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Cosmological models of the universe with reversal of time's arrow are considered. Formulations
are given of the hypothesis of Cosmological CPT symmetry suggested earlier by the writer, and of
the hypothesis of an open model with many sheets, with negative spatial curvature, and with
possible violation of CTTsymmetry by an invariant combined charge. The statistical paradox of
reversibility is discussed for these models. The small dimensionless parameter <52/a2, which
characterizes the mean spatial curvature of the universe, is explained as the result of the evolution
of the universe through many successive cycles of expansion and contraction.

The equations of motion of classical mechanics and of
nonrelativistic quantum mechanics admit time reversal; so
also do the equations of quantum field theory (along with
the CP transformation). The statistical equations, however,
are irreversible. This contradiction has been known since the
end of the nineteenth century. We shall speak of it as the
"global paradox of reversibility" of statistical physics. The
traditional explanation ascribes irreversibility to the initial
conditions. However, the nonequivalent status of the two
directions of time is still retained in the picture of the world.

Present-day cosmology opens up the possibility of
eliminating this paradox. The idea of an expanding universe
is now generally accepted in cosmology; according to it, a
certain instant in time is characterized by the vanishing of
the spatial metric tensor (this time of the "Friedmann singu-
larity" will here be denoted for brevity by the symbol Ф). In
1966-1967 the writer suggested that one may consider in
cosmology not only later times than Ф, but also earlier times,
but then the statistical properties of the state of the universe
at the instant Ф are such that the entropy increases not only
going forward in time from this instant, but also going back-
ward in time:

dS/dt > 0, S(t) > S(0) for t > 0,

dS/dt < 0, S(t) > S(0) for t < 0.
(D

Thus it is assumed that for / > 0 the ordinary statistical
equations hold, but for t<0 the time-reversed equations
hold. This reversal is valid for all nonequilibrium processes,
including those concerned with information, i.e., the pro-
cesses of life. The author has named this sort of situation the
"reversal of time's arrow." Reversal of time's arrow elimi-
nates the reversibility paradox; in the picture of the world as
a whole equivalence is restored between the two directions of
time, as inherent in the equations of motion.

Despite the absence of dynamical interaction between
the regions of the world with t > 0 and with t < 0, the assump-
tion of the reversal of time's arrow has physical content;
some necessary conclusions about the character of the initial
conditions at the point Ф follow from it.

As a model example of reversal of time's arrow let us
consider the classical kinetic theory of gases. At the time

t = 0 we postulate a spherically symmetrical velocity distri-
bution of the molecules at each point in space and nonuni-
form density and temperature distributions in space. We as-
sume (and this is particularly important) that at t = 0 there
is no correlation between the relative positions and relative
velocities of the molecules; in this case this is the "statistical
condition" by means of which one proves that the value of
the entropy at the point t = 0 is a minimum.

In an earlier paper1 the writer put forward the hypothe-
sis that the universe possesses cosmological CPT symmetry.
According to this hypothesis, all events in the universe are
symmetric relative to the hypersurface that corresponds to
the instant Ф of cosmological collapse. Setting / = 0 for this
instant, we require that there by symmetry under the trans-
formation f-> — t. The only exact symmetry that includes
time inversion is CPT symmetry. It follows from CPT sym-
metry that the point Ф is singular and is neutral with respect
to all invariant charges. We shall define CTT-conjugate
fields on the auxiliary half-space

Х 0 = И > 0 , -oo<x a <+oo,

and denote these fields with the indices a and b. We postu-
late: for spinors, ip" = y5i/tb; for the components of a unit
tetrad, e^ = - eb

i(J) (PT reflection). (The index referred
to the tetrad is put in parentheses. )

We map the field a onto the region ?>0 and the field b
onto the region r<0 [with the corresponding change of signs
of еду) ] • From the condition of continuity at the hypersur-
face we have ea(J) (0) =0 (the point Ф is singular) and

= 75^(0), so that the current vanishes,

ДО) = = 0

(neutrality condition at the point Ф).
The neutrality of the universe requires that the ob-

served baryon asymmetry arose in the course of nonequilib-
rium processes of expansion of the universe. For this it is
necessary to assume breaking of baryon charge conserva-
tion, but it is possible to have conservation of a combined
charge of the type ЗБ ± L ( see Refs. 1 and 2 ) , where Б is the
baryon charge and L is the lepton charge. We note, however,
that in the currently most popular schemes for unifying the
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strong, weak, and electromagnetic interactions [for exam-
ple, the SU(5) scheme] there is no such conservation (the
conservation of В — L is also approximate in most schemes).

CPT symmetry is not the only possible realization of the
reversal of time's arrow. It suffices to assume that at the
instant Ф the statistical conditions that there be no correla-
tions is satisfied. The most natural assumption is the one
according to which violation of CPT symmetry in reversal of
time's arrow is due to the presence of a finite invariant com-
bined charge (of course, provided such a charge exists and
does not possess a gauge field). The numerical size of the
combined charge here has no direct connection with the re-
sidual baryon asymmetry, which arises dynamically in the
course of the expansion of the universe.

The reversal of time's arrow (with or without CPT sym-
metry) is possible either in the ordinary open model of the
universe, or in models with infinitely repeating cycles of ex-
pansion and contraction (in pulsating models, or, in the
present writer's terminology, in many-sheeted models; see
Ref. 2). Owing to their inherent singularities, these latter
models seem to us more interesting, and we shall consider
them in more detail.

First of all we emphasize that in these models cycles
close to the instant Ф must be decidedly different from the
"later" cycles, for which all the main statistical characteris-
tics asymptotically approach their limiting values for

n\ -» oo (и is the number of the cycle, — oo < n < + oo).
These limiting "self-reproducing" values correspond to the
many-sheeted model without reversal of time's arrow (cf.
Ref. 2). In the many-sheeted model without reversal of
time's arrow, according to Ref. 2, the spatial curvature and
all of the invariant charges must be equal to zero (in the
sense of average values). In the model with reversal of time's
arrow these quantities must become zero only asymptotical-
ly. In this sense the many-sheeted sort of model is more gen-
eral.

Accordingly, let us examine a model with a finite spatial
curvature — a ~2 and, possibly, a finite combined charge.
We shall suppose that the curvature is negative (a is the
hyperbolic radius), which evidently corresponds to the ob-
servations. We shall also assume that the Einstein cosmolo-
gical constant is different from zero, with its sign corre-
sponding to a vacuum energy density £ < 0. We make no
assumption about the absolute value \e\, but it is very prob-
able that \E\ is small in comparison with the mean density of
matter at the present time. The negative sign corresponds to
breaking of the symmetry of the vacuum state with e = 0.

The dynamics of the universe is determined by the Ein-
stein equation

i
8лСТ0 = RO — ~2 R>

which we write in the form (with c, the speed of light, set
equal to 1)

2 _ a2 &tG . 1 (2)
a2 3 a2'

where H is the Hubble parameter, p is the density of "ordi-
nary" matter, and p and I/a2 go to zero as a-» oo. Since
E = const < 0, at some value of a the quantity H goes to zero
and expansion is replaced by contraction. Accordingly, the
universe experiences an infinite number of cycles of expan-
sion and contraction.

For the initial conditions in the neighborhood of the
point Ф, the following four types of assumption are the most
natural (a is the density of entropy, and nc is the density of
the combined charge; пса

ъ = 0 means that there is no com-
bined charge or that it is equal to zero):

^ao3-!, Пса
3~1;

2)аа3~1, „Са3 = 0;

3)аа3-»0, иса
3~1;

4) аа3 •* 0, п.а3 = 0.

Types 2 and 4 correspond to cosmological CPT symme-
try. In the case of types 1 and 3, the CTTsymmetry is broken
by the presence of combined charge, which can lead to im-
portant differences in the details of the world picture in the
positive and negative cycles. Types 1 and 2 correspond to hot
models of the universe, types 3 and 4, to cold models. A cold
model is the natural realization of the reversal of time's ar-
row, but on the whole there are neither theoretical nor ex-
perimental data for the choice of a definite type.

The entropy era3 in a comoving volume a3 increases in
each cycle. Let us suppose that as и increases by 1 the en-
tropy increases by a factor v; to calculate this number, which
is possible in principle, one would have to take into account
the main nonequilibrium processes. At present (in "our"
cycle л , ) the entropy aa] ~nr/H3, where nr is the density
of photons of the residual radiation. It is assumed that the
density p is less than the critical density. For types 1 and 2 we
have an estimate of the ordinal number n, of our cycle (as an
example we have taken v = 1.1):

In the cold types of model additional cycles are necessary to
produce the initial entropy; in type 4 the initial particles arise
as the result of a large number of almost empty cycles, owing
to the small curvature, proportional to \E .

Writing <5 3 for the density of the residual-radiation
photons, <5~0.1 cm, we have a very small dimensionless
number 82/a2 ~ 10 ~58, which characterizes the curvature of
the universe (provided, of course, that the curvature is not
identically equal to zero, which still cannot be regarded as
excluded). An important advantage of the many-sheeted
model with reversal of time's arrow is the possibility of ex-
plaining in a natural way the appearance of this dimension-
less number in the course of successive cycles of expansion
and contraction.

The asymptotic situation with completely similar
successive cycles is described by Eq. (2) with the term I/a2

neglected. The solution of Eq. (2) is of the form

/ ,, \ 2 / з г„ .„ 1-1/2
a = апрш 'o aQl

The maximal hyperbolic radius а„ of the nth cycle is deter-
mined from the condition p(an ) = \e\, and is proportional
to v'"l/3-»oo as |л |-»оо. The duration of each cycle is
TA = 2тт-а0/3. The densities of baryons, of leptons, and of
entropy at corresponding times in successive cycles does not
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depend on |и | . The cycles closer to Ф are described by Eq.
(2) withp neglected (except in relatively small intervals of
time at the beginning and end of each cycle). Neglecting p,
we have a — a0 sin(t/a0), and the duration of each cycle is
Т, = тга0. The transition from the initial to the asymptotic
situation is defined by the condition p(a0) = J£ | , and will
occur at cycle number «2 > n , (on the assumption that at
present p < pc). The baryon asymmetry nB/nr, however, al-
ready has its asymptotic value, since it is determined by the
initial stage of the expansion of the universe.

The stability of this pattern of successive collapses has

not been investigated. In this paper we have discussed the
reversibility paradox, the hypothesis of cosmological CPT
symmetry, and the various types of many-sheeted models.
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