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High-density and high-temperature symmetry behavior in gauge theories
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It is shown that in most of the gauge theories with neutral currents an increase of fermion density leads to an
increase of symmetry breaking. The symmetry behavior at a simultaneous increase of temperature and density
is also investigated. It proves in particular that there was no symmetry restoration in the early universe if, at
present, an excess of neutrinos over antineutrinos is sufficiently large.

I. INTRODUCTION

Symmetry behavior in gauge theories under an
influence of such external factors as tempera-
ture, ' ' density increase, '7 ' external fields, ' " "
and currents' has been extensively studied in the
past few years. In particular, Kirzhnits has sug-
gested' that in the theories with spontaneous sym-
metry breaking at a sufficiently high temperature
a phase transition with the symmetry restoration
should take place. This suggestion has been con-
firmed by a detailed investigation of the high-tem-
perature symmetry behavior in gauge theories. '
It appears that the phase transition with symmetry
restoration may be of the first' or the second' '
order depending on relations between coupling con-
stants, and a general theory of the phase transi-
tion, valid for all relations between coupling con-
stants, has been presented. " It was shown in
particular that at certain relations between coupling
constants the first-order phase transition may
take place even at an extremely low critical tem-
perature T,. For example, in the Higgs model
T,-0 at X-19e'/32m', since at A. & 19e'/32m' a dy-
namical symmetry restoration takes place. '

The fact that the classical scalar field, which
breaks symmetry in gauge theories, is tempera-
ture-dependent leads to some nontrivial conse-
quences, e.g. to a temperature dependence of the
cosmological term, "and (which seems the most
interesting) to nonconservation of energy of an ob-
servable part of matter due to the "pumping" of energy
from the nonobservable classical scalar field. 4'

Recently, in a number of papers it was claimed
that an increase of fermion density at zero tem-
perature also leads to symmetry restoration. '
However, as was pointed out in Ref. 8, in most of
the realistic gauge theories with neutral currents
(either "weak" or "strong, " corresponding to the
interactions mediated by p, &u, and q mesons) the
result is actually opposite; an increase of the
"weak" or "strong" charge density of fermions
leads to an increase of symmetry breaking.

This result can easily be understood if one re-
calls that an increase of an external fermion cur-

rent J leads to the symmetry restoration in the
superconductivity theory. " In gauge theories sym-
metry breaking must be a function of cf Pp c9

where 8p' is the charge density of fermions. Sinee9
e.g. , the Higgs model is in fact a covariant gen-
eralization of the Ginzburg-Landau theory of su-
perconductivity, one may expect that an increase
of P' should lead to symmetry restoration in guage
theories, while an increase of fermion charge
density Jp' should lead to a further increase of the
symmetry breaking. To make this suggestion
clearer, we outline the quantitative analysis of this
problem in See. II.'

The effects of the type discussed above may ap-
pear of particular interest for the theory of the
early stages of the universe evolution. However,
in the early universe both temperature and fermion
charge density were extremely high. Therefore to
investigate symmetry behavior in the early uni-
verse it is necessary to take into account the two
opposed factors (temperature and density increase)
simultaneously. This problem is discussed in
See. III.

In Sec. Pf some consequences of the high-tern-
perature and high-density symmetry behavior for
the theory of the early universe are discussed. It
proves in particular that there was no symmetry
restoration in the early universe if at present an
excess of neutrinos over antineutrinos is sufficient-
ly la,rge.

II. HIGH-DENSITY SYMMETRY BEHAVIOR IN GAUGE

THEORIES

As an example we shall consider the Higgs mod-
el, extended by the inclusion of fermions'.

I, = --,'-(8 A„—B„A„)'+(9,+ feA„)y*(8„—ieA„)y

+ p, 'p*p X(V *V')'+ p(zs~y~ ™)g—egypt PA~ .

Let us suppose that there exists a nonvanishing
fermion current density 8 -=ej~ = e(gy () = const' 0.
Here (~ ~ ') is statistical averaging; the quantity j~
differs from zero owing to a nonvanishing chemi-
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where the classical parts o and C„of the fields p
and B~ are some constants, (p(x)) =(B~(x))=0, and
the auxiliary field f(x) disappears after substitution
of (2) into (1).

The quantities o and C, can be obtained from the
Lagrange equations averaged over the ground state.
In the lowest approximation these equations are

=0= —o(Xo'- p, ')+ e'C, 'o,(
5L

5p(x)

= 0 = 8 C~O' —8j~ .5L

These equations are nothing but a covariant gen-
eralization of the Ginzburg-Landau equations in
the theory of superconductivity. " From (3) it fol-
lows that

'2

o(Xo' —p, '}——,= 0, (4)

where j' =j,'- j'. From Eq. (4) it can easily be
seen that (as in the theory of superconductivity) an
increase of the current j leads to the symmetry
restoration in the Higgs model, ' whereas an in-
crease of the fermion charge density j, increases
the symmetry breaking.

If a Lagrangian of the type (1) contained a term
-gPPq, then on the left-hand side of Eq. (4) a term
of the type g'o( j')'~' would appear, promoting
symmetry restoration with an increase of j'. This
fact was pointed out in Ref. 7, where ii was
claimed that an increase of the fermion density j,
leads to symmetry restoration in the theories with
spontaneous symmetry breaking.

However, in the analysis of the symmetry be-
havior at g'«I, the term -g'o'(j')' ' can be neglec-
ted, compared with the term -j'/o' of Eq. (4). At
g'»1, terms of the type g'o( j')' ' can diminish
the symmetry breaking, but the term -j'/o' pre-
vents the symmetry restoration even at g'» 1. In
any case at a sufficiently large density the term
-j'/o', which appears in Eq. (4) due to the exis-
tence of neutral currents [i.e. due to the existence
of the term -eely„(A„ in (1)], becomes the leading
term, and the density increase at large j' leads to
an increase of the symmetry breaking. This re-

cal potential of fermions. ' The current being con-
stant, there is no reason to expect breaking of
translational invariance. Therefore in the unitary
(physical) gauge we shall try to find a solution in
the form

V(x) =~2[o+p(x)] exp
1 z $(x)

(2)

X,(x) =B,(x)+ C.+ —S„)(x),
1

suit, which has been first obtained for the model
(1),8 has also been confirmed by the investigation
of some other gauge theories with neutral cur-
rents. ' In particular, it can easily be shown that
in the Weinberg model of leptons" an equation for
o coincides exa, ctly with Eq. (4) if the quantity j,
in (4) corresponds to the neutrino current —2gy (1
+ y, )g). Therefore in both the Higgs model (1) and
the Weinberg model" at a sufficiently large j',

F06 j2

It should be mentioned that since our results
have been obtained in the tree approximation, they
are gauge-invariant. To be more accurate, gauge
invariance is a property of the physical quantities
only. By performing a gauge transformation one
can, e.g. , make Q ) equal to zero, and after this
transformation the classical part y, of the field y
begins to rotate: y, = oexp(-ieC„x~). Gauge in-
variance of the physical results in this case means,
e.g. , that Eq. (4} for o=

~ p, ~

is gauge-invariant.
This situation is completely analogous to that in
the gauge-invariance problem of the superconduc-
tivity theory. '

It can easily be shown' that our approximation is
reliable at X, e'«1, X~ e4. The last condition ap-
pears due to the fact that at X«84, radiative cor-
rections in e' prove to be of the same order as the
terms that appear in the lowest approximation in
)„5y 6g 16

Let us now consider the case j =0. As it follows
from (4), the characteristic fermion density at
which the parameter o increases substantially is

3

j,-—"-WXo'(0),

where o(0) —= o( j~ = 0). To estimate the character-
istic density j, we shall take o(0)-250 GeV, as in
the Weinberg model. " In this case j,-vX X 10"
cm '. For o(0) -100 MeV, p, -1 GeV (strong inter-
actions), j,-10"cm '. The last value of fermion
density is of the same order as the density in the
cores of neutron stars. "

III. NONZERO TEMPERATURE

It is known that the unitary gauge used in the
previous section (as well as the R gauges at $ -0)
is rather inconvenient for an investigation of high-
temperature symmetry behavior in gauge the-
pries. ' '"" Therefpre we shall carry put pur cal-
culations in the transverse gauge B„A =0, in which

y(x) =—[y,(x)+ ip, (x)+ o],-1
1

A, (x) =B,(x)+ C„.
The equations for 0 and C„ in this case are
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5L
5p,

= —Wl ~'- t '+ l (3&m, '&+ &e.'&)

e2C 2 c2(B 2&]

+ 2e'C, (B,q, &,

(5)

of Refs. 2, 3, and 5 at X» e'. At j'» p'/u2,

432j'
3e'+ 4X

In the Weinberg model an analogous investigation
leads to the equation

P ~2
2 2

( 2+ T2)2 12

+2e2o(B„y,&+ e(p2s„y, p, s y, & ej
Nondiagonal terms in (5) may turn out to be non-
zero since at j„W0 the Lagrangian (1) contains the
terms e2oC„B,p, and eC, (y2&, p, —p, e, p2). How-
ever, at small j„(at j' «T'} the nondiagonal terms
are small compared with the diagonal ones. On
the other hand, the temperature corrections are
appreciable only at j' «T' (see below). Therefore
one can neglect the nondiagonal terms in (5) in the
investigation of the high-temperature effects. I.et
us suppose for simplicity that A. »e4. In this case
as in Ref. 5 it can be shown that all the tempera-
ture effects become appreciable only at T
»m»m~. Since at T»rply, &l~,

(V&'& = —-'&B.'& = .T'

(see, e.g. , Refs. 4 and 5), Eqs. (5} in this case
take the following form:

g[yg2 ~2 e2C 2+ j T2(3e2+ 4l )] 0

j, —eC„(o'+ -', T') = 0 .

From these equations it follows that

j' 3e'+ 4A.
O' Xc' g

(
2 y 2}2+ 0

At T =0 this equation coincides with Eq. (4), and
at j„=0it coincides with the equation for o ob-
tained in Ref. 5 at X»e . Equation (6) implies
that an increase of temperature at a given j leads
to 3, decrease of the symmetry breaking, and at
some T= T, ihe symmetry-breaking parameter 0
vanishes. The critical temperature can easily be
obtained by setting cr= 0 in Eq. (6):

v' j(u')' »j' 6(j' (u')' gj' I"')"

j(p )' laj' Ij''(p')' 9j' I'~'ll'"

(I)
where u =~2(3e2+4k}. From (7) it cm be seen that,
just as it has been claimed above, T,'» j'. At
j2 0

12@,
e 3 2+4'

This result coincides with the corresponding result

where j is the neutrino current,

1 11 1
6 6 1+tan8

b=4lj. + . , (1+2cos'8),
3e'

8 is the Weinberg angle, and sin'8-0. 35. Numeri-
cally, a=2, b=-4(X +2e 2). Thus, in the Weinberg
model at large j',

. '2

T 6 (10)

where n = 2a2fj =,(A.+ 2e').

IV. SYMMETRY BEHAVIOR IN THE EXPANDING

UNIVERSE

According to the "hot" universe theory, the uni-
verse has been expanding and gradually cooling
from the state with infinite temperature and densi-
ty." If the universe is charge-symmetric (i.e. if

j,= 0), then as it follows from (9) there was no
symmetry breaking in the Weinberg model at t-0,
where g is the time from the beginning of the ex-
pansion. ' Cosmological consequences of the possi-
ble symmetry restoration in the early universe
have been discussed in detail in Refs. 5 and 6 (see
also Ref. 19), and we shall not dwell on them here.

However, if at present the charge density jo is
sufficiently large, then the symmetry breaking in-
creased at t-0. To prove it, let us take the
reference frame in which j =0 (the rest: frame of
the substance). In the course of the expansion of
the universe the value of j, has been decreasing as
t ' ', while the temperature T has been decreasing
as t '~2 (with some inessential corrections").
Therefore in the course of the expansion of the
universe j,'=PT', where P is some constant. Let
us consider the Weinberg model" and suppose that
j is a neutrino current. In this case, from (9} and
(10) it follows that the symmetry has been restored
a,t t-0 only if P&n, and that o-~ at t-0 if P&n.
Let us now take into account that the photon density
n„= [2$(3)/2']T' = 0.244 T'.'0 Then the symmetry
has been restored at t-0 only if

vn22 X+2e' '" 2

q(3)
" =

12 ~(3)"'
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Let us suppose, for definiteness, that A. -e'-10 ';
it is known experimentally that now e, -4 & 10'
cm '." Then from (11) it follows that the symmetry
has been restored in the early universe only if, at
present,

~
j, j

~ 2 x 1()' cm '.
The density of electrons and baryons now is of the
order of 10 ' cm ', and this is just the reason why
in our investigation we have considered only the
neutrino current j,= n„—n„-, where n„and n„- are the
densities of neutrinos and antineutrinos, respec-
tively. The value of j, may be, at present, very
large. The strongest (but not quite reliable) con-
straint on j, follows from the theory of helium pro-
duction in the universe: j,~ 10' cm '." This
means that the phase transition with symmetry res-
toration could possibly not have taken place in the
early universe, and that the solution of the problem
of whether or not the symmetry was broken at t -0
depends essentially on the magnitude of the excess
of neutrinos over antineutrinos in the universe at
present.

The possibility that in the early stages of the
evolution of the universe symmetry breaking did
not vanish, but, on the contrary, infinitely in-
creased at t-0, may have nontrivial consequences
for cosmology. First of all, it would me@n that at
t-0 the masses of all particles except photons
have been infinitely increasing. Moreover, it is
not excluded that the photon is massless only be-
cause some symmetry is restored now, which was
broken in the early universe owing to an infinite
growth of j, at t -0. But this means that in the
early universe even photons could be massive.

At a sufficiently large j, in the early universe,
both masses of particles m&, &- o and temperature
T were proportional to j,' ', i.e., the quantity
m/T was constant. Therefore the "hot" universe
may appear always "effectively cold" for heavy
particles (if the mass m of a particle is sufficiently
large at present, then I/T) 1 at all temperatures).
This fact may be connected also with the problem
of the absence of, free quarks in the universe.
Namely, if the quarks were free at a sufficiently
high temperature in the early universe, then even
at present a large number of quarks should remain
free, and they should have been detected, e.g. , in
cosmic rays. "'" This difficulty with free qua s
exists also in a number of models with quark con-

finement, since if the quark confinement is con-
nected with spontaneous symmetry breaking" and
if the symmetry was restored in the early uni-
verse, then the quarks at t-0 actually were free.
From our results now it follows that if there exists
a sufficiently large excess of neutrinos over anti-
neutrinos in the universe, then the confined quarks
may never have been free, and the number of free
quarks was always inhibited by an extremely small
fa,ctor exp(-I/T). Analogously, the Pati-Salam
quarks" may never have been free/ and in this
case the cosmological difficulties" associated with
the Pati-Salam model may also disappear.

Qne further result concerns the formation of do-
main walls, which should have taken place in the
early universe after the discrete symmetry break-
ing in the theories with spontaneous breaking of
CI' invariance. " The possible existence of such
domain walls drastically contradicts cosmological
data, "and one could think that the absence of the
domain walls in the universe implies that the theo-
ries with spontaneous breaking of CI' invariance
are unrealistic. " However, the domain walls can
appear only as a result of the phase transition with
symmetry breaking, and from our results it fol-
lows that this phase transition may well not have
taken place in the early universe. Therefore, only
the theories in which discrete symmetry breaking
cannot be affected by an increase of neutrino densi-
ty may be ruled out now by cosmological considera-
tions.

All the above-mentioned points show the necessi-
ty for further, more detailed investigation of sym-
mentry behavior in the "hot" universe within real-
istic theories of weak, strong, and electromagnetic
interactions, taking into account the effects con-
nected with a possible charge asymmetry of the
universe. For a further analysis of this problem
see Ref. 26.
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