constants of the mirror-image reactions are the

same—there is no advantage factor). The authors of
this hypothesis started from the position that the dynamic
equation for the difference between the antipodes, a

da

Working from the solution of this equation,

they concluded that since the difference between the anti-
podes (which arose as the result of some fluctuation at the
initial time) increases exponentially, such a process could
lead to the dominance of one of the antipodes in the bio-
sphere. That conclusion, however, is erroneous. The equa-
tion for the sum of the antipodes, 9 = (XL + xD)/A,

-f-e.(!T

has the same form as the equation for the difference, so the
sum of the antipodes also increases exponentially (with the
same argument). The chiral order of the system, described
by the value of the chiral polarization (77 = a/0), does not
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change; it remains equal to its original value: T/(T) = 77(0).
Another model of this type is the model which Nor-

den48 proposed for the development of the chiral purity of
the biosphere, on the basis of Eigen's idea43 of hypercycles.
The equations of Eigen's model for two mirror isomers can
be written in the form

9tt*l

where A, and Z>, are the rate constants of the autocatalytic
synthesis and destruction of the isomers, Q, is the fraction of
isomers which reproduce themselves "correctly," <p0 is the
rate constant for the escape of isomers from the reaction
region, and p/j is the rate constant of the "incorrect" synthe-
sis, i.e., of the racemizing process. These equations can be
rewritten in terms of 77 and 6:

Here g= (WL - Wr>)/(WL + W D) Wt = A,Qt-Dl,
i = L,D ) is the advantage factor which stems from the "se-
lective advantage"43 of the L-isomer, and /sTR is the effective
constant of the racemizing process kR = 2<plj/(W

1' + W°).
It is easy to see that this is a typical model of a neutral process
under the influence of an advantage factor; it incorporates
the presence of a racemizing process [see Eq. (11)]. Conse-
quently, the maximum degree of chiral polarization which
can be attained in such a system cannot exceed g/kR, and for
realistic values of g and kR we would have g/kR < 1.

In analyzing the processes which occur in chiral sys-
tems in order to determine whether they are capable of lead-
ing to a pronounced breaking of mirror symmetry we should
be very cautious in drawing conclusions on the basis of equa-
tions for the concentration of mirror isomers (it is difficult
to conclude from the form of these equations whether a given
model is suitable in the problem of the development of chiral
order in the course of evolution ) and equations for the differ-
ence between antipodes, since they may lead to incorrect
conclusions.

We turn now to a discussion of two alternative hypoth-
eses for an abiogenic chiral purity.

5. THE ADVANTAGE-FACTOR HYPOTHESIS: THE
SEQUENTIAL-EVOLUTION SCENARIO

This hypothesis is based on the idea that the rate con-
stants of the reactions in which mirror-isomer molecules are
involved may differ if there is some asymmetric influence.
These differences would have played a decisive role in the
breaking of mirror symmetry in a prebiological organic me-
dium. This hypothesis can be described schematically as fol-
lows:

Advantage
Factor

Primeval Development and Chiral purity
racemic intensification of an of prebiosphere
soup external asymmetry

in
physicochemical
transformations

The idea that the dissymmetry of living matter is a con-
sequence of physical factors of some sort or other dates back
to Pasteur.44 This idea arose at the very beginning of the
problem of the development of the chiral purity of the bio-
sphere, and it has dominated this problem down to the pres-
ent since the idea that physicochemical processes would be
incapable of breaking mirror symmetry in the absence of an
advantage factor has dominated the thinking of researchers
(§3).

The literature presents a great diversity of assumptions
regarding the nature of the advantage factor which was re-
sponsible for the breaking of mirror symmetry in the course
of the process by which life originated (see, for example, the
bibliography in Ref. 45). All the physical sources of a non-
equivalence of the leva and dextro isomers which have been
proposed can be put in one of two categories.

First, there are the local advantage factors. Examples
are circularly polarized light, 46"*9 various combinations of
static electric and magnetic fields,50"52 "mechanical" advan-
tage factors (e.g., a combination of the gravitational field
and the forces which arise during rotation), the Coriolis
forces,53"55 and "mixed" advantage factors, i.e., combina-
tions of mechanical forces and electromagnetic fields.51 We
could also include in this category the effect of lightning54

and a combination of a magnetic field and linearly polarized
light,56'57 Some more-exotic candidates have also been ad-
vanced, e.g., circularly polarized electromagnetic radiation
generated by solar flares.58 The expression "local advantage
factors" is used to emphasize that the advantage factors of
this type may or may not exist in some particular spatial
region (on the earth's surface) and that they vary from re-
gion to region or act for only a limited time.

The second category is that of global advantage factors.
This category includes the sources of an advantage factor
which stem from parity nonconservation in the weak inter-
actions of elementary particles. Such advantage factors may
be manifested either in the course of radiolysis under the
influence of polarized products of /?-decay (the Vester-Ul-
bricht hypothesis59'60) or in an effect of weak neutral cur-
rents.61'62

How would a difference between the rate constants for
chemical processes be caused by an advantage factor?

There are two mechanisms by which an advantage fac-
tor could operate. One involves the lifting of an energy de-
generacy of molecules which are mirror isomers (§3, Fig.
14). In this case, the internal energies of the antipodes be-
come different (EL j^ED), and as a result of this difference
the reactivities of these isomers are slightly different. This

FIG. 14. Chiral potential with parity nonconservation. Here A£ is the
splitting of the levels of the L- and D-states of the molecules.
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mechanism leads to an internal difference between the iso-
mer molecules. It operates in the case of an advantage factor
caused by weak neutral currents. If we denote by HWNC the
Hamiltonian which is responsible for weak neutral currents,
the energy difference between the isomers, A£WNC, is given
by

where a is the inversion operator.
In the second mechanism, a difference in the reactivities

of antipodal molecules arises from the circumstance that
their interactions with a chiral advantage factor are not the
same (e.g., an interaction with circularly polarized light or
polarized /?-decay radiation). Under the influence of an ad-
vantage factor of a certain chirality (e.g., left-hand or right-
hand circularly polarized light), the isomers with one type of
chirality are excited more efficiently than are the isomers of
the opposite chirality, so it is easier for them to undergo
chemical transformations, although their internal energy re-
mains the same in the unexcited state. The difference in the
activation energies of the isomers is given by

where H-m{ is the Hamiltonian of the interaction of an isomer
molecule with the advantage factor. If we take the relative
difference between the rate constants of the mirror-image
reactions,

as a measure of the advantage factor, and if we use an Arr-
henius dependence of the reaction rate constant on the acti-
vation energy,

EL = ED ± AE.

we find the following expression for our measure of the ad-
vantage factor:

exp(—£L/fcBr)—exp( —
(14)

Formally, the measure of the advantage factor has been de-
fined in the same way for the two mechanisms, but we wish
to stress that the quantity A-ZT has different meanings in the
two cases.

The question of the maximum attainable degree of
asymmetry in some scenario plays a very important role in
an analysis of the scenario for the breaking of mirror symme-
try. The reason is the need for chiral purity of the medium as
a necessary step preceding the formation of self-replicating
systems.

In the scenario of sequential and continuous evolution,
it is customary to take basic processes to be such processes as
the destruction of isomers (VII),

L —1* A, D —-> A;

simple synthesis (I),

L, A —-> D;

(15)

(16)

or the autocatalytic synthesis (VIII)

"a *?A + L — - + 2 L , A + D * (17)

of isomers from an achiral substrate in the presence of an
advantage factor (k \ and k ,D are the rate constants of the
corresponding reactions). According to the classification of
§4, reactions (15) and (17) are neutral processes, while re-
action (16) is a racemizing process. In an abiogenic scenario
for the breaking of mirror symmetry, we would have to sup-
plement reactions (15) and (17) with a consideration of the
corresponding racemizing processes. For reaction (15), this
is the induced racemization

*r
L — D , (18)

while for reaction (17) it is either induced racemization
(18) or the "incorrect" synthesis reaction, which is mani-
fested as a result of a nonabsolute stereoselectivity of the
chemical reactions,

A + L L + D, A + D — ^ (19)

For simple-synthesis reaction (16), even if we ignore addi-
tional racemizing processes, we find the following value for
the maximum attainable asymmetry of the system (Table
II):

'irnas g-

Taking racemizing processes (18) and (19) into account,
we find the maximum attainable asymmetry of the system
for reactions (15) and (17) to be [see Table III and
Eq . ( l l ) ]

1/2-1-1 (20)

where kR is the dimensionless effective rate constant of a
racemizing process.

In summary, in the "evolutionary" scenario the value of
77max is determined either directly by g or by the ratio g/kR.

5.1. "Selection rules" for the advantage factor

We mentioned above that a large variety of asymmetry
sources have been proposed. Actually, not all of them are
suited for the role of advantage factor. A physical source of
an advantage factor must satisfy certain symmetry require-
ments.

We recall that the property of chirality is described
most simply by a pseudoscalar x whose value changes sign
when we transform from a right-handed coordinate system
to a left-handed one, i.e., under mirror reflection:

CTX = - X .

where a is the inversion operator. A quantity of this sort can
be constructed as the scalar product of an axial vector (A)
and a polar vector (P) which are associated with the chiral
object:

We know quite well that (natural) optical activity is ob-
served for only those chiral molecules which belong to point
groups which do not contain mirror-rotation elements (and
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for which both electric dipole and magnetic dipole transi-
tions are allowed):

here the operators d and m represent respectively the electric
and magnetic moments of the transition /-»/

It would thus seem that any combination of a polar field
and an axial field could in principle be thought of as a possi-
ble source of an advantage factor. Actually, the require-
ments imposed on the source of an advantage factor are even
more severe. Analysis63"72 shows that a combination of static
fields, one described by an axial vector and another by a
polar vector (e.g., E and B or a gravitational field and a
centrifugal force), is not a "true" advantage factor (at least
for equilibrium processes) in the sense that the influence of
such an advantage factor on chemical transformations in a
chiral system does not lead to an asymmetry, i.e., an inequal-
ity of the concentrations of L- and D-isomers. To demon-
strate this point, we consider a simple example (following
Ref. 67).

We assume that we have a chemical system in which
achiral molecules are transformed into L- and D-isomer
molecules in the presence of an advantage factor, the source
of which is a combination of a polar field P and an axial field
A, both of which are static: L «=» B ±s D. We denote the state of
the molecules in the presence of the advantage factor by (M,
P, A), where M = L,D. We introduce two symmetry opera-
tions: time reversal ( T) and mirror reflection ( a ) . Since we
have

and

fp = P, T\= — A,

we can write

(L, P, A) -i (D, P, -A) 4- (D, P, A). (21)

Equation (21 ) states that the L-isomers have the same

energy as the D-isomers. Since the partition functions of the
isomer molecules are identical, it follows from (21) that
their equilibrium concentrations are equal even in the pres-
ence of the advantage factor:

XL = XD.

A "true" advantage factor (in the terminology pro-
posed by Barron) is an asymmetric agent which has the
property of "helicity"; i.e., it would be one of those physical
fields, types of radiation, etc., which can exist in two enan-
tiomer forms which transform into their antipodes under
space inversion but which do not change under time reversal
combined with any spatial rotation. 68 72 Among the advan-
tage factors listed above, those which fall in this category are
the following: circularly polarized light, a combination of a
magnetic field with linearly polarized light, polarized fi-de-
cay products, and weak neutral currents (Table IV).

5.2. Local advantage factors

5.2.7. Circularly polarized light. An asymmetry in the
reaction products during the photolysis of a racemate by
circularly polarized light was observed experimentally near-
ly 60 yr ago,73 and this method of asymmetric synthesis is
still part of laboratory practice (Ref. 74, for example). The
sunlight which is circularly polarized at twilight at the sur-
face in the IR part of the spectrum (800 nm) constitutes
0.1 % of the total flux.75 In the UV region, however, which is
the best for causing reactions in photochemical processes,
one does not observe a circular polarization sufficient for
asymmetric photolysis; i.e., this polarization amounts to less
than 0.01 %. We should also stress that the circular polariza-
tion of sunlight is a consequence of parity-conserving elec-
tromagnetic interactions in the earth's atmosphere, so circu-
larly polarized light could be only a local advantage factor.
On the average over the entire earth's surface, and in view of
the rotation of the earth, the effect of circularly polarized
light should disappear.

5.2.2. Magnetic and gravitational fields, etc. Since such
sources as magnetic and gravitational fields, the centrifugal

TABLE IV. Physical advantage factors.

Type of advantage factor

Circularly polarized light
Static magnetic field (SMF) (B)
Static electric field (SEF) (E)
Gravitational field (GF) (G) SMF + SEF

Rotation (Coriolis forces) + GF
SMF + GF
Rotation + SMF + SEF
Rotation + SMF + GF
SMF + linearly polarized light

Weak neutral currents

Longitudinally polarized (S particles

Notation: % — Factor determined by molecular stru
the operators s and p represent the spin and momen
the interaction of polarized 0 particles with molec

"True" ( -4 )
or
"imaginary" ( — )

+

+
+
+

+

+

cture; hf — helicit
turn of the/? partic
ules; z — atomic n

g

10-2 .4- 1C-*

7.1 (EB)

X j ( [ < » v ] G ) — x ; - (QG>
Xm (BG)

Xn( 0) [EB])
Xp (B [coG])

7r (BK)
-, -r>in-2n _ \ A-; :

k^l

,. °L-"D
 10_,,

e aL + <>'->

y of P particles (sp), where
le; a L0 — cross sections for
amber.
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forces which arise in vortices, etc., do not satisfy even the
simplest necessary condition which sources of an advantage
factor must meet (a pseudoscalar can not be associated with
them), they cannot be regarded as advantage factors.

5.2.3. Combinations of static axial and polar fields. Ac-
cording to Subsection 5.1, an asymmetry could not be gener-
ated by advantage factors of this sort in chemical reactions
which occur under equilibrium conditions.

Furthermore, the recent hypothesis of an advantage
factor stemming from the interaction of the geomagnetic
field with a magnetic moment induced in molecules by the
motion of the ions of the medium 76~78 also runs into the
difficulties mentioned above: Analysis shows that an advan-
tage factor of this sort is not a true advantage factor in Bar-
ren's classification.

Accordingly, reports of an asymmetry of reaction prod-
ucts obtained in experiments with advantage factors of this
sort (e.g., an asymmetric synthesis reaction in collinear elec-
tric and magnetic fields50 and synthesis in a rotating ves-
sel51'53'55 ) should be received with much caution. In the care-
ful experiments of Ref. 54, where a study was made of the
possibility of asymmetric transformations in a rotating ves-
sel, no asymmetry was found in the reaction products.

There is reason to believe that the conclusions reached
in a study of equilibrium processes under the influence of
such advantage factors also apply to processes which occur
under nonequilibrium conditions,67 although the opposite
point of view has been expressed.70'71 This question requires
further study.72

Let us nevertheless assume that an advantage factor of
this type is a "true" advantage factor for nonequilibrium
processes. Mead and Moskowitz worked from the experi-
mental conditions on asymmetric synthesis in a rotating ves-
sel53 to estimate the magnitude of the effect. They showed
that in this case it was g < 10 ~'7. If we note that the reaction
vessel was rotating at a velocity ~ 1.4-104 rpm, which is of
course far higher than the rotation velocity in atmospheric
vortices or in the rotation of gas jets during the eruptions of
volcanos, we find a figure g< 10 ~ 1 7 for natural conditions.
We thus have ?7max = g<10~17. An advantage factor of such
an amplitude obviously could not play any role in breaking
the mirror symmetry of the primeval soup.

In completing this brief review of the hypothesis of local
advantage factors, we would like to call the reader's atten-
tion to some fundamental difficulties here. First, the greatest
asymmetry which is achievable (even in experiments) is no
greater than ~ 102 (these would be experiments on photoly-
sis in a beam of circularly polarized light). In light of the
results presented in §2, this figure is obviously far from ade-
quate from the standpoint of the problem of the origin of
chiral purity. Second, no actual local advantage factor
whose distribution on the earth would have an asymmetry
for the planet as a whole has yet to be proposed. We might
add that one of the "oldest" and most popular sources of an
advantage factor—enantiomorphic quartz crystals, on
which a stereoselective sorption of isomer molecules could
occur—is represented on the earth by a racemic mixture,
according to detailed studies of the abundance of such crys-
tals77'78—despite numerous assertions that the abundance of
L-quartz is 0.1 % greater than that of its D-antipode. This
fact is a serious argument against the Cairns-Smith hypothe-
sis,79 presently popular, that clays and minerals played a key

role in the origin of self-replicating systems.
In summary, processes which occur under the influence

of local advantage factors on the earth could lead to the for-
mation on our planet of only a racemic mixture of mirror
isomers, at least in the evolutionary scenario for the arising
of chiral purity.

5.3. Global advantage factors

The discovery of parity nonconservation in the weak
interactions of elementary particles80'81 has provided a phys-
ical basis for the suggestion that the asymmetry of the bio-
sphere is a consequence of parity nonconservation in weak
interactions.

Two mechanisms for a possible influence of parity non-
conservation are being discussed in the literature. One is re-
lated to the so-called neutral currents. As far back as 1925,
Le Bell82 made the daring, but at the time purely speculative,
suggestion that atoms have an internal chirality. A physical
foundation for this suggestion was observed considerably
later and was linked with a role played by weak interactions
in the interaction of atomic-shell electrons with the nucleons
of a nucleus: the existence of neutral currents.83 Parity viola-
tion was linked with a vector neutral boson z0 (Ref. 84).
Because of neutral currents, the electronic structure of an
atom may have an insignificant internal chirality. (An ex-
perimental study of optical activity due to neutral currents is
presently being carried out in the vapor of heavy metals.
85~88) As a result, as we have already mentioned, the dextro
and leva molecules—mirror isomers—would differ only ex-
tremely insignificantly in terms of energy (we will offer
some theoretical estimates of the possible energy nonequiva-
lence of antipodal molecules below). Correspondingly, the
rate constants for chemical reactions (synthesis, destruc-
tion, polymerization, etc.) in which enantiomers participate
could be different, although to a very slight extent. The ex-
perimental observation of such differences apparently lies
beyond the reach of today's capabilities, but many authors
have suggested that the physicochemical processes which
presumably underlie chemical evolution have the capability
of building up and intensifying such insignificant differ-
ences. In principle, this mechanism could result in a macro-
scopic excess of one of the isomer forms of an organic sub-
stance (see Refs. 61 and 89-91, for example).

Another possible mechanism is related to an effect of
radioactive emission on the chemical transformation (syn-
thesis or destruction) of mirror isomers. As we know, parity
nonconservation during 13 decay leads to the predominant
appearance of longitudinally polarized electrons (or posi-
trons). As such electrons (or positrons) interact directly
with chiral molecules, or as they generate in a substance
bremsstrahlung with a circularly polarized component
which interacts selectively with the antipodes, they may give
rise to an excess of one of the antipodes in the course of
physicochemical transformations in a chemical system.

5.3.1. Weak neutral currents. Weak neutral currents
perturb stationary states of atoms and molecules, "lifting"
the energy degeneracy for antipodal states of a chiral mole-
cule. Specifically, we have
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amount

A£\VNC = 2 (L |//wxc I L)
y*v

as a result of weak neutral currents (//WNC is the potential
describing the contribution of the weak neutral currents, and
a is the operator of space inversion).

Using the model of an atom in a chiral potential, we can
find an order-of-magnitude estimate of A£WNC (Refs. 92-
95):

A£WNC a.u. =. -M J/mole .

where Z is the atomic number, and q is a structural asymme-
try factor. The potential H can be written as the sum of three
binary-interaction potentials93"95:

II I/ee I tfPe L Une

" WNC = « WXC T •" WNC ~T •" WNCi

yv yv

where //WNC is the electron-electron potential, //WNC the
proton-electron potential, and H WNC the neutron-electron
potential. The potential //WNC describes a predominant
contribution to the splitting A£WNC of the energy of chiral
antipodal molecules due to weak neutral currents. The two
other potentials, //WNC and H WNC, depend on ( 1 — 4 sin2

$w ) , i.e., on the Weinberg angle. The experimental values of
sin20w lie in the interval99'100 (0.215-0.23, so #WNC and
//WNC do indeed make a contribution much smaller than
that of H WNC • The reader interested in the details of the
calculation of A£"WNC might look in Refs. 92-98.

In a series of papers, Mason and Tranter93"98'101'102 cal-
culated the values of A/SWNC caused by weak neutral cur-
rents for several organic compounds, including some amino
acids (alanine, valine, serine),93"95 peptides,93'98 and tetra-
hy drofurans ' ° ' ' ' °2 ( the latter are possibly predecessors of su-
gars). Mason and Tranter succeeded in demonstrating that
weak neutral currents shift the energy levels of antipodes, so
that the L-isomers of the amino acids have an energy lower
than that of the D-isomers. A corresponding result was de-
rived for the predecessors of sugars: The D-isomers have an
energy advantage over the L-isomers. This result means that
the sign of the chirality of the biosphere and the sign of the
chirality of the advantage factor due to the weak neutral
currents are the same. The energy difference between the
antipodes (for both the amino acids and the tetrahydrofu-
rans) is of the order of 10^20 a.u.( 10 ~ 14 J/mole), and a
measure of this advantage factor is the quantity

8- • 10-'7 (22)

CT=300K).
The advantage factor due to weak neutral currents is

thus extremely small. Until recently, however, the hypothe-
sis that even such a weak advantage factor as that stemming
from weak neutral currents could lead to the dominance of
one of the isomer forms in the synthesis of polymers was
extremely popular. This hypothesis, which was originally
advanced by the Japanese chemist Yamagata,89 can be sum-
marized as follows: We assume that leva (L) and dextro (D)
polymers of length n are formed in a chemical system in
accordance with the scheme

PL
nL, PD

In the presence of an advantage factor, the probabilities pL

and/>D are slightly different:

P-L = P(1 + g), PD =P (1 —g).

By solving the kinetic equations corresponding to scheme
(23), one finds the following ratio of the numbers of leva and
dextro polymers of length n:

It is easy to see, however, that even for very large molecules
(« = 106), with a realistic valueg~ 10 ~ 17, the chiral polar-
ization in such a system would not exceed

_ 1—exp(gra) (24)

(it was previously assumed that parity nonconservation in
weak interactions could lead to valuesg> 10~7 ). Further-
more, as was shown in Ref. 103, incorporating the inverse
reactions in scheme (23)—these inverse reactions always
occur along with the forward reactions—and incorporating
the finite stereoselectivity lead to

J V D

i.e., the medium remains racemic.
We can also evaluate r)max in another way. Let us as-

sume that the rate constant (the probability/?) for the incor-
poration of an isomer of the foreign chirality in a chain
which is being synthesized does not exceed 10~<MO~8 (this
estimate is on the low side for chemical processes character-
istic of biochemical reactions and modern organisms). From
(24) we then find

,-, ~ JL.E--IO-" — Ifr9
'Iniax ~ n

We thus see that the problem of the development of the
chiral purity of the biosphere as a result of an advantage
factor stemming from weak neutral currents has not been
solved on the basis of "simple" evolutionary hypotheses.

5.3.2. 0 decay. Currently the most popular mechanism
for the effect of the products of/? decay on chiral molecules
is the asymmetric radiolysis of these molecules due to longi-
tudinally polarized electrons and positrons (Refs. 104-106,
for example). The case of greatest interest is the radiolysis
accompanying the decay of such nuclei as14C, 40K, 235U, and
26Al, which are quite abundant in the earth's crust, the
ocean, and the biosphere.

The asymmetry of the radiolysis of antipodal molecules
as they interact with longitudinally polarized /? radiation
can be written in the following form'07'"18:

, Z); (25)

here /Ke* ) = (s,-p,-)—the helicity of electron (or posi-
tron) /—is the degree of correlation between the spin of the
particle, 5,- and its momentum p,, Zis the atomic member of
the nucleus, and

(L) — o-(L) a ± ( L ) — a* (D)
a ± (D)

(23)

(26)

is the asymmetry of the interaction of longitudinally polar-
ized /? particles with L- and D-isomers {a± is the cross
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section for the interaction of the molecules with the particles
of positive (negative) helicity]. In the energy range
100 < E < 500 keV, the asymmetry HR can be written as fol-
lows109 (in the nonrelativistic Born approximation):

(27)
'" K ~ 2£ In E '

where qR is the molecular dissymmetry factor in the radioly-
sis of the molecules (this factor depends on the structure of
the specific molecules). For E = 100 keV (a typical value of
the electron energy in/? decay), expression (27) reduces to

H lO"5;? (&Z)^ T28)

Taking <?R~10~2-10~3 (the amplitude of the circular di-
chroism in the absorption bands of amino acids), we find the
following result for the asymmetry HR of the radiolysis of
amino acids (Z = 6):

= 10-10 - 10-1 (29)

Consequently, even in the case of a 100% polarization of the
13 particles we would have

10-11<4H<10-10. (30)

Actually, the values are/; ( e± ) =/(£)<! and^R <10~".
Note also that /;(e) increases with increasing E, while the
reactivity of the /? particles falls off, so the asymmetry of the
reaction products would be reduced even further.

Zel'dovich and Saakyan"0 have derived corresponding
results for the asymmetry of the radiolysis of chiral mole-
cules by relativistic 13 particles:

ff*
v Im (dm)
c ld | s (31)

where d and m are the electric and magnetic dipole moments
of the transition of the molecule from one state to the other in
the course of the radiolysis reaction, and v is the velocity of
the electron. Transitions in intense absorption bands, which
dominate the reaction cross section, lead to the following
estimate:

L „ 10-Jdm)
I d !

In this case, for electrons with E = 100 keV, we again find

FR = 10-".

It is easy to see that AR is essentially equal to g; i.e., for
radiolysis caused by longitudinally polarized particles from
P decay, the amplitude of the advantage factor is estimated
to be

-10- IO-11. (32)

An asymmetric radiolysis of antipodes is described by
the reaction scheme

*L *D

In the process, however, an effective radioracemization also
occurs:

D.

According to Table III and Eq.(20), the maximum chiral
polarization attainable in a process of this sort depends on
the ratio of the measure of the advantage factor, g, to the
effective rate constant of the racemizing process,
kR =2kr/(k^ + k°),in the following way:

1max = - (34)

It is a simple matter to estimate kR for radiolysis. The radio-
lysis rate constant kd varies, for various amino acids, from
5-10~9s" ' (in the case of the 0 decay of 40K and 14C) to

-' for a "natural" nuclear reactor (such as
The radioracemization rate constant is

•10-9s-'
5-10-10 i
Oklo).111

If ^If)-1'/vr - lu (Ref. 112). We thus find
~10 5-10 2. From (34) we thus find the following esti-

mate:

,10-9-10-". (35)

More-detailed calculations based on Eq.(34)] incorporat-
ing the temperature dependence of the reaction rate con-
stants are reported in Ref. 111; the results are shown in Fig.
15 of the present paper.

Estimate (35) leads to the conclusion that the advan-
tage factor which stems from parity nonconservation in (3
decay could not be a source of a pronounced breaking of
mirror symmetry in the course of the prebiological evolution
in the evolutionary scenario.

On the basis of the results presented in this section of the
review we can conclude that those sensational results on the
13 radiolysis of racemates which are reported from time to
time in the scientific literature (e.g., Refs. 113-116) are also
artifacts and have subsequently either been acknowledged as
erroneous by the authors themselves (e.g., Ref. 117) or been
convincingly refuted (e.g., Refs. 118-120).

In summarizing this discussion of the hypothesis that
an advantage factor influenced the breaking of mirror sym-
metry during the evolution of the original organic medium,
we can confidently conclude that this hypothesis runs into
difficulties which are so fundamental in nature that there is
extremely serious doubt that this hypothesis would be capa-
ble of serving as the main scenario for the development of the
chiral purity of the biosphere. It is totally obvious that the
racemizing and neutral processes which are discussed within
the framework of this hypothesis are incapable, even in the
presence of an advantage factor, of destroying an initially

-20 0 20 60 WO no ISO 220
T C-T
'7 "

FIG. 15. Dependence of |i/max | on T for the radiolysis of alanine in an
aqueous solution by natural sources of/? radiation. "' 1—4"K, I4C in
oceans; 2—average /? radioactivity of the earth's crust; 3—uranium de-
posits; 4—2*A1; 5—"natural" uranium reactor (:"U) (such as Oklo);
6—weak neutral currents (WNC).
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racemic state of the organic medium. The theoretical analy-
sis and the experimental data available today only support
this conclusion.

On the other hand, experimental data which had accu-
mulated by the mid-1970s provided evidence of an instabil-
ity of the racemic state in a stereoselective, cooperative inter-
action of molecules which are mirror isomers even in
relatively inviscid liquids. At the same time, a new direction
in research on nonequilibrium processes and self-organiza-
tion phenomena opened up: synergetics. It was in this direc-
tion that a step was taken toward new concepts in the prob-
lem of the breaking of mirror symmetry in the course of a
prebiological evolution on the earth. We wish to stress that
the studies by Morozov,124~126 who formulated the concept
of a spontaneous breaking of the mirror symmetry of organic
matter in the course of evolution, played an extremely im-
portant role in the development of this direction.

6. SPONTANEOUS BREAKING OF MIRROR SYMMETRY: THE
"CHIRAL CATASTROPHE" SCENARIO

No matter how attractive we may find the idea of ex-
plaining the "leftism" of the bioorganic world in terms of a
breaking of the symmetry between left and right in the world
of elementary particles, the results presented in the preced-
ing section of this paper rule out such a "translation" of
asymmetry, at least within the evolutionary scenario, i.e., in
the case of a continuous and progressive buildup of an ad-
vantage factor during the process by which life originated.

An alternative to the scenario of a gradual buildup of an
advantage factor is a spontaneous breaking of mirror sym-
metry in a prebiological organic medium—a self-organiza-
tion of optical isomers in the course of chemical evolution.

From this point of view, the breaking of mirror symme-
try and the formation of chirally pure forms of organic mate-
rial were a consequence of the development and amplifica-
tion in the course of the prebiological evolution of
fluctuations which were of such a nature that they corre-
sponded to an initially very slight predominance of one of
the enantiomers. This thought was first expressed by Pear-
son121 in a discussion of Japp's well-known paper on stereo-
chemistry and vitalism.122 Pearson suggested that in the ear-
ly stages of evolution the molecular formations might by
chance have had a nonracemic composition. The subsequent
selection of molecules of the same chirality type from the
racemic surroundings served as the basis for the appearance
of a macroscopic excess of one of the antipodes.

Some significant evidence has recently appeared in sup-
port of the hypothesis of a spontaneous breaking of mirror
symmetry according to which a mirror-symmetric state
loses its stability under certain conditions, and there is a
spontaneous breaking of mirror symmetry, with an abrupt
transition to a chirally ordered state.38'121"129 According to
this theory, the process which leads to the self-organization
of chirally pure forms of organic matter is based on cooper-
ative interactions of fluctuations of the antipodal composi-
tion of the medium in the course of the set of physicochemi-
cal transformations which determined the formation of the
first living systems. This question thus lies at the core of the
problem of a spontaneous breaking of symmetry, which is
being discussed widely in natural science today.

Ideas of a spontaneous breaking of symmetry play an
important role in the theory for such phenomena as the

phase transitions which lead to ferromagnetism, supercon-
ductivity, superfluidity,130tU1 and the generation of coherent
radiation of various types.39 The same ideas underlie modern
conceptions of the properties of the physical vacuum132 and
the evolution of the universe in the "hot model"133 and also
the modern theory of the interactions of elementary parti-
cles.134 Spontaneous symmetry breaking is the foundation of
a theory for the evolving of spatial and temporal order in
chemical and biochemical processes which is being devel-
oped in studies by Prigogine's school,40 and it is the starting
point for a new direction in science: synergetics.39 Such key
problems in biology as morphogenesis and differentiation
and questions of population dynamics actually reduce to
spontaneous breaking of symmetry.135J36 Even the very ap-
pearance of life has been studied from this standpoint.137

In addition to the common concept, these problems are
tied together by a common mathematical apparatus: bifur-
cation theory.39'40'138

General physical reasons for the breaking of mirror
symmetry in the evolution of organic matter have been es-
tablished successfully on the basis of the ideas and methods
of the theory of nonequilibrium processes (dissipative struc-
tures).38'124"129 From this standpoint, the reason for the de-
racemization of the original organic medium should not be
sought in the form of any a priori differences in the evolution
dynamics of the leva and dextro mirror-isomer molecules.
The symmetry breaking is based on an instability of the race-
mic state, because of which any, arbitrarily small fluctu-
ations which result in a deviation of the concentration of the
isomers from the racemate are autocatalytically amplified
and become capable of leading to the essentially complete
dominance of one of the isomer forms in the final state of the
evolutionary process in the stage of prebiological evolution.

The hypothesis of a spontaneous breaking of mirror
symmetry can be described by the following scheme:

Statistical
fluctuations of

the ratio of
antipodes

Primeval Development and Chiral
racemic intensification of an purity of

soup asymmetry of prebiosphere
the initial state

in physicochemical
processes

We wish to stress that according to the hypothesis of
spontaneous deracemization the repetition of the entire set
of events which led to the appearance of chiral purity and
then life on earth could be equally successful in leading to a
biosphere which uses D-amino acids and L-sugars.

This scenario has recently been winning increasing rec-
ognition, some of it from supporters of the idea that an ad-
vantage factor of a fundamental nature (weak neutral cur-
rents or polarized radiation) had a decisive influence. These
authors invoke the idea of a spontaneous deracemization for
an intensification of an advantage factor in the course of a
nonequilibrium phase transition from a racemate to a chiral-
ly ordered medium.139-140

A spontaneous breaking of mirror symmetry during the
crystallization of solutions of optically active compounds
was in fact observed by Pasteur.141 Pasteur was the first to
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observe that certain conditions must be satisfied for this
event to happen: If the crystallization goes at a temperature
below a critical temperature (for the given compound),
chirally pure crystals will precipitate, but at temperatures
above the critical temperature the crystals which precipitate
from solution will be racemic.

Morozov et a/.9 offered a theoretical explanation for
this phenomenon. Working from the theory of regular solu-
tions, they showed that a spontaneous separation of a race-
mic mixture of antipodes is caused under critical conditions
by a stereoselectivity of the interactions of the isomer mole-
cules of different chirality (the difference between the inter-
action energies of the isomers is ELL = £DD ̂ ELD). The
transition from joint crystallization to separate crystalliza-
tion is associated with a disorder-order transition.

The idea that stereoselective, cooperative interactions
of antipodes which lead to the appearance of a positive feed-
back through the chiral order play a dominant role also un-
derlies the scenario of a spontaneous breaking of the mirror
symmetry of organic matter in the course of chemical evolu-
tion. Already at the earliest stages of prebiological evolution,
a sort of "phase transition" which deracemized the "prime-
val soup" occurred.

6.1. Model for the spontaneous breaking of mirror symmetry

Possible models for transformations of isomer mole-
cules for representing spontaneous deracemization have
been the subject of active research (e.g., Refs. 142-147) in
recent decades. The general requirements imposed on mod-
els of this type, regardless of the specific realizations and
details, however, were established in Refs. 38 and 124-129.
Looking back at Table III in §4, we easily see that any model
for spontaneous symmetry breaking must contain a derace-
mizing block

model (38) take the form (k\ = k? =

or

D

A + 2L -»- 3L, A + 2D -> 3D

(36)

(37)

(blocks X and XI in Table II). We wish to stress that reac-
tions (36) and (37) may actually conceal complex chains of
multistep transformations which effectively reduce to these
reactions.

The model which has won the greatest popularity, and
which was originally proposed by Frank'48 (Table III), is
usually described in the following way in the modern litera-
ture:

A ft

A + B -4- L, A+B-4-D,

L-f-D-^A',

(38a)

(38b)

(38c)

where k ]"D are the rate constants of the corresponding reac-
tions. [Frank's original model did not have step (38a) or the
inverse reactions in step (38b) ]. We will use this model to
demonstrate the basic features of the scenario of spontane-
ous deracemization (the bifurcation scenario).

In terms of the variables rj and 0=(k2/
2&,)(.xL + X D ) , the dynamic equations corresponding to

(39)

here

Note that the equation for 77 has a characteristic structure of
the type 0(^)77 — /3(6)T]3. Wechoosep = x AxB/Q(x A and
XB are the concentrations of the achiral predecessors) as a
controlling parameter. It is easy to see that there exists a
value p = pc such that atp<pc (the subcritical region) the
only stable state of system (38) is a racemic state (tj = 0).
When the bifurcation point, p =pc, is reached, this state
loses its stability, and two stable mirror-image states appear
in the transcritical region,p>p :

1/2

(the bifurcation diagram is shown in Fig. 16).
We wish to stress that the formation of asymmetric

states rj(!L} and 17'+1 (a deracemization of the system) is not
related to the action of an advantage factor (as, for example,
in systems of a neutral type); it is instead a consequence of
the dynamic properties of the system itself and the processes
by which the mirror isomers undergo transformations. If the
system is initially in a racemic (on the average) state, the
probability for finding it in state rjl+ is equal to the probabil-
ity for finding it in the state rj(l} = — ij™. In the scenario of
a spontaneous breaking of mirror symmetry, the "sign" of
the chiral purity of the prebiosphere is therefore a result of a
memory of a random selection of the sign of a fluctuation,
sign(?7(s)) = sign(770), of the initial state.38-128'129

6.2. Intensification of an advantage factor in the course of
spontaneous deracemization

A question which has been the subject of an active de-
bate recently is whether an advantage factor stemming from
weak neutral currents could determine the sign of the chiral
purity of the biosphere (see §5 and, for example, Refs. 38,
108, and 149-155 and the bibliographies there). It has been
suggested that systems which are capable of a spontaneous
deracemization are capable of intensifying even such weak
advantage factors. Furthermore, Kondepudi and Nel-
son151"153 have advanced a hypothesis of an anomalously
high sensitivity of cooperative chiral systems of the type in
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FIG. 17. Bifurcation diagram for system (38) in the presence of an advan-
tage factor. The hatching shows the strong-field region.

(38) if they pass through the critical point slowly. It has
been suggested that because the dynamics of the system is of
such a nature even a negligibly small advantage factor
(g~ 10~I 7 ) , even in the presence of fluctuations, would be
capable of determining the sign of the chirality of the final
state of the system. Physically, therefore, the question of an
intensification of an advantage factor in systems of the dera-
cemizing type reduces to the question of a competition be-
tween the advantage factor and statistical fluctuations.

In the presence of an advantage factor, the dynamic
equations corresponding to system (38) take the form

-'I3),
(40)

whereg = (k \ - k °)/(k\ + k f) , and the notation is oth-
erwise that of (39). The bifurcation diagram (Fig. 17) cor-
responding to (40) differs from the bifurcation diagram for
the case in which the advantage factor is zero. Analysis
shows that the action of the advantage factor results in sub-
stantial changes of rj(^(p) only in the region of a "strong
field," |p/pc — I|~g2/3. Outside this region (in a "weak
field"), the changes in rjM(p) are small, ~g. It is not diffi-
cult to see that an advantage factor selects one branch of
stable steady states, namely rj(+ in the case g> 0. Conse-
quently, if a chemical system which starts from a state which
is racemic (on the average) reaches T/(+', despite statistical
fluctuations, the role of the advantage factor in determining
the sign of the chirally ordered state would naturally be as-
sumed to be governing. It was shown in Refs. 154 and 155
that the mechanism for the intensification of an advantage
factor in the strong-field region is quite different from that in
the weak-field region.

In the weak-field region (p > pc), even though the ra-
cemic state does fall in the region of attraction of steady state
rj(+ , under the condition p>pc the boundary 77^' of the at-
traction region of the alternative state 17^' is a distance ~g
away from the value 77 = 0. Accordingly, the small value of
g makes the problem of an intensification of the advantage
factor primarily a problem of the "preparation" of an initial
state. It is not difficult to see that an effective intensification
can be expected only if the fluctuation amplitude crJ7

/2 in the
initial state is much smaller than g (Refs. 38 and 149). Since
the amplitude of the fluctuations in the chiral polarization is
determined by the reserve of chiral material,
Nx(o

r,l = N ~ ') , withg~ 10 ~ ~ I 7 an intensification would be
possible only in systems of "global" scale38'149'156:

In the opposite case (Nx <£g~~2) the probabilities for reach-
ing steady states 77^ and 77 <_!' differ by an amount ~ (g/
a1^2} < 1. The meaning of condition (41) is simple: The am-
plitude of the fluctuations in the chiral polarization in a race-
mic medium suppresses the advantage factor in systems of
smaller scale, and the sign of the chiral polarization of the
final state is determined by the fluctuations, rather than by
the advantage factor.

Estimate (41) was derived under the assumption of a
spatially homogeneous system. In the weak-field region,
however, the time scale of the evolution of the system is
short, and a possible heterogeneity of such large systems
should be taken into consideration. Zel'dovich and
Mikhailov157 studied the effect of weak neutral currents on a
cooperative chiral system of the type in (38) with spatial
diffusion, They showed that, even if the medium had by
chance broken up into "domains" with different chirality
signs in the earliest stage of the evolution, the advantage
factor stemming from weak neutral currents could not have
withstood diffusion and would not have been capable of de-
termining the chirality of the entire prebiosphere.

In the strong-field region, i.e., in the region
\p/pc — l\ Sg2/3,|r/| Sg173, the time scales of the variations
in the variables 77 and 6 are greatly different: The rate of
change of the total concentration of the antipodes (XL

+ XD ) is substantially higher than the rate of change of the
chiral polarization. Consequently, 6 reaches its steady-state
value considerably more rapidly than 77 does. This circum-
stance makes it possible to use the procedure of adiabatic
elimination of a fast variable to reduce the system of equa-
tions (40) to a single equation describing the dynamics of
the order parameter 77 (Refs. 154 and 155):

(42)

where

2k.
c=

2k-,

In the Langevin approach, the stochastic equation corre-
sponding to (42) is

dT \ PC J I T S r\ n V h

where £J7
/2|', (T) is a white noise with a zero mean and an

amplitude e]f2. We wish to stress, however, that a descrip-
tion of the dynamics of system (40), evolving from a racemic
state, on the basis of Eq.(43) is possible only in the strong-
field region \p/pc — 1 \ri\- and at times

1034. (41)

2/3. Outside this region the evolution of the system
should be analyzed on the basis of the system of equations
(40), with fluctuations.

Before we move on to a study of the mechanism for the
intensification in the strong-field region we note that a race-
mic state (77 = 0) reaches the zone of attraction of steady
state 77^', but its distance from the boundary 77^° of the at-
traction zone of 17 (_!' is no longer ~g, as in the case of a weak
field. Instead, this distance is ~g'/3. Consequently, if the
fluctuation amplitude in the initial racemic state satisfies
<7o/2<g1/3, the system as a whole is in the attraction zone of
77(+ , distinguished by the advantage factor. In principle, the
condition cri/2<^g'/3 is not difficult to satisfy. The amplitude
of the fluctuations in the chiral polarization, a^2, is deter -
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mined by the initial number of chiral particles:
a^2 = N~ 1/2(#x =NAVe, where WA is Avogadro's num-
ber, and Fis the volume of the system). For systems of labo-
ratory scale (JVch~1024) and g~lQ-1 7 we have al

0
n

~ 10~12; this figure is clearly smaller than g'/3~ 10~6 . The
problem of an intensification of an advantage factor in the
strong-field region in the case Nctl > g2/3 thus reduces to an
analysis of the dynamics of the mean value of the chiral po-
larization, T)(T) and its variance CT(T).

The evolution of the chiral polarization in a region
spanning nearly the entire interval \rj\ 5gl/3 (except for a
neighborhood ~£2/3 of the steady-state values ?7(s) ~g"3) is
determined by an equation which is considerably simpler
than (43):

(44)

The Fokker-Planck equation corresponding to (44) is

(45)

For g = 10~ I7 , this equation is inapplicable only in a very
small neighborhood of values of ?7( ( s ) ) , amounting to only
10 ~6 of the total range of 17 in the strong-field region.

From (45) we find equations for the mean value of the
chiral polarization, T/(T), and its variance a(r):

dT

Hence

dT
-e
~e"

(T) = (CTO = 0).

(46)

(47)

The "signal-to-noise ratio" N = r j ( r ) / a t / 2 ( r ) which char-
acterizes the amplification of the advantage factor (the "sig-
nal") against the background of fluctuations (the "noise")
therefore depends on the time in accordance with (see also
Ref. 153)

N(t) = Cge^i/zr1/2. (48)

In the strong-field region, the mechanism for the intensifica-
tion of the advantage factor is thus a buildup of this factor,
and it is completely equivalent in terms of physical meaning
to the gradual-evolution scenario. As was shown in Refs. 154
and 155, an intensification of an advantage factor against the
background of fluctuations occurs in precisely the same way
in systems of the neutral type. This conclusion seems more
natural than unexpected since it is the advantage factor
which plays the dominant role in the dynamics of the system
throughout the strong-field region. On the other hand, the
contribution of the nonlinear rj} (deracemizing) terms is
negligibly small far from the steady states (incidentally, the
same is true of the contribution of the linear terms). Conse-
quently, cooperative systems do not have an anomalously
high sensitivity to an advantage factor near the critical point.

The amplification of the advantage factor in the strong-
field region depends not only on g and £,t but also on the time
(T) which the system spends in this region, according to
relation (48). For a given advantage factor with a measure g,
the time Tcannot exceed r ~g '2/3. The maximum permissi-
ble value of the signal-to-noise ratio Afmax is given by

12. (49)

In contrast with neutral systems, in which the "buildup"
effect operates only for sufficiently weak racemizing pro-
cesses,154'155 the possibilities for an intensification of an ad-
vantage factor in the strong-field region are limited by the
time which the system spends in this region, which is, in
order of magnitude, \(p/p<.) — I|~g2/3 and exceedingly
short for very small advantage factors. As a result, an effec-
tive intensification requires that the parameters of the sys-
tem be rigidly fixed over a long time ~ T. It might appear
that the problem could be circumvented by passing through
the neighborhood of the critical point (the strong-field re-
gion) by varying the control parameter at some very low rate
y. Let us estimate that rate of passage of the system through
this region for which the time spent in it, T, is sufficient for
the buildup of the advantage factor (N>\). Assuming

, we find from (48) (A^ 5g2/3)

i/yi/2. (50)

T =

We should stress that since the buildup effect is determined
exclusively by the time T (at given values of g and e^ ) the
quantity y cannot be chosen arbitrarily: It is rigidly set by the
time T~ T.

In analyzing the intensification of an advantage factor
in a scenario for the onset of chiral purity of the prebio-
sphere, which is required for the next step in the origination
of life — the formation of self-replicating structures — we
need to recall that we should be thinking of an intensification
of such a nature that the final state of the medium is chirally
pure ( TI = 1 ) . This statement means that at least the final
step of the evolution of the chemical system must occur in
the weak-field region. It might seem that if the critical point
were passed slowly we could expect a buildup of the advan-
tage factor sufficient to fix the system near 97^° . However,
the strong-field region for the advantage factor stemming
from weak neutral currents is so narrow that at a rate of
passage capable of leading to a buildup of the advantage fac-
tor a chirally pure state would be impossible to reach. The
analysis of Ref. 1 53 shows that even if the chemical system
has parameter values which are favorable for the hypothesis
of slow passage over the age of the earth (t = 4.5 • 109 yr), at
the rate of passage which was proposed by the authors (y
= 3.2-10"17M 2/s) which provides an adequate buildup of

the advantage factor, the system is in a region in which the
chiral polarization which can be attained does not exceed the
small value 510~2. This value is of course unacceptable
from the evolutionary standpoint. The hypothesis of a slow
passage requires the further assumption of some extremely
specific conditions, which would make possible a sharp tran-
sition of the system out of the strong-field region far beyond
the critical point. Until there are grounds for making such
assumptions, we should recognize that there is no solid evi-
dence for a governing role of weak neutral currents in the
passage of biomolecular chirality either by an evolutionary
path or by a bifurcation path.

We should thus recognize that intensification does not
save the hypothesis that a global advantage factor plays a
decisive role in the establishment of chiral purity. The fact
that specifically L-amino acids and D-sugars are used in the
earth's biosphere is a matter of chance, despite the fact that
these molecules are singled out by the advantage factor due
to weak neutral currents. It appears that a biosphere based
on D-amino acids and L-sugars could have arisen equally
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successfully in the course of the chemical evolution on the
earth.

7. PHYSICAL CONDITIONS FOR A DER ACEMIZATION OF THE
PREBIOSPHERE

The critical parameters which determined the transi-
tion to a chirally pure prebiological medium are caused by
the state of this medium, i.e., by its physicochemical charac-
teristics. The controlling parameter which we introduced in
§6 does indeed have a fairly complex structure:

In other words, it depends on the concentrations of the ini-
tial products (substrate) A and B, and through the con-
stants of the elementary interactions it depends on the ster-
eoselectivity of processes involving the antipodes, the
temperature of the medium, the pH, etc. Consequently, the
possibility of deracemization is determined by the state and
physical parameters of the initial racemic "primeval soup".

In the scenario of a nonequilibrium phase transition
(the bifurcation scenario) one can formulate a criterion
which expresses the ability of a medium to undergo an irre-
versible breaking of mirror symmetry, i.e., the possibility
that the necessary prerequisites for the origination of life can
appear in the medium. This criterion is the expectation time
of the beginning of an irreversible deracemizaion of a prebio-
logical medium. 128-12"J58J5l)

The existence of a nonzero expectation time follows
from some qualitative considerations to which we now turn.

Let us assume that a system (medium) has reached the
critical conditions. A chiral polarization will then begin to
develop because of some individual fluctuation at a time tcr

+ T() ( fc r is the time at which the critical conditions are
reached, and TO is the typical expectation time for an individ-
ual fluctuation in the medium). In principle, this develop-
ment can terminate in complete deracemization. If, over the
time required here, other fluctuations do not arise, or if they
arise only rarely, and if the distribution corresponding to
fluctuations of the chiral polarization is narrow (if the prob-
ability that another large fluctuation of the opposite sign will
follow soon after the first fluctuation is small), then the
broken-symmetry state generated by the first fluctuation
will propagate throughout the accessible medium. In this
case the expectation time is rcx = TO. If, on the other hand,
the fluctuations are frequent, and their distribution broad ( if
there is a fairly high probability that any fluctuation will
soon be followed by another fluctuation which is capable of
"reversing" the symmetry breaking), the chiral polarization
will oscillate in a random way around zero (a racemic state)
until, at some time rex + fc r , a large "critical" fluctuation
appears, at which point a stable evolution to a chirally pure
state of the medium begins.

Since the phases differ only slightly from each other
near the phase-transition point (for either a first-order or
second-order transition), there is the possibility that a large
nucleating region of the less symmetric phase will form in-
side the more symmetric phase. Let us estimate re, under the
following assumptions. We assume that in the initial sym-
metric medium some nucleating regions of a new phase with
a broken symmetry arise as a result of fluctuations. We de-
note the time scale for the appearance of such a nucleating

region by r0, while the variance of the fluctuations in the
number of chiral particles in a nucleating region is a0. We
assume that after t the dynamics of the chiral polarization
obeys the following very simple equation for deracemizing
processes near the critical point (with a vanishingly small
ad vantage factor):

For an estimate, we can reduce the procedure of incorporat-
ing the effect of the set of such fluctuations to replacing rj by
its mean value and adding to the right side of the equation a
racemizing term, which stems from the stochastic nature of
the processes in the system. It can be shown that this term is
(a0/k0T0)rj in the case at hand.129'158 From the bifurcation
equation for the dynamic equation for dij/dr modified in
this manner we find that deracemization sets in if (on the
average, over the system )

A = . i = Acr .

If, on the other hand, the relation A < 1 holds on the aver-
age, and if this parameter is a random quantity for each indi-
vidual nucleating region—specifically, if A, =/l,A, where
/i, is some random function—then the breaking of the sym-
metry begins with the formation of a nucleating region with
/lcr > I/A. Since /lL.r for the A, distribution is a large quanti-
ty, we can assume that it obeys the statistics of extreme val-
ues, which predicts the following relationship between the
amplitude of a fluctuation and its expectation time160:

x — x = a0 In — .To

We thus find the following expression for the expectation
time for the beginning of deracemization:

(51)

In the time interval between fer and fcv + rcx the prebiologi-
cal medium exists as a metastable phase with conserved sym-
metry and with an increasing mass of chiral material, which
is characterized by the value of 0.

The quantities which determine rex, i.e., ae,r0, and k0,
obviously depend on the state of the medium. The relation-
ship between these quantities and the state of the medium
was analyzed in Ref. 159. The model developed in that paper
predicts

(52)

where Rcr is the critical size of a nucleating region, J is the
rate at which nucleating regions form, and 7 is the flux of 9
across the surface of the nucleating region. Assuming that
the laws governing the formation of nucleating regions of a
new phase apply in this case,l6' we find the following expres-
sion for rex (the detailed calculations are given in Ref. 159):

t.T !
(53)

where p and p0 are the density of chiral matter in the medi-
um and in the nucleating region, respectively, A// is the
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binding energy of the molecules in the nucleating region, and
the dimensionless quantities 8 and // depend on the state of
the matter in the medium. For a gaseous phase we would
have <5 = 103 and /z = 1; for a solution we would have S
= 10"' and n = 2/3. Here also, v = 9/4; u> -= exp(Aff/

k B T) is the so-called attachment coefficient in nucleation
theory; and the coefficient 0 < y < 1 is a measure of the selec-
tivity of the interaction of the molecules of the nucleating
region with the isotner molecules of the medium.

We have a few comments regarding certain estimates
which follow from expression (53). First, for the early
stages of the evolution of the universe—the hadron era, the
lepton era, and the baryon era, we find rex > 1014 s, which is a
time incomparably longer than the age of the universe
(r~10'7s). This conclusion, of course, is what we should
have expected.

Second, in the scenario which has life arising from a
"primeval soup" on a planet like the earth (with p~1021

particles/cm3 and T^0' = 300K) we would have rex ~ 10'3-
1014 s. This time does not exceed a few percent of the dura-
tion of the prebiological evolution. In the same scenario
there is an upper limit on the binding energy of the molecules
in a nucleating region, and under this restriction rex does not
exceed the age of the earth. Specifically, with A// /kT S 30
we find rex <4-109 yr. We might note that this estimate of
A// corresponds to the energy of hydrogen bonds. We thus
see that even some very simple estimates demonstrate fairly
accurately (in view of the crudity of the assumptions) that
the physical conditions on the early earth were more suitable
for the formation of living systems over those times, by
means of those interactions, and from those particles (esti-
mates of the particle sizes which minimize the expectation
time yield ~ 10-7 cm) which are actually observed.

The expectation time is a criterion which expresses the
possibility that life arises under certain conditions or others
on certain celestial objects or others. Specifically, if we know
the parameters of the medium which are characteristic of the
given celestial object (e.g., a planet, a dust-gas cloud, etc.),
we can estimate the expectation time for the beginning of an
irreversible racemization of the medium. If we find that rex

exceeds the age of the celestial object, we should acknowl-
edge that the appearance of life is impossible in this case,
since a deracemization of the medium—a necessary prereq-
uisite for the appearance of living structures—does not oc-
cur.

The concept of an expectation time for the beginning of
a breaking of mirror symmetry makes it possible to move on
to the solution of yet another problem which is being debated
widely: Was the appearance of life on the earth a conse-
quence of a single event or the result of a competition among
several prebiospheres which arose independently? We can
approach the resolution of this question along the path of a
deracemization of the prebiosphere. The appearance and co-
existence of natural habitats within which the chirality of the
organic matter has different signs are equivalent to the ap-
pearance of a set of competing prebiospheres, i.e., to a multi-
plicity of nucleation events. If, on the other hand, the derace-
mization process generated by a critical fluctuation spanned
the entire planet, the "act of origination" was unique.

Let us consider a gedanken experiment: We assume that
the racemic "primeval soup" has reached a critical state re-
quired for a transition to chiral order and occupies two habi-

tats which communicate with each other (e.g., northern and
southern hemispheres). We also assume that an advantage
factor is operating in each habitat and that the nature and
measure of the advantage factor are identical in the two re-
gions, but the signs of the advantage factors are opposite.
The action of the advantage factor leads to an excess of one of
the antipodes—different ones in the two habitats. If the mix-
ing of matter is sufficiently intense, however, the medium as
a whole will remain racemic. Since such a medium is in a
state which is unstable with respect to fluctuations of the
chiral polarization, the very first critical fluctuation, which
appears after a time rex, marks the beginning of a deracemi-
zation process. We assume even that a critical fluctuation is
of such a nature that the reserve of chiral material, jVch, satis-
fies the condition for the dominance of the advantage factor
in the formation of the sign of the symmetry breaking: Nctl

>g~2. Since the appearance of a critical fluctuation is equal-
ly probable in each of the two habitats, however, we should
recognize that the sign of the chirality of the prebiosphere
will be determined with equal probabilities by the sign of the
advantage factor of each of the habitats. In other words, it
will be random for the prebiosphere as a whole. It is not
difficult to see that the result of this gedanken experiment
does not depend on the number of habitats which we consid-
er or on the nature of the local advantage factor. Since the
"colonization" of a medium by a critical fluctuation occurs
in a time ~ 102-104 yr (mixing due to flows, etc.), and since
this time is substantially shorter than the expectation time
for the critical fluctuation which is the next to follow the
first, rex ~ 107 yr, we can confidently say that the deracemi-
zation of the prebiosphere was a result of a single event, rath-
er than a consequence of a set of local deracemization events
(this is true regardless of whether there is an advantage fac-
tor).

8. "COLD PREHISTORY" OF LIFE

In the preceding sections of this review we have dis-
cussed various physical aspects of the appearance of chiral
purity in the prebiological medium on the basis of the so-
called warm (terrestrial) scenario for the origin of life. In
this section of the paper we take a totally different approach
to the problem of the origin of life: the so-called cold (extra-
terrestrial) scenario, which assumes that at least certain
stages of the process by which life originated occurred in
space.

We accordingly turn to some recent studies which have
revived interest in the hypothesis of panspermia, which was
advanced by Arrhenius at the beginning of the present cen-
tury and which might seem to have been totally forgotten.
As we mentioned back in the Introduction, recent geological
discoveries have shrunk the time allotted by nature to pre-
biological evolution by a factor of essentially 10: from 2-109

yr to 2 • 108 yr. As a result, doubt has arisen that such a short
time interval would be sufficient for the prebiological stage
of the origination of life—from small molecules to the for-
mation of structures capable of self-reproduction. On the
other hand, a variety of organic compounds, some extremely
complex—ranging up to amino acids and oligomers—have
been observed in space.13'14 As a result, extraterrestrial sce-
narios for the origination of life have appeared, ranging from
Crick's hypothesis of a "directional panspermia"162 to
Hoyle and Wickramasinghe's hypothesis of "living interstel-
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lar clouds."16''164 Crick's hypothesis is actually a variant of a
warm scenario, but played out on some planet other than the
earth. The second hypothesis, on the other hand, is of a fun-
damentally different nature: It puts the basic stages of the
process by which life originated, including the formation of
self-reproducing structures, in open space—more precisely,
in dark dust-gas clouds. The possibility of a "cold prehistory
of life" was first raised by Goldanskii (see Refs. 165-167 and
the bibliographies there), who worked from a low-tempera-
ture quantum limit which he had discovered on the rate of
chemical reactions. It is because of these astrophysical dis-
coveries and the experimentally confirmed existence of a
nonzero rate of chemical reactions at low temperatures that
we must take a closer look at the hypothesis of a cold prehis-
tory of life.

An extraterrestrial scenario based on the present under-
standing of the chemistry of deep cold and on data on the
composition of the interstellar medium might take the fol-
lowing (extremely sketchy) form.

In dark dust-gas clouds (with a lifetime ~ 105-106 yr,
with typical dimensions ~ 10'7-5-1019 cm, with a tempera-
ture T<0) —20 K, with a total weight of dust amounting to
~ 10 ~2 of the weight of the gas, with dust grains ~ 10 ~ 5 cm
in size consisting of a silica or graphite core covered with a
"coat" of dirty ice ~ 10 ~ 6 cm thick containing CO, NH3,
HCN, etc.), progressively more-complex organic com-
pounds—ranging up to the predecessors of biologically im-
portant molecules—could be synthesized in chemical pro-
cesses stimulated by long-range protons, hard UV radiation,
and y radiation, primarily in the dirty-ice coats on the sur-
faces of the grains.

As a gravitational instability develops in the dark dust-
gas cloud, a differentiation of the matter occurs, and a pro-
tostar forms. Planetesimals accrete from the dust-gas disk
which forms around the star and grow into planets. Conse-
quently, the organic compounds which had formed in the
dust-gas cloud can reach the planet by two processes: first,
during the accretion of the planet (although the compounds
would apparently be subject to fairly intense destruction as
the planet was born and also as it warmed up); second, after
the planet had formed, through the adsorption of these com-
pounds on the surface of the planet from the surrounding
space. The organic compounds which reached the planet in
this fashion might then have served as the raw materials for
the formation of the "primeval soup."

This hypothesis itself, however (and also conceivable
variations on i t) , would work only in a situation in which a
breaking of mirror symmetry of organic matter becomes
possible, at least in principle, under the conditions prevailing
in space (low temperatures, hard radiation, low densities of
matter, etc.). For Hoyle and Wickramasinghe's hypothesis
of living interstellar clouds, this requirement becomes more
stringent: If living systems are to arise, we would need not
simply a breaking of mirror symmetry but a complete dera-
cemization of the medium (otherwise, a crucial property of
life—self-replication—could not arise).

Note that there is an important difference between the
problems of the breaking of mirror symmetry in the warm
and cold scenarios. In a warm scenario, chemical processes
go quite rapidly on the evolutionary time scale, and the sign
of the chirality is conserved during the chemical transforma-
tions of the isomer molecules (the concept of the chirality of

an individual molecule has a completely definite meaning).
In a "cold" scenario the rates of chemical transformations
are exceedingly low, and molecules may repeatedly undergo
a change in the sign of their chirality by virtue of an effective
tunneling aracemization or racemization induced by hard
radiation, for which the time scales are comparable to the
rates of the chemical processes themselves. Accordingly, the
process L -»D in a "cold" scenario may lead to a situation in
which the concept of the sign of the chirality of an isomer
molecule "gets lost" over the time scales of the
physicochemical processes (§3).

The first problem associated with the breaking of mir-
ror symmetry in a "cold prehistory of life" is thus the prob-
lem of the stabilization of the chirality of the molecules of the
mirror isomers.

8.1. Stabilization of the chirality of antipodes in a "cold"
scenario

What are the possibilities for stabilization of the chira-
lity of molecules in a "cold" scenario? For an analysis of this
question it is convenient to speak in terms of two-level sys-
tems.168

We first consider the behavior of an isolated chiral mol-
ecule under the condition that only tunneling transitions be-
tween the L- and D-states of the molecule are possible. We
assume that the x axis corresponds to the position of some
atom (or group of atoms) or some other collective coordi-
nate of the molecule. In a symmetric potential, + x corre-
sponds to the L-state, and -x to the D-state. Following Ref.
169, we define the operator x, which gives the position of an
atom in the chiral potential

|L> (L|a: | (54)

but

< L U - | L ) = - < D | x | D > = —x0,

i.e.,

where x0 corresponds to a minimum of the D-well in the
chiral potential. It was shown in Ref. 169 that for an isolated
molecule the expectation value (x} of the position of the
molecule in the chiral potential satisfies the oscillator equa-
tion

(55)

where ft = (L\H |D)//z is the typical frequency of the tun-
neling between the L- and D-states, and H is the Hamilto-
nian of the molecule. (The dependence of ft on the param-
eters of the molecule and the potential is given in §3.) After
t > 11 ~ ', a particle which had been in the L-state at time
t = 0 is in the D-state as the result of tunneling. Accordingly,
over a time T> fl ~ ' the probability that the molecule will be
in the L-state is 1/2 (and the probability that it is in the D-
state is the same).

However, it has been shown in several papers168"171 that
if chiral molecules interact with an optically inactive medi-
um consisting of a deeply cooled gas of low density, where
only binary collisions are significant, stabilization of the
chirality of isomer molecules would be possible over times
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much longer than r under these conditions. The interactions
of the isomer with the molecules of the medium have the
consequence that the chiral particle behaves as a damped
rather than free oscillator. In terms of the position of the
atom in the chiral potential, the equation for (x) takes the
form169

(56)

where the damping parameter y depends on the characteris-
tics of the medium and is given by

J, i

The quantity N0 is the number density of the atoms of the
medium; K is the relative momentum in the c.m. frame of
reference;/', and/2 are the internal angular momenta of the
objects involved in the collision; co^ are statistical weights;
SJ

L and So are scattering matrices; and v is the velocity of
the atoms of the medium. As the result of an interaction with
the medium, a particle which was originally in, say, the L-
state is "stabilized" in that state:

(x (0> = (x (0)) cos (2Qi) exp (- (57)

Consequently, although racemization does occur, the time
scale for the process, rr = y/tl2, increases sharply compared
to the racemization time for an isolated particle,
r= (2fl) . The racemization "rate constant" R =
depends on the temperature in an extremely nontrivial way
(Fig. 1 8 ) . As a result, even small molecules which are inter-
acting with the medium at low temperatures will spend a
long time in a state with a negative chirality and transitions
between states with opposite chirality (tunneling racemiza-
tion) will be suppressed.

8.2. The problem of the deracemization of the medium in a
"cold" scenario

The very fact that the chirality of a molecule is stabi-
lized at low temperatures by the interaction with the medi-
um is, understandably, an extremely attractive aspect of a
cold scenario. One should keep in mind that the problem of
the deracemization of the medium as a whole arises here.
Specifically, each of the isomer molecules is initially in a
state with a definite chirality, i.e., in either the L-state or the
D-state. The ensemble of such molecules, however, is prob-
ably in a racemic state, and the stabilization of the chirality
of each molecule works in favor of racemization in this case.

An excess of molecules of any single chirality (e.g., the
L-isomers) could in principle arise as the result of an advan-
tage factor (weak neutral currents or /? decay), since the

potential loses its symmetry by virtue of parity nonconserva-
tion, and the L-state becomes preferable from the energy
standpoint for amino acids and for the D-isomers of the pre-
decessors of sugars.98'101 The amplitude of the advantage fac-
tor at the low temperatures characteristic of dust-gas clouds
increases by 1.5-2 orders of magnitude, and the entropy fac-
tor similarly decreases under these conditions.

It should be kept in mind, however, that an intensifica-
tion of the advantage factor in the scenario of gradual evolu-
tion would be possible only in processes of a neutral type, i.e.,

* '• *-°
either in a stereoselecti ve destruction L — A,D -»A caused by
polarized radiation or in a steroselective autocatalytic syn-

thesis (A + L —2L,A + D — 2D), where the difference in
constants stems from weak neutral currents (§4 and §5).
The first of these processes—destruction—has an extremely
severe disadvantage, however: The chiral material is de-
stroyed in the course of the destruction. The loss of mole-
cules is an exponential function of the time:

= e(0)exp[—|~(

Temperature, T

FIG. 18. Temperature dependence of the racemization rate constant R.

The destruction thus leads to a rapid decrease in the number
of chiral molecules, so at the extremely low rates of synthesis
processes under the conditions prevailing in space this pro-
cess would be unsuitable for an extraterrestrial scenario.

As was shown in §4, autocatalytic synthesis could lead,
under realistic conditions (in the presence of the unavoid-
able racemizing processes), to only a slight excess of one of
the isomers: iymax ~g/kR, where g is the measure of the ad-
vantage factor, and /CR is an effective rate constant of the
racemizing process. Even if we ignore the question of the
possible values of ?/max, however, we should stress that an
autocatalysis process could hardly occur under the condi-
tions prevailing in space. The accumulation of molecules on
the surface of dust grains by a prolonged sorption would not
save the day, since the molecules would be frozen into the ice
"coat", so their mobility would be sharply limited (the prob-
ability for bimolecular reactions and for complex chains of
reactions required for the occurrence of the autocatalysis
would be low).

It would thus be hard to expect that the problem of the
breaking of the mirror symmetry of organic matter in a sce-
nario of a "cold prehistory of life" could be solved in a sce-
nario of "gradual evolution" under the influence of an ad-
vantage factor. Here we are confronted by the same problem
as in a warm scenario: searching for deracemizing processes
which lead to a spontaneous breaking of mirror symmetry.
This problem is even more serious in a "cold" scenario than
it is in a "warm" scenario. However, we do not rule out the
possibility that the chemistry of deep cold, or space chemis-
try—a field which is just beginning to be developed—com-
bined with the ideas of the self-organization of nonequilibri-
um processes will point out some possible (and unexpected)
approaches to the solution of this problem. Our picture of
the paths by which life can originate will undoubtedly be
enriched as a result.

9. CRITICAL LEVELS OF RACEMIZATION OF THE
BIOSPHERE

In this section of the review we would like to take up a
problem which is in a sense the inverse of the problem of the
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appearance of the chiral purity of the biosphere: a possible
racemization of the biosphere by long-term racemizing fac-
tors.

It is becoming a progressively more urgent matter to
analyze the consequences of global influences on the envi-
ronment, since civilization has developed to a level at which
anthropogenic factors can have a most decisive effect on the
functioning of the biosphere (Refs. 172 and 173, for exam-
ple). However, there has been no analysis of the effect of
long-term, large-scale influences on one of the fundamental
properties of life: its chiral purity. One of the catastrophic
consequences of these influences might be the collapse of
living nature to the state which preceded its appearance.

As was shown above, a necessary condition for the
origination of life on the earth—the appearance of self-repli-
cating systems—is the chiral purity of the organic medium.
As systems whose replication is based on the property of
complementarity evolve, their chiral purity must be con-
served. Otherwise the system will lose its ability to self-re-
produce. This statement means that in the stage of the for-
mation of the early biosphere the broken mirror symmetry of
the organic medium was inherited by self-replicating sys-
tems, was sustained by them, and became fixed as a funda-
mental property of the bioorganic world. The modern bio-
sphere, as an open system in a mirror-symmetric
environment, must therefore maintain its own chiral purity.
We already have data which indicate a relationship between
the loss of chiral purity of metabolic systems of an organism
and the development of pathological states (e.g., Refs. 174-
177).

Studying the possibility of destruction of the chiral pu-
rity of the biosphere requires constructing a fairly crude but
adequate model. The fact that today's biosphere is chirally
pure does not by itself give us enough information to model
the dynamic laws which lead to this purity. We believe that
the missing information can be found by analyzing the rea-
sons for the appearance of chiral purity and the dynamic
laws which are responsible for the formation and sustenance
of this property throughout evolution, beginning with the
stage at which life appeared.

The model which we need is constructed in the follow-
ing way.178 The biosphere is represented as consisting of two
interacting subsystems P and A, one of which (P) is respon-
sible for the production of chiral matter as a result of the
supply of achiral matter S and energy to it from without. In
particular, at the present stage of evolution, we could include
in subsystem P the plant world, which generates chiral mate-
rial by photosynthesis. The second subsystem (A) consists
of entities a which use the chiral material of subsystem P for
their own reproduction. The consumption of the chiral sub-
strate of one of the antipodal forms (for definiteness, the L-
form) results in a self-reproduction of a, while the consump-
tion of the other form (D) causes entity a to lose this
self-reproduction capability, causes the destruction of this
entity (a — a'), and causes a transition of «'' to system P in
the form of a racemate. (Processes which lead to the racemi-
zation of bioorganic matter and the efficiency of these pro-
cesses as functions of the external conditions have been stud-
ied in Refs. 31-34 and 177, among other places.)

The dynamic laws which control the behavior of sub-
system P can be formulated if we assume (as we mentioned
above) that these laws are inherited from that stage of the

evolution in which there was a spontaneous breaking of the
mirror symmetry of the organic medium, and the chiral pu-
rity of the medium was attained.

In our very simple model, in which subsystem P is rep-
resented by a typical bifurcation scheme, which was ana-
lyzed in detail in §4, the dynamic equations are (in dimen-
sionless form)

da

-

e) ( _ t,) 9a + -2- - k0k'a' .
(58)

_L ii = x6 - 62 -f 69V - -i- (1 - Oa

where r = (k, + k2 )t /I ( k , and k2 are the rate constants
for the replication and destruction, respectively, of entities a
during the consumption of the L- and D-isomers), Tis the
dimensionless lifetime of a, fcr is the reduced rate constant
for the racemization of the matter of subsystem P, x is the
reduced reserve of the achiral raw material S (and of ener-
gy ), and £, S, k0 and k ', are auxiliary parameters of the mod-
el. To describe the chiral order of the biosphere we use the
quantity H, which is related to the variables introduced
above by H= (a + #„ )/(« + 0).

Analysis of the steady-state solutions of this system of
equations furnishes an answer to the question of the exis-
tence of critical conditions for the destruction of the chiral
purity of the biosphere. There are three possible states for
this system. First, there is the state that we see today, which
we will call state I: a > 0, 6 > 0, H^ 1. Second, there is a state
in which the entire biosphere is represented by subsystem P,
in a chirally polarized state; we will call this state II: a = 0,
6>>Q, H = r)>0. Finally, state III is characterized by not
only the absence of subsystem A but also by the completely
racemic nature of subsystem P: a = 0, #>0, //= 77 = 0.
Such a state of the organic medium is characteristic of a
prebiological stage of evolution on the earth, before the
breaking of mirror symmetry.

Negative anthropogenic influences may affect both sub-
system A and subsystem P. The direct effect on subsystem A
is trivial. A decrease in the typical lifetime T of entities a to
some critical value TC leads to the disappearance of subsys-
tem A, while all the properties of subsystem P are conserved
(a transition from state I to state II). However, influences on
subsystem P, even if they do not directly affect subsystem A,
can lead to equally dramatic consequences for subsystem A.
Analysis of the model shows that there exists a critical level
of destruction of the chiral purity of the biosphere, i.e., a
critical level of the "pollution" of the biosphere with the
unnatural isomer form of the molecules, at which the exis-
tence of subsystem A becomes impossible. This situation is
reached when the influences on subsystem P exceed a certain
critical level which is determined by the racemization of the
chiral matter, the reserve of a chiral material, etc. In other
words, they are directed toward specifically those param-
eters of subsystem P which are responsible for the formation
and sustenance of the chiral purity of the biosphere. The
situation is illustrated by Fig. 20, where it corresponds to a
transition from branch 1 to branch 2. We will call such a
transition a catastrophe of the loss of chiral purity. We note,
however, that even if such a catastrophe occurs the situation
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H

FIG. 19. Dependence of the steady states (a,H,6) on the racemization of
the chiral substrate, k \''—The first critical value of the racemization rate
constant kr; k J2)—the second critical value of k, (the arrow shows the
direction in which kr increases).

is still "reversible", in a sense, in terms of the possibility of an
"evolutionary restoration." After the influences on the bio-
sphere come to an end, the chiral purity of the biosphere will
be restored, so the appearance of subsystem A is possible in
principle (although it is definitely not obvious that this sub-
system will consist of the same entities.

The influences on subsystem P can have even more-
catastrophic consequences for the biosphere as a whole. In
addition to the first critical level of the influences, which
results in the disappearance of subsystem A, there is also a
second critical level, at which not only is subsystem A de-
stroyed but there is also a complete racemization of subsys-
tem P (Fig. 19, k, ->& J2 ) , and Fig. 20, the transition from
branch 2 to branch 3). The biosphere disappears, and the
entire system goes into the state which preceded the nuclea-
tion of life: a racemic state of the medium. In the sense indi-
cated above, this transition is completely irreversible: For
the beginning of the evolutionary process, nature would
again be obliged to wait for a spontaneous breaking of mirror
symmetry in the prebiological racemic medium. The reach-
ing of the second critical level of influences and the transi-
tion of the biosphere to state HI could be called a collapse of
living nature.

Today we already clearly recognize that long-term neg-
ative global influences can lead to the destruction of biogeo-
cenosis at the scale of the entire earth. We would like to point
out, however, that additional influences tending to racemize

FIG. 20. Dependence of the steady states (a,H,6) on the achiral reserve x.
x["—The first critical value of x; x[2'—the second critical value of x (the
arrow shows the direction in which x decreases).

the biosphere may affect the fundamental properties of liv-
ing nature and, when they reach critical levels, cause an ac-
tual disappearance of life from the earth.

10. CONCLUSION

It has not been our purpose here to discuss all aspects of
the problem of biomolecular chirality. For example, the ex-
tremely interesting problem of the biological importance of
the chiral purity of the most important biomolecules for the
functioning of organisms, normal and pathological, the
problem of the maintenance of chiral purity in modern or-
ganisms, and the consequences of the contamination of an
organism by "unnatural" isomers—all these problems lie
outside the scope of this review. The medical and biological
aspects of the "asymmetry of protoplasm" are today begin-
ning to attract progressively more attention from specialists
in a wide variety of fields of knowledge.

Our basic purposes in this review were to demonstrate
the power of physical approaches to the problem of the ap-
pearance of the chiral purity of the biosphere and to demon-
strate that such approaches make it possible to not only for-
mulate various hypotheses regarding the mechanisms for the
breaking of mirror symmetry but also to analyze these mech-
anisms at qualitative and quantitative levels.

We must not fail to point out that this problem, which
seemed until just recently to be a purely biological one, can-
not be solved unless we appeal to some very diverse ap-
proaches—from ideas regarding the physics of the
microworld (weak interactions, parity nonconservation,
quantum tunneling) to ideas from mathematical and statis-
tical physics, the theory of nonlinear processes, chemical
physics, etc. We believe that the application of these ideas
and methods has made it possible to point out paths for solv-
ing certain key questions in the problem of the deracemiza-
tion of the biosphere and the origin of life.

For example, the use of some basic ideas from chemical
physics—the science of the kinetics of chemical reactions
and of the chemical structure of matter—has led to the ex-
tremely important conclusion that the chiral purity of the
basic building blocks of life—the sugars and amino acids—
arose in the stage of prebiological evolution and is a neces-
sary condition: Self-replication could not arise if this condi-
tion were not met. Chiral purity is therefore a relict property
which the biosphere has inherited from the stages of chemi-
cal evolution of the organic medium on a primitive, prebiolo-
gical earth.

Analysis of the processes which occur in nonequilibri-
um chiral systems has made it possible to evaluate critically
many hypotheses which link the appearance of chiral purity
with the action of an advantage factor and to reach the con-
clusion that "gradual-evolution" processes under the influ-
ence of an advantage factor would not be capable of leading
to a pronounced breaking of mirror symmetry in the stage of
prebiological evolution.

The most acceptable scenario for the appearance of the
chiral purity of the prebiosphere (its deracemization) today
is the scenario of a spontaneous breaking of mirror symme-
try in which the appearance of this extremely important
property of living things is linked with a self-organization of
chirality in a "primeval soup". The very fact that the bio-
sphere has chiral purity should be thought of as evidence
that nature has successfully carried out an "experiment" on
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an absolute asymmetric synthesis of organic compounds
with a 100% asymmetric yield in the course of a self-organi-
zation process!

Our analysis of the role of advantage factors puts us in a
position to discuss possibilities for detecting small advantage
factors in cooperative chemical systems. In principle, there
are two possibilities: detection in the weak-field region and
detection in the strong-field region (§6). The first of these
possibilities (according to which chirally pure states, with
77~ 1, are reached) is limited in a fundamental way by the
smallest sufficient size of the chemical chiral system (Nch

>g~2). Under laboratory conditions (A^.h ~ 1024), this pos-
sibility could be realized only for advantage factors which
are not too small (g> 10~12). The second possibility stems
from the mechanism of an intensification of an advantage
factor near a critical point. Whether this possibility can be
realized depends primarily on whether it is possible in an
experiment to hold rigidly the parameters of the system near
the critical point (a slow variation of the controlling param-
eter in a region with large fluctuations), wait the time re-
quired for the buildup of the asymmetry to an experimental-
ly observable value, etc. If the quantity g is such that the time
required for the experiment (the time spent by the system in
the strong-field region), T~g ~ 2 / } , is reasonable, then by
choosing a corresponding low rate of passage through this
region one could achieve a buildup of the advantage factor.
In principle, this approach could also be taken for systems in
which the number of particles is much lower thang ~2. How-
ever, in this case, with g = 10 17, for example, We would
need to be in a very narrow region near the critical point
(-10 1 2pjforat ime~10"s.

We should point out that the experiments carried out to
model the process by which asymmetry arose (by which
symmetry was destroyed) in chiral systems have so far been
limited to essentially only experiments with various advan-
tage factors (and some studies of the relationship between a
matrix synthesis of oligonucleotides and the chiral composi-
tion of the medium). For the most part, the processes of
destruction and catalytic synthesis have been studied. We
believe that an experimental search should also be carried
out in the direction of realizing systems in which chains of
physicochemical transformations create positive-feedback
loops through the chiral polarization of the products: sys-
tems with a spontaneous breaking of mirror symmetry.

It would also be interesting to see experiments on the
process by which the chirality of isomer molecules is stabi-
lized in solids and in the gas phase at low temperatures, to
model the conditions of a "cold" scenario.

This list of possible studies of the problem, which are of
interest from both the fundamental and applied standpoints,
could be continued, but we believe that much joint effort of
physicists and chemists from various fields is necessary here.
We wish to stress that this problem of the appearance of the
chiral purity of the biosphere, which was in fact formulated
by Louis Pasteur, still has more unresolved questions than
resolved ones, despite a century of research.
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