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Abstract. The possibility of existence of asymptot ic freedom 
of gravi ta t ional interact ions, i.e. tha t gravi ta t ional inter
act ions become weaker on increase in the mass density, is 
discussed. In spite of all differences between the ' s t r ing ' 
app roach and the formalism discussed in the paper , a future 
full p ic ture of the Universe m a y possibly have m a n y features 
in c o m m o n with the ' s t r ing ' app roach . 

1. Introduction 
The asymptot ic freedom of gravi ta t ional in teract ions will be 
unde r s tood here to be weakening of the gravi ta t ional 
interact ion on increase in the mass density. 

In Einstein 's equa t ions the gravi ta t ional cons tant xo is 
replaced with the function 

(1) 

where p is the density of the mass of mat te r in a reference 
system comoving with mat te r and po is the limiting m a x i m u m 
mass density at which the function \j/ vanishes: 

\j/ —> 0 when p Po 

Var ia t ion of such a modified Einstein action function with 
respect to the metr ic gtk gives rise to equa t ions which for 
p <^ Po becomes identical with Einstein 's equa t ions 
describing, let us say, the F r i e d m a n universe, bu t in the 
limit p -> po the t rad i t iona l te rm on the r igh t -hand side of 
Einstein 's equa t ions tends to zero (because x -> 0). However , 
the addi t iona l te rm which appears automat ica l ly as a result 
of var ia t ion of the modified act ion function is of the de Sitter 
type, namely F(p/p0)A, where F(p/po)->l when p -> p 0 , 
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and the cons tant A te rm of the de Sitter metric: 

1 

I2. 
mm 

In b o t h q u a n t u m and classical physics the universal 
cons tan ts (c, which is the limiting velocity of signal 
p ropaga t ion , e represent ing the cons tant m in imum electric 
charge; and H, the Planck constant represent ing the m i n i m u m 
value of the act ion) together with the gravi ta t ional cons tant 
Xo can be used to form two limiting quant i t ies : the shortest 
length and the highest density. One of these quanti t ies , which 
I shall denote by A, is purely classical, i.e. it does no t conta in 
the Planck constant H, namely 

A = l m i n = ^ ~ I f ) " 3 4 

cm 

Po 1 0 9 5 g c m " 3 (2) 

The second, B, conta ins the Planck constant : 

3 

Po 1 0 9 4 g crn" 
x\Ti 

(3) 

The task here will be to describe a certain imagined wor ld in 
which asymptot ic freedom of gravi ta t ion is realised no t in 
q u a n t u m bu t in classical physics, and to discuss no t only the 
possible existence of asymptot ic freedom of gravi ta t ional 
in teract ions in the imagined world , bu t also the corres
p o n d i n g formalism, in which the main role is played by the 
hypothesis of the existence in such a world of the highest mass 
density po and the shortest length / m m , associated with this 
formalism. In this app roach it is na tu ra l to adop t the classical 
values of po and lmm for such an imagined world . In this case 
it is obvious tha t our imagined classical universe with its 
special formalism including asymptot ic freedom could 
p reda te the appearance of q u a n t u m mechanics and could 
claim to describe the real Universe and predict its initial 
inflat ionary phase and the de Sitter metr ic at the t ime of 
appearance of the Universe . However , it is widely held tha t 
the future theory of gravi ta t ion and cosmology, provid ing a 
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satisfactory descrip-t ion of na tu re , will be developed within 
the f ramework of q u a n t u m theory (or, for example, of string 
theory) . Therefore, in this communica t ion the limiting values 
used in the ma themat ica l a p p a r a t u s of the theory will be 
described by the expressions for po and / m m conta in ing the 
Planck constant . Bear ing in mind tha t the values of these 
quant i t ies are a rb i t ra ry in the given fo rma l i sm! and 
ant ic ipat ing later discussion, one can say tha t the formalism 
developed in a number of pape r s for collapsing objects 
conta in ing only gravi ta t ing mat te r leaves the collapse of 
such an object at the limiting length of the order of / m i n . 
W h e n free gravi ta- t ional rad ia t ion appears in the universe 
the asymptot ic freedom stops the collapse only in the 
presence of a s t rong free gravi ta t ional field if it is converted 
into gravi ta t ing mat te r . I shall consider var ious ways in 
which this occurs, par t icular ly in the case of free relic 
gravi ta t ional rad ia t ion and in the case of the appearance of 
Kasne r pe r tu rba t ions of the metr ic . If the collapse of a black 
hole s tops at a dis tance of ~ / m i n from a classical singularity, 
the hole unavo idab ly becomes a source of new universes in 
ano ther space (R " space) which is in the absolute future 
relative to the t ime at which the given black hole has 
formed [22, 23]. 

F o r m a t i o n of black holes in a given universe (in the 
course of evolut ion 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 m a n y universes which 
develop in their own space and t ime [33]. There is an ongoing 
discussion of possible wormhole - type links and of the 
possibili ty of existence, at the limit of the shortest lengths, 
of a characterist ic 'u l t ramicrophysics ' in which the classical 
ideas on space and t ime b reak down. One cannot exclude the 
possibili ty tha t lengths shorter t han / m i n 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 tha t a region of this k ind represents 
an absolutely ha rd med ium in the form of a sphere a long 
which a signal travels at an infinitely high velocity, so tha t for 
example near a classical singularity we have 

^ m i n L = oo = t = Q . 
In other words , t ime and space seem to be absent here. At the 
end of this paper I shall cite a s tudy of a two-dimens iona l 
black hole considered using string theory. Its au tho r reaches 
the conclusion tha t in the exact solut ion near a classical 
singularity the metr ic becomes Eucl idean instead of 
Lorentz ian and tha t the whole Universe can be regarded 
overall as a set of m a n y universes. One canno t exclude the 
possibili ty tha t our later descript ion of the imagined universe 
is characterised by asymptot ic freedom of gravi ta t ional 
in teract ions and has certain characterist ic features of the 
future theory of gravi ta t ion which matches the proper t ies of 
gravi ta t ion found in na tu re . 

However , it m a y no t be necessary to change the classical 
equa t ions of gravi ta t ion. It m a y be tha t the quant ised form of 
these equa t ions will au tomat ica l ly solve the cosmological 
difficulties of the classical equat ions . These ideas are valid 
and they are frequently pu t forward. Firs t of all, it is useful to 
recall the fate of such ideas in the face of k n o w n difficulties of 
other (nongravi ta t ional ) fields. 

f I 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 ( / m i n ) which can be derived from the universal 
constants. 

As is known , all the other fields considered separately face 
difficulties of infinite values of the energy of their po in t 
sources. The appearance of the Di rac equa t ions must raise 
the quest ion: do these difficulties remain in the D i r ac elec
t rodynamics? W e shall later obta in a general answer: the 
q u a n t u m theory of any of the k n o w n fields does no t solve 
the difficulty under discussion. 

One can frequently hear the conclusion tha t , in contras t 
to other fields, we have no q u a n t u m theory of the 
gravi ta t ional field. Strictly speaking, we have a q u a n t u m 
theory of all fields considered separately, including the 
gravi ta t ional field, bu t only in the case of weak fields. This 
s ta tement means tha t near a po in t source of, for example, an 
electromagnet ic field, when the field becomes s t rong, we 
must al low for the interact ion of the electromagnet ic field 
of an electron with all types of e lementary part icles tha t exist 
in na tu re . These vir tual pro-cesses m a k e their own 
cont r ibut ion to the self-energy of the electron. Then, in 
principle, one cannot exclude gravi tons . This s i tuat ion can 
be described by the following s ta tement : "Every, i.e. any, so-
called e lementary part icle consists — in this sense — of all the 
other pa r t i c les" [1]. 

In m a n y cases a t t empts have been m a d e to remove 
divergent expressions from the m o d e r n theory of fields by 
var ious modif icat ions of specifically classical equa t ions of 
fields in their relativistic form, for example, by in t roducing 
(into the relevant wave equat ions) relativistically invar iant 
cutoff factors, which reduce correspondingly the 
cont r ibut ion of high frequencies to the self-energy of a 
source. 

Other classical relativistically invar iant p rocedures for 
avoiding these difficulties have been p roposed and they range 
from wha t is k n o w n as the ' l ambda- l imi t ing ' process to the 
use of indefinite metrics. 

All these a t t empts to solve the p rob lem of divergences in 
the theory of fields have been unsuccessful. 

It is these a t t empts tha t have led to the p ropaga t i on of a 
signal at super luminal velocities in the region of a singularity. 
A n infinitely ha rd core seems to appear in the region of a 
singularity. 

These ' ins iduous ' failures resulted in perplexity: a conflict 
with relativistic theory arose even when, for example, 
explicitly relativistic expressions for the form factors were 
in t roduced. However , it later became clear tha t the difficulty 
arose entirely from considerat ion of the p rob lem within the 
f ramework of just one t ime t, whereas the field is a system 
compris ing an infinite number of part icles. 

A consistent relativistically invar iant theory of m a n y 
part icles is k n o w n to require the in t roduct ion of m a n y t imes. 
Such a many- t ime formalism was first p roposed in the well-
k n o w n work of Di rac , Fock , and Podo l sky relat ing to the 
q u a n t u m electrodynamics of a finite n u m b e r of part icles. In 
the classical ( n o n q u a n t u m ) electrodynamics of a finite 
number of part icles this formalism is given in one of my 
papers [2]. I unsuccessfully sought a many- t ime formalism 
for the description of an infinite number of p h o t o n s for the 
electromagnet ic field itself. The appearance of a paper by 
T o m o n a g a [3] demons t ra ted tha t this p rob lem was solved by 
him. In the T o m o n a g a formalism and then in the formalism of 
Schwinger [4] each poin t (x, y, z) of a space-like surface is 
a t t r ibuted its own t ime t(x, y, z ) . I sought unsuccessfully a 
general isat ion of the D i r a c - F o c k - P o d o l s k y formalism to 
the spectrum of p h o t o n s , namely q u a n t a in a gas of p h o t o n s 
which should have a con t inuous s t ructure . It is possible tha t 
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such a formalism, equivalent to the T o m o n a g a formalism, 
does exist. 

The appea rance of the T o m o n a g a - S c h w i n g e r equat ion 
accounted for the justifiable failure of all the previous 
a t t empts to l iquidate divergences in the theory of fields 
within the f ramework of one t ime for all space-like poin ts . 

The historical value of the T o m o n a g a - S c h w i n g e r equa 
t ion is therefore tha t all the solut ions of the field equat ion 
modified in this way are no t solut ions of a consistently 
relativistic equat ion: they do no t satisfy the condi t ion of 
integrabil i ty of the T o m o n a g a - S c h w i n g e r equat ion , namely 
the condi t ion of commuta t iv i ty of the cor responding 
functions on a space-like surface, i.e. they do no t satisfy the 
requirement of finite velocity of signal propagation. 

In other words , these approaches to solve the p rob lem of 
singularity of fields are fully covered by the requi rements of 
consistent relativistic invariance of the many-(infinite-)time 
formalism of the Tomonaga-Schwinger equations.^ 

The so-called renormal isa t ion me thod is highly 
developed and is being used very successfully: this m e t h o d 
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 calculat ions. Unfor tuna te ly , this 
me thod of extract ion of finite values from infinite ones 
works only within a f ramework of one field, i.e. when the 
cont r ibut ion of all the other fields is ignored. However , the 
main poin t is tha t this p rocedure is ' imposed from outs ide ' on 
the na tu r a l formalism of field theory. This objection to the 
renormal i sa t ion p rocedure is suppor ted by the wel l -known 
comment of D i r ac in the preface to the Russ ian edition of his 
b o o k , where he states tha t he avoided presenta t ion of the 
renormal i sa t ion m e t h o d s because, in his opinion, they would 
disappear in a future consistent theory of fields. Moreover , 
there is a suspicion tha t the validity of the renormal isa t ion 
m e t h o d s has no t yet been fully established. 

I ment ioned earlier tha t the self-mass of a source of any 
field includes cont r ibu t ions also of other fields, no t excluding 
the cont r ibut ion of gravi ta t ion. However , a l lowance for the 
gravi ta t ional field requires the knowledge of the physical 
laws valid over distances of the order of the Planck length 

/ - 1 ( T 3 3 cm . 

In any case it is possible tha t the existence in na tu re of the 
asymptot ic freedom of gravi ta t ional in teract ions in s t rong 

f 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 fields by introducing relativistically invariant factors is in 
conflict with the following system of equations for particles 

H^- = Hs{tsrs), s = 1, 2, 3, . . . . 

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 electrodynamics. 
Therefore, I was unable to write down this infinite system of equations in 
the form a single equation, as was done by Tomonaga. M y 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 macroregions. 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 c 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. 

gravi ta t ional fields, which will be discussed later, will help 
one to unde r s t and bet ter the physical mean ing and success of 
the renormal i sa t ion me thods . In a number of papers 
publ ished in the last decade I considered the characteris t ic 
features of theories of gravi ta t ion augmented by asymptot ic 
freedom of gravi ta t ional interact ions. Here , I shall 
summarise some of the results, removing unjustified 
pre tens ions and sometimes even e r roneous s ta tements . 

* * 
* 

F o r the simplest and 'poores t ' in its physical content 
imagined world , I p roposed ten years ago (1982) a 
modif icat ion of one Eins te in ' s equat ion , par t icular ly in the 
simplified form [5, 17]: 

(§J+-^[>K)+<)1- « 
This expression describes the his tory of an imagined isotropic 
and h o m o g e n e o u s closed universe filled with dust-l ike mat te r 
whose density is p at the pressure p = 0. 

D u r i n g the epoch of this universe when the density is 
p <̂  p 0 , the r igh t -hand side of E q n (4) is reduced to the first 
te rm %TzR2Xop/3c2. D u r i n g this epoch of the universe it is of 
the F r i e d m a n type. On collapse of the universe, when the 
increasing density of mat te r tends to po, the first te rm on the 
r igh t -hand side of E q n (4) vanishes in the limit p = po and 
from the second term only the constant A', with the 
dimensions of the density of mat te r , remains . Selection of 
the expression for this cons tant in the form 

converts this te rm to R2A, where the constant A has the 
dimensions of III2 (/ is in centimetres) . 

In the course of the process p -> po the universe becomes 
of the de Sitter type and it does no t have a singularity in its 
history. J A n equat ion of the type (4) describes an imagined 
universe with proper t ies tha t seem to be very far from the 
proper t ies of our real Universe . However , we shall see later 
tha t some proper t ies of this imagined universe are very useful 
in the search for a formalism describing our real Universe . It 
should be ment ioned tha t E q n (4) is discussed in m y paper 
[5]. Pu t t ing forward the hypothesis of the existence of a 
l imiting mat te r density as the solution to the p rob lem of 
singularity of a collapsing universe (1982), I was not aware 
(for accidental reasons) tha t this p rob lem had been 
considered earlier by Wheeler [6] and tha t he rejected it 
' ou t r igh t ' because the cor responding Einstein 's equa t ion 
admi ts the possibili ty tha t sound m a y have a higher velocity 
t han light. The equat ion p roposed by me is free of this 
difficulty. 

On the other hand , it is clear tha t any modif icat ion of the 
theory which leads to a finite curva ture dur ing gravi ta t ional 
collapse unavo idab ly results in a finite value of the density of 
the collapsing mat te r . 

The mode l of a universe described by Eqn (4) represents 
a universe which oscillates perpetual ly between the values 
i ? m a x and Rmin. The na tu re of these oscillations is very 
i l luminat ing and useful in the search for a theory capable of 

J This is valid provided one ignores the possibility of the appearance in the 
real Universe of a free gravitational field (for example, o f theKasner type) 
or even of relic radiation. 
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describing the real Universe t h r o u g h o u t its history. In a 
subsequent series of pape r s dealing with the development of 
the physical ideas contained in E q n (4) it has been shown tha t 
the modif icat ion of Eins te in ' s equa t ion in the form given by 
E q n (4) is based on the physical hypothes is tha t the 
gravi ta t ional interact ion of mat te r decreases at high 
densities. In fact, the constant represent ing the gravi ta t ional 
interact ion is replaced in E q n (4) by the function 
x = %o[l — (p 2 /Po)]- At p = p 0 the gravi ta t ional interact ion 
vanishes completely. This p rope r ty of mat te r can be called 
asymptot ic freedom of gravi ta t ional interact ions. 
Calcula t ions show tha t the collapse of a closed universe with 
a ba re mass Mo causes x to vanish only if Mo = oo. In other 
words , x cannot have negative values. A better 
unde r s t and ing of a possible role of asymptot ic freedom of 
gravi ta t ional in teract ions in the solu-tion of the singularity 
p rob lem of collapsing systems filled with gravi ta t ing mat te r is 
provided in the paper by M a r k o v and M u k h a n o v [7]. A 
^L-like term is in t roduced 'by h a n d ' into Eqn (4) and in the 
limit p -> po this te rm leads to the de Sitter equat ion . The 
action S is considered in the form [7] 

\6kG{ 

A—J(R + 2xs)g1/2d4x . 

This form of the act ion is ana logous to the expression given 
for the act ion in Eins te in ' s theory. However , here x is no t a 
cons tant bu t represents a function of the energy density e: 

8 t i G 0 , (s 

c 4 V£o 
0 (5) 

where the energy density is given by the F o c k expression [8], 
whereas the mass density p * obeys the equat ion of cont inui ty 

( p V ) = 0 . 

Var ia t ion of S with respect to the metr ic gtk leads to the 
equat ion 

'sdx 
e 7 (6) 

where 

Tl

k = (e + p)uluk - pSl

k . 

E q n (6) can be rewri t ten in the form 

R^—R^k = G{e)T\ +A(s)SI

K , 

where 

T'k = (s + p)u'uk - pd'k 

(7) 

(8) 

E q n (6) is a general isat ion of Einstein 's theory of gravi ta t ion 
to the case of the existence in n a t u r e of asymptot ic freedom 
of gravi ta t ional interact ions, described mathemat ica l ly by 
E q n (1). This is i l luminat ing because the asymptot ic freedom 
leads automat ica l ly to the appearance of a ^4-like term, as is 
evident if one writes down this equat ion in the form (7). On 
increase in the energy density s the first te rm on the r ight-
h a n d side of Eqn (7) tends to zero and the equat ion assumes 
the de Sitter form. I demons t ra ted [5] tha t when the pressure 
is/? = 0 in an isotropic dust-filled universe, Eqn (6) describes 
a universe oscillating between the values R m a x and Rmin. 

Here , Rmin is related to the constant So in my paper [5]. If 
po in Eqn (4) and 8 o in E q n (5) are expressed in te rms of the 
universal cons tan ts c, ft, and xq, then Rmin (i.e. the length over 

which the collapse s tops and a new per iod of inflation of the 
universe begins) proves to be the Planck length 

1/2 

10 - 3 3 
cm 

In the view of the close similarity of the models of universes 
described by E q n s (4) and (6), I shall (for the sake of 
simplicity) use m o r e frequently E q n (4) to i l lustrate the 
special na tu re of the physical proper t ies of a gravi ta t ional 
f i e ld | tha t has the asymptot ic freedom, which is discussed 
above and which does no t al low us to use the app roach in 
quest ion in developing a current ly acceptable cosmology; I 
shall use also this equat ion to consider whether there is any 
possibili ty of overcoming such p rob lems . 

2. Problem of the very early universe 
Accord ing to current ideas, the very early universe arises in 
the form of a de Sitter universe, the energy of which, 
represented by the A te rm, decays in the course of expansion 
of the universe into all forms of particles, and the de Sitter 
universe t ransforms into one of the F r i e d m a n type with all its 
characterist ics. The serious s tudy of the var ious 
modif icat ions of wha t is k n o w n as the ' inf la t ionary ' per iod 
in the his tory of the universe started with the paper of 
G u t h [10]. 

E q n s (4) and (6) describe a var iant of such an inflat ionary 
process . It should be ment ioned tha t the title of the paper by 
M a r k o v and M u k h a n o v [7] was "de Sitter-like initial state 
of the universe as a result of asymptot ic d i sappearance of 
gravi ta t ional in teract ions of m a t t e r " . In publ ishing a paper 
present ing the proper t ies of E q n (4) in 1982 I was no t aware 
tha t over a decade earlier (in 1970) Gliner publ ished a paper 
on "Vacuum-l ike states of a med ium and F r i e d m a n 
c o s m o l o g y " [11], where he wrote : " T h e pu rpose of this no te 
is to show tha t the vacuum-l ike state of a physical med ium 
(with the energy tensor TIK = Agik) can be the s tar t ing poin t 
of any of the three F r i e d m a n mode l s " . } 

In m o d e r n var iants of the very early universe it is pos tu la 
ted tha t p r imord ia l mat te r has the proper t ies of a scalar. The 
scalar may, in principle, have a variety of origins. F or example, 

f Eqn (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 y. in the form 

x0[ 1 
3 4 

(3') 

Then the function G(e) in Eqn (7) becomes 

and the term A' is then 

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

+ 1 
8nR2x0 (4') 

where 

J One can also say that Gliner revived the ancient cosmology of 
Anaxagoras, postulating some sort of primordial form of matter 
"incapable of any mot ion" [12]. 
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we cannot exclude tha t this scalar is a gas of black h o l e s . | 
In this case one m a y expect an equat ion of the type (4) to be 
suitable for the description of the very early universe. A cold 
gas of black holes m a y create, in a na tu ra l manner , in the 
course of H a w k i n g evapora t ion , a hot phase of a F r i e d m a n 
universe to which Eqn (4) with p = 0 no longer applies, bu t 
in principle Eqn (6) (wi thp ^ 0) is still valid. In the realisation 
of this black-hole hypothesis it is impor tan t to k n o w in 
greater detail the proper t ies of black holes. Specifically, we 
have to k n o w whether a black hole disappears completely in 
the process of H a w k i n g evapora t ion . Moreover , we have to 
k n o w whether black holes with arbitrari ly small masses can 
exist. There are g rounds for assuming tha t the smallest mass 
of a black hole is determined by the universal cons tants c, ft, 
and %o, namely m m i n ~ (c/xo)l/2 ~ 10 ~ 5 g and the rad ius 
r ~ (hx/c3)l/2 cm. In 1965 I suggested [13] the possible exis
tence of an upper limit to the mass spectrum of e lementary 
particles: if there is in na tu re a fundamenta l length 

Z0 = I — \ ~ 1 0 ~ 3 3 cm , 

then the energy of a part icle with the wavelength X = /o is 

E = lo = (^) q 1 = m m a x 6 ' 2 ' 

and its m a x i m u m mass is 

mmax = I — I ~ 10 g . 

This leads to the hypothes is of the existence in na tu re of a 
heaviest e lementary part icle with a mass of 10 ~ 5 g, called 
the max imon . This hypothesis is completely unre la ted to the 
theory of black holes developed later. Subsequent ly several 
wri ters considered the possible existence of such a part icles in 
na tu re and have p roposed different names for it. The theory 
of H a w k i n g evapora t ion of black holes (put forward in 
1973)J led to the realisat ion tha t the evapora t ion unavo id 
ably creates a black hole with pa rame te r s typical of a max i 
m o n . This object m a y b e called also an e lementary black hole. 
It should either d isappear ins tantaneously , releasing all its 

f The creation of matter (from the primordial yl-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. 

J i t 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 e ~ \37e [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 field of a 
black ho le—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 radiat ive event, or it m a y remain stable. There 
have been several papers§ justifying the stability of an 
e lementary black hole [14]. 

It would seem tha t there is a serious objection against the 
stability of e lementary black holes, which was pu t forward by 
H a w k i n g [15]. Accord ing to Hawking , if any number of 
black holes appears in any closed volume, then they all 
should disappear at t -> oo. 

Wi thou t going into the details of H a w k i n g ' s t h e r m o 
dynamic a rguments , it should be po in ted out tha t in a closed 
vo lume filled with an arbi t rar i ly large number of stable 
e lementary black holes, they should disappear by the 
coalescence of two or several into a large black hole, which 
should emit rad ia t ion and decay to an elementary stable 
black hole. Therefore, out of the initial arbi trar i ly large 
number of e lementary stable black holes only one 
e lementary black hole remains . The p r imord ia l scalar mat te r 
of the very early universe can therefore be also a gas of stable 
e lementary black holes (maximons) , since there is a real 
possibili ty of conversion of a gas of stable e lementary black 
holes in the course of inflation into ho t mat te r of a F r i e d m a n 
universe.!} A gas of black holes considered as p r imord ia l 
scalar mat te r is of the greatest interest in the case of a closed 
universe, for which the phase of inflation of the finite 
m a x i m u m expansion is followed by a collapse phase , which 
m a y be called the very late phase of the universe. It is na tu ra l 
to assume tha t the very late universe should re turn to its 
initial de Sitter phase . In other words , all the variety of fields 
and part icles dur ing the F r i e d m a n phase of the universe 
should re turn again to is p r imord ia l scalar form. U n d e r 
condi t ions of a high density of all the forms of mat te r in the 
final phase of the collapse, one can expect conversion of all 
the mat te r in the final phase back to a scalar gas of black 
holes. The asymptot ic freedom of gravi ta t ional in teract ions 
leads to the formalism of the de Sitter symmetry of the very 
early and very late closed universe. The p r imord ia l mat te r 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 
mode l described by E q n (4), which is the impermissible 
neglect of the fate of the free gravi ta t ional field tha t 
unavo idab ly appears in the real Universe in the course of 
collapse. Bear ing in mind, for example, the creat ion of the 
Kasne r 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]. 

If It 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 early 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 asymptot ic freedom in this ' toy ' 
mode l of a closed universe. 

It is well k n o w n tha t the co var iant divergence of the left-
h a n d side of Einstein 's equat ion vanishes. Vanishing of the 
divergence of the r igh t -hand side of Eqn (4) leads to an 
equat ion whose integrat ion yields the relat ionship between 
the mass density p and the vo lume R 3 of a closed universe 
which is isotropic and filled with dust : 

P(p + Po) 3

 = Mop2 

|P0 " Pi 2 7 1 ^ 3 
(9) 

It is assumed here tha t the cons tant A' = 2po and Mo is the 
ba re mass of the closed universe. 

Here , R = 0 leads, in accordance with E q n (4) to the 
m a x i m u m , R m a x , and the min imum, R m i n , r ad ius of the 
universe. 

If I also venture to select po in E q n (4) in the Planck form, 
then the m a x i m u m density is 

^5 

Po = PP1 = 

W e then have 

hx\ 
10 9 4 g cm 3 

Rn 

where 
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Mo 
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In other words, for all the closed universes with the bare mass 
Mo ^> mo ~ 10~5 g the minimum dimensions of the universe 
are given by the Planck length. If, for example, the ba re mass 
of our Universe is Mo ~ 1 0 5 5 g, then its smallest size at the 
end of the collapse is 

Rn / p i ( i + io-6 U) (10) 

W e can ask the quest ion: is this p rope r ty retained also in the 
mode l which will describe the real closed Universe? 

Ano the r quest ion is: will the classical proper t ies of space 
be retained in the future correct theory down to the Planck 
length? 

In other words , are the correct ions to the Planck length in 
the form / P i m o / M 0 physically dist inguishable in the range of 
the lengths discussed here? 

In the mode l under discussion described by Eqn (4) the 
length at which the collapse ends and the process of new 
expansion of the universe begins is governed by the ba re mass 
of the universe. Conversely, the poin t of ' r ebound ' , i.e. the 
beginning of a new cycle of the oscillating universe, deter
mines the ba re mass M0 in this new cycle. If the lengths / P i and 
/pi[1 + (mo/Mo)] are indist inguishable in this region of space, 
then in the next per iod of the oscillation a universe m a y 
appear with any ba re mass 

M0 > mpi . 

This p rob lem is considered again at the end of the paper after 
discussing the possibili ty of existence of 'u l t ramicrouniverse ' 
physics when / < / P i . 

W e recall tha t the mode l of a perpetual ly oscillating 
universe of the type described by Eqn (4) with a cons tant 

value of Mo m a y be unre la ted to the real Universe , because 
the en t ropy of the latter should increase from one oscillation 
to the next. Something mus t happen to the universes in the 
course of their collapse to avoid this fundamenta l difficulty 
of an increase in the ent ropy. A major shor tcoming of the 
mode l (4) is the neglect of the unavo idab le f luctuat ions of the 
mass density in the process of collapse. The m a x i m u m density 
in the mode l (4), at which the collapse ceases, also depends on 
the ba re mass of the closed universe: 

/ 1 m P i (ii) 

It m a y happen tha t in the course of f luctuation in some region 
of a collapsing universe the value p m a x cor responding to the 
end of collapse appears at a t ime earlier t han given by 
E q n (11). The quest ion is: does it mean tha t in some regions 
of a collapsing universe an anticollapse process m a y appear 
earlier t han in other pa r t s of the universe? D o e s no t this give 
rise to decay of the initial universe into a series of universes 
with a smaller ba re mass? 

Before considering a m o r e detailed discussion of such 
possibilities, it is useful to no te tha t inflation of a universe in 
the mode l (4) differs considerably from inflation of the 
k n o w n models because the dura t ion of the de Sitter phase 
of the very early and very late universe is governed again by 
the ba re mass (Mo) of the closed universe. In the case when 
Mo ~ 1 0 5 5 g, the de Sitter phase , dur ing which the mass 
density remains practical ly constant dur ing inflation, extends 
from R « /pi ~ 10 ~ 3 3 cm to R ~ 1 0 - 1 3 cm. If the pressure is 
finite,/? ^ 0, it extends to R ~ 1 0 ~ 3 cm [16]. The considered 
modif icat ion of the Einstein 's equa t ions is based, as stressed 
repeatedly above, on the assumed existence of asymptot ic 
freedom of gravi ta t ional interact ions. It is necessary to stress 
one con-sequence of this hypothes is which is impor t an t for 
under - s t and ing the physical consequences of asymptot ic 
freedom for the na tu re of the part icles represent ing the 
mat te r , manifested in E q n s (4) and (4'). It follows from these 
equa- t ions tha t the first te rm on the r igh t -hand side vanishes 
at So when the density goes to the limit s -> So. This 
c i rcumstance led to an incorrect comment in several of my 
paper s tha t the formalism of E q n s (4), (4'), and (6) includes 
b o t h creat ion and annihi la t ion of particles. This would apply 
par t icular ly to E q n (4). However , it follows from the text [7] 
tha t the action was varied by F o c k ' s me thod [8], which uses 
the expression for the number density n of part icles tha t 
satisfy a cont inui ty equat ion , which is typical of any classical 
hyd rodynamic model : 

(nui)i = 0 (12) 

The si tuat ion under discussion can be described as follows: 
part icles do no t d isappear in the process of collapse, bu t 
each of them becomes increasingly 'density-free' (its mass 
decreases) or, m o r e correctly, it 'weighs ' less because of 
weakening of the gravi ta t ional interact ion. At the m o m e n t 
when the collapse ends, the initial number of particles is 
conserved in the form of their a lmost zero-density ' souls ' . 

It follows from the above discussion tha t in order to 
describe the very early and very late phases of a universe it 
is the hyd rodynamic form which should be used for the 
ene rgy-momentum tensor; in par t icular , this applies to dus t 
like mat te r . If it is found tha t our Universe is not closed, 
then the p rob lem of collapse of the very late universe 
d isappears completely. However , the p rob lem of collapse is 
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still impor t an t in this case. In an open universe the collapse of 
massive stars and, ul t imately, black holes is unavo id 
able. 

Re tu rn ing to the idea of the existence in na tu re of 
asymptot ic freedom of gravi ta t ional in teract ions and its 
possible role in solving the singularity p rob lem in the process 
of gravi ta t ional collapse, we recall tha t the singularity 
p rob lem with which we are dealing can be solved only on 
condi t ion tha t the asymptot ic freedom is either directly or 
indirectly related to a free gravi ta t ional field. M o r e exactly, 
we have to consider whether the energy pseudotensor of the 
gravi ta t ional field is necessarily t ransformed under the condi 
t ions of collapse of the universe into a tensor in some mater ia l 
form and then appears on the r igh t -hand side as a correct ion 
to the to ta l mat te r tensor . 

In the simplest case we are dealing with, for example, the 
fate of relic gravi tons , which obviously exist at present in our 
Universe , and of their fate in the process of collapse. If, 
con t ra ry to our hope , relic rad ia t ion does no t appear in any 
mater ia l form on the r igh t -hand side of E q n (4), the existence 
of a free gravi ta t ional field in the final phase of the collapse 
unavo idab ly leads to a singularity. 

Es t imates have been publ ished of the cross section of 
creat ion of e l e c t r o n - p o s i t r o n pa i rs by two gravi tons . The 
probabi l i ty of this process rises on collapse of a universe and, 
if we venture to cont inue these est imates to gravi ton wave
lengths comparab le with the Planck length, then conversion 
of relic gravi ton waves into gravi ta t ing mat te r is possible and 
this would allow us to avoid the danger of appearance of 
singularities by the asymptot ic freedom of gravi ta t ional 
interact ions. 

The quest ion also arises whether s t rong free gravi ta t ional 
rad ia t ion can generate black holes. Accord ing to Isaacson, 
the integral of the pseudotensor a l ready has the proper t ies of 
a tensor under the condi t ions of flat space at infinity. In the 
case of short wavelengths the condi t ion at infinity m a y be 
weaker [18]. Therefore, gravi ta t ing objects might form from 
a gravi ta t ional field and for these objects we should al low for 
the asymptot ic freedom in Eqn (4). It should be noted tha t a 
collection of waves travell ing in different direct ions has a rest 
mass [18]. 

W h e n s t rong Kasner fields appear dur ing the very late 
phase of a universe, once again we m a y hope tha t part icles are 
created under the condi t ions of very s t rong aniso t ropy. This 
process is also suppor ted by familiar considera t ions . I have in 
mind the process of isotropisat ion of the Kasne r an i so t ropy 
in the very early universe as a result of rapid creat ion of 
mater ia l part icles. Recent ideas indicate the need for 
quant i sa t ion of a s t rong gravi ta t ional field if no t to solve 
the p rob lem of collapse using unmodif ied Einstein 's 
equa t ions then at least because of the need to have a 
complete theory of the interact ion of all the fields. 

I shall no t discuss in detail the possibili ty of modif icat ion 
of the left-hand side of Einstein 's equa t ions and instead I 
shall refer the reader to a recent paper [19]. On examinat ion 
of the pos tu la ted close identi ty of the physical content of 
these two apparen t ly so different modif icat ions of Eins te in ' s 
equa t ions we m a y consider the frequently discussed 
modif icat ion of Einstein 's equat ions , when the initial act ion 
function S is replaced by the expression 

R -> R + fiR2 , 

where is a cons tant . 

The new form of the left-hand side of the equat ion can be 
t ransformed to its old f o r m . | Then , on the r igh t -hand side of 
this equat ion we find tha t T°0 appears in the form 

Then , xof(e/eo) plays the role of the 'gravi ta t ional cons tan t ' 
which tends to zero on increase in the energy density s. In 
other words , in this example of the possible modif icat ion of 
the left-hand side of Einstein 's equa t ions the ma themat ica l 
formalism reveals realisat ion of asymptot ic freedom. 
Incidentally, some var ian ts of this modif icat ion are given 
also in the paper where Eqn (4) is p roposed . It m a y be 
po in ted out tha t in the example demons t ra t ing the role of 
asymptot ic freedom at the end of the collapse process the 
f u n c t i o n / i s t aken in the form [7] 

A m o r e detailed discussion of the pos tu la ted close identi ty 
of the physical content of these two possible modif icat ions of 
Einstein 's equa t ions will be appropr i a t e when a cont inua t ion 
of the paper referred to by M u k h a n o v and Brandenberger 
[19] is publ ished. 

It is wor th recalling here the content of a series of papers 
dealing with the collapse of black holes on the assumpt ion 
tha t the singularity p rob lem of the collapse of a universe is 
solved and tha t there is in na tu re a limiting value of the 
curva ture of space, so tha t (for example) the m a x i m u m value 
of the R i e m a n n tensor is given by 

n pftvdy _J_ 

where /o is the Planck length 

A massive star, which cools in the process of emission of 
rad ia t ion , t ransforms into a neu t ron star. If its mass is suffi
ciently large, a neu t ron star cont inues to be compressed by 
gravi ta t ional forces and a m o m e n t m a y 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 perpetual ly 
oscillating mode l in which collapse changes to expansion, 
and this possibili ty does no t exist for a black hole. The poin t 
is this: a complete space-t ime descript ion inside the 
Schwarzschild sphere is given by the K r u s k a l d iagram [20]. 
In the complete K r u s k a l space-t ime d iagram the pa th of a 
free part icle should begin from a singularity or from infinity 
and it should end at infinity or at a singularity. 

fTh i s was done, for example, by V K Mal ' tsev at an Anglo-Sovie t 
seminar held in Moscow in 1990. My example (R R + PR2) 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 K r u s k a l d iagram inside the Schwarzschild sphere has 
two regions, one of which (T-) is tha t which a part icle 
reaches when it crosses the Schwarzschild surface from 
outside. The mot ion of the part icle must t e rmina te in this 
region on reaching the singularity. However , in the case of a 
part icle which appears at a singularity there is a region T + in 
which the p a t h of the part icle created at the singularity mus t 
t ravel in the T + - region from an in ternal singularity to the 
Schwarzschild surface and, crossing it, move into the space 
outs ide the Schwarzschild sphere. This is k n o w n as the 
second space (R"\ in contras t to the R' space, which a 
part icle enters when it passes be low the Schwarzschild 
sphere and travels t oward the singularity in the T--region, 
utilising the whole of its lifetime for its mo t ion to the 
singularity. If somehow a part icle arr iving 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 t ime is again measured from zero. 
In other words , the second space R" is in the absolute future 
relative to the first space. 

W e recall tha t over twenty years ago (more exactly, in 
1966) a paper on the " C h a n g e from cont rac t ion to expansion 
and physical singularities dur ing c o n t r a c t i o n " was publ ished 
by I D N o v i k o v [21]. Classical physics was used in this paper 
to consider the fate (i.e. the 'pa th ' ) of a collapsing electrically 
charged star when specifically the electric field of the mat te r 
s tops the collapse of the start . Accord ing to Nov ikov , in this 
case, after the collapse has s topped in the T--region of 
the K r u s k a l d iagram, 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 i nappropr i a t e because if we al low for the creat ion of 
part icles by the electromagnet ic field of the star, the collapse 
of the star simply does no t s top. 

However , if some modif icat ion of Einstein 's equa t ions 
keeps the values of all the curvatures finite in the process of 
collapse of a black hole, in other words , if the mat te r in a 
black hole does no t t ravel to a singularity, then using 
N o v i k o v ' s ideas [21] we can conclude tha t in this case the 
mat te r of the black hole m a y be in the T + -region and in 
the course of its mo t ion 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 
bi r th of A A F r i e d m a n (1988) I presented a paper on this 
subject: "Col lapse of stars as a possible source of closed and 
simiclosed w o r l d s " [22]. 

In 1990 a paper [23] by three au tho r s also on this subject 
appeared in Physics Letters: it was entitled 'Black holes as a 
possible source of closed and semiclosed wor lds ' . W e mus t 
bear in mind tha t the development of the new wor lds occurs 
in t h e / ? " spaces in the absolute futures relative to the t imes of 
the universes in which the format ion of the black holes takes 
place. F o r example, it was stated in this connect ion [22] tha t 
our Universe m a y have appeared from a black hole formed in 
some universe existing in the absolute past , i.e. in the t ime of 
existence of the black hole, and t ime is measured from zero in 
the new universe. 

Since m a n y black holes are also formed dur ing the 
existence of a universe and in the course of its collapse, I 
shall consider m o r e specifically the process of decay of the 
very late universe into a mul t i tude of universes, discussed in a 

somewhat different connect ion of the p rob lem of en t ropy in a 
perpetual ly oscillating mode l of a universe. 

If these ideas on the appea rance of universes are valid, 
then m a n y new p h e n o m e n a m a y be realised in cosmology. 
W e m a y recall tha t Jeans in 1928 suggested [24] tha t at 
" the centers of nebulae mat te r flows into our wor ld from an 
external space" . N o v i k o v [25] and N e ' e m a n [26]put forward 
the idea tha t galaxies are special pa r t s of our Universe which 
for some reason have lagged in their development behind 
the whole universe. This lag in t ime could be explained if the 
galaxies have poured into our Universe form other universes 
by the processes described above. 

F r o m this poin t of view the central region of the nucleus 
of a galaxy at the initial m o m e n t of its format ion should have 
the de Sitter metr ic and be characterised by its own 
inflat ionary process. F r o m this po in t of view the a m o u n t of 
mat te r in the initial state of a galaxy m a y vary greatly. In 
other words , microgalaxies could also appear . It m a y be tha t 
the mos t frequent projectiles from the absolute pas t into our 
Universe are the smallest white holes and even single 
max imons . However , if it is found tha t the nuclei of the 
observed galaxies are of very different na tu re , the possibility 
of appearance of projectiles from the past in our Universe in 
the form of separate m a x i m o n s or g roups of them at different 
m o m e n t s of his tory of our Universe still exists, and they 
could form a med ium of da rk mat te r [27] as m a x i m o n s in the 
shape of e lementary white holes. 

It follows from the above idea on the na tu re of da rk 
mat te r consist ing of m a x i m o n s alone tha t m a x i m o n s wi thout 
an electric charge hard ly interact with mat te r . The celestial 
bodies are t r ansparen t to these max imons [13]. Therefore, 
our current Universe would represent celestial bodies moving 
wi thout h indrance in a m a x i m o n med ium. In pract ice neither 
neu t r inos nor other forms of rad ia t ion interact with da rk 
mat te r . Only coalescence of two or m o r e colliding m a x i m o n s 
into one black hole of larger mass is possible. 

In principle, coalescence of two or several e lementary 
black holes is possible and this m a y be followed by H a w k i n g 
emission and such emission of neut r inos b y small black holes 
form the nuclei of galaxies could be detected in neut r ino 
experiments using detectors of the D U M A N D type [28]. 
Here , the energies Ev ~ 1 0 1 6 eV and Ev > 1 0 1 9 eV are of 
special interest. It should be stressed tha t the process of 
appearance of mat te r in our Universe arr iving from other 
universes can be regarded as a process tha t mimics the 
creat ion of mat te r , specifically in our Universe . There are 
m a n y models of universes pos tu la t ing con t inuous creat ion of 
mat te r in them. The quest ion is: is there a concrete possibility 
to realise these models within the f ramework of the ideas pu t 
forward above [41]? 

The possibili ty of the appearance of 'semiclosed 
universes ' was pu t forward by Fro lov , M a r k o v , and 
M u k h a n o v [23]. A closed universe is characterised by the 
fact tha t the mass of its mat te r (the so-called ba r e mass of the 
particles) is reduced so much by the gravi ta t ional forces 
acting between the part icles of the mat te r tha t the to ta l 
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 tha t a universe 
exists. A closed or, in other words , ' shu t ' universe is electric
ally neutra l . But a shut or closed universe has one striking 
proper ty . If just one electron is in t roduced 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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C o u l o m b electric field is generated. The universe opens up a 
th roa t and the whole universe behaves as a part icle with a 
very small mass of the order of the m a x i m o n m a s s . | 

Twenty years ago (in 1973), inspired by the paper of 
O Klein [29] on the possibili ty of semiclosed universes, I 
publ ished a paper on the 'Micro-macrosymmet r ic universe ' 
[30] which I in t roduced with two first s tanzas from Bryusov ' s 
poem 'The world of e lect ron ' (1922): 

M a y b e these electrons 
Are p lanets of five cont inents : 
Ar t , knowledge, war , k ingdoms , 
A n d memor ies of forty aeons spent! 

M a y b e , then, each a tom 
Is a universe — a hund red wor lds ; 
All here is there in microform 
But some no t here lies there unfurled. 

(English version by Sean Harrop) 

The paper under discussion is based on an internally self-
consistent possibili ty pu t forward by O Klein and on general 
considera t ions is related to the familiar phrase of D i rac with 
which he ended one of his papers : "I t would be s t range if 
na tu re does no t m a k e use of this possibi l i ty" . Such a 
possibili ty has in fact arisen. 

One is speaking here of a universe with arbi t rar i ly large 
t h roa t s and which conta ins the exterior mass of a given 
universe. It m a y be tha t this mass could be emitted by an 
object, as in the cause of an o rd inary black hole. I even called 
this object a black hole of the second kind [31]. If the mass of 
a th roa t can be emitted as rad ia t ion completely, then a closed 
universe would form. If a very small mass of a t h roa t remains , 
then such a universe behaves in the exterior space as, for 
example, an e lementary part icle and there are g rounds for 
assuming tha t it is in the form of a max imon . W e therefore 
cannot exclude the possibili ty tha t our Universe is filled with 
an e n o r m o u s number of part icles and some of them are in fact 
universes. 

Summar is ing the above, we can say tha t the Universe as a 
whole can be a special s t ructure consist ing of a set of universes 
developing in their own spaces and t imes. This Universe 
cannot be pic tured on a sheet of paper as, for example, a set 
of universes [32]. It is more likely to resemble a Russ ian 
'ma t ryoshka ' doll. However , inside each of the componen t 
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]. 
Natura l ly , 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 World." 

A Einstein 

Einstein 's equa t ion conta ins a large n u m b e r of different 
cosmological solut ions. The current state of the Universe is 
described qui te satisfactorily by the solut ions of Eins te in ' s 
equat ion found by A A F r i e d m a n . However , these solut ions 
are unsui table for the descript ion of the very early Universe . 
Moreover , in the case of the very early Universe the na tu ra l 

solut ions are of the de Sitter type. The quest ion arises: should 
one limit G o d ' s choice to these two types of solut ions? In the 
s tudy of this p rob lem it is convenient to wri te down Eins te in ' s 
equa t ions in a form similar to the integral Y a n g - F e l d m a n 
equat ion in e lectrodynamics [34]: 

^ = ^ } GajTxP(y)[-g(y)^2d4y + A„ v , (13) 

where is an ana logue of a Green function and A^v is a free 
gravi tat ional field. If in this equat ion we assume tha t AliV= 0, 
then g^y differs from zero only if Tap ^ 0. 

In other words , in this theory (A^ = 0) space exists only 
if Tap ^ 0, i.e. the very existence of space is connected with the 
existence of mat te r . The principle of existence of space% 
(A^v = 0) directly makes meaningless the creat ion of a 
universe 'from no th ing ' , the existence of ' empty spaces ' , 
beginning from M i n k o w s k i space, and even of asympto t ic 
ally flat metr ics of the Schwarzschild type. F o r m a n y years it 
has been though t tha t the de Sitter space is also empty. This 
was based on the view tha t mat te r cor responding to this case 
should have a state 

£ + p = 0 , 

where s is the energy density and p is the pressure density. 
Such mat te r is no t encountered in na tu re . However , we 

have gradual ly realised tha t we are dealing here with the very 
early universe. 

This state of mat te r is possible. The condi t ion A^ = 0 
does no t imply either tha t gravi ta t ional waves cannot appear . 
It is only tha t in a given four-dimensional universe these 
waves must always have a mater ia l source. The equat ion with 
AliV= 0 has been considered by a number of au tho r s from 
the poin t of view of the presence or absence of M a c h ' s 
principle in Eins te in ' s theory. In view of the ma themat ica l 
complexity of investigations of E q n (13), the work on this 
topic has no t b r o u g h t definite results. I suggested to 
V K Mal ' t sev to limit the investigation to conformally flat 
spaces: 

where 

/ I 
0 
0 

0 0 \ 
0 0 

- 1 0 
0 -I) 

In contras t to the work of other au thors , instead of dealing 
with ten quant i t ies g^, we need to find one function cp2(x). 

I shall determine the function cp2(x) by employing 
Einstein 's equa t ion in the form 

In such cases it is possible to show tha t the permissible 
metr ics of this formalism include the solution of b o t h the 
F r i e d m a n and de Sitter types [35]. W e cannot exclude the 
possibili ty tha t G o d ' s choices tha t Einstein wrote abou t are 
limited to such a chain of the F r i e d m a n and de Sitter 
universes. 

f A universe is also open if it contains one neutrino. A closed universe does 
not exhibit rotation (spin). A closed universe with one neutrino behaves as 
a neutrino with the maximon mass. 

% It has not yet been demonstrated that Eqn (13) with = 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 interest ing result of this simplified 
(scalar) formalism of gravi ta t ion is tha t in the A ^ = 0 case in 
the presence of a massive central b o d y (m > 0) a test body , 
considered as such, does no t interact in accordance with 
N e w t o n ' s law with the massive central b o d y M , i.e. in the 
A^v = 0 case the mot ion of the test b o d y is not governed by 
the mass m of the central body . The value of the mass simply 
d rops out from the equat ion of mo t ion of the test body . 
However , if the mass of the test b o d y m is included in the 
value of T together with the mass of the central b o d y ( M 0 ) , 
then the N e w t o n i a n interact ion appears between them. In 
other words , the gravi ta t ional N e w t o n i a n interact ion 
appears between the 'centra l ' and test bodies only if we 
al low for the influence of the mass of this ' centra l ' b o d y and 
of the mass of the test b o d y on the metric . It is possible tha t 
this is one of the characteris t ic features of the physics in which 
M a c h ' s principle is valid, a l though in a very much 
impoverished scalar theory of gravi ta t ion. However , this 
result gives us some g rounds for believing tha t a m o r e 
t h o r o u g h investigation of the integral equa t ion (13) m a y 
lead to the p r o o f of the existence of M a c h ' s principle. 

The real isat ion of M a c h ' s principle in the integral 
formalism of the theory of gravi ta t ion is a t t ract ive because 
a free gravi ta t ional field appears in this theory only because 
of the mat te r tensor . 

If in the integral formalism we in t roduce the condi t ion of 
asymptot ic freedom, then the resul tant free gravi ta t ional 
field m a y prove , because of the mat te r tensor , to be under 
the influence of a factor represent ing the asymptot ic freedom. 

The ci rcumstance tha t the resul tant energy pseudotensor 
of the gravi ta t ional field is in this formalism integrated 
automat ica l ly over the whole four-dimensional space leaves 
us with the hope (see Isaacson [36]) tha t the energy (mass) of 
a gravi ta t ional field appear ing in this way is indeed cha rac 
terised by asymptot ic freedom. In other words , the 
singularity p rob lem, which has occupied us on the preceding 
pages and which we have a t t empted to solve in par t icular 
us ing the f ramework of physical effects, m a y be solved in 
general even in classical physics if M a c h ' s principle is 
realised. However , these intuitive ideas have no t yet been 
confirmed mathemat ic-a l ly and most p robab ly they do no t 
cor respond to reality, i.e. if in this case there is no 'complete 
i saacsonisa t ion ' of gravi ta- t ional rad ia t ion [36]: the 
pseudotensor of the emitted field acquires the proper t ies of 
a tensor for each emission event. In any case a r igorous 
answer to this quest ion could yield an equat ion of the type 
(13) in which x 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 tha t in a region close to 
a singularity the classical proper t ies of space-t ime are 
retained fully in the range of lengths shorter t han the Planck 
length (/ ~ 1 0 - 3 3 cm) and t imes shorter t han t ~ 1 0 - 4 1 s. 

Over fifty years ago (in 1940) it was p roposed to tackle 
the difficulties of the singularity of fields by the idea of 
nonlocal i ty in the form of noncommuta t iv i ty of fields cp(x) 
and of the coord ina te ; in other words , noncommuta t iv i ty of 
coordina tes [36], which also leads to super luminal signal 
p ropaga t ion . Over distances of the order of the Planck 
length considered here it might be desirable to modify the 
view tha t ins tan taneous signals are inadmissible in 
cosmology. I discussed this earlier [37]. 

If the velocity of a signal over a p a t h / P i is infinite, then 
t ime regarded as a distance divided by velocity loses its 
meaning: //?;(->oo) = t = 0. If the T-- and T + - regions in 
the K r u s k a l d iagram are separated by an absolutely ha rd 
core of rad ius equal to the Planck length, then in the process 
of collapse the mat te r in a black hole reaching the distance 
/ P I from the singularity in the T--region finds itself ins tant 
aneously at the distance / P i from the singularity in the 
T + - region. In other words , the critical length seems no t to 
exist in space. 

It is not essential to represent space in the form of some 
lattice. F o r example, the classical proper t ies of space m a y be 
lost only under the condi t ions in the region of the limiting 
mat te r density. Incidentally, in measurements at the limit of 
short lengths an observer unavo idab ly uses the wavelength, 
i.e. a q u a n t u m of the limiting density of mat te r . Such an 
in terpre ta t ion of the physics of the limiting length should 
p robab ly no t lead to the observed violat ions of causali ty in 
the macrowor ld , i.e., to violat ions of the macroscopic link 
between the present and future. 

The above discussion demons t ra tes a ra ther sceptical 
view on the subject of solution of these p rob lems of 
gravi ta t ional collapse in the f ramework of the future 
q u a n t u m theory of s t rong gravi ta t ional fields. However , the 
na tu r a l existence of the Planck length / P i = (hx/c3)l/2 in the 
final expression for the curva ture of the R i e m a n n tensor 

RfivXdR^3 = y j - , 

or ra ther the presence of the Planck cons tant in this 
formalism, seems to prov ide evidence against such 
scepticism. I considered earlier [37] the possibili ty of the 
appearance of a fundamenta l length associated with 
violat ion of the classical characterist ics of space itself, 
which do not apply in quantum theory (for example, 
noncommuta - t iv i ty of the coordinates , the expression for 
which could contain h). It follows from the above tha t one 
cannot exclude the possibili ty tha t the very early and very late 
universe can b o t h be described by hyd rodynamic mat te r in 
the form of a cold gas of black holes. 

Na tura l ly , it is very t empt ing to extend this p ic ture of this 
theory of a classical universe and its h is tory to the limit of 
very small d imensions on the a sumpt ion tha t the limiting 
density is described by an expression consisting of the 
universal cons tan ts c, x, and h: 

the limit of small d imensions in the his tory of a universe is 
then indeed governed by the Planck length: 

tfmin ~ f J ~ 1 0 - 3 3 Cm . 

Obviously, and this must be stressed, we are n o w entering the 
realm of hypotheses which are not yet suppor ted by any 
formalism. Na tura l ly , we cannot exclude the possibility tha t 
quant i sa t ion of s t rong nonl inear gravi ta t ional fields in the 
future theory will au tomat ica l ly lead to the existence in 
na tu re of such a limiting length, bu t it is also possible tha t 
this h o p e m a y be dashed. Obviously, the appearance of the 
Planck cons tant in the expression for Rm{n makes it na tu ra l to 
relate the appea rance of R m m to the formalism of q u a n t u m 
mechanics . However , some caut ion is also necessary: the 
q u a n t u m theory of all o ther fields does no t contain such a 
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l imiting length. The formalism of q u a n t u m mechanics is 
formulated in te rms of classical ideas on space irrespective 
of h o w short the length is. 

On the other hand , a certain audaci ty is necessary to say 
tha t our ideas on space are valid down to very small d imen
sions. W e cannot exclude a priori a s i tuat ion in which the 
physics of q u a n t u m mechanics is modified significantly if a 
l imiting length is usual ly related to the concept of space as a 
certain lattice. W e are speaking here ra ther of a characteris t ic 
absence of lengths shorter t han the Planck length only in the 
regions where the limiting density of mat te r appears . It 
should be stressed once again tha t in the classical 
in terpre ta t ion the absence of lengths less t han the Planck 
value could be il lustrated by a small region of the infinitely 
ha rd sphere type in which a signal travels at an infinite 
velocity, so tha t the concepts of the dura t ion of the signal 
and the t ime of its p ropaga t i on are absent [37]. If universes 
appear by evolut ion of black holes, the si tuat ion is 
de terminate [7], bu t we cannot exclude in principle the 
possibili ty tha t all the laws of conserv-at ion b reak down. If 
convenient , we can use this p ic ture to interpret space near a 
classical singularity in the spirit of a black box, which is 
discussed in the wel l -known paper of Wheeler [6]. W e cannot 
exclude the possibili ty tha t in the 'u l t ramicrouniverse ' , when 
the limiting density is reached, the state of ' lawlessness' reigns 
and the Planck constant itself appears as a combina t ion of 
the universal cons tan ts 

The p roposed mode l of the Universe as a whole pos tu la tes a 
set of universes created and evolving in their own spaces and 
t imes. If in some sense this cor responds to reality, then the 
quest ion arises wha t these separate universes represent . F o r 
example, we do no t k n o w whether our Universe is open or 
closed. Moreover , we must no t avoid the following quest ions: 
can a completely closed universe exist if, in principle, the 
mat te r of black holes can appear in it from universes existing 
in the absolute pas t relative to the t imes of the given universe, 
or simply because the existence of the limiting length prevents 
a universe from becoming completely closed? 

In the paper s dealing with our mode l of the Universe as a 
whole , frequent use is m a d e of a gas of black holes (instead of 
the usual ly discussed scalar field) as the p r imord ia l mat te r 
in the inflat ionary phase of the very early universe. Such 
p r imord ia l mat te r has a n u m b e r of a t t ract ive features, bu t 
this hypothes is is not organically related to my mode l of the 
Universe as a whole . However , it seems to me tha t it should 
be discussed. Moreover , it is wor th discussing also dark mat ter 
in the form of stable elementary holes or particles whose mass 
is 

However , a is such tha t the mat te r in these part icles is not , for 
example, inside the Schwarzschild sphere. It is interest ing to 
no te tha t such particles, including stable e lementary black 
holes, practically do no t interact with o rd inary mat te r , bu t 
interact qui te s trongly with one another : 

g m2x a2hc 
r r 

if a ~ 1, two such part icles interact with one ano ther by a 
mechanism two orders of magn i tude stronger t han the 

C o u l o m b interact ion between two electrons. However , the 
most interest ing scientific event which a t t rac ted m y a t tent ion 
is a prepr in t of a paper by V P F r o l o v et al. on " W o r m h o l e s 
as device for a s tudy of black hole in te r io r " (Nord i ta , 
prepr in t N o . 93/8a). There are object ions against the Bohr 
in terpre ta t ion of q u a n t u m theory in the case of such objects 
as closed universes or in the case of the physics of mat te r 
inside the Schwarzschild sphere. The existence of wormholes 
fits into the general pa t t e rn of the though t mode l discussed 
above. In this sense, mult iple universes represent a certain 
connected organism. 

It should be ment ioned also tha t if asymptot ic freedom of 
gravi ta t ional in teract ions does indeed lead to a finite value 
of the limiting curvature , then on the basis of the results of 
F ro lov , M a r k o v , and M u k h a n o v [23] it should be possible, in 
principle, to create new universes in the l abo ra to ry if black 
holes can be formed in the l abo ra to ry by compress ing a 
certain a m o u n t of mat te r to less t han its gravi ta t ional radius . 
However , it should be stressed tha t this possibili ty exists also 
in any other cosmological theory characterised by a limiting 
value of the curvature . The existence of asymptot ic freedom 
of gravi ta t ional in teract ions can alter significantly the theory 
of e lementary part icles. This applies, for example, to 
e lectrodynamics if the m o d e r n na tu re of this theory with its 
logar i thmic divergence is retained. The existence in na tu re of 
the limiting energy density na tura l ly changes the formalism 
of e lectrodynamics. The fundamenta l impor tance of the 
role of the gravi ta t ional field in the theory of e lementary 
part icles was po in ted out by me in 1947 [47] and in 1955 by 
L a n d a u and P o m e r a n c h u k [43]. 

W e cannot exclude the possibility tha t in fact all the 
e lementary part icles with a finite rest mass are characterised 
by a logar i thmic divergence if we ignore the gravi ta t ional 
field. 

The appearance of a free gravi ta t ional field in a universe 
filled with mat te r has caused a lot of p rob lems , as is evident 
from the above . A t t e m p t s to solve these p rob lems 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 
m a y for some reason be unacceptable . 

I have considered above the possibili ty tha t in the process 
of collapse a universe can split into a series of universes if 
dur ing this process the limiting densities do not appear 
s imultaneously in the var ious regions. In these regions we 
can have nons imul t aneous s topping of the mo t ion of the 
collapsing mat te r , which then experiences the initial phase of 
expansion. Let us consider a si tuat ion in which t h r o u g h o u t 
the universe a m o m e n t of s topping of the collapse appears 
t h r o u g h o u t the collapsing mat te r . If this universe conta ins a 
free gravi ta t ional field, then pe rhaps a s i tuat ion m a y arise in 
which there are two universes and one of them (filled with 
mat te r ) begins to expand, while the other (filled with free 
gravi ta t ional rad ia t ion) actually begins to contrac t and at the 
end is t ransformed into a point- l ike closed singularity if even 
in this case we assume tha t the law of conservat ion of the 
limiting mass density is obeyed. In fact at this po in t the 
curva ture will be infinite, bu t the quest ion is: has this closed 
object any physical meaning? 

N o w for the final critical comments . Na tu ra l ly , physicists 
work ing in cosmology m a y accept the possibili ty of the 
existence in na tu re of asymptot ic freedom of gravi ta t ional 
in teract ions and the associated possible existence of a 
l imiting mat te r density. M a y b e I have guessed m a n y real 
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features of the real Universe . However , these physicists are 
hard ly likely to accept tha t the i/f-function describing the 
asymptot ic freedom of gravi ta t ional in teract ions is in fact 
described by, for example, 

The quest ion arises, wha t is the formalism of the future 
consistent theory of gravi ta t ion tha t m a y give rise to the 
function \j/ existing in na tu re? In m y defence I can say only 
tha t the i/f-function should be in the class of functions tha t are 
of the form 

if s -> So or even if s -> oo. 
A m o n g the topics which are no t considered in this review 

one should ment ion an account of new theories, namely the 
a t t empts to find new possibilities in the theory of gravi ta t ion 
on the basis of the characterist ic proper t ies specifically of 
string theory. 

I have in mind, for example, the paper of M J Perry and 
E Teo on "Non-s ingular i ty of the exact two-dimens iona l 
string black h o l e " [39], in which it is stated tha t near a 
classical singularity a region with Eucl idean (and no t 
Loren tz ian) metr ic appears near a classical s ingular i ty ! and 
the whole Universe represents a set of universes linked by 
wormholes . W e cannot exclude the possibili ty tha t in spite of 
all the differences between the ' s t r ing ' app roach and the 
formalism discussed above, the future full p ic ture of the 
Universe will have m a n y features tha t are shared with these 
approaches . 

It m a y be tha t it will become experimental ly possible to 
detect a reduct ion in the gravi ta t ional cons tant under the 
condi t ions of high density of mat te r . 

f 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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