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The vacuum energy density now i.s small or zero but must have been prodigious if the
universe was once hotter than T, - 10'~ K and if elementary-particle symmetry is spon. —

taneously broken by a Higgs mechanism. If symmetry is broken nondynamically, in the
hot disordered phase the huge vacuum energy density is nevertheless negligible, com-
pared to the energy density of ultrarelativistic particles. Because the broken symmetry
is non-Abelian, the long-range forces arising on symmetry restoration need not lead
back to an anisotropic, inhomogeneous, or domain-structure universe.

Recent developments in quantum field theory
have reemphasized an old problem and seemingly
led to a new problem concerning the gravitational
consequences of the self-energy of the elementa-
ry-particle vacuum. In recent unified theories of
the weak and electromagnetic interactions, sym-
metry is broken by the appearance of a nonvanish-
ing vacuum expectation (rp, ) for some component
of a scalar field y. The vacuum expectation
(T~„) of this field is only observable gravitation-
ally since, in present elementary-particle theo-
ries, all physical amplitudes are renormalized
by dividing out the vacuum-vacuum amplitude.
In fact, by the introduction of a suitable mass
counter term, (T„„)may be given any observable
value.

If elementary-particle summetry is spontane-
osly broken by a Hi.ggs mechanism, but not if it
is dynamically broken, then above a critic@. tem-
perature T„a symmetry-restoring phase transi-
tion takes place. This leads to a tremendous en-
ergy-density difference' betweeen the hot (T & T,)
disordered and present cold (T =0) ordered uni-
verses from which any possible mass counter
term cancels out, so that this energy differ ence
between the bvo vacua is observable in principle.
If this energy difference could be observed cos-
mologically, this would dramatica1. ly demonstrate
the physical reality of the Higgs symmetry-break-

ing mechanism. We will show, however, that the
thermal energy densify XaT of the X elementary-
particle species in the early hot universe is so
large as to smooth out entirely any consequences
of the (admittedly tremendous) energy-density
change at any phase transition. This means, un-
fortunately, that there is no way cosmologically
to discriminate among theories in which the sym-
metry is spontaneously broken, dynamicaDy
broken, or formally identical and unbroken.

(1) In any quantum field theory, vacuum polari-
zation leads to an expectation value (T„„)=A.~ 'g„„
for the vacuum stress energy. Required by Lo-
rentz invariance, this form of (T») is that of
an ideal fluid with energy density and pressure
e =-p = A./n.

When gravity is considered (even on the classi-
cal or tree-approximation level), any nonvanish-
ing vacuum stress energy would have prodigious
effects even on the static or Newtonian level.
Laboratory, solar system and galactic observa-
tions already show IA./vc'I&10 '

g cm ' or 10 '
g cm ', respectively (IAI&'2x10 's or 2x10 "
cm s), but the most sensitive limits are set cos-
mologically. ' The present deceleration

p+ 3pc Ac
&o= —(RR/R')o =

2 p
—3' s

(for a homogeneous isotropic universe) is ob-
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served to be less than 1 in absolute value, while
p+3Pc '«p„—= 3H,2/Sv G. Thus

)A/~c'(&p~=5x10 "g cm ',
IAI&3(H, /c)2=10 ~ cm ', (2)

for a HubMe consta t e,=5O km s-' Mpc-'=5
x10 "c cm ' (1 Mpc=10' parsecs).

Any observed (possibly zero) value for the cos-
mological constant lA~ can be obtained from field
theory by addition of suitable counter terms. The
observed value is a problem only if one takes the
attitude that it should be derivable from other fun-
damental constants in particle physics. Clearly
the observed limit (2) is far below the (divergent)
zero-point energy density

2N. (2m) ' j(p + m )'s d' (3)

of any free field of mass m,- and N, independent
one-particle states; N, is counted positive for
bosons, negative for fermions. 4 If the boson and
fermion fields were put together in supermulti-
plets of precisely degenerate mass suitably com-
bined, the terms (3) would sum to zero over the
multiplet. Zumino has shown4 that then all vac-
uum diagrms sum precisely to zero whether or
not the zero-point energy density of free fields is
subtracted off. This follows immediately from
the basic anticommutation relation characteristic
of supersymmetry (Q„,J„B(r))=f„s"T„„{x)between
Fermi supercharges Q and supercurrents Z„B(x),
provided the vacuum is nondegenerate. Unfortu-
nately, boson-fermion masses are not degenerate
and supersymmetry probably disagrees with what
we know about fermion conservation and the
quark model. As soon as supersymmetry is bio-
ken, even spontaneously, the delicate cancella-
tion of vacuum self-energies or induced cosmo-
logical term breaks down.

The small or zero value observed for the cos-
mological constant may suggest some supersym-
metry or new gauge-invariance principle to be
discovered in some future supergravity theory or
may simply be a fundamental constant. To this
old problem (or pseudo-problem), neither bro-
ken symmetry' nor we have anything to add.

(2) In Weinberg-Salam theories, symmetry is
broken through the appearance of a nonvanishing
vacuum expectation A. = (y,) for some scalar field
y in the symmetric Lagrangian. Weinberg' has
shown that a phase transition restoring symmetry
takes place at a critical temperature O, =AT„ if
the symmetry is broken by such a Higgs mecha-
nism, but not if it is dynamically broken. He ca1-

culated the nonanalytic or Landau free energy
F(X) = —80 'lnTr exp( H-/8) as the minimum of
P,gg (y) =-,' 5R'(8)y'+-,'e'q ', where %'(8) =II'(0)
+e"'6'; e and e"«1 are small coupling constants
and%'(0) &0. Thus, for 8&8,-=1%(0)l/e", we
have

F (&) = ——'%'(8)&'

&(8) =~II (8)l/e =(e"/s)(8.'- 8')"',

while for 8 & 8„3.=O=F. Since E[A(8)] and the
other thermodynamic variablesP =-F(X), s =
—BE/8 8, e =F —8BF/B8 are continuous and c„
= 8B'F/B8' is discontinuous at 8 = 8„ the transition
from ordered to disordered state is a second-or-
der phase transition with at least some broken
symmetry restored at temperatures above T,.
To the singular free energy (4) should be added
a background free energy F,(8) that is less singu-
lar than the terms calculated by Weinberg. F,(8)
is continuous at 8, but contributes to the entropy
and energy amounts s,(8) snd e,(8).

If temperatures above T, were realized in the
early universe and if physical consequences of
symmetry restoration were observable, this
would discriminate against dynamical symmetry
breaking in favor of spontaneous symmetry break-
ing by the Higgs scalar-meson mechanism. '

%hen a broken gauge symmetry is restored,
the vector mesons which are massive in the cold
phase become massless in the disordered phase,
leading to lines of force between the conserved
charges coupled to these massless vector mes-
ons. ' If they permeated the early hot universe,
these lines of force would make it anisotropic
and inhomogeneous, would effect any initial sin-
gularity, and might condense the universe into
domains of different broken-symmetry direction.
The long-range forces between generalized con-
served charges that arise on symmetry restora-
tion need not lead back to an anisotropic, inhomo-
geneous, or domain-structure universe if either
our universe is overall neutral with respect to
the generalized charges or if the lines of force
close onto 't Hooft monopole singularities. ' In
fact, the present ordered universe should not be
expected to separate into domains with different
broken-symmetry direction. Ferromagnetic do-
mains are separated by two-dimensional domain
walls across which the magnetization changes,
only because the order parameter is one-dimen-
sional. In the elementary-particle situation, on
the contrary, the broken symmetry is non-Abe-
lian: The order parameter (Higgs field) is three

256



VOLUME 38, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JANUARY 1977

dimensional so that its singularities may be zero-
dimensional points in space —'t Hooft monopoles,
not ferromagnetic domains.

(3) There is no energy discontinuity at the
phase transition and the energy density e(0) of the
present unsymmetric T = 0 universe is apparently
very small. Between the hot (T &T,) disordered
and cold (T =0) ordered universes there is, how-

ever, an energy difference

e (8) —e (0) = -4%'(0)X'(0)

that is very large, independent of possible count-
er terms, and observable in principle.

The Fermi coupling constant and Higgs meson
mass M(8) are related' to the coupling parame-
ters in Eq. (4) by

A.'(0) = 2 "'G ' M'(8) = —2%'(8)

The Higgs meson mass M(0) cannot be small
without producing unobserved long-range forces
in the present 7 = 0 universe. In unified gauge
theories M(0)/e-GF"'I'=300 GeV-8, . Thus, the
Landau energy difference in (5) is +[e'/Bv 2(hc) ]
xg,4=3x10 ' erg cm ', very large and not can-
celled by the background energy difference e,(8)
—e,(0) at more than one temperature. If the in-
duced cosmological constant is small in the pres-
ent cold universe, it must have been prodigious
in any early hot universe, provided the symmetry
breaking was nondynamical and the early temper-
ature exceeded T 10xs K

This huge vacuum energy density in the hot uni-
verse is nevertheless negligible compared to the
thermal energy density of the X elementary par-
ticles, all of which are ultrarelativistic and con-
tributing aT per boson and 78 av.' per four-com-
ponent fermion. Even counting at 7 &T, only pho-

nons, leptons, three quarks, and their antifer-
mions, we get %=26. Then

2
4«'XQT =

I5( @)3
8 ~
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