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This is the first of a series of papers devoted to many-body phenomena in gauge theories. We assume that
weak and electromagnetic interactions are described by a spontaneously broken gauge theory and that the
strong interactions are described by an asymptotically free non-Abelian gauge theory. The implications of
these assumptions for the behavior of matter at finite temperature and/or chemical potential are the subject of
this series of papers. Briefly, the three main areas to which our results pertain are (1) renormalization of finite-
temperature field theory, (2) the equation of state of strongly interacting matter at high densities in gauge
theories, and (3) elementary-particle interactions in the early universe.

I. INTRODUCTION

This is the first of a series of papers on collec-
tive phenomena in gauge theories. We assume that
weak and electromagnetic interactions are de-
scribed by a spontaneously broken gauge theory
(SBGT)! and that the strong interactions are de-
scribed by an asymptotically free non-Abelian
gauge theory.? The implications of these assump-
tions for the behavior of matter at finite tempera-
ture and/or chemical potential are the subject of
this series of papers.

In the following we present a brief summary of
the physical results to be discussed here and in the
sequels. The first phenomenon, dealt with in I, is
simply the analog in Yang-Mills theories of the
well-known plasma effect. That is, a massless
gauge boson in a medium at high temperature ac-
quires a mass proportional to temperature. The
plasma effect for scalars is, of course, implicit
in the works of Ref. 3 where this additional tem-
perature-dependent scalar mass brings about the
restoration of the spontaneously broken gauge sym-
metry. Of equal importance is the recognition that
the vectors also have this additional mass contri-
bution. The main consequence of this result is that
the gauge bosons in SBGT remain massive at all
temperatures. This is in direct contradiction to
previous claims in the literature stating that above
the critical temperature for restoration of the
broken gauge symmetry the gauge quanta are mass-
less and the weak interactions become long range.®
The implications of the plasma effect are primar-
ily cosmological and are left to the body of this
paper.

Inpaper II (Ref. 4) we examine the renormalizability
of finite-temperature and -density field theories
(FTD) inperturbation theory. A prescriptionis given
for a mass-, temperature-, and chemical-potential-
independent renormalization program. The advan-
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tage of this formulation is that the Green’s func-
tions in FTD have Callan-Symanzik functions
which depend only on the dimensionless coupling
constants. This allows a general investigation of
the behavior of matter at high FTD via renormal-
ization-group equations.

Inpaper III (Ref. 5) we examine hadronic matter at
highdensities assuming the strong interactions are
governed by anasymptotically free gauge theory. Re-
normalization-group equations (RGE) are construct-
ed for pressure and density as a function of chemical
potential and temperature. Owing to asymptotic
freedom the RGE may be solved to give the correct
temperature-dependent equation of state at high
densities.

The organization of the remainder of this paper
is as follows: In Sec. II some essential kinematics
is discussed. The plasmon effect in quantum elec-
trodynamics for a relativistic electron gas® is de-
rived in Sec. III. We refer the reader to refer-
ences’ for the derivation of the finite-temperature
Feynman rules used in the calculations of this
paper. We briefly review these. In Sec. IV the
plasma effect for the Yang-Mills theory is demon-
strated. The plasmon masses calculated in Secs.
III and IV are done in lowest-order perturbation
theory; however, in Sec. V a self-consistent per-
turbation calculation of the effective mass is done
for ¢*. It is shown there that the self-consistent
mass agrees with the lowest-order perturbation
mass at high temperature. Finally, the last sec-
tion is devoted to the physical implications of the
plasmon effect.

II. KINEMATICS
We consider a gauge vector boson propagating
through a medium which is homogeneous and infi ~
nite. LetII,, denote in general a gauge-theory
polarization operator (that is, the self-energy ten-
sor) with Ilﬁ,, and HZ",, specifying, respectively,
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I, for quantum electrodynamics and Yang-Mills
theory. The four-momentum K" of the gauge vec-
tor boson is denoted by (w,K)=K".® Because of
gauge invariance we have

K*L,,(K, ) =0. (1)

If the medium is the vacuum thenIl,, is a Lorentz
tensor and must be of the form

1,,(K, w) =D(K?)(K g, , - K, K,) )

since this is the only combination which satisfies
Eq. (1) and is made up of the available tensors
8uvs Ky K, If the infinite-size medium though is
a physical system (hereafter we will exclusively
consider medium to mean this) then Lorentz co-
variance is broken. One way to see this is that
there is now a preferred Lorentz frame, namely,
the medium’s center-of-momentum (c.m.) frame.
Another way to understand this is to see that, for
example,

ng,(x, y) =13, (x - )
=5 e(T(j(x) j, 3o ®)

where now the expectation value ( ), is averaged

over the ensemble of states making up the medium.

Each state is weighted by the Boltzmann probabil-
ity factor so the right-hand side of Eq. (3) has no
Lorentz transformation properties; it is defined
only in the c.m. frame.

The diagrams defining I, in a physical medium
shift the poles of the vector-boson propagator. We
are interested in obtaining these new masses. In
general thenIl,, has the form

o, X, w) =a(k, w)Py, +8(K, w)Pgy, 4)
where the projection operators are given by

Pl =¢,e,, €,=(KK")™/*(K, wK),
K=|K|, K=K/|K],
Pf; =8, -KK;, P§=P§,=0, (6)

(5)

and the functions @, are to be determined.
The following identity is useful:

gpvz_P;{v—Pﬁu'*‘%' (7)
If @ and B have negative finite constants then they
are respectively the masses of the transverse
and longitudinal plasmons. Without deriving the
real parts of ¢ and g from Eq. (4) we can show
that in a homogeneous medium the longitudinal
plasmon mass is equal to the transverse plasmon
mass. Let us go to the rest frame of the gauge
vector. Then because the medium is isotropic we
must have

lim Rminij R-ljl =nml! (8)

1K [+o

where R is any rotation matrix and I;; are the
space components of Il ,. By Schur’s lemma®

lim IL;; =x5;;, 9)
[K|=o

where XA is a constant. From Eq. (4) then

a®,w)| . =BEKw]| . (10)
K |=0 K

l=o

This expresses the equality of the two masses.
In the limit | K|~ 0 then, by using Eq. (7), we
have for Eq. (4)

= K, K,
H‘“_,(K, w) |‘E|=0:—a<g’w__f%})

-

|K|=0

or

3104 (0, m) =~ a(0,m) =m?, (11)

where w =m for | ﬁl =0. Thus Eq. (11) is an inte-
gral equation for m (self-consistently determined)
and will be solved to determine the new gauge
vector-boson masses. The lowest approximation
for m is to neglect the mass dependence on the
left-hand side of Eq. (11). We will do this for the
vector particles. In Sec. V, however, the scalar
theory will be treated self-consistently.

III. QUANTUM-ELECTRODYNAMICAL PLASMON

To order e, I, is given by Fig. 1 as

i p2

8,(%, w) =% f d*P Tr,SP + K, S5(P),
(12)

where SZ(P) is the temperature- and chemical-

potential -dependent electron propagator. We are

interested in the limit of relativistic lepton tem-

peratures where [, (chemical potential), m, (elec-

tron mass) can be neglected and

N*(Ep=N-(Ep
~[exp (BP) +1]7%, (13)

- where §=1/T and N*(Ep) [ (N"(Ep)] is the momen-

tum-space distribution for positrons [electrons].
In this limit Eq. (12) becomes

Q __t€®
M (2m)*
Xfd4P4II—",K,,+Ku13+2Pi‘P,,—gu,,(P-K+P2)].
(P +K)2P?
(14)

FIG. 1. Plasmon self-energy diagram. The wavy
line is the plasmon and solid lines are fermions.



Taking the trace and evaluating it for | K| =0,
w<<T (see Ref. 10) we have

ogr| . =I(T)
A Kl=
W< T
—ie? 8
=Ty [ar 5. (15)

In the finite-temperature formalism” we sum
over a discrete set of frequencies and integrate
over the space components

1 -1
P om?®  wyi+| P2+m?’

(27r)4 ; /‘(217)3 ’

where wy =21N/B for bosons and Faddeev-Popov
ghosts, and wy =(2N +1)7/8 for fermions. BEqua-
tion (15) thus becomes

B—~iwy,

_ge? a%p
D) = T N__w [N+ DI

(16)

Using the identity
Z [¥*+(2N +1)%]"* =%tanhé Y

II becomes

—-8e? [ d°p |P|

10 am7 ) 28T 21

This has a divergence which is the same one that
occurs in the zero-temperature theory and hence
Hﬁ,, is rendered finite by renormalization of the
theory at T=0.'" There remains a temperature-
dependent finite part

I(T) =11(0)+ &L

From Eq. (11) we find that the QED plasmon mass
in a relativistic fermion gas is

Mp T

1

This may be compared with the classical plasma
frequency' in the low-external-frequency limit
(using Heaviside-Lorentz units)

2_,2 P 3
Wp =e E ( 3E )d P,

(18)
FEp) = @:? [N*(Ep) +N~(Ep)], Ep®=PZ+m,>.

Taking the high-temperature limit of wp? and using
Eq. (13) we see
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eZTZ
Wp =—9_ )
which agrees with Eq. (17) (as it must).

We have calculated the plasmon mass for a rel-
ativistic electron gas. In doing so we neglected
terms m,/T, i,/T. Actually the calculation shows
more: The plasma effect can occur in a gas with
zero chemical potential through the formation of
fermion pairs. This gives rise to an interesting
effect, a correction O(e? to Planck’s blackbody
radiation law. However, calculation of this cor-
rection requires renormalization in finite-temper-
aturefield theory whichisdiscussed in Ref. 4. There,
the plasmon effect correction to Planck’s law is
given. Suppose then we consider a black box
where, for simplicity, an electron gas in thermal
equilibrium is inside. Within the box there are no
photons, all having become plasmons. If now a
pinhole is stuck into the black box and the emerging
photons are observed we would see an energy spec-
trum whichwould be Planck’s plus O(e?) corrections.
That is, the emerging photons carry information
out about the massive plasmon energy distribu-
tions inside. Thus a very hot plasma does not
radiate as a pure blackbody. For the early uni-
verse where T is high the corrections are maxi-
mal; again, this effectis fullydiscussed in Ref. 5.

The corrections to Planck’s law are small at
normal temperatures. Is there another method
of seeing these plasma oscillation quanta experi-
mentally? Because the plasmon mass has chem-
ical-potential dependence as well as temperature,
a dense electron gas in a metal may be excited.
An electron beam is impinged on a metal surface
and the back-scattered electrons are detected.
Expectations would be that the energy spectra of
the back-scattered elecirons would show “ Frank-
Hertz type dips” at #wp, 2/iwp, ..., Nfiwp, where en-
ergy loss was due to the creation of one, two, ...,
N plasmons within the metal. Many of these ex-
periments have been done and have completely
confirmed these expectations.™

IV. YANG-MILLS PLASMON

We are interested in establishing the plasmon
effect for a high-temperature massless gas of
self-interacting gauge bosons. Analogous calcu-
lations may be done for a gas of scalars and/or
fermions. The relevant diagrams are given in
Fig. 2. For simplicity we choose a definite gauge
group, SU(2). At the lowest approximation we have
massless vector bosons in the loops; the more
rigorous self-consistent method of having massive
vector-boson loops will approach the lowest ap-
proximation at high temperatures. We discuss this
for ¢* theory below. From Fig. 2 we have for the
Yang-Mills polarization operator
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nge = - 2ig%®

d*P 5K,P,+5P,K, - 2K,K,+10P,P, +g,,(5K? +2P K +2P?)

d‘P K)P,+2K)K,+K,P)
(2m)? PP +K)?

+ Zigzﬁ ab

The three terms in Eq. (19) come respectively
from (a), (b), and (c) in Fig. 2.

Taking the trace of Eq. (19) and evaluating for
|K|=0, w<T (see Ref. 10) we have

ar
ab () Z 118 (T') = 164025 % .
IPMT) = 1%(T) = 16ig% T (20)
We now use the temperature formalism of the last

section. Here we are interested in the case u.=0
and very high temperatures. Thus

166abg2 dSP |§[
ab -

where the identity

+00

S (2 +N3 =T cothmy
N=-°° y

has been used. As before, this has a divergence
at T=0 which is absorbed into the renormalization
of the charge, leaving a temperature-dependent
finite part

T1°(T) =11°%(0) +3g°T%6 .
From Eq. (11) the Yang-Mills plasmon mass is
My2=24g°T2. (22)

For SBGT, if temperature is of the order of or
higher than M /g~ T,, where M, is the T =0 spon-
taneously generated mass, then the total mass of
the gauge particles is just the plasma mass.!*
This plasma mass is smaller than T for small
coupling constant g so the approximations and cal-
culations done in Sec. IV for a massless gauge
boson gas will hold for SBGT when T=T,. Thus
the mass of the gauge quanta in SBGT at T, is just
the plasma mass ~g T,~M,. In Fig. 3, we plot
schematically the mass of the gauge bosons in an
SBGT as a function of temperature. This is to be
contrasted with Fig. (5) of Weinberg®, where the
plasma effect was not taken into account.

Various cosmological effects centering on Eq.
(22) will be discussed in Sec. VI. Here we wish

~~{ Pasan
(a) (b) (c)

FIG. 2. Massless Yang-Mills self-energy diagrams.
The wavy lines are the gauge vectors and the dashed
lines are ghosts.

(2m)* P2(P +K)?

+124g%6%g,,

d‘P
ap 19)

simply to emphasize that this effect rules out a
long-range weak force for spontaneously broken
gauge theories at high temperature. This follows
since every medium, scalar, fermion, or vector
boson induces the plasmon effect.

V. ¢* THEORY

The renormalized Lagrangian density is
h2
£=30,0)(0"¢) - Imy¢?~ 7 9*. (23)

To lowest order in A% only Fig. 4 contributes to
the self-energy. Using the temperature formalism
we find that the finite temperature-dependent mass
is

" e @®-1)

where now the mass used in the tadpole is the
total mass m,+my. This is our integral equa-
tion to be solved for m,. Using the variable n=E/
T Eq. (24) becomes

2 © 2 _ 271/2
X f [E? — (my+m)? ]2/ 3dE , (24)
mgsmp

s NI [ nte [ongrmg) /7]
T (277)2 (mg+mq)T (e" - 1) ’
SO
22 me+m
1‘47'2 = (2,”)2 T2f< ET T) ’ (25)

where f is the integral function. In the high-temp-
erature limit 7,/T <« 1 the solution to Eq. (25) is

Mp=CT, C=constant. (26)

1

MZ

|
T 1

FIG. 3. Schematic representation of the gauge vector
masses as a function of temperature in a spontaneously
broken gauge theory.
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FIG. 4. Lowest-order mass correction for ¢4 scalar
theory.

By dimensional analysis Eq. (26) is true for the
gauge theories and thus Eq. (22)is correct for
large temperature.

VI. DISCUSSION

In quantum electrodynamics we evaluate the
plasmon mass in a relativistic electron gas. This
is just an example of the quasiparticle effect where
particle interactions in a medium shift the poles
of particle propagators to new masses. In addition
to the plasmon there will be quasielectrons whose
mass differs from the vacuum value. Another ef-
fect is the change in Planck’s blackbody radiation
law due to pair creations in a photon gas. This
result is derived in paper III.®

We have demonstrated the plasmon effect for a
gas of massless Yang-Mills gauge bosons. The
effect may be physically interpreted as explicit
scale-invariance breaking by temperature. T acts
like an infrared cutoff so there are no infrared
divergences at finite temperatures. It is clear
that a similar calculation can be done for the
Yang-Mills quanta interacting with a gas of fer-
mions and/or scalars. Higher-order effects pro-
duce corrections O(g*) and hence cannot cancel
this result. The additional weak boson plasmon
mass will, in principle, change the neutrino pair
emissivity from stars® for SBGT of the weak inter-
action. In practice though, using g~e and
m~eT, temperatures of the order of 10*°K

must first be reached. Thus this effect for SGBT
is more important for the early universe. As
mentioned in the Introduction this effect rules

out a long-range weak force for SBGT at high
temperatures. In fact, just the opposite occurs
where the force becomes shorter due to the heav-
ier gauge quanta. The macroscopic effects of
such a long-range weak-interaction force in the
early universe have been hypothesized to be the
impossibility of isotropy and homogeneity of mat-
ter.® Additionally such a force was to preclude a
closed universe with positive curvature.® These
important conclusions are now invalid. We wish
to emphasize that the plasma effect rules out any
long-range force in the early universe. This in-
cludes the strong-interaction force which is as-
sumed to be mediated by massless colored gluons.®
This then implies the absence of the color-singlet
binding mechanism assumed to arise from the
long-range force in pure Yang-Mills theory.
Hence the description of “hadron era” in the early
universe involves quasiparticles—quarks and
Yang-Mills plasmons--rather than the conventional
picture’® of color-singlet hadrons. On the other
hand, this does not mean real quarks and gluons
exist outside the hot medium. Imagine the early
universe as a black box and stick a pinhole in it
to watch the spectra of particles emerging from
it. Only physical color singlets are observed but
the distribution in energy reflects the quasiparti-
cle nature of the quark-gluon “soup” inside. This
is in analogy to the electromagnetic black box
discussed in Sec. Il where the distribution in en-
ergy of emerging photons reflects the massive
plasmon distribution inside the box. We hope to
return to the question of asymptotic freedom,
massive quark, and massive gluons, for the early
hot universe, in a subsequent investigation
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