Physics—Uspekhi 37 (1) 57— 68 (1994)

© 1994 Uspekhi Fizicheskikh Nauk and Turpion Ltd

PHY SICS OF OUR DAY S

PACS numbers: 04.50. + h

Possible existence of asymptotic freedom
of gravitational interactions in nature

M A Markov

Contents

1. Introduction
2. Problem of the very early umiverse

3. Possible existence of special ‘ultramicrouniverse’ physics in the Planck length range

References

Abstract. The possibility of existence of asymptotic freedom
of gravitational interactions, i.e. that gravitational inter-
actions become weaker on increase in the mass density, is
discussed. In spite of all differences between the ‘string’
approach and the formalism discussed in the paper, a future
full picture of the Universe may possibly have many features
in common with the ‘string’ approach.

1. Introduction

The asymptotic freedom of gravitational interactions will be
understood here to be weakening of the gravitational
interaction on increase in the mass density.

In Einstein’s equations the gravitational constant s is
replaced with the function

u=w(pﬁ> , (1)
0

where p is the density of the mass of matter in a reference
system comoving with matter and po is the limiting maximum
mass density at which the function y vanishes:

Yy — 0 when p — p, .

Variation of such a modified Einstein action function with
respect to the metric gy gives rise to equations which for
p < po becomes identical with Einstein’s equations
describing, let us say, the Friedman universe, but in the
limit p — po the traditional term on the right-hand side of
Einstein’s equations tends to zero (because » — 0). However,
the additional term which appears automatically as a result
of variation of the modified action function is of the de Sitter
type, namely F(p/po) A, where F(p/pg) = 1 when p — po,
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and the constant A term of the de Sitter metric:

In both quantum and classical physics the universal
constants (¢, which is the limiting velocity of signal
propagation, e representing the constant minimum electric
charge; and 7, the Planck constant representing the minimum
value of the action) together with the gravitational constant
%o can be used to form two limiting quantities: the shortest
length and the highest density. One of these quantities, which
I shall denote by A, is purely classical, i.e. it does not contain
the Planck constant 7, namely

6%]/2 ~
A = lpn = —2 ~ 107* cm ,
-
6,2
= py = o ~ 10% gem=3. @)
X,

0
The second, B, contains the Planck constant:

o\ /2
B = lhn = ( }f()) ~ ]0_33 cm ,

CJ

— — ~ 94 -3

=p, = 2 10 gem—3 . 3)
The task here will be to describe a certain imagined world in
which asymptotic freedom of gravitation is realised not in
quantum but in classical physics, and to discuss not only the
possible existence of asymptotic freedom of gravitational
interactions in the imagined world, but also the corres-
ponding formalism, in which the main role is played by the
hypothesis of the existence in such a world ofthe highest mass
density po and the shortest length Lyin, associated with this
formalism. In this approach it is natural to adopt the classical
values of po and Imin for such an imagined world. In this case
it is obvious that our imagined classical universe with its
special formalism including asymptotic freedom could
predate the appearance of quantum mechanics and could
claim to describe the real Universe and predict its initial
inflationary phase and the de Sitter metric at the time of
appearance of the Universe. However, it is widely held that
the future theory of gravitation and cosmology, providing a
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satisfactory descrip-tion of nature, will be developed within
the framework of quantum theory (or, for example, of string
theory). Therefore, in this communication the limiting values
used in the mathematical apparatus of the theory will be
described by the expressions for po and /min containing the
Planck constant. Bearing in mind that the values of these
quantities are arbitrary in the given formalism{ and
anticipating later discussion, one can say that the formalism
developed in a number of papers for collapsing objects
containing only gravitating matter leaves the collapse of
such an object at the limiting length of the order of lyin.
When free gravita-tional radiation appears in the universe
the asymptotic freedom stops the collapse only in the
presence of a strong free gravitational field if it is converted
into gravitating matter. | shall consider various ways in
which this occurs, particularly in the case of free relic
gravitational radiation and in the case of the appearance of
Kasner perturbations of the metric. If the collapse of a black
hole stops at a distance of ~/i,in from a classical singularity,
the hole unavoidably becomes a source of new universes in
another space (R"” space) which is in the absolute future
relative to the time at which the given black hole has
formed [22, 23].

Formation of black holes in a given universe (in the
course of evolution of stars or collapse of a closed universe)
causes it to split into a number of universes, and the whole
Universe represents an overall set of many universes which
develop in their own space and time [33]. There is an ongoing
discussion of possible wormhole-type links and of the
possibility of existence, at the limit of the shortest lengths,
of a characteristic ‘ultramicrophysics’ in which the classical
ideas on space and time break down. One cannot exclude the
possibility that lengths shorter than /nin do not exist in
regions where the mass density reaches the limit of the
highest values. In classical language this can be interpreted
‘physically’ by assuming that a region of this kind represents
an absolutely hard medium in the form of a sphere along
which a signal travels at an infinitely high velocity, so that for
example near a classical singularity we have

Imin v=00 t=0.

In other words, time and space seem to be absent here. At the
end of this paper I shall cite a study of a two-dimensional
black hole considered using string theory. Its author reaches
the conclusion that in the exact solution near a classical
singularity the metric becomes Euclidean instead of
Lorentzian and that the whole Universe can be regarded
overall as a set of many universes. One cannot exclude the
possibility that our later description ofthe imagined universe
is characterised by asymptotic freedom of gravitational
interactions and has certain characteristic features of the
future theory of gravitation which matches the properties of
gravitation found in nature.

However, it may not be necessary to change the classical
equations of gravitation. [t may be that the quantised form of
these equations will automatically solve the cosmological
difficulties of the classical equations. These ideas are valid
and they are frequently put forward. First of all, it is useful to
recall the fate of such ideas in the face of known difficulties of
other (nongravitational) fields.

F1 must mention the remarkable proximity of the numerical values of
what we shall call the classical and quantum values of the limiting
densities (po) and lengths (/min) Which can be derived from the universal
constants.

Asisknown, all the other fields considered separately face
difficulties of infinite values of the energy of their point
sources. The appearance of the Dirac equations must raise
the question: do these difficulties remain in the Dirac elec-
trodynamics? We shall later obtain a general answer: the
quantum theory of any of the known fields does not solve
the difficulty under discussion.

One can frequently hear the conclusion that, in contrast
to other fields, we have no quantum theory of the
gravitational field. Strictly speaking, we have a quantum
theory of all fields considered separately, including the
gravitational field, but only in the case of weak fields. This
statement means that near a point source of, for example, an
electromagnetic field, when the field becomes strong, we
must allow for the interaction of the electromagnetic field
ofan electron with all types of elementary particles that exist
in nature. These virtual pro-cesses make their own
contribution to the self-energy of the electron. Then, in
principle, one cannot exclude gravitons. This situation can
be described by the following statement: “Every, i.e. any, so-
called elementary particle consists— in this sense—of all the
other particles™ [1].

In many cases attempts have been made to remove
divergent expressions from the modern theory of fields by
various modifications of specifically classical equations of
fields in their relativistic form, for example, by introducing
(into the relevant wave equations) relativistically invariant
cutoff factors, which reduce correspondingly the
contribution of high frequencies to the self-energy of a
source.

Other classical relativistically invariant procedures for
avoiding these difficulties have been proposed and they range
from what is known as the ‘lambda-limiting’ process to the
use of indefinite metrics.

All these attempts to solve the problem of divergences in
the theory of fields have been unsuccessful.

It is these attempts that have led to the propagation ofa
signal at superluminal velocities in the region ofa singularity.
An infinitely hard core seems to appear in the region of a
singularity.

These ‘insiduous’ failures resulted in perplexity: a conflict
with relativistic theory arose even when, for example,
explicitly relativistic expressions for the form factors were
introduced. However, it later became clear that the difficulty
arose entirely from consideration of the problem within the
framework of just one time ¢, whereas the field is a system
comprising an infinite number of particles.

A consistent relativistically invariant theory of many
particles is known to require the introduction of many times.
Such a many-time formalism was first proposed in the well-
known work of Dirac, Fock, and Podolsky relating to the
quantum electrodynamics of a finite number of particles. In
the classical (nonquantum) electrodynamics of a finite
number of particles this formalism is given in one of my
papers [2]. I unsuccessfully sought a many-time formalism
for the description of an infinite number of photons for the
electromagnetic field itself. The appearance of a paper by
Tomonaga [3]demonstrated that this problem was solved by
him. Inthe Tomonaga formalism and then in the formalism of
Schwinger [4] each point (x, y, z) of a space-like surface is
attributed its own time #(x, y, z). | sought unsuccessfully a
generalisation of the Dirac—Fock —Podolsky formalism to
the spectrum of photons, namely quanta in a gas of photons
which should have a continuous structure. It is possible that
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such a formalism, equivalent to the Tomonaga formalism,
does exist.

The appearance of the Tomonaga — Schwinger equation
accounted for the justifiable failure of all the previous
attempts to liquidate divergences in the theory of fields
within the framework of one time for all space-like points.

The historical value of the Tomonaga —Schwinger equa-
tion is therefore that all the solutions of the field equation
modified in this way are not solutions of a consistently
relativistic equation: they do not satisfy the condition of
integrability of the Tomonaga — Schwinger equation, namely
the condition of commutativity of the corresponding
functions on a space-like surface, i.e. they do not satisfy the
requirement of finite velocity of signal propagation.

In other words, these approaches to solve the problem of
singularity of fields are fully covered by the requirements of
consistent relativistic invariance of the many-(infinite-)time
Sformalism of the Tomonaga— Sc hwinger equations.t

The so-called renormalisation method is highly
developed and is being used very successfully: this method
makes it possible to extract finite values from a singularity of
values in field theory and such finite values can then be used
satisfactorily in further calculations. Unfortunately, this
method of extraction of finite values from infinite ones
works only within a framework of one field, i.e. when the
contribution of all the other fields is ignored. However, the
main point is that this procedure is ‘imposed from outside’ on
the natural formalism of field theory. This objection to the
renormalisation procedure is supported by the well-known
comment of Dirac in the preface to the Russian edition of his
book, where he states that he avoided presentation of the
renormalisation methods because, in his opinion, they would
disappear in a future consistent theory of fields. Moreover,
there is a suspicion that the validity of the renormalisation
methods has not yet been fully established.

I mentioned earlier that the self-mass of a source of any
field includes contributions also of other fields, not excluding
the contribution of gravitation. However, allowance for the
gravitational field requires the knowledge of the physical
laws valid over distances of the order of the Planck length

[~ 1073 cm .

In any case it is possible that the existence in nature of the
asymptotic freedom of gravitational interactions in strong

T It is worth mentioning that in 1943 my doctoral dissertation was devoted
to the many-time formalism in electrodynamics, and the main result of an
analysis of the attempts to solve the problem of divergence of point
sources of ficlds by introducing relativistically invariant factors is in
conflict with the following system of equations for particles

h% = H.v(tsrx)y

s=1,2,3,....
at,\» s =y s

In this case the system of equations simply does not have such solutions
since the conditions for the existence of the solution requires a finite
velocity. Therefore, introduction of relativistically invariant form factors
is in conflict with a consistent relativistic theory of clectrodynamics.
Therefore, I was unable to write down this infinite system of equations in
the form a single equation, as was done by Tomonaga. My thesis was not
published because we were at war. The failure of causality in a small
region has the danger that it might lead to observable failures of causality
in macrorcgions. However, we cannot exclude the possibility that the
existence of such limiting shortest lengths in cosmology does not lead to
the appearance of observable propagation of a signal at a velocity
exceeding ¢ in macrophysics. I shall naturally consider this problem
later. More probably it does not lead to violation of the natural sequence
of the past and future.

gravitational fields, which will be discussed later, will help
one to understand better the physical meaning and success of
the renormalisation methods. In a number of papers
published in the last decade I considered the characteristic
features of theories of gravitation augmented by asymptotic
freedom of gravitational interactions. Here, [ shall
summarise some of the results, removing unjustified
pretensions and sometimes even erroneous statements.

* *
*

For the simplest and ‘poorest’ in its physical content
imagined world, I proposed ten years ago (1982) a
modification of one Einstein’s equation, particularly in the
simplified form [5, 17]:

RY 8mR %3¢ P’ P 2

(C> = 5a [p( p%) 4 (Po) ] @
This expression describes the history of an imagined isotropic
and homogeneous closed universe filled with dust-like matter
whose density is p at the pressure p = 0.

During the epoch of this universe when the density is
p < p, the right-hand side of Eqn (4) is reduced to the first
term 8mR%x%0p/3c%. During this epoch of the universe it is of
the Friedman type. On collapse of the universe, when the
increasing density of matter tends to po, the first term on the
right-hand side of Eqn (4) vanishes in the limit p = po and
from the second term only the constant A’, with the

dimensions of the density of matter, remains. Selection of
the expression for this constant in the form

2
, 3c

T 81

converts this term to R2A, where the constant A has the
dimensions of 1//2 (/ is in centimetres).

In the course of the process p — po the universe becomes
of the de Sitter type and it does not have a singularity in its
history.} An equation of the type (4) describes an imagined
universe with properties that seem to be very far from the
properties of our real Universe. However, we shall see later
that some properties of this imagined universe are very useful
in the search for a formalism describing our real Universe. It
should be mentioned that Eqn (4) is discussed in my paper
[5]. Putting forward the hypothesis of the existence of a
limiting matter density as the solution to the problem of
singularity of a collapsing universe (1982), I was not aware
(for accidental reasons) that this problem had been
considered earlier by Wheeler [6] and that he rejected it
‘outright’ because the corresponding Einstein’s equation
admits the possibility that sound may have a higher velocity
than light. The equation proposed by me is free of this
difficulty.

On the other hand, it is clear that any modification of the
theory which leads to a finite curvature during gravitational
collapse unavoidably results in a finite value of the density of
the collapsing matter.

The model of a universe described by Eqn (4) represents
a universe which oscillates perpetually between the values
Rmax and Rmin. The nature of these oscillations is very
illuminating and useful in the search for a theory capable of

f This is valid provided one ignores the possibility of the appearance in the
real Universe of a free gravitational field (for example, of the Kasner type)
or even of relic radiation.
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describing the real Universe throughout its history. In a
subsequent series of papers dealing with the development of
the physical ideas contained in Eqn (4) it has been shown that
the modification of Einstein’s equation in the form given by
Eqn (4) is based on the physical hypothesis that the
gravitational interaction of matter decreases at high
densities. In fact, the constant representing the gravitational
interaction is replaced in Eqn (4) by the function
x= %[l —(p?/p3)]. At p = p, the gravitational interaction
vanishes completely. This property of matter can be called
asymptotic freedom of gravitational interactions.
Calculations show that the collapse of a closed universe with
a bare mass M ¢ causes » to vanish only if Mo = o0. In other
words, x cannot have negative values. A better
understanding of a possible role of asymptotic freedom of
gravitational interactions in the solu-tion of the singularity
problem of collapsing systems filled with gravitating matter is
provided in the paper by Markov and Mukhanov [7]. A
A-like term is introduced ‘by hand’ into Eqn (4) and in the
limit p — po this term leads to the de Sitter equation. The
action § is considered in the form [7]

4

~ 16nG,

This form of the action is analogous to the expression given
for the action in Einstein’s theory. However, here % is not a
constant but represents a function of the energy density &:

8nGy I3

where the energy density is given by the Fock expression [8],
whereas the mass density p* obeys the equation of continuity

(p'u') = 0.

Variation of S with respect to the metric gi leads to the
equation

J(R + 2xe)g'*dx .

) 1 £0x . Ox
R, — =R, = [=— Ti — =0 6
k ROk <aa + %> Kk — € P 6)
where
T = (e + plu'uy — pd'y .

Eqn (6) can be rewritten in the form

) 1 . ) .
R _ERélk = G(S)T’k + A(E)élk s @)
where
T'% = (¢ + p)u'm — pd's . (®)

Eqn (6) is a generalisation of Einstein’s theory of gravitation
to the case of the existence in nature of asymptotic freedom
of gravitational interactions, described mathematically by
Eqn (1). Thisisilluminating because the asymptotic freedom
leads automatically to the appearance of a A-like term, as is
evident if one writes down this equation in the form (7). On
increase in the energy density ¢ the first term on the right-
hand side of Eqn (7) tends to zero and the equation assumes
the de Sitter form. [ demonstrated [5S]that when the pressure
isp = 0inanisotropic dust-filled universe, Eqn (6) describes
a universe oscillating between the values R nax and R pin.
Here, Rmin is related to the constant gy in my paper [5]. If
po in Eqn (4) and g in Eqn (5) are expressed in terms of the
universal constants ¢, i, and %o, then R min (i.¢. the length over

which the collapse stops and a new period of inflation of the
universe begins) proves to be the Planck length

fi\ /2 .
Ipy ~ (c—f> ~ 1073 em

In the view of the close similarity of the models of universes
described by Eqns (4) and (6), I shall (for the sake of
simplicity) use more frequently Eqn (4) to illustrate the
special nature of the physical properties of a gravitational
fieldT that has the asymptotic freedom, which is discussed
above and which does not allow us to use the approach in
question in developing a currently acceptable cosmology; I
shall use also this equation to consider whether there is any
possibility of overcoming such problems.

2. Problem of the very early universe

According to current ideas, the very early universe arises in
the form of a de Sitter universe, the energy of which,
represented by the A term, decays in the course of expansion
of the universe into all forms of particles, and the de Sitter
universe transforms into one of the Friedman type with all its
characteristics. The serious study of the various
modifications of what is known as the ‘inflationary’ period
in the history of the universe started with the paper of
Guth [10].

Eqns (4)and (6) describe a variant of such an inflationary
process. It should be mentioned that the title of the paper by
Markov and Mukhanov [7] was ‘‘de Sitter-like initial state
of the universe as a result of asymptotic disappearance of
gravitational interactions of matter’’. In publishing a paper
presenting the properties of Eqn (4) in 1982 [ was not aware
that over a decade earlier (in 1970) Gliner published a paper
on ‘“Vacuum-like states of a medium and Friedman
cosmology’’ [11], where he wrote: ‘“The purpose of this note
is to show that the vacuum-like state of a physical medium
(with the energy tensor T = Agi) can be the starting point
of any of the three Friedman models™.{

In modern variants of the very early universe it is postula-
ted that primordial matter has the properties of a scalar. The
scalar may, in principle, have a variety of origins. For example,

TEqn (4) is not obtained by variation of the action of the type (6) with
respect to the metric. However, one can obtain an analogue of Eqn (4) by
taking the function % in the form

v =nf1 - £ )
- 35)
Then the function G(g) in Eqn (7) becomes
Ox &
G(e) :EaJru: 1 —%,

and the term A’ is then
A'e) = 526% = +2 s 2[—;
- % = 3\g 0

In this way we obtain an analogue of Eqn (4) in the form
2

2 G A )

where

2
A':§p0.

fOne can also say that Gliner revived the ancient cosmology of
Anaxagoras, postulating some sort of primordial form of matter
““incapable of any motion”” [12].
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we cannot exclude that this scalar is a gas of black holes.}
In this case one may expect an equation of the type (4) to be
suitable for the description of the very early universe. A cold
gas of black holes may create, in a natural manner, in the
course of Hawking evaporation, a hot phase of a Friedman
universe to which Eqn (4) with p = 0 no longer applies, but
in principle Eqn (6) (with p # 0) is still valid. In the realisation
of this black-hole hypothesis it is important to know in
greater detail the properties of black holes. Specifically, we
have to know whether a black hole disappears completely in
the process of Hawking evaporation. Moreover, we have to
know whether black holes with arbitrarily small masses can
exist. There are grounds for assuming that the smallest mass
of a black hole is determined by the universal constants c, 7,
and o, namely mmin ~ (¢/%0)"?> ~ 10~ g and the radius
r ~ (/)2 cm. In 1965 1 suggested [13] the possible exis-
tence of an upper limit to the mass spectrum of elementary
particles: if there is in nature a fundamental length

1/2
lo = (h”) ~ 107 cm |

c.)

then the energy of a particle with the wavelength A = [y is

fic ic 1/2
E = l—c = <_c) 62 = ’nlnaxc2 5
0 %

and its maximum mass is

ic 1/2 B
Mmax = (;) ~ 10 Sg-

This leads to the hypothesis of the existence in nature of a
heaviest elementary particle with a mass of 1075 g, called
the maximon. This hypothesis is completely unrelated to the
theory of black holes developed later. Subsequently several
writers considered the possible existence of such a particles in
nature and have proposed different names for it. The theory
of Hawking evaporation of black holes (put forward in
1973)1 led to the realisation that the evaporation unavoid-
ably creates a black hole with parameters typical of a maxi-
mon. This object may be called also an elementary black hole.
It should either disappear instantaneously, releasing all its

T The creation of matter (from the primordial A-matter) in the form of
black holes has a number of nontrivial consequences which apply to the
nature of the particles after decay of the primordial black holes; for
example, one cannot exclude the possibility that the maximum mass in the
mass spectrum of elementary particles is the mass of the smallest black
hole. Moreover, the baryon asymmetry may be related to decay of the
primordial black holes.

fIt is perhaps relevant to the history of the theory of Hawking
evaporation of black holes that it started with the following idea of
Hawking, formul-ated almost in the form of a law: the mass of a black
hole can only increase. However, at this time Frolov and I were studying
the behaviour of the mass of charged matter that has escaped into the
Schwarzschild sphere. We found that such an object, which we did not yet
call a black hole (1970), should release an electric charge reducing the
charge to g~ 137¢ [40] and reducing correspondingly the mass; here, e is
the electron charge. This was in conflict with the Hawking law as then
established. This conflict troubled us greatly. I carefully looked for an
error in our calculations and reached only, as it seemed to me, a possible
critical conclusion that the Hawking law is valid in classical physics, but it
breaks down in quantum physics. In my paper presented at the Warsaw
conference in 1973 [31] I dared to interpret this creation process reducing
the mass of a black hole, as creation of a pair —in the electric ficld of a
black hole—when one particle escapes to infinity and the other drops
into the hole reducing its charge and mass. This paper failed to elicit any
response.

energy in one radiative event, or it may remain stable. There
have been several papers§ justifying the stability of an
elementary black hole [14].

It would seem that there is a serious objection against the
stability of elementary black holes, which was put forward by
Hawking [15]. According to Hawking, if any number of
black holes appears in any closed volume, then they all
should disappear at t — 0.

Without going into the details of Hawking’s thermo-
dynamic arguments, it should be pointed out that in a closed
volume filled with an arbitrarily large number of stable
elementary black holes, they should disappear by the
coalescence of two or several into a large black hole, which
should emit radiation and decay to an elementary stable
black hole. Therefore, out of the initial arbitrarily large
number of elementary stable black holes only one
elementary black hole remains. The primordial scalar matter
of'the very early universe can therefore be also a gas of stable
elementary black holes (maximons), since there is a real
possibility of conversion of a gas of stable elementary black
holes in the course of inflation into hot matter of a Friedman
universe.§ A gas of black holes considered as primordial
scalar matter is of the greatest interest in the case of a closed
universe, for which the phase of inflation of the finite
maximum expansion is followed by a collapse phase, which
may be called the very late phase of the universe. It is natural
to assume that the very late universe should return to its
initial de Sitter phase. In other words, all the variety of fields
and particles during the Friedman phase of the universe
should return again to is primordial scalar form. Under
conditions of a high density of all the forms of matter in the
final phase of the collapse, one can expect conversion of all
the matter in the final phase back to a scalar gas of black
holes. The asymptotic freedom of gravitational interactions
leads to the formalism of the de Sitter symmetry of the very
early and very late closed universe. The primordial matter in
the form of black holes is an example of the physics of such
symmetry.

I shall leave for later discussion the main flaw of the
model described by Eqn (4), which is the impermissible
neglect of the fate of the free gravitational field that
unavoidably appears in the real Universe in the course of
collapse. Bearing in mind, for example, the creation of the
Kasner metric, it would be of some interest to consider in

§One cannot exclude the possibility that only the class of cold black holes
is stable [1].

91t should be pointed out that the appearance of a gas of nonelementary
black holes in the course of collapse is not a new hypothesis. However, the
statement that in the initial and final phases of the history of the universe
this gas consists of elementary black holes is a new hypothesis, which may
raise objections. In fact, if the primordial scalar matter is a gas of elemen-
tary black holes, which in the course of inflation should largely disappear
by merging into larger black holes and in the process of Hawking
evaporation should form the whole matter of a Friedman universe, the
question arises whether there is sufficient time for this merging process to
occur. True, the ideas put forward in the case of Dirac magnetic
monopoles (namely fast reduction in their density in the process of
exponential expansion of the universe) may not be decisive here, because
in the process of exponential expansion of the very early universe
considered on the basis of the model described by Eqn (4) the matter
density of the black holes remains practically at the Planck value. The
lifetime of such a state of the carly universe depends on the value of its
bare mass mo. During this time the distance between maximons is
practically zero.
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greater detail the role of the asymptotic freedom in this ‘toy’
model of a closed universe.

It is well known that the covariant divergence of the left-
hand side of Einstein’s equation vanishes. Vanishing of the
divergence of the right-hand side of Eqn (4) leads to an
equation whose integration yields the relationship between
the mass density p and the volume R3 of a closed universe
which is isotropic and filled with dust:

plp + po)’ _ Mo}
loo —pl  2W°R

&)

It is assumed here that the constant A’ = 2po and M is the
bare mass of the closed universe.

Here, R = 0 leads, in accordance with Eqn (4) to the
maximum, Rmax, and the minimum, R, radius of the
universe.

[fT also venture to select poin Eqn (4) in the Planck form,
then the maximum density is
3 .

5
-2 ~ 10% gem~

Po = Pri ﬁ%%

We then have

m
Rmin ~ ll’l<1 + M_(())> 5
where

Tic 1/2
~[—] ~107°¢g.
mo (%0) g

In other words, for all the closed universes with the bare mass
Mo > mog~ 10~> g the minimum dimensions of the universe
are given by the Planck length. 1f, for example, the bare mass
of our Universe is Mo &~ 1033 g, then its smallest size at the
end of the collapse is

Rumin = lpi(1 + 107) (10)
We can ask the question: is this property retained also in the
model which will describe the real closed Universe?

Another question is: will the classical properties of space
be retained in the future correct theory down to the Planck
length?

In other words, are the corrections to the Planck length in
the form lpimo/M o physically distinguishable in the range of
the lengths discussed here?

In the model under discussion described by Eqn (4) the
length at which the collapse ends and the process of new
expansion ofthe universe begins is governed by the bare mass
of the universe. Conversely, the point of ‘rebound’, i.e. the
beginning of a new cycle of the oscillating universe, deter-
mines the bare mass M o in this new cycle. [fthe lengths /p; and
Ipi[1 + (mo/M )] are indistinguishable in this region of space,
then in the next period of the oscillation a universe may
appear with any bare mass

Mo > mp; .

This problem is considered again at the end of the paper after
discussing the possibility of existence of ‘ultramicrouniverse’
physics when I < /p;.

We recall that the model of a perpetually oscillating
universe of the type described by Eqn (4) with a constant

value of Mo may be unrelated to the real Universe, because
the entropy of the latter should increase from one oscillation
to the next. Something must happen to the universes in the
course of their collapse to avoid this fundamental difficulty
of an increase in the entropy. A major shortcoming of the
model (4)is the neglect of the unavoidable fluctuations of the
mass density in the process of collapse. The maximum density
in the model (4), at which the collapse ceases, also depends on
the bare mass of the closed universe:

Pmax = pP](] - @> .
M

[t may happen that in the course of fluctuation in some region
of a collapsing universe the value pmax corresponding to the
end of collapse appears at a time earlier than given by
Eqn (11). The question is: does it mean that in some regions
of a collapsing universe an anticollapse process may appear
earlier than in other parts of the universe? Does not this give
rise to decay of the initial universe into a series of universes
with a smaller bare mass?

Before considering a more detailed discussion of such
possibilities, it is useful to note that inflation of a universe in
the model (4) differs considerably from inflation of the
known models because the duration of the de Sitter phase
of the very early and very late universe is governed again by
the bare mass (M) of the closed universe. In the case when
Mo~ 10% g, the de Sitter phase, during which the mass
density remains practically constant during inflation, extends
fromR ~ Ipj~ 10~33 cmto R ~ 10~ 13 cm. Ifthe pressure is
finite, p # 0, it extends to R ~ 10—3 c¢m [16]. The considered
modification ofthe Einstein’s equations is based, as stressed
repeatedly above, on the assumed existence of asymptotic
freedom of gravitational interactions. It is necessary to stress
one con-sequence of this hypothesis which is important for
under-standing the physical consequences of asymptotic
freedom for the nature of the particles representing the
matter, manifested in Eqns (4) and (4'). It follows from these
equa-tions that the first term on the right-hand side vanishes
at g when the density goes to the limit & —¢&. This
circumstance led to an incorrect comment in several of my
papers that the formalism of Eqns (4), (4), and (6) includes
both creation and annihilation of particles. This would apply
particularly to Eqn (4). However, it follows from the text [7]
that the action was varied by Fock’s method [8], which uses
the expression for the number density n of particles that
satisfy a continuity equation, which is typical of any classical
hydrodynamic model:

(nu'), = 0.

an

(12)

The situation under discussion can be described as follows:
particles do not disappear in the process of collapse, but
each of them becomes increasingly ‘density-free’ (its mass
decreases) or, more correctly, it ‘weighs’ less because of
weakening of the gravitational interaction. At the moment
when the collapse ends, the initial number of particles is
conserved in the form of their almost zero-density ‘souls’.

It follows from the above discussion that in order to
describe the very early and very late phases of a universe it
is the hydrodynamic form which should be used for the
energy-momentum tensor; in particular, this applies to dust-
like matter. If it is found that our Universe is not closed,
then the problem of collapse of the very late universe
disappears completely. However, the problem of collapse is



Possible existence of asymptotic freedom of gravitational interactions in nature 63

still important in this case. In an open universe the collapse of
massive stars and, ultimately, black holes is unavoid-
able.

Returning to the idea of the existence in nature of
asymptotic freedom of gravitational interactions and its
possible role in solving the singularity problem in the process
of gravitational collapse, we recall that the singularity
problem with which we are dealing can be solved only on
condition that the asymptotic freedom is either directly or
indirectly related to a free gravitational field. More exactly,
we have to consider whether the energy pseudotensor of the
gravitational field is necessarily transformed under the condi-
tions of collapse of the universe into a tensor in some material
form and then appears on the right-hand side as a correction
to the total matter tensor.

In the simplest case we are dealing with, for example, the
fate of relic gravitons, which obviously exist at present in our
Universe, and of their fate in the process of collapse. If,
contrary to our hope, relic radiation does not appear in any
material form on the right-hand side of Eqn (4), the existence
of a free gravitational field in the final phase of the collapse
unavoidably leads to a singularity.

Estimates have been published of the cross section of
creation of electron —positron pairs by two gravitons. The
probability of this process rises on collapse of a universe and,
if we venture to continue these estimates to graviton wave-
lengths comparable with the Planck length, then conversion
ofrelic graviton waves into gravitating matter is possible and
this would allow us to avoid the danger of appearance of
singularities by the asymptotic freedom of gravitational
interactions.

The question also arises whether strong free gravitational
radiation can generate black holes. According to Isaacson,
the integral of the pseudotensor already has the properties of
a tensor under the conditions of flat space at infinity. In the
case of short wavelengths the condition at infinity may be
weaker [18]. Therefore, gravitating objects might form from
a gravitational field and for these objects we should allow for
the asymptotic freedom in Eqn (4). It should be noted that a
collection of waves travelling in different directions has a rest
mass [18].

When strong Kasner fields appear during the very late
phase ofa universe, once again we may hope that particles are
created under the conditions of very strong anisotropy. This
processis also supported by familiar considerations. [ have in
mind the process of isotropisation of the Kasner anisotropy
in the very early universe as a result of rapid creation of
material particles. Recent ideas indicate the need for
quantisation of a strong gravitational field if not to solve
the problem of collapse using unmodified Einstein’s
equations then at least because of the need to have a
complete theory of the interaction of all the fields.

I shall not discuss in detail the possibility of modification
of the left-hand side of Einstein’s equations and instead I
shall refer the reader to a recent paper [19]. On examination
of the postulated close identity of the physical content of
these two apparently so different modifications of Einstein’s
equations we may consider the frequently discussed
modification of Einstein’s equations, when the initial action
function S is replaced by the expression

R — R + BR?,

where f is a constant.

The new form of the left-hand side of the equation can be
transformed to its old form.} Then, on the right-hand side of
this equation we find that T %) appears in the form

TO() = %08(1 — i + ) = %08f(£) .
& &o

Then, %of(¢/€o) plays the role of the ‘gravitational constant’
which tends to zero on increase in the energy density €. In
other words, in this example of the possible modification of
the left-hand side of Einstein’s equations the mathematical
formalism reveals realisation of asymptotic freedom.
Incidentally, some variants of this modification are given
also in the paper where Eqn (4) is proposed. It may be
pointed out that in the example demonstrating the role of
asymptotic freedom at the end of the collapse process the
function f is taken in the form [7]

-2
. & &
_f:(l+—> ~1 ==+
& &

A more detailed discussion of the postulated close identity
of'the physical content of these two possible modifications of
Einstein’s equations will be appropriate when a continuation
of the paper referred to by Mukhanov and Brandenberger
[19]is published.

It is worth recalling here the content of a series of papers
dealing with the collapse of black holes on the assumption
that the singularity problem of the collapse of a universe is
solved and that there is in nature a limiting value of the
curvature of space, so that (for example) the maximum value
of the Riemann tensor is given by

woy _
RuvéyR = 14
0

where [y is the Planck length
Tisc\ /2
b = In = (—’j) ~ 1075 cm .
c

A massive star, which cools in the process of emission of
radiation, transforms into a neutron star. If its mass is suffi-
ciently large, a neutron star continues to be compressed by
gravitational forces and a moment may arrive at which all its
mass is inside the Schwarzschild sphere. This creates a black
hole. The collapse of a black hole differs significantly from
the collapse of a closed universe. In the case of a closed
universe we can, at least in principle, consider a perpetually
oscillating model in which collapse changes to expansion,
and this possibility does not exist for a black hole. The point
is this: a complete space-time description inside the
Schwarzschild sphere is given by the Kruskal diagram [20].
In the complete Kruskal space-time diagram the path of a
free particle should begin from a singularity or from infinity
and it should end at infinity or at a singularity.

T This was done, for example, by V K Mal’tsev at an Anglo—Soviet
seminar held in Moscow in 1990. My example (R = R + BR?) of the
appearance of an effect of the type of asymptotic freedom should be
regarded only as a hint of the possibility of appearance of asymptotic
freedom in the course of modification of the left-hand side of Einstein’s
equation. However, this modification does not remove the singularity that
appears during collapse.
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The Kruskal diagram inside the Schwarzschild sphere has
two regions, one of which (7_) is that which a particle
reaches when it crosses the Schwarzschild surface from
outside. The motion of the particle must terminate in this
region on reaching the singularity. However, in the case of a
particle which appears at a singularity there is a region 7 + in
which the path of the particle created at the singularity must
travel in the T ;-region from an internal singularity to the
Schwarzschild surface and, crossing it, move into the space
outside the Schwarzschild sphere. This is known as the
second space (R”), in contrast to the R’ space, which a
particle enters when it passes below the Schwarzschild
sphere and travels toward the singularity in the T _-region,
utilising the whole of its lifetime for its motion to the
singularity. [f somehow a particle arriving from the R"-space
could appear near the singularity in the T -region, then
crossing the Schwarzschild surface it would find itself in the
second (R") space, where time is again measured from zero.
In other words, the second space R” is in the absolute future
relative to the first space.

We recall that over twenty years ago (more exactly, in
1966) a paper on the “Change from contraction to expansion
and physical singularities during contraction” was published
byl D Novikov [21]. Classical physics was used in this paper
to consider the fate (i.e. the ‘path’) of a collapsing electrically
charged star when specifically the electric field of the matter
stops the collapse of the start. According to Novikov, in this
case, after the collapse has stopped in the T _-region of
the Kruskal diagram, a black hole begins to expand into the
T +-region and reached the other R” space, which lies in
the absolute future of the initial Schwarzschild R’ space.

However, this specific case of an electrically charged star
is inappropriate because if we allow for the creation of
particles by the electromagnetic field of the star, the collapse
of the star simply does not stop.

However, if some modification of Einstein’s equations
keeps the values of all the curvatures finite in the process of
collapse of a black hole, in other words, if the matter in a
black hole does not travel to a singularity, then using
Novikov’s ideas [21] we can conclude that in this case the
matter of the black hole may be in the T +-region and in
the course ofits motion inside the Schwarzschild sphere in the
direction away form the singularity it should cross the
Schwarzschild surface and find itself in the second R"” space,
forming a new universe in this space.

At a conference on the occasion of the centenary of the
birth of A A Friedman (1988) I presented a paper on this
subject: “‘Collapse of stars as a possible source of closed and
simiclosed worlds’’ [22].

In 1990 a paper [23] by three authors also on this subject
appeared in Physics Letters: it was entitled ‘Black holes as a
possible source of closed and semiclosed worlds’. We must
bear in mind that the development of the new worlds occurs
in the R” spaces in the absolute futures relative to the times of
the universes in which the formation of the black holes takes
place. For example, it was stated in this connection [22] that
our Universe may have appeared from a black hole formed in
some universe existing in the absolute past, i.e. in the time of
existence of the black hole, and time is measured from zero in
the new universe.

Since many black holes are also formed during the
existence of a universe and in the course of its collapse, |
shall consider more specifically the process of decay of the
very late universe into a multitude of universes, discussed in a

somewhat different connection ofthe problem of entropyin a
perpetually oscillating model of a universe.

If these ideas on the appearance of universes are valid,
then many new phenomena may be realised in cosmology.
We may recall that Jeans in 1928 suggested [24] that at
“the centers of nebulae matter flows into our world from an
external space”. Novikov [25]and Ne’eman [26]put forward
the idea that galaxies are special parts of our Universe which
for some reason have lagged in their development behind
the whole universe. This lag in time could be explained if the
galaxies have poured into our Universe form other universes
by the processes described above.

From this point of view the central region of the nucleus
ofa galaxy at the initial moment of'its formation should have
the de Sitter metric and be characterised by its own
inflationary process. From this point of view the amount of
matter in the initial state of a galaxy may vary greatly. In
other words, microgalaxies could also appear. [t may be that
the most frequent projectiles from the absolute past into our
Universe are the smallest white holes and even single
maximons. However, if it is found that the nuclei of the
observed galaxies are of very different nature, the possibility
of appearance of projectiles from the past in our Universe in
the form of separate maximons or groups ofthem at different
moments of history of our Universe still exists, and they
could form a medium of dark matter [27] as maximons in the
shape of elementary white holes.

It follows from the above idea on the nature of dark
matter consisting of maximons alone that maximons without
an electric charge hardly interact with matter. The celestial
bodies are transparent to these maximons [13]. Therefore,
our current Universe would represent celestial bodies moving
without hindrance in a maximon medium. In practice neither
neutrinos nor other forms of radiation interact with dark
matter. Only coalescence of two or more colliding maximons
into one black hole of larger mass is possible.

In principle, coalescence of two or several elementary
black holes is possible and this may be followed by Hawking
emission and such emission of neutrinos b y small black holes
form the nuclei of galaxies could be detected in neutrino
experiments using detectors of the DUMAND type [28].
Here, the energies E, ~ 109 ¢V and E, > 10'° eV are of
special interest. It should be stressed that the process of
appearance of matter in our Universe arriving from other
universes can be regarded as a process that mimics the
creation of matter, specifically in our Universe. There are
many models of universes postulating continuous creation of
matter in them. The question is: is there a concrete possibility
to realise these models within the framework of the ideas put
forward above [41]?

The possibility of the appearance of ‘semiclosed
universes’ was put forward by Frolov, Markov, and
Mukhanov [23]. A closed universe is characterised by the
fact that the mass of its matter (the so-called bare mass ofthe
particles) is reduced so much by the gravitational forces
acting between the particles of the matter that the total
energy of the closed universe is zero.

In the case of a closed universe there is no external space
and no external observer who might conclude that a universe
exists. A closed or, in other words, ‘shut’ universe is electric-
ally neutral. But a shut or closed universe has one striking
property. If just one electron is introduced into such a
universe (for example into our Universe, if it is closed), it
ceases to be closed and an external space appears where the
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Coulomb electric field is generated. The universe opens up a
throat and the whole universe behaves as a particle with a
very small mass of the order of the maximon mass.¥

Twenty years ago (in 1973), inspired by the paper of
O Klein [29] on the possibility of semiclosed universes, |
published a paper on the ‘Micro-macrosymmetric universe’
[30] which I introduced with two first stanzas from Bryusov’s
poem ‘The world of electron’ (1922):

Maybe these electrons

Are planets of five continents:

Art, knowledge, war, kingdoms,
And memories of forty aecons spent!

Maybe, then, each atom
Is a universe—a hundred worlds;
All here is there in microform
But some not here lies there unfurled.
(English version by Sean Harrop)

The paper under discussion is based on an internally self-
consistent possibility put forward by O Klein and on general
considerations is related to the familiar phrase of Dirac with
which he ended one of his papers: “It would be strange if
nature does not make use of this possibility”. Such a
possibility has in fact arisen.

One is speaking here of a universe with arbitrarily large
throats and which contains the exterior mass of a given
universe. It may be that this mass could be emitted by an
object, as in the cause of an ordinary black hole. I even called
this object a black hole of the second kind [31]. Ifthe mass of
a throat can be emitted as radiation completely, then a closed
universe would form. [fa very small mass ofa throat remains,
then such a universe behaves in the exterior space as, for
example, an elementary particle and there are grounds for
assuming that it is in the form of a maximon. We therefore
cannot exclude the possibility that our Universe is filled with
an enormous number of particles and some ofthem are in fact
universes.

Summarising the above, we can say that the Universe as a
whole can bea special structure consisting ofa set of universes
developing in their own spaces and times. This Universe
cannot be pictured on a sheet of paper as, for example, a set
of universes [32]. It is more likely to resemble a Russian
‘matryoshka’ doll. However, inside each of the component
dolls there is a set of other dolls, etc. Such a picture of the
Universe as a whole is discussed in one of my papers [33].
Naturally, such a Universe as a whole has no beginning or
end.

“What really interests me is whether God had any
choice when He created the W orld.”
A Einstein

Einstein’s equation contains a large number of different
cosmological solutions. The current state of the Universe is
described quite satisfactorily by the solutions of Einstein’s
equation found by A A Friedman. However, these solutions
are unsuitable for the description of the very early Universe.
Moreover, in the case of the very early Universe the natural

T A universeisalso open if it contains one neutrino. A closed universe does
not exhibit rotation (spin). A closed universe with one neutrino behaves as
aneutrino with the maximon mass.

solutionsare of the de Sitter type. The question arises: should
one limit God’s choice to these two types of solutions? In the
study of this problem it is convenient to write down Einstein’s
equations in a form similar to the integral Yang—Feldman
equation in electrodynamics [34]:

o = ot | TN Yy + A Y
where Gl‘fvﬁ isan analogue ofa Green functionand A ,, is a free
gravitational field. Ifin thisequation we assumethatA ,, = 0,
then g, differs from zero only if T, #0.

In other words, in this theory (A, = 0) space exists only
if Tap#0, i.c. the very existence of space is connected with the
existence of matter. The principle of existence of spacel
(Aw = 0) directly makes meaningless the creation of a
universe ‘from nothing’, the existence of ‘empty spaces’,
beginning from Minkowski space, and even of asymptotic-
ally flat metrics of the Schwarzschild type. For many years it
has been thought that the de Sitter space is also empty. This
was based on the view that matter corresponding to this case
should have a state

e+p=20,

where ¢ is the energy density and p is the pressure density.

Such matter is not encountered in nature. However, we
have gradually realised that we are dealing here with the very
early universe.

This state of matter is possible. The condition A,y = 0
does not imply either that gravitational waves cannot appear.
It is only that in a given four-dimensional universe these
waves must always have a material source. The equation with
Ay = 0 has been considered by a number of authors from
the point of view of the presence or absence of Mach’s
principle in Einstein’s theory. In view of the mathematical
complexity of investigations of Eqn (13), the work on this
topic has not brought definite results. I suggested to
V K Mal’tsev to limit the investigation to conformally flat
spaces:

gw(x) = (PQ(X)”,uv >

where
1 0 0 0
o -1 0 o
=10 0o -1 o
0 0 0 -1

In contrast to the work of other authors, instead of dealing
with ten quantities gy, we need to find one function @2(x).

I shall determine the function ¢@?(x) by employing
Einstein’s equation in the form

BT

R T

p T =T,g".
In such cases it is possible to show that the permissible
metrics of this formalism include the solution of both the
Friedman and de Sitter types [35]. We cannot exclude the
possibility that God’s choices that Einstein wrote about are
limited to such a chain of the Friedman and de Sitter
universes.

f1t has not yet been demonstrated that Eqn (13) with A, = 0 contains
Mach’s principle, but it does contain the principle of existence of space
only in the presence of matter.
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However, the most interesting result of this simplified
(scalar) formalism of gravitation isthat inthe A ,, = Ocasein
the presence of a massive central body (m > 0) a test body,
considered as such, does not interact in accordance with
Newton’s law with the massive central body M, i.e. in the
Ay = 0case the motion of the test body is not governed by
the mass m of the central body. The value of the mass simply
drops out from the equation of motion of the test body.
However, if the mass of the test body m is included in the
value of T together with the mass of the central body (M),
then the Newtonian interaction appears between them. In
other words, the gravitational Newtonian interaction
appears between the ‘central’ and test bodies only if we
allow for the influence of the mass of this ‘central’ body and
of the mass of the test body on the metric. It is possible that
thisis one ofthe characteristic features of the physics in which
Mach’s principle is valid, although in a very much
impoverished scalar theory of gravitation. However, this
result gives us some grounds for believing that a more
thorough investigation of the integral equation (13) may
lead to the proof of the existence of Mach’s principle.

The realisation of Mach’s principle in the integral
formalism of the theory of gravitation is attractive because
a free gravitational field appears in this theory only because
of the matter tensor.

Ifin the integral formalism we introduce the condition of
asymptotic freedom, then the resultant free gravitational
field may prove, because of the matter tensor, to be under
theinfluence ofa factor representing the asymptotic freedom.

The circumstance that the resultant energy pseudotensor
of the gravitational field is in this formalism integrated
automatically over the whole four-dimensional space leaves
us with the hope (see Isaacson [36]) that the energy (mass) of
a gravitational field appearing in this way is indeed charac-
terised by asymptotic freedom. In other words, the
singularity problem, which has occupied us on the preceding
pages and which we have attempted to solve in particular
using the framework of physical effects, may be solved in
general even in classical physics if Mach’s principle is
realised. However, these intuitive ideas have not yet been
confirmed mathematic-ally and most probably they do not
correspond to reality, i.e. if in this case there is no ‘complete
isaacsonisation’ of gravita-tional radiation [36]: the
pseudotensor of the emitted field acquires the properties of
a tensor for each emission event. In any case a rigorous
answer to this question could yield an equation of the type
(13) in which » would be given by the function (1).

3. Possible existence of special ‘ultramicro-
universe’ physics in the Planck length range

In the preceding pages it was assumed that in a region close to
a singularity the classical properties of space-time are
retained fully in the range of lengths shorter than the Planck
length (I ~ 10—33 cm) and times shorter than t ~ 10=4! s,

Over fifty years ago (in 1940) it was proposed to tackle
the difficulties of the singularity of fields by the idea of
nonlocality in the form of noncommutativity of fields ¢(x)
and of the coordinate; in other words, noncommutativity of
coordinates [36], which also leads to superluminal signal
propagation. Over distances of the order of the Planck
length considered here it might be desirable to modify the
view that instantaneous signals are inadmissible in
cosmology. I discussed this earlier [37].

If the velocity of a signal over a path /p; is infinite, then
time regarded as a distance divided by velocity loses its
meaning: [/v(—o0) = t= 0. Ifthe T_-and T -regions in
the Kruskal diagram are separated by an absolutely hard
core of radius equal to the Planck length, then in the process
of collapse the matter in a black hole reaching the distance
lp1 from the singularity in the 7 _-region finds itself instant-
aneously at the distance lp; from the singularity in the
T +-region. In other words, the critical length seems not to
exist in space.

It is not essential to represent space in the form of some
lattice. For example, the classical properties of space may be
lost only under the conditions in the region of the limiting
matter density. Incidentally, in measurements at the limit of
short lengths an observer unavoidably uses the wavelength,
i.e. a quantum of the limiting density of matter. Such an
interpretation of the physics of the limiting length should
probably not lead to the observed violations of causality in
the macroworld, i.e., to violations of the macroscopic link
between the present and future.

The above discussion demonstrates a rather sceptical
view on the subject of solution of these problems of
gravitational collapse in the framework of the future
quantum theory of strong gravitational fields. However, the
naturalexistence ofthe Planck length lp; = (fis/c?)"/? in the
final expression for the curvature of the Riemann tensor

vAS 1

RpyasR = —,
Iy,
or rather the presence of the Planck constant in this
formalism, seems to provide evidence against such
scepticism. | considered earlier [37] the possibility of the
appearance of a fundamental length associated with
violation of the classical characteristics of space itself,
which do not apply in quantum theory (for example,
noncommuta-tivity of the coordinates, the expression for
which could contain 7). It follows from the above that one
cannot exclude the possibility that the very early and very late
universe can both be described by hydrodynamic matter in
the form of a cold gas of black holes.

Naturally, it is very tempting to extend this picture of this
theory of a classical universe and its history to the limit of
very small dimensions on the asumption that the limiting
density is described by an expression consisting of the
universal constants ¢, %, and 7:

S
Po ™~ 13 ™ 10% gem—3;

the limit of small dimensions in the history of a universe is
then indeed governed by the Planck length:

hix\ /2 X
Rmin ~ (_%> ~ 107)3 cm .

3

Obviously, and this must be stressed, we are now entering the
realm of hypotheses which are not yet supported by any
formalism. Naturally, we cannot exclude the possibility that
quantisation of strong nonlinear gravitational fields in the
future theory will automatically lead to the existence in
nature of such a limiting length, but it is also possible that
this hope may be dashed. Obviously, the appearance of the
Planck constant in the expression for R nmin makes it natural to
relate the appearance of R pnin to the formalism of quantum
mechanics. However, some caution is also necessary: the
quantum theory of all other fields does not contain such a
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limiting length. The formalism of quantum mechanics is
formulated in terms of classical ideas on space irrespective
of how short the length is.

On the other hand, a certain audacity is necessary to say
that our ideas on space are valid down to very small dimen-
sions. We cannot exclude a priori a situation in which the
physics of quantum mechanics is modified significantly if a
limiting length is usually related to the concept of space as a
certain lattice. We are speaking here rather of a characteristic
absence of lengths shorter than the Planck length only in the
regions where the limiting density of matter appears. It
should be stressed once again that in the classical
interpretation the absence of lengths less than the Planck
value could be illustrated by a small region of the infinitely
hard sphere type in which a signal travels at an infinite
velocity, so that the concepts of the duration of the signal
and the time of its propagation are absent [37]. [f universes
appear by evolution of black holes, the situation is
determinate [7], but we cannot exclude in principle the
possibility that all the laws of conserv-ation break down. If
convenient, we can use this picture to interpret space near a
classical singularity in the spirit of a black box, which is
discussed in the well-known paper of Wheeler [6]. We cannot
exclude the possibility that in the ‘ultramicrouniverse’, when
the limiting density isreached, the state of ‘lawlessness’ reigns
and the Planck constant itself appears as a combination of
the universal constants

&
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The proposed model of the Universe as a whole postulates a
set of universes created and evolving in their own spaces and
times. [f in some sense this corresponds to reality, then the
question arises what these separate universes represent. For
example, we do not know whether our Universe is open or
closed. Moreover, we must not avoid the following questions:
can a completely closed universe exist if, in principle, the
matter of black holes can appear in it from universes existing
in the absolute past relative to the times of the given universe,
or simply because the existence of the limiting length prevents
a universe from becoming completely closed?

In the papers dealing with our model of the Universe as a
whole, frequent use is made of a gas of black holes (instead of
the usually discussed scalar field) as the primordial matter
in the inflationary phase of the very early universe. Such
primordial matter has a number of attractive features, but
this hypothesis is not organically related to my model of the
Universe as a whole. However, it seems to me that it should
be discussed. M oreover, it is worth discussing also dark matter
in the form of stable elementary holes or particles whose mass
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However, a is such that the matter in these particles is not, for
example, inside the Schwarzschild sphere. It is interesting to
note that such particles, including stable elementary black
holes, practically do not interact with ordinary matter, but
interact quite strongly with one another:

h =

m?x  o&’hc
E = — = ;
r r

if @ ~ 1, two such particles interact with one another by a
mechanism two orders of magnitude stronger than the

Coulomb interaction between two electrons. However, the
most interesting scientific event which attracted my attention
is a preprint of a paper by V P Frolov et al. on ““Wormholes
as device for a study of black hole interior” (Nordita,
preprint No. 93/8a). There are objections against the Bohr
interpretation of quantum theory in the case of such objects
as closed universes or in the case of the physics of matter
inside the Schwarzschild sphere. The existence of wormholes
fits into the general pattern of the thought model discussed
above. In this sense, multiple universes represent a certain
connected organism.

It should be mentioned also that if asymptotic freedom of
gravitational interactions does indeed lead to a finite value
of the limiting curvature, then on the basis of the results of
Frolov, Markov,and Mukhanov [23]it should be possible, in
principle, to create new universes in the laboratory if black
holes can be formed in the laboratory by compressing a
certain amount of matter to less than its gravitational radius.
However, it should be stressed that this possibility exists also
in any other cosmological theory characterised by a limiting
value of the curvature. The existence of asymptotic freedom
of gravitational interactions can alter significantly the theory
of elementary particles. This applies, for example, to
electrodynamics if the modern nature of this theory with its
logarithmic divergence is retained. The existence in nature of
the limiting energy density naturally changes the formalism
of electrodynamics. The fundamental importance of the
role of the gravitational field in the theory of elementary
particles was pointed out by me in 1947 [47] and in 1955 by
Landau and Pomeranchuk [43].

We cannot exclude the possibility that in fact all the
elementary particles with a finite rest mass are characterised
by a logarithmic divergence if we ignore the gravitational
field.

The appearance of a free gravitational field in a universe
filled with matter has caused a lot of problems, as is evident
from the above. Attempts to solve these problems have given
rise to a series of hypotheses which have a right to be
considered.

However, if these hypotheses fail, there is one idea which
may for some reason be unacceptable.

I have considered above the possibility that in the process
of collapse a universe can split into a series of universes if
during this process the limiting densities do not appear
simultaneously in the various regions. In these regions we
can have nonsimultaneous stopping of the motion of the
collapsing matter, which then experiences the initial phase of
expansion. Let us consider a situation in which throughout
the universe a moment of stopping of the collapse appears
throughout the collapsing matter. If this universe contains a
free gravitational field, then perhaps a situation may arise in
which there are two universes and one of them (filled with
matter) begins to expand, while the other (filled with free
gravitational radiation) actually begins to contract and at the
end is transformed into a point-like closed singularity if even
in this case we assume that the law of conservation of the
limiting mass density is obeyed. In fact at this point the
curvature will be infinite, but the question is: has this closed
object any physical meaning?

Now for the final critical comments. Naturally, physicists
working in cosmology may accept the possibility of the
existence in nature of asymptotic freedom of gravitational
interactions and the associated possible existence of a
limiting matter density. Maybe | have guessed many real
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features of the real Universe. However, these physicists are
hardly likely to accept that the y-function describing the
asymptotic freedom of gravitational interactions is in fact
described by, for example,

&2
W“Wo(l _%)~

The question arises, what is the formalism of the future
consistent theory of gravitation that may give rise to the
function y existing in nature? In my defence I can say only
that the Y—function should be in the class of functions that are
of the form

w(f) -0,
o
if § > g9 or even if ¢ > 0.

Among the topics which are not considered in this review
one should mention an account of new theories, namely the
attempts to find new possibilities in the theory of gravitation
on the basis of the characteristic properties specifically of
string theory.

I have in mind, for example, the paper of M J Perry and
E Teo on ‘‘Non-singularity of the exact two-dimensional
string black hole” [39], in which it is stated that near a
classical singularity a region with Euclidean (and not
Lorentzian) metric appears near a classical singularityt and
the whole Universe represents a set of universes linked by
wormholes. We cannot exclude the possibility that in spite of
all the differences between the ‘string’ approach and the
formalism discussed above, the future full picture of the
Universe will have many features that are shared with these
approaches.

It may be that it will become experimentally possible to
detect a reduction in the gravitational constant under the
conditions of high density of matter.

T This result would seem to be close or even analogous to the possibility I
discussed of the existence of a characteristic ‘submicrophysics’ in the
range of the Planck or sub-Planck lengths.
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