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KINETIC MODELS FOR GENERATION OF COSMOLOG-
ICAL MATTER-ANTIMATTER = ASYMMETRY AND
BIOCHEMICAL RIGHT—LEFT ASYMMETRY
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INTRODUCTION

Richness and dwersuy of the universe depends on lack of perfect. symmetry.
The miost Symmetric universe would be a tinte reversible homogeneous gravi-
tating system of pthona “Physics™ wc}uld become meaningless in such a
situation as intelligent - beings cannot “évolve in this world, however, the
physical laws as we know them today does not rule out this possibility. In
fact if matter is particle—antiparticle symmetric a ‘homogeneous photon
unwersel 1S the on]y possible realization. o | |

The major microscopic asymmetries in the universe are (1) the arrow of
time, 1.e., the general irreversibility of all natural processes, (2) the inhomo-
genelty of space, 1.e., the matter in the universe is lumped into galaxies placed
far.apart, (3) the chemical asymmetry,i.e., nearly symmetric forms of matter
allowed by the microscopic laws does not exist with equal abundance, locally
or globally.

Although, the microscopic world is largely asymmetric, the fundamental
Interactions among constituents of matter respects this attribute to a higher
degree of accuracy. Arguments based on very general principles® have
shown that the basic force are invariant with respect to combined operation
of GPT (G = charge conjugation, P = parity, T = time reversal). Most
processes Involving elementary particles remain unchanged under individual
operations U, P and T, yet the presence of small deviation from T and P
invariance are also known. An interesting possibility is that the microscopic
asymmetries of large scale universe are somehow connected with the micros-
copic ones of the fundamental interactions.

Thus far nobody has succeeded in detecting any relationship between
violations In time reversal invariance and the arrow of time. Current
developments in elementary particle physics and cosmology suggests that the
inhomogeneity of space observed as the lumping of matter into galaxies may
be related to elementary interactions at the very early stages of the universe.
Magnetic monopoles or other massive particles could have triggered off con-
densation of galaxies. Insuch a case theinhomogeneity of the matter distri-
bution is connected with ‘quantization of mass’—another poorly understood
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asymmetry. in the microsworld. - Regarding chemical asymmetrics there arce
more suggestive clues,. the present thinking is that _,l:h-(ﬂ_.-i rnetter-a~ntimatt_cr_*
asymmetry of the universe is a result of the: GP-and: baryon number violations
at the bottom of fundamental interactions. - ‘A similar but not less important
phenomenon is the biochemical right-left disparity secn in organic matter.
The life on earth is based on L — amino acids and D sug:rs. Here againa-
number of attempts have béen made to'relate- this to parity violations in the
weak interaction. In this work we present a mathematical model to illus-
trate that both their microscopic chemical asymmetries may have originated
from similar kinetic mechanisms triggered by stsyfmntetries in the basic forces.

Matter - Antimatter Asymmetry of the Universe

_ Several 'authors have pr opcsed that 1hc observed bar yon a:,ymmetry in
the universe is a consequence of the bal yon numbe1 and CP violating inter-
actlons occurrlng at very early stages of the™ univer se I‘he grand umfied
theorles of strong, weak “and electromagnetlc mteractlom predlcts the
existence of barycn numbe1 vmlatlng ihteractions’ whlch beccme mgmﬁcant
at extremely high temperatures (~ 1030"1{) reached durmg earliest timies
(~ 1071%S) after the big bang. In addition to baryon number and CP
violating interactions, departure from thermal eqmllbrlum is necessary o
generate a net baryon excess.* Even if the time reversal invariance js vio-
lated, the CPT theorem guarantees. that at the thermal eqmllbrlum the
numbe1 densities of baryons and antlbaryons remam equal. The expansion
c-f the universe is su,ppcsed te be the external agency that pr cwdes the neces-
sary nonequlhbrmm ccndltlons for generatmn .of the baryon excess. Once
the baryon violating interactions ‘become msrgmﬁcant due to the drcp in
temperature thé ratio of barycn to photcn number remain ccnstant or furthe1
décrease due to’ generatlcn of addltlona,l entropy. The observed baryon to
photon ratic ~ in’ the universe” is '~ 10 *—10°*. The¢ estimates of this
ratio depends on strengths of baryon rumber and CP violating mteractlons
Most estimates are highly sensitive to the CP violating pq;_rameters

L
L -y o= - ad =+ Ea
L

In general nonequilibrium processes” are dgscribea by nonlinear rate
equations and the simple estimates of the behaviour of such systems based on
rates of individual reaction steps does not give meaningfid results®®. Since
we have no knowledge of the details 6f all'elementary particle reactions taking
place at extremely high temperatures. where the baryon number violating
processes are supposed to become important, it is imposssible to write down
the exact rate equations describing the cosmolegical ‘generati‘crt of baryens.
In this note we _present a simple model which illustrates that in a nonequili-
brium Process;” a- large extcess of bar}cc'ns (or antiBaryons) -can -be produced
frowt an: inltially barysn-antibaryes syitmmetric staté: éven’ Af € and CP-vios

lations are arbitrarily small. :It'is shown that if baryons and antibaiyons afe
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generated in autocatalytic steps, the possibility exists that the rate equations
describing the creation and annihilation of baryons and antibaryons exhibit
a spontaneous breaking of the symmetry between baryons and antibaryons.
A CP violation however small ensures that a large excess of one type of parti-
cles are produced.

In this model we assume that baryons and antibaryons are produced in
autocatalytic steps. e g. reactions of the form

B4+ X—-Y +B+ B (1)
B+ X—Y+ B+ B (2)

where B denote a baryon, B an antibaryon and X, Y refer to two other species
of elementary particles carrying zero baryon number. The presence of
baryon number violations predicted by grand unified theories allows reac-
tions of the form (1) and (2). For example X(Y) could be a meson and
Y(X) a lepton. The SU(5) grand unified model® requires B-L (baryon
number—lepton number) to remain constant in baryon number violating
interactions. In such a case if X is a meson Y should be a lepton and if Y 1s
a meson X should be an antilepton. For the purpose of the model we assume
that X and X are present in excess so that their concentrations in the reacting
medium remain practically constant. Baryons and antibaryons produced 1n
reactions (1) and (2) undergo annihilations. If the annihilation products
are dissipated fast from the reaction site, the annihilation reactions proceed
in the forward direction. Also the removal of B and B due to annihilations
and the presence of X and X in excess favours the proceeding of the reac-
tions (1) and (2) in the forward direction. Of course an external agency 1s
needed to maintain this nonequilibrium situation. Provided the above con-
ditions are realized, the time variation of the baryon and antibaryon number
densities are given by the rate equations,

dB

— = KB—aBB (3)
o . |
dB - -
— == KB—aBB (4)
dt |

where K and K are constants.

- To study the solutiohs of the coupled nonlinear equations (3). and. (4);
we first consider the case, where K=K, corresponding to exact conservation
of CP. - When K==K, it follows from (3) and (4) that’ L
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B—B =  AcKt (5)

where A == constant. If A = O the baryon and antibaryon number den-

sities remain equal at all times and scttmg B = Bin (3) or (4) we obtain,

K

B(t)y = B() = ———e——ry (6)
: a (1.+ be~Rt)

wheré b is the Integration conﬁtant The expression--(6) is the symmetric
solution of the equations (3) and (4) with K = K. It is seen that in the
symmetric solution both B and B approach asteady state value B = B= K/a
corresponding to dB/dt = dB/dt = O. The system has no stable equili-

brium position, later on it will be shown that the steady value B == B = K/a
is an unstable stationary state.

tions: whcn A£O. If A > O then B > B for all ﬁnrtc t. Eliminating B
between (3) and (5) and solvmg the resultmg cquatmn in B by looking for
solutions of the form B = f(t)eKt. we obtain for A >> O, the following solu-

tton,

Aekt

- aA _
eKt

|—Ce K
(7)

K
| —Ce K

where C OLCKlisa constant, _Itis seen thatin (7) B =+ 39, B—O
as t -» oo (Fig. 1). Changlng A tt) —Aand Cto C-lin (7) we obtain the

other,a.symmetrlc solution,
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- AeKt
B o= 7
aA
] - e K
1 -Cec 1 .
. (8)
-af\_‘ - Kt
o Kt -1 K
------ B _ re C e
A
. eKt
*l K
.__-_1+"‘*-;"(.‘:  _. £ -

whcw thc mlcs of B and B arc mtcrchanged i.e. in the solution (8) B.—» 0,
B —> 00 as t =» O (Flg 1) From Pquatmns (7) or (8) it follows that, '

Thus if we set G = 1 in (7) and (8) we obtain two asymmetric solutions of
symmetric (symmetric with réspect to B and B) equations with a symmetric
initial condition of having B = B at infinitely remote past. As mentioned
earlier the symmetric solution (6) where B(t) = B(t) = K/a is unstable. 'To
demonstrate the unstability of this solution we adopt the standard procedure
of linearization used in stability analysis of systems described by nonlinear
differential equations!®. Linearizing (3) and (4) about the stationary point
B = B = K/a by putting B = K/a 4+ b, B = K/a - b, where b and b are
the deviations of the baryon and antibaryon number densities from the

et k.

steady values we obtain, the lmear)z-ecf equations,

db e
= -Kh
dt
_ (9)
— = -Kb

-, T -—
-

dt
whose solutions are,
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b == Ge th -he G ﬁE“K"
' (10)
E‘ - (_::1 eKt *le“ 63 ﬂﬂKt

where C,, C,, C,. C, are constants. The presence of the positive exponen-
tial factor of Kt (K > O) ensures thai the symmetric solution is unstable?®.
Thus the solution of equations (3) and (4) with K == K exhibits spontaneous
breaking of the symmetry between B and B. The symmetric solution where
B(t) = B(t) becomes unstable when it reaches the steady value and branches
off into one of the asymmetric sclutions where either B or B survives as t — oo
(Fig. 1.} 1In the absence of CP violation the above mechanism will not
generate a net baryon number. The spontaneous breaking of the symmetry
between B and B will yield excess baryoit and antibaryon number densities
with equal probabilities at different point so that there is no global violation
of the baryon number. However, the interesting point 1s that the slightest
CP violation, however small is sufficient to decide the direction of the sponta-
neous breaking of the symmetry between baryons and antibaryoas. If K —-

= § it is possible to show that the solution of (3) and (4) ). approaches (7)
as 5 —++0 and (8) as § —» ~O (Fig. 2) Hence in this model slightest CP.
violation is sufficient to ensure a rapid generation of baryon number from
an initial state with zero baryon number.

~

™ w wmrl mn
. '

Fig. 2. The plot of N(Bor B) vst when k » KasK - K —» m-O th1s solunon devclom
in to the solution (b) of Fig. 1. e R

it
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The model we have presented above is highly 1deal an external agency,
the details of which we have left unspecfied, is needed to maintain the non-
equiibrium. In cosmological generation of baryons the expansior of the
universe 13 suppcsed to be the external agency that diverts the system from
thermal equilibrium  We do not claim that the nonequilibrium conditions
needed for the model are realized in expansion of the universe at initial
moments of birth. The model illustrates that although CP violation is
necessary for generation of net baryon number, depending on reaction mecha-
nisms the required CP violation cculd be arbitrarily small  If the rates of
generation c¢f baryons and antibaryons in the autocatalytic reactions arc
greater than the expansion rate of the reacting medium and the rate of anni-
hilation reactions are slower than the expansion rates, then the conditions
needed for the above mechanism are realized at least for short durations of
time 1. Since the thresholds for the autocatalytic steps and the inverse
annihilation reactions are different, the above constraints on the reaction
rates in principle could be satisfied in a nonequilibrium process. There are
also indications that grand unified particle interactions could not have therma-
lized the universe at very initial stages where the temperature is greater than
the mass scale of baryon violating boson<!®, The development of instabi-
lities resulting spontaneous breaking of symmetries 1s a common property of
nonequilibrium processes described by nonlinear rate equations”™. Thus
the actual mechanism of cosmological generation of baryons though very much
more complicated could be similar to the mechanism we have proposed.

Bmchenucal L-D Asymmetry

It 1s generally believed that life orginated in the prlmt_..val oceans con-
taining dissolved amino acids!®*-1*. These acids are probably formed by the
action of solar ultraviolet light or electrical discharges on the primitive atino-
sphere of methane, ammonia and water vapour!®!’. The most significant
event in the biochemical evolution would have been the first appearance of
self-replicating molecules. To construct a model completely analogous to the
earlier one we assume that the prebiotic medium was a racemic mixtures of
amino acids and the stereoselection occurred after the development of self-
rephcatmg molecules. At the initial stages both L and D isomers of the
primitive molecules would have existed in comparable concentrations. These
molecules use amino acids of the correct type (L or D) as the food and rege-
nerate units of the same type. However because of the difference in acti-
vation energies due to the presence neutral weak currents, the rate constants
of replication K1, and Kp for the two types of molecules will not be exactly
equal. Also the units of one type could sometimes interact with the other
type. resulting mutual inhibition of growth possibly owing to the formation
of mixed polymers that cannot replicate. Mathematlcally, the rate equatlons'
describing the above processes are identical to (3) and (4) with B = N
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B = Np, K = K, Kp = . K where N, and Np are the concentrations of
the two types of molemlf*a Again it is at once scen that depending on which
rate constant is greater only one of the enan!mmers can survive.

Admittedly these models over-simplifies the reaction kinetics, tllC actual
rate equations would be far more complicated. Nevertheless even more in-
volved nonlinear symmctric raic equations arc expected to exhibit spon-

taneous breaking of the symmetry and any difference between ratc constants
howcver small guarantees qlobal brecaking of the w:nmctly |
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