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ABSTRACT 

'.'he influence of the grand unification scale &n the thenaal history of 
the *\*rly Universe is discussed. Above N * *.s*10 1 5 GeV the irreversibilities 
see* to be too strong to ignore the*)» and~the usual calculations lose their 
validity. 

АННОТАЦИЯ 

Изучается влияние параметра шкалы ГУТ на термическую истории ранней Все
ленной. Выше М 2 б.8хЮ Гэв необратимые процессы кажутся слишком сильным» 
для того, чтоГ<ы~ими можно было fit* пренебречь, и поэтому обычнне расчеты теря-
"П СМЫСЛ. 

KIVONAT 

Megvizsgáljuk a nagy egyesítés ekálaparaméterének hatását az Univerzum 
korai termikus történetére. M г 6.8xl015 GeV felett az irreverzibilitáeok tul 
erősnek tűnnek ahhoz, hogy figyelmen kivül hagyhatóak legyenek, és a szokásos 
számolások érvényüket vesztik. 



1. INTRODUCTION 

If one accepts any kind of Grand Unified Theories, then the 
past of the Universe contained a symmetry breaking phase transi
tion, in which the particle masses were created. Such scenarios 
are attractive from some viewpoints, e.g. it seems that the ob
served baryon asymmetry may have a natural explanation in them 
[1]. Nevertheless, generally a new problem arises: in the phase 
transition process magnetic monopoles are generated, which are 
very massive and stable, and some model calculations predict such 
a high number density for them, which leads impossibly high con
tribution to the mass density of the present Universe. Simplest 

—8 calculations predict n /s % lo , which means that the present 
ratio of masses in monopoles and in baryons would be nearly nt /m,. 
Since m m "' 10 m b, this is definitely a problem [2]-[5]. 

There are various mechanisms suggested for avoiding this 
problem, e.g. inflation [6]-[8], multiple phase transition [91, 
colors for monopoles [10], exponential suppression by Boltzmann 
factors [11], etc. It has also been mentioned that extreme values 
of the unification scale M may eliminate the problem [2], [12], 
or, at least, make impossible t' .at any reliable prediction in 
the present stage of the theory, .̂n this case, according to the 
presumption of innocence, there would not be any evidence against 
GUT. 

The argumentation is the following: the recent calculations 
are not valid, if 

a/ M < 10 GeV, because then the annihilation rate could 
be high enough to eliminate the monopoles; or if 

18 b/ M > 10 GeV, when m > m-., so quantum gravity treatment 
is necessary, but recently impossible. 
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In case a/ the situation would be lucky, but unfortunately this 
case is ruled out by the stability of the proton (except in so
phisticated theories where the proton is absolutely stable). In 
case b/ calculations become impossible without a full and well 
elaborated quantum gravity theory, which is not at reach. Then 
one is in a situation which is not definitely happy: although 
there is no evidence against GUT, there is no new prediction too, 
and the thermal hystory of the early Universe becomes unknown. 
Nevertheless, it seems that case b/ is highly improbable accord
ing to the standard calculations [2], [12]. 

Now we show that there is a lower value for M, above which 
the validity of the recent calculations breaks down, or, at 
least, is not proven. Namely, the effect of irreversible proces
ses as e.g. bulk viscosity seems to increase with N, and in the 
near-equilibrium approximation there is a critical value for M, 
above which the viscosity of the GUT continuum just after the 
phase transition is high enough to violate the energy positivity 
condition and/or to reheat the Universe. Of course, this result 
seems to be unphysical, caused by using a modeJ beyond its valid
ity, nevertheless a more general proper inequilibrium treatment 
for the problem seems to be not at reach, and even the near-equi
librium result is a signal that at high values of N irreversible 
thermodynamical processes become important in the early Universe. 
So, from technical viewpoint, we arrive at a limit cca. lO GeV 
for M, above which the recent calculations are not reliable. 
Since И ^ 10 GeV is not ruled out definitely by the extrapola
tion of the low energy behaviour of the field theories (or at 
least the margin is not very comfortable), new, detailed calcula
tions would be necessary involving the irreversibilities. 

2. THE HYDRODYNAMICAL APPROXIMATION 

Л11ЬоидЬ the GUT continuum is composed of elementary fields, 
the usual approximation is to express the energy-momentum tensor 
via hydrodynamical and thermodynamical quantities (which are cal
culated from the fields). Independently of any equilibrium condi
tion, T. k can be decomposed with respect to a u timelike unit 
vector as [131 
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T i k = OU i O | c > q 1 »!* + q N i 1 • p i k 

( 2 . 1 ) 
U r u r • 1 , q r u r « О , p Г и г * О , 

where p is the energy density, q is the energy flux and p 
ctand for the stresses, measured by observers of velocity u . If 
the velocity field u is preferred by certain physical reasons, 
then the other quantities on the right hand side of Eq. (2.1) 
have physical meaning, otherwise the decomposition is a mere 
mathematical operation. Por Robertson-Walker Universes the exist
ence of the full spatial symmetry leads to a unique timelike unit 
vector field, which is the velocity of the cosmological continuum. 
In this special case, due to the symmetries. 

о 1 - О 

^ k ' p ( 9 i k - u i V • 

(2.2) 

According to the place where their contributions occur in Т.. , in 
the generic case one can distinguish three different types of 
momentum transfer processes, the heat conduction, the shear vis
cosity and the bulk viscosity, respectively. Thus, Eqs. (2.2) 
mean that here only the bulk viscosity works [14]. 

Obviously, if both p and P were unknown variables of the 
problem, then the two nontrivial components of the Einstein equa
tion would not be sufficient to determine the evolution of the 
system. In thermal equilibrium both p and P can be expressed by a 
common variable, the temperature T, and then the Einstein equa
tion determines R and T. There exists a near-equilibrium limit 
(13], when 

P(T) 

P = p(T) - £(T)u r
? r « p - З Е | 

(2.3) 

where p is the equilibrium pressure and p is the bulk viscosity 
coefficient; the equilibrium quantities fulfil a thermodynamic 
relation of form 
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P • Тр, т - p . (2.4) 

It is not obvious, which is the value for ft/R where this near-
-equilibrium (or linear) approximation breaks down fro« physical 
reasons; in the next Section we will use Eqs. (2.3), and the 
validity of this approximation will be discussed later. 

3. THE EVOLUTION OF THE TEMPERATURE IN THE NEAR-EQUILIBRIUM LIMIT 

Using the energy-momentum tensor (2.1-2) for к = О the Ein
stein equation obtain the form 

R « - -Ц-(Р • 3P)R 
6m p t 

R 2 - - ^ R 2 

3m p a 

(3.1) 

These equations can be combined in order to get an equation for 
T, if Eqs. (2.3-4) are valid, one obtains first order differen
tial equations for R and T. For our purposes the equation for ft 
is unimportant; the second one has the form 

p,TTTT = -з|тР,т j^^/flTiyp) - 8nE-i-(TprT-p)J . (3.2) 
p í roPí, 

l. the second term on the right hand side is not negligible, the 
bulk viscosity has a serious influence on the evolution of the 
Universe. 

Now let us accept a radiation-dominated approximation for 
P(T) f 6] s • 2 

p(T) = 2-NT 4 , (1.3) 

where N is the number of particle degrees of freedom, 

N * 160 (3.4) 

in minimal GUT. Then 
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2nL3 s = ^j^** (3.5) 

is the entropy density, while the number density for a given kind 
of particles is 

n 2: -^HT 3 . (3.6) 
n 

(This quantity is not uniquely defined, the thermodynamic number 
density is О because of the charge symmetry.) 

Assume that there is a first order phase transition at some 
T . This temperature, the unification scale M and the massive 
boson mass m are in the same order of magnitude, the numerical 
factors depend on the actual model [5]. Here we want to make a 
general discussion, so let us write 

Ttr * m = M ( 3' 7 ) 

which is quite satisfactory for estimations. The monopoles have 
masseb approximately 

m a ^M , (3.8) 
m ci 

v/here a is the 3UT coupling constant, a 2; -i/45» slightly depend
ent on T = M. The monopoles are produced in the phase transi
tion, and they are .stable. So, if the subsequent history of the 
Universe is adiabatic and the annihilation is negligible, then 
the quantitv r = n /s is «ronstant, and can be evaluated just be-

m 
low T , where 

r(M) 2: N"1f(a(M)) . (3.9) 

6 ~8 Here f(a) is h /8 ^ 10 in Kibble's approximation, when the 
monopolé production has only geometric constraints [4], while 
Bais and Rudaz's Boltzmann-like formula Г111 yields f(a) = 

-3/2 1 
= a ' exp(- — ) . From Eq. (3.9) one can conclude that r is high
ly insensitive to M. 

On the other hand, the therrial evolution is not so insen
sitive. 
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In order to see this, first we need an estimation for the bulk 
viscosity coefficient. It is minimal for a gas of point particles, 
when, with a *»• a /T , 

г Т9/2 и-3/2 а-2 f o r r < < M 

(ЗЛО) 
for T » m 

(with some numerical factors depending on the details of the dif
ferential cross section) (15]. Then the maximum of E can be ex» 
pected at T ^ n. So In our case 

E(M) 2: a" 2" 3 » (3.11) 

when the system contains massive particles. 
Above T only the Higgs bosons have masses. Nevertheless, 

the classical limit of the field equation of a "free" Higgs boson 2 is not Пф = го ф, which would give the free propagation necessary 
for getting Eq. (ЗЛО). The other particles are mass less, i.e. 
ultrarelativistic, so one can conclude that E is small in the sym
metric phase. In the asymmetric phase there are massive X bosons, 
so Eq. (ЗЛ1) becomes valid there. 

Now consider again Eq. (3.2). Introducing the dimensionless 
parameter x 

x = M/mp j l (3 .12) 

one g e t s 

<*>м-о - - 2 ™ Р Л 3 [ / : Г ? - M • ( З Л З ) 

The right hand side vanishes at 

x » x Q « 5.5*10~4 (3.14) 

which means M = 6.8x10 GeV. Then the conclusion is that when M 
is several times 10 GeV, the irreversibilities are not negli
gible in the thermal history of the Universe. Since the entropy 
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is growing, t < О, i.e. the monopolé density is going down. The 
other conclusion is that, in the linear approximation of the bulk 
viscosity, if 4 is greater then 6.6*10 GeV, the Universe ex
hibits a paradoxical behaviour: it is reheated, and goes back to 
the symmetric phase. 

4. THE VALIDITY OF THE APPROXIMATIONS 

This behaviour is strange, but, in itself, not impossible. 
If one were to accept it, the conclusion would be that there is 
an evidence for M < x ra_,. However, if f > O, then, from Eq. 
(3.1), (R/R)* > O, whence 

p + P < 0 (4.1) 

which violates the dominant energy positivity condition [16]. 
This suggests that the linear transport law (2.3) may have been 
used beyond its validity, or, in other words, the irreversibili
ties are too strong to use the near-equilibrium treatment. 

In order to check the near-equilibrium approximation the mo
mentum distribution functions ought to be used. In the phenome-
nologic thermodynamical description only the self-consistency can 
be investigated following the idea in Ref. [17]. Consider the un
equal ity 

№ - 3 j - " ; i . (4.2) 
(sR3) 

where r is the time between two subsequent collisions of the same 
particle. The changes in the momentum distributions occur on a 
time scale т. Thus, uneq. (4.2) expresses that the changes be 
moderate, when it is possible that the system always remains near 
io nqui.Librium. Now, the result is not decisive. Bv estimating 
г. л.-

\ "v Nna ъ —Na 2T . (4.3) 
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T(SR 3) V(sR 3) is 1 at И * 3.2*1015 GeV, i.e. it is not clear if 

15 we are far from equilibrium at N ~ 6.8*10 GeV. 
In any case, the calculated behaviour T > О is a signal that 

the entropy production is too strong in the system. This is ex
pected to remain valid even far from equilibrium, although the 
temperature itself is not well defined there, thus the neglection 
of irreversibilities invalidates the calculations. 

By using more fundamental entities instead of the thermody
namic data, as momentum distributions, the near-equilibrium ap
proximation would become unnecessary. In a dilute gas the energy-
-momentum tensor can be written as 

T i k = f p
i p k f ( p , n ) ^ (4.4) 

and then the Einstein and Boltzmann equations are to be integrat
ed together [181. This is not a power expansion in ft/R, and it is 
possible that this approach would give some results, nevertheless 
first the validity of Eq. (4.4) should be verified. 

Eq. (4.4) is true only if the total distribution fur" on of 
the system is some product of one particle functions, i •». " the 
correlations are negligible. But then 

p = § Í E 2 * t e ) ^ > ° • < 4- 5> 

However, the GUT continuum is known to possess some states in 
which ever p < 0 [6]. So, there are cases when Eq. (4.4) definite
ly cannot be true. Furthermore, the monopoles are strongly coupl
ed to the other particles \2], and if the monopolé density is com
parable to the other particle densities, this fact in itself 
leads to correlations. In the case of many-particle distribution 
functions the whole situation becomes technically untreatabie. 

Then it is not obvious, how to check the linear transport 
approximation (and it is even less obvious how to improve it). In 
addition to this, it is to be noted that energy positivity is a 
principle rather than an established law [16]. While it is true 
that this principle is valid for familiar situations, and it can 
be used for eliminating strange situations, generally there are 
no evidences that 
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p • P < О 

violates any fundamental law of physic*. (It is interesting that 
such states can sometimes be produced by innocent transport laws» 
cf. Sol. VIII in Ref. [19], where E * n 1^ 3.) 

Then we arrive at an unexpected resultt by usual and tech
nically accessible approximations the thermal history of the ear
ly Universe cannot be reliably calculated, if И is greater than a 
critical value somewhere at several times 10 GeV. Pour possibil
ities remain: 

la/ The energy positivity principle (EPP) is always true, 
but the linear transport law (LTL) is not true even approximately. 
Then one cannot apply the usual approximations, but the entropy 
production is expected to be large at high values of M. Perhaps 

lim (p + P) « О 

when the expansion is exponential cf. Eqs. (3.1), and th?.n large 
M values eliminate the monopolé problem by inflation, but this is 
only a guess. 

lb/ EPP is always true, and LTL is approximately true. Then 
M > x m , is excluded by basic principles. 

2a/ EPP is not necessarily true, and LTL и .iot even an ap
proximation. Then p + P < о is possible at some M > M, > x m p i, 
and such values lead to an accelerating expansion. Since it is 
expected that the irreversibilities increase with the velocity 
divergences, it is difficult to see how this circulus vitiosus 
can be stopped. 

2b/ EPP is not necessarily true, but LTL is approximately 
true. Then M > x m p | l is excluded by the observation that recently 
we are in the asymmetric phase, and M ^ x m p, eliminates the mon
opolé problem by inflation. 
Cases lb/ and 2b/ exclude high M values, in 2a/ they are highly 
improbable, while case la/ permits such values, but then the con
sequences are technically unpredictable. 
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5. CONCLUSIONS 

Our conclusion is that the upner limit for M until which the 
recent calculations of the history of the early Universe are reli-

17 
able, may lie well below the value M ъ 3*lO GeV, where the quan
tum corrections become large. There is another critical value bet
ween 10 1 5 and 10 1 6 GeV (the most naive estimation is 6.8*1015 GeV). 
Approaching this critical value from below the influence of bulk 
viscosity (or, more generally, irreversibilities) becomes im
portant, and there either the energy positivity, or the near-equi
librium formalism breaks down. In the first case higher unifica
tion scales are excluded by the observed fact that the phase tran
sition has been finished (there was no full reheating), in the 
second case we cannot make definite predictions without manufac
turing more sophisticated techniques for the non-equilibrium ther
modynamics of the GUT continuum. 

Ш 17 
Of course, the troubles between 6.8*10 GeV and 3x10 GeV 

arise from less august source than those above 3*10 GeV. Never-15 theless, the troubles at M > 6.8x10 GeV are more serious from 
practical reasons, because this region is not clearly excluded by 

17 extrapolating the low-energy coupling constants, while M > 3*10 
GeV is highly improbable. Furthermore, from a higher (and still 
unoccupied) viewpoint the difference is not absolute but gradual, 
in both cases the problems are technical. In the final and well 
elaborated unification of gravitation and field theories these 
problems would not exist. 
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