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It is shown that taking into account the temperature dependence of particle
masses in an expanding Friedmann universe leads to nearly complete
suppression of the creation of particles with masses m S 10" GeV.

PACS numbers: 98.80.Dr

1. One of the most interesting problems lying at the boundary between cosmology
and the theory of elementary particles is the problem of particle creation in an expanding
universe. In the 15 years after the problem was first stated,! many brilliant and impres-
sive results have been obtained in this area (see Ref. 2 along these lines). However, vir-
tually all of these results concerned a model of the universe which initially did not contain
matter, rather than the currently accepted model of a hot universe.> As will be shown in
what follows, taking into account the corresponding high-temperature effects greatly
changes the existing picture of particle creation in the early universe.

2. Asan example, we shall examine the theory of a scalar field with mass m, with
the Lagrangian

i tr Ry , A,
RO R S S M)
in a flat Friedmann universe with metric

ds? =di? —a(t)(dx? +dy* + dz*).

In order to study the creation of particles belonging to the field ¢, it is convenient to
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make a conformal transformation to the metric

ds? =a*(n) (dn® — dx* — dy* —dz?), 2)
where
n={a"'(1)at,
and to the transformed field
b =a(n)p-
The equation of motion for the field ¥ in the metric (2)
d*y )
— — Ay +@*mmi Y+ WP =0 (3)
dn 0

describes the field with variable “mass’
M(n) = moa(n)-

The nonadiabaticity of the change in the quantity M(n) with increasing n leads to creation
of particles of the field ¥ and, therefore, to particles of the field ¢>. The nonadiabaticity
is characterized by the quantity

aM da
= -2 - -1,-1 _, 4
§=M (n)——dn m;'a (n)dt 4)

and, in addition, for small values of §, the probability for creation of particles is decreased
by a factor exp-(1/5)*.

With the universe expanding according to the law

aft)=ayt9, 0< ¢g< 1,
where ¢ is the time from the beginning of expansion, the nonadiabaticity parameter (4)
is

& = g/mot. (%)
Hence, it follows that in the early universe particles with any nonzero mass m, must

have been created and, in addition, the creation process occurred for 2 mg" , while for
t>>mg!, particle creation was exponentially suppressed.?

3. We shall now take into account the fact that the effective mass of particles of the
field ¢ is modified in matter whose temperature is T3> my:

A
mX(T)=m?+ — T2, (6)
¢ 4
and Eq. (3) takes the form
dzl’lj 2 A 2 3 -
Ez-w +az(n)<m0+ZT>¢'+W = 0. (7

We also note that according to the standard representations of the theory of a hot uni-
verse,? the quantity a7 at the time of expansion of the universe remains nearly con-
stant, aT~a, Ty. In this case, for \I'? >>m},

493 JETP Lett, Vol. 35, No. 9, 5 May 1982 A.D.Linde 493



—

vV mia? ]
Mmn) ~ — Toay + —2— 8) :
( ) 2 Q%9 \/5\‘ Toao (x »

and, in addition, the first term on the right side of (8) is much greater than the second
term and does not depend on 1. The adiabaticity parameter §, in this case, is
8 M‘ 2 ( ) dﬂ/j m(z) -1 da
= MN— & ——=—— & — .
N A ©)

2

It is not difficult to see that the quantity & (9) for AT'? 3>m3 is much less than the
quantity & in (4) and (5), calculated without using the temperature dependence of the
particle masses (12).

4. In order to estimate the role of the decrease in nonadiabaticity due to the tem-
perature dependence of the particle masses, we recall that the expansion of the early
universe, filled with particles interacting according to the modern theories of weak,
strong, and electromagnetic interactions, is described by the equation

_, da 4m3N  T?
a ! — s — =,
dt 45 MP (10)

where Mp~1.2X 10 GeV is the Planck mass, NV is the effective number of degrees of
freedom (species of particles), and N ~ 200 in the simplest theories.>* Taking into ac-
count also the fact that in these theories the coefficient A/4 in front of T2 in (6) is re-
placed by some coefficient ¢~ 1 due to the interaction of the field ¢ with a large num-
ber of fields of other types.® In this case, it follows from (15) and (16) that for T2 m,

20 mg

& = .
& ™, (11

It follows from (17) for ¢ =~ 1 that the scalar particles are created in a hot Friedmann un-
iverse only if

mg >, 5+ 10" 7 GeV. : 12)

It may be shown that an analogous conclusion is also valid for vector and spin particles.
At the same time, scalar particles without the conformal increment%R to the square

of the mass (1) are created with arbitrary value of m, (if R #0), but in any case, it turns
out that particle creation ceases at <5 X 1017 GeV.

The results obtained here differ considerably from those of preceding investigations,
carried out without regard for the high-temperature effects.? It would be interesting to
clarify the possible value of these effecis for the theory of particle creation in an aniso-
tropic universe.

I thank V.I. Man’ko, A. A. Starobinski‘i‘, and V. P. Frolov for a discussion of the
problems touched upon in this paper.
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