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Abstract

The authors discuss a possibility that the present great value of a7 ( a is the radius of spatial
curvature and 7 is the temperature of the Universe ) was generated by first order vacuum phase
transitions. In Coleman-Weinberg type models such transitions are natural and they rise the

value of aT from unity to exp(const/ag). Some GUTs are briefly discussed in this contest.
Introduction

The manuscript presented below has never been published elsewhere except for a preprint of
Institute for Nuclear Research (INR) of Academy of Sciences of USSR published in 1982 [1].
It was a result of an informal collaboration between Vladimir Lapchinsky (INR), Valery
Rubakov (INR) and Alexey Veryaskin ( Sternberg State Astronomical Institute of Moscow
State University ) which lasted from 1974 for about a decade. The preprint has not been
properly mentioned or cited in relevant publications except for a few self-citations by Rubakov
[2] and Lapchinsky et al [3]. It was first cited by Andrei Linde in his centenary paper on the
new cosmic inflation theory published in 1982 [4]. Recently, Linde mentioned it again in his
presentation at the Rubakov’s memorial conference held in Yerevan in 2023 [5]. Interestingly,
a record about it has been found in the Steven Weinberg personal archive held at the Harry
Ransom Center at the University of Texas at Austin [6]. The preprint’s content may only be of
interest as a historical example of a fundamental physics trial and error research conducted by
some of my generation of physicists trying to understand the Universe we all live in. I am
grateful to Mikhail Shaposhnikov for our recent discussions about this preprint and its content
who pointed out a relevant work by Witten [7] which was not known to the authors of the

preprint at the time of composing it in 19817,
Alexey (Alex) Veryaskin

Auckland, New Zealand
July 2025

#The preprint’s content has not been modified and is presented below in its original form as published by the
INR in 1982 (see page 7).
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It is widely accepted that our Universe is extremely hot [1]. It may by characterized by at least
two dimensionless quantities, namely i) (ng — ng)/n,, where np, ng, n, are the baryon,

antibaryon and photon densities, and ii) (kg /hc)aT, where a is the conformal factor, i.e. radius
of spatial curvature of the Universe* and 7 is the temperature of the Universe. The first quantity
characterizes the baryon asymmetry of the Universe and its relevance to particle physics has
been recently recognized [2, 3]. The second quantity may be viewed roughly as a measure of
the total entropy inside the sphere of radius @ [1]. It is time independent in the case of adiabatic
expansion and an order of magnitude estimate of its present value is

(aT)present ~ ( I/Ho) 3K ~ 102 -10%° (1)

( hereafter h = ¢ = kg = 1), where Ho = 10'° (years)! is the present value of the Hubble
constant.

Such a great value of (1) is striking ( note, that in the standard hot big-bang model it is an
arbitrary parameter ). It would be attractive to assume that "in the very beginning" all the
dimensionless characteristics of the Universe were of order of unity ( say, ata = [/ = 1033 cm,
energy density, entropy density, pressure etc. were Plank ones ). If one adopts this philosophy,
the present value of aT should be calculable and there should exist an effective mechanism of
heating the Universe in intermediate stages. This mechanism can be provided by vacuum phase
transitions™**. It has been shown recently [5] that in cold charge-asymmetric Universe the
first order phase transition is possible and under certain assumptions concerning the
microscopic parameters ( coupling constants, masses etc. ) as well as macroscopic ones, the
present value of (ng —ng)/n,, can be generated ( the second quantity, aT, has not been
considered in [5] ). In the present paper we adopt a completely different point of view. We
consider initially charge-symmetric Universe assuming the generation of the present baryon
asymmetry during the process of evolution [2, 3].

*We do not consider here the possibility that the energy density in the Universe exactly equals to critical one. In
this case the Universe is spatially flat and the scale factor has no physical meaning.

**We do not consider the case of the Universe with the critical density. In this case the Universe is spatially flat
and the scale factor has no physical meaning.



Our aim is to show that in the models with spontaneous symmetry breaking due to quantum
corrections ( Coleman-Weinberg mechanism [6] ), first order phase transitions are natural and
they raise the value of aT from unity to exponentially great numbers ( aT = exp ( const/ag ) ).
We shall see, however, that in Weinberg-Salam model as well as in SU(5) grand unified
theory*** [7] this mechanism leads to the values of aT much smaller than (1). We shall argue
that GUTs with several mass scales (and presumably with early unification) are preferable from

this point of view ( the examples are [SU (4)]*and [SU(8)]> GUTs [9] ).

As a toy model we consider SU(N) gauge model with one fundamental Higgs multiplet. We
assume that the Universe is open and its expansion rate is small at least before the phase
transition ( the validity of the latter assumption will be discussed in the end of the paper ) . Our
basic assumption is the Coleman-Weinberg mechanism of symmetry breaking , i. e. the absence
of mass parameter in the tree effective potential at a = oo , T = 0. We shall not consider the
effects of fermions on the effective potential, assuming small Yukawa couplings. Then the

vacuum expectation value (o, of the scalar field at T = 0 is a solution of the equation [6, 10]

2 (9) =0(g" (¢0)) )

where A and g are the running scalar self-coupling and running gauge coupling respectively.
Hereafter we assume ¢o<< mp; =10'" GeV. The relevant property of Coleman-Weinberg type
models is that the effective potential at nonzero temperature [11] has a minimum ( at least local
) at ¢ = 0, this minimum being unique at T >> My where My = g¢, is the mass of vector
bosons (up to inessential numerical factors ). Thus, under the above assumptions the symmetry
is restored "in the very beginning". When the temperature becomes smaller than My , the
second minimum of the effective potential appears at nonzero ¢ and at at T << My the effective
potential takes the form shown in Fig. 1 with A ¢ = T/g . The phase transition becomes possible,

but the probability of the phase transition is exponentially small up to exponentially small
temperatures. The last statement is best illustrated by the model of one massless scalar field
with (+1/4!)¢*) self-interaction ( negative sign of the potential ).
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Fig. 1. The effective potential of the toy model at small temperature (the original preprint’s
copy).

***The Coleman-Weinberg mechanism in GUTs has been considered in [8].



The state with < ¢p > =0 is unstable in this model but the probability of the fluctuation with the

characteristic value of the field p is proportional to exp(-8m* /i(p), as can be extracted from
[12, 13]. Just the same is true for our toy- model, but the value of p is bounded from below by
A ¢ = T/g, so that the decay probability of the state with < ¢p > = 0 is suppressed by exp(-8x?

/E(T). We find that the phase transition is impossible up to exponentially small temperatures,

but when A(T) becomes of order of unity, the probability of the phase transition becomes large
and vacuum intensively "boils”.

We obtain an equation for the temperature of the phase transition Terit ( and through aT ~ 1 for
the scale factor aci¢ at the moment of the phase transition)

I(Tcrit) = Z(ac_rlit) =1 (3)

As a result of the phase transition the energy density ~ M is liberated and after the phase
transition the value of aT becomes equal to

alT = dcrit My (4)

This value of aT remains constant up to the present stage of the evolution of the Universe ( or
up to the next phase transition, see below ).

The solution of Gell-Mann-Low equations with the initial conditions (2) is [14]
= —2 —2 —2
A(p) =g (P)F[g"(M,)/g" (p)]

where the function F depends also on N and bp = ( 11/3) N -1/6 - (fermionic contributions),
its explicit form can be found, e.g., in [10]. From (3) and (4) we get

—2
a. = g (M) (5)

aT = exp bz—zg(l —exp(—0))|, » p

where C = C (N, bo) is a solution of F (¢ ) = w0 . Eq.(5) is a crude estimate; we believe,
however, that it is a good starting point for the discussion of realistic models. For SU(5) group

ag = 1/45 and realistic fermionic content ( three generations of 5+ 10 ) [7], Eq.( 5) gives
(@l)y)s) = 10° (6)
Moreover, irrespectively of the number of fermionic generations, the upper bound is
(al)§ye) < 10%° (7)

The realistic SU(5)-GUT is hard to analyse because of the complexity of Higgs sector, but one
can show, that ( 6) is an upper bound for three generations and 5 + 24 Higgs scalars. We also
expect ( 7) to be unaltered by the inclusion of Higgs 24-plet. The direct application of (5) to

Weinberg-Salam model with three generations gives aT ~ 10%0.



However, the arguments that have led to (5) are incorrect in this case because of strong
contributions to the effective potential at small T ( for example, the linear term (<qq>Mg/¢0)d
is generated by strong interactions [15] ) and we expect Terit ~ A, = 100 + 500 MeV and

(aT)ws~ 10° (8)

Thus, both in SU(5) theory and in Weinberg-Salam one the calculated value of aT is much
smaller than (1). The situation is better in the theories with several mass scales. One can show,
that for the gauge hierarchy

Gl_>GZ_)G3_)“'
Mlgl) - MISZ) - Ml(,g) -

the corresponding phase transitions in the Universe under the above assumptions lead to the
resulting value of aT equal to

(aT) = (aT),(aT)(aT)s ...

where (aT)k is the value of aT which would be generated by k-th phase transition
Gk -> Gk-1, if the initial value of am was of order of unity. Thus GUTs with several mass
scales are preferable from the point of view advocated in this paper.

A few comments are in order:

1) In the above discussion we completely ignored the corrections to the effective potential
arising from the non-Euclidean character of space [16, 17]. For aT ~ 1 these are comparable.
with the temperature ones . Moreover, one can adopt the extremal point of view and assume
aT = 0 before the phase transition ( cold Universe ). If the scalar - gravity coupling is minimal

no conformal term RSp¢? in the Lagrangian ), the one-loop effective potential in our toy
P grang p p

model at small ¢ is”
N?-1g°¢* ¢ 4pap. P
V(g) = —Tmln%‘F 0(g*9 ln%)

and at small a™! it has just the same form as shown in Fig.1 but with Ad = 1/ag. The above
discussion is directly applicable to this case and (5) remains true.

2) The above assumption concerning the low rate of the expansion of the Universe is not
generally valid. This is because of the existence of A-term ( see [5] and references therein)

A= ("lpl)_zlwléiL
before the phase transition. One can show that the expansion rate is indeed low if
ac_rlit > M(Mv/mpl)r (9)

7 The evaluation of the one-loop effective potential in the background open static Friedman-Robertson-Walker
metric follows Ref.[17] and will be published elsewhere.



otherwise our main arguments are incorrect ( e.g., the very notion of the effective potential is
obscure). As has been shown by Linde, if (9) does not hold, the phase transition is really
impossible. This remark along with Eqs.(6)-(8) shows that it is quite unlikely for the
experimental value (1) to be developed through the discussed mechanism in GUTs with all
mass scales near mpl ( except Mw ) such as SU(5) or SO(10). One can speculate that this is
an argument in favour of early unification. Whether the present mechanism of
aT-generation is compatible with the popular mechanisms of the baryon asymmetry
generation [2,3] remains unclear. We hope to turn to this question in future.

We are deeply indebted to A. Yu. Ignatiev, N. V. Krasnikov, V. A. Kuzmin, A.D. Linde,
V. A. Matveev, V. L. Nekrasov, M. E. Shaposhnikov and I. I. Tkachov for many helpful
discussions and comments.

References

[1] Zel'dowich Ya.B., Novikov I.D. Structure and Evolution of the Universe, Moscow,
Nauka, 1975;
Weinberg S. Gravitation and Cosmology, J. Wiley and Sons, Inc., New York, 1972.

[2] Sakharov A.D. Pis'ma Zh.E.T.F., 5 (1967) 32;
Kuzmin V.A. Pis’ma Zh.E.T.F., 13 (1970) 335;
Ignatiev A.Yu., Krasnikov N.V., Kuzmin V.A., Tavkhelidze A.N., Phys. Lett., 76B
(1978) 436;
Yoshimura M., Phys. Rev. Lett., 41 (1978) 281.

[3] Zel'dovich Ya. B., Pis'ma Zh.E.T.F., 24 (1976) 29,
Toussaint Treiman S.B., Wilczek F., zee A., Phys. Rev., 1)19 (1979) 1036;
Turner M.S. Phys. Lett., 89B (1979) 155.

[4] Carr B. J., Astroph. J., 206 (1976) 8;
Chapline G.P., Nature, 261 (1976) 550;

Zel'dovich Ya.B., Starobinsky A.A., Pis'ma Zh. E.T.F., 24 (1976) 616.

[51 Linde A.D., Rep. Progr. Phys., 42 (1979) 3809.
[6] Coleman S., Weinberg E., Phys. Rev. D7 (1973) 1888.

[7] Georgi H., Glashow S.L., Phys. Rev. Lett., 32 (1974) 438.

[8] Gildener E., Weinberg S., Phys. Rev., D13 (1976) 3333;
Weinberg S., Phys. Lett., 82B (1979) 387;
Ellis J., Gaillard M.K., Peterman A., Sachraida C., A Hierarchy of gauge hierarchies,
preprint CERN TH-296 (1979).

[9 ] Pati J.C., Salam A., Phys. Lett., 58B (1975) 333;
Fritzsch El., Minkowski P., Ann. Phys., 93 (1975) 193;

Pirogov Yu.F., Yad. Fiz., 31 (1980) 547.



[10] Anselm A.A., Dyakonov D.I.,, Zh.E.T.F., 68 (1975) 1614;
Krasnikov N.V., Rubakov V.A., Tokarev V.F., Teor. Mat. Fiz., 37 (1978) 319.

[11] Kirzhnits D.A., Linde A.D., Zh.E.T.F., 67 (1974) 1263;
Dolan L., Jackiw R., Phys. Rev., D9 (1974) 3320;
Weinberg S., Phys. Rev., D9 (1974) 3357.

[12] Coleman S., Phys. Rev., D15 (1977) 2929;
Callan C.G., Colleman S., Phys. Rev. D16 (1762).

[13] Lipatov L.N., Zh.E.T.F., 72 (1970 411;
Parisi G., Phys. Lett., 66B (1977) 167;

Bogomolny E.B., Phys. Lett., 67B '(1977) 193.

[14] Gross G., Wilczek F., Phys. Rev. D8 (1974) 3633.

[151 Krasnikov N.V., Tokarev V.F. Report at the Seminar "Quarks -80", Sukhumi, April
1980.

[16] Grib A.A., Mostepanenko V.M., Pis’ma Zh.E.T.F., 25 (19.77) 302.

[17] Lapchinsky V .G., Rubakov V.A., Teor. Mat. Fiz., 42 (1980) 37.

After this work has been completed, the
paper by A. Guth (Phys. Rev. D23 (1981)
347) appeared, in which the problem of a
large value of aT, as well as the possibility
of the generation of this value in the process
of the first order phase transition, were
considered. Unlike A. Guth, we study here
in a detail the Coleman-Weinberg case of
symmetry breaking and arrive to a quite
different picture of the phase transition,
which is characterized by a large nucleation

rate below the critical temperature Terit.
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