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In a grand unified model, with radiatively induced symmetry breaking, unwanted discrete symmetries leading to cosmic
domains could be dynamically broken, before the phase transition is completed.

Some spontaneously broken gauge theories can give
rise to vacuum structures such as monopoles, strings and
domains [1]. Grand unified theories [2] describe the evo-
lution of the early Universe as a succession of phase
transitions, during which the occurrence of such cos-
mic singularities is possible. Their formation is deter-
mined by the degeneracies of the vacuum manifold.
These objects can be stable and lead to observable
effects.

Cosmological monopole production has been dis-
cussed by many authors [3], who estimated that the
number of monopoles is too large to be compatible
with the observational limits. Possible resolutions of
this monopole problem have been suggested [3,4].
Cosmic strings have also been discussed [1,5], in par-
ticular their possible relevance to the problem of gal-
axy formation. However, the problem of galaxy forma-
tion certainly is much more complicated, apparently
requiring isothermal, rather than adiabatic, perturba-
tions [6], which could have arisen from inhomogene-
ities (e.g. shear [7]). These could be of a quantum grav-
itational origin.

In this letter, we concentrate on the formation of
domain walls and their subsequent evolution in the
simplest grand unified model [SU(5)] [8], with radia-
tively induced (Coleman—Weinberg [9]) type of sym-
metry breaking. A domain wall with the size of a hori-
zon would have a mass exceeding by many orders of
magnitude the estimated mass of the Universe [1].
Thus, the domain walls are irreconcilable with the pres-
ent state of the Universe [1]. Their occurrence in cer-
tain grand unified models renders these models inappli-
cable, unless they are accompanied by a mechanism for
the disappearance of the walls.
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Consider a theory with internal group G. The vacu-
um expectation value of the Higgs field lies on some
orbit of G. If G, is the subgroup of transformations
that leaves the vacuum expectation value unchanged,
i.e. the subgroup of unbroken symmetries, the possible
domain structures are fixed by the topology of the co-
set space G/Gy. If it is not connected, domain walls
will be necessarily generated.

To be specific, let us consider SU(5). The minimal
way to break SU(5) down to SU(3) X SU(2) X U(1)
is realized with one real adjoint Higgs field ®. & devel-
ops a non-vanishing vacuum expectation value in the
direction

(®)= ¢ diag[1, 1,1, -3, —3] (1)

up to a global SU(5) transformation. The effective po-
tential is a function of the SU(5) invariants

Tr(®2), Ti(@%), Tr(@3).

If we impose the discrete symmetry & - —®, the cu-
bic term will not be present. For example, in the case
that we allow only for dimensionless couplings (Cole-
man—Weinberg) no cubic super-renormalizable cou-
pling is present and the discrete symmetry is forced
upon us. Let us now look closer at the phase transition
in the particular case that we have the above reflection
symmetry. The nature and speed of the phase transi-
tion, of course, will depend on the presence and mag-
nitude of a tree negative mass term, However, in gen-
eral it will be of first order and will proceed by the for-
mation of bubbles. The Higgs fields inside the bubbles
will have non-zero vacuum expectation value and will
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point to a direction fixed by (1) up to a global gauge
transformation. Since no global gauge transformation
can take @ to —®, some of the bubbles will have ® point-
ing in one direction and the rest in the opposite direc-
tion. When the transition will have completed itself, we
shall be left with domains of the asymmetric phase sepa-
rated by walls of the normal phase. All the above is
of course, oversimplified but the essential point is that
there will be two distinct but similar ordered phases.
This is a direct consequence of the fact that the vacuum
manifold, in the above example, had two connected
components.

In the conjectured superunification scheme [10], N
= 8 supergravity, valid near the Planck mass, gives rise
to a composite SU(8) symmetry [11], which breaks
directly to SU(5) ¥, Virtually nothing is known about
the super GUT dynamics. Nevertheless, we shall make
the assumption that the resulting SU(S) theory is scale
invariant at the classical level. This means in particular
two things. First, that the potential is endowed with the
discrete symmetry ® - —® and this, as we saw, leads
to domains at least for the minimal Higgs sector [12].
Second, that fermions different from the ordinary ones
could have survived massless down to the grand unifica-
tion mass scale. Then, if we take a 5 and a 5 of these fer-
mions ¥2, coupled to the adjoint 24 Higgs according to

—Gy ¥; 905, (2
the lagrangian has the discrete symmetry
o> -, Y;~>y5Y;. 3)

The one-loop effective potential, including the fermion
contribution, is *3

V(®) = Ap*[In(¢2/(¢)?) - 31 (4)

and has the discrete symmetry ¢ = —¢.

Higher orders in perturbation theory will respect this
symmetry and so will the temperature corrections. The
vacuum manifold of this theory will have two connected
components (and therefore will lead to domains) unless
the discrete symmetry is broken dynamically before the
breaking of SU(5).

Let us focus now on the phase transition. The tem-

*1 One could also conceive other ways of enlarging the SU(S)
theory. ’
*2 The asymptotic freedom of the theory is unspoiled.

3 4 = (3/6412)(2)? g% - (1/64n2) () G¥.
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perature corrections [13] to the potential will induce
at high temperature a term approximately

$82T2Tr(92) . %)

This term has the well-known effect of stabilizing the
wrong (symmetric) vacuum and of delaying the phase
transition. If a large negative mass term were present
at tree level, the phase transition would approximately
go below a temperature T, at which the two terms would
cancel. In such a case, since the perturbative potential
has the discrete symmetry & > — @, two degenerate
asymmetric vacua would exist and therefore domains
with the Higgs vacuum expectation value pointing in
opposite directions would form. In the case of a strictly
Coleman—Weinberg potential, however, such as the one
under consideration, the transition proceeds very slowly
through tunnelling and the system cools to lower and
lower temperatures with most of it still in the symmetric
phase [14]. As the system supercools, the running gauge
coupling

g T) .
4r b In(TJA)

becomes stronger and stronger, since the theory is
asymptotically free *4. Due to the very slow tunnelling
process, the phase transformation will not have been
completed even at temperatures ~ 107 GeV. Below these
temperatures, we start entering the strong coupling
regime where new phenomena, non-perturbative in na-
ture, start becoming important.

SU(5) instantons, for instance, mediate a determi-
nantal interaction between fermions, as in QCD, which
can give a non-vanishing expectation value to the SU(5)
singlet ¥; ;. The instanton induced fermion mass is,
of course, zero at very high energies (temperatures) but
eventually grows as we approach the infrared region.

A typical instanton induced fermion mass has to be

(very roughly)
m(T) ~ Teg[2n/a(T)]10 exp[—27/a(T)] , @)

where ¢c5 ~ 7.5 X 1074 [15].
It is immediately evident that the discrete symmetry
® - —d will be broken. Cubic terms like

Gy m(T) Tr(@3) (8)

(6)

*4 The scale parameter A is determined by the requirement
that g2(M,)/4w ~ 1/42. Thus, A ~ 10°—106 GeV for the
above discussed theory (b ~ 12).
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Fig. 1.

violating this symmetry will be dynamically generated
(see fig. 1). No such terms could be generated in pertur-
bation theory unless we had massive fermions to begin
with, in which case we would have no discrete symmetry.
The singlet Fg,F§, gets also a non-vanishing vacuum
expectation value with important consequences on the
phase transition, as we have studied elsewhere [16].
When the phase transition is finally completed near T
~ O(1) A the fermions get masses of order M, due to
their direct couplings to @,

Let us examine now the cosmological consequences
of the dynamical breaking of the unwanted discrete
symmetry, as far as domains are concerned. A thin wall
separating two domains will have surface energy density

(roughly) [17]
~ _ (typical mass)3

7 ~ g(¢3. 9
(typical coupling)? ®

The time at which the wall would collapse is [17]

t.~ 1/Go=Mplo. (10)

My is the Planck mass. The domains have to disappear
at times #{ smaller than their collapse time ¢, i.e.

1 <t,. (11
Since
t1it, ~Got) ~ oty G}y

_ __ energy density of walls
energy density of the Universe ’

(12)

the previous inequality is equivalent to demanding that
the Universe never becomes domain-wall dominated.
Now, if we have a small initial bias e(¢) between the
vacua (as the cubic term induced by instantons), the
walls will disappear when the energy difference € ()
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becomes dynamically important, i.e. it becomes com-
parable to the energy density of the walls,

e(tty ~ otl_2 . (13)
In our specific example of SU(S)

e(T)~ GIm(T)($» . (14)
Then, inequality (11) implies

e(T)>Go? . (15)

Using the instanton induced mass as a typical non-per-
turbative contribution, we get, assuming Gy ~ O(g)

Tes[2m/a(T)110a2(T) exp[—27/a(T)] EM,?/MI% .
(16)

This can be satisfied at temperatures T'; ~ O(1) A.

In the above example, an energy difference between
the two degenerate vacua was developed dynamically
during the period of supercooling and thus the forma-
tion of domain walls was avoided. The fact that we con-
sidered SU(S) is not essential. Similar phenomena could
be seen in other models. The case of SU(2) X U(1)
phase transition with a Coleman—Weinberg potential
contains features similar to our example, with the im-
portant difference that the quark vacuum expectation
value that breaks the discrete symmetry is not a singlet
and (happily) breaks the gauge group also at Agcp [18],
long before we enter the SU(2) infrared regime.

Although a lot of handwaving is inevitably involved
in discussing the little known dynamics of first-order
phase transitions, our example serves to show how un-
wanted discrete symmetries and their consequences
could be avoided by the theory itself.

We thank J. Ellis for reading the manuscript and for
useful comments. We also thank G. Lazarides and
Q. Shafi for discussions.
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