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115, Coleman, Ref. 9, section 5.

125, Weinberg, Phys. Rev. D 7, 1068 (1973).

B3For an explanation of the notation, see S. Coleman,
Ref. 9, section 5.

14We have normalized the field variable [dA] so that
[ldAlexpl—%(A, DA)] = (B -independent constant)
x (det D)2, With the same normalization for [df], we
have

B
f[df]exp[— -2—1&f0 dr dﬁxfz(ic',r)]

= B-independent constant.

Note also that the 6 function is normalized so that
[ldAlé@) =1, so we have

B
f[df]exp (—2—1af0 d‘rfdaxf2>6(apA“ -5
8
= exp[—E%jo‘ drfd3x(8,‘A“)2j|.

The presence or absence of §-dependent normalization
factors is the trickiest part of the whole business. It
is therefore comforting to recall that the normalization
factors are irrelevant as long as we calculate Green’s
functions like (2.18) or (3.12) and stay away from cal-
culating Tre~ B8 itself.

I5R, P. Feynman and A. P. Hibbs, Ref. 5, Chap. 10.
Equation (A5) comes from Feynman’s Eq. (10-44) after
the correction of a typographical error.
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Spontaneous symmetry breaking at finite temperature is studied. We show that for the
class of theories discussed, symmetry is restored above a critical temperature 8, ~1. We
determine B, by a functional-diagrammatic evaluation of the effective potential and the effec-
tive mass. A formula for 3, is obtained in terms of the renormalized parameters of the
theory. By examining a large subset of graphs, we show that the formula is accurate for weak
coupling. An approximate gap equation is derived whose solutions describe the theory near
the critical point. For gauge theories, special attention is given to ensure gauge invariance
of physical quantities. When symmetry is violated dynamically, it is argued that no critical

point exists.

I. INTRODUCTION

By drawing an analogy with the Meissner effect,
Kirzhnits and Linde! have suggested that spontane-
ous symmetry violation in relativistic field theory
will disappear above a critical temperature. They
gave qualitative arguments to support this conten-
tion in a theory with global symmetry (not a gauge
theory) and obtained an order-of-magnitude ex-
pression for the critical temperature in terms of
the parameters of the theory. This problem was
next examined by Weinberg, who, in a preliminary
investigation,? derived a numerical value for the
critical temperature in the Kirzhnits-Linde mod-
el. He then began to develop a complete analysis
of spontaneous symmetry violation and/or persis-
tence at finite temperature, with special emphasis
on gauge theories with local symmetries.

It was Weinberg who suggested to us that the dia-
grammatic-functional methods for evaluating ef-
fective potentials in field theory, which had recent-
ly been developed,®~® might be profitably employed

to study temperature effects. We report here the
results of our investigation. Weinberg has also
presented an analysis of the problem.® He uses
diagrammatic methods to determine a tempera-
ture-dependent mass, as well as operator tech-
niques to compute a temperature-dependent poten-
tial. We give a functional-diagrammatic evalu-
ation of these quantities, from which the critical
temperature can be deduced. All physical results
are in agreement and confirm the qualitative ob-
servations of Kirzhnits and Linde.?

We examine a field theory at nonzero tempera-
ture, or equivalently the ensemble of finite-tem-
perature Green’s functions, defined by

Tre 8 To(x) - - o(x;)
T‘ii_‘ﬂﬂ X @)

Ga(xl, ...,X,)=

Here H is the Hamiltonian governing the dynamics
of the field ¢(x), and B! is proportional to the
temperature. Spontaneous symmetry violation is
conveniently studied with the help of the finite-
temperature effective action I“B@ )—the generating
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functional for single-particle irreducible Green’s
functions. Alternatively, I'’(p) may be defined by
the following equations:

285)- Tre‘B”TeJ'{r1)£ ezf Ao (4 5
WB(J)=-iInz8), (1.2b)
— . _WEW)

o(x)= 50 (1.2¢)
r8p)=waJ) - f dx () (x). (1.2d)

In (1.2d) J(x) is eliminated in favor of ¢(x) by the
definition (1.2¢). It follows that

8—
ST (9) __
50 (x) J(x) (1.3)
and ¢(x), evaluated at J=0, is the thermodynamic
average of the field ¢(x):

Tre”"o(x) (1.4)

a(x)ll=o= Tre-8H

It is assumed that H possesses a symmetry
which in the normal course of events would imply
that ¢ =0 at J=0. Alternatively, symmetry viola-
tion is signaled by a nonvanishing value of ¢, for
which 6T'8(¢)/6¢(x) is zero. Since we do not ex-
pect translation invariance to be spontaneously
violated, (1.4) should be independent of x. Hence
it is sufficient to study I'®(p) for constant ¢ (x)=@.
The effective potential V?(() is then defined by

VB(®)=-(space-time volume)™'T'%(p)|5-5,
(1.5)

and symmetry breaking occurs when aVB((}))/a )
=0 for ¢ #0. The effective potential is the gener-
ating function for single-particle irreducible
Green’s functions at zero momentum.

Weinberg® has given an operator method for cal-
culating Vﬂ(&)) to the one-loop approximation in
nongauge theories, while we develop a functional-
diagrammatic method for computing V5(@). Two
advantages of the diagrammatic approach should
be mentioned: (1) Operator techniques are ex-
tremely cumbersome beyond low orders of the
perturbation. Progress in conventional (zero tem-
perature) field theory in the last quarter century
derives precisely from the supplanting of earlier
operator methods with modern diagrammatic anal-
ysis. High orders of perturbation, to be sure, re-
main intractable even in the diagrammatic ap-
proach. Nevertheless, the existence of a system-
atic expansion and of a pictorial method allows
one to survey large classes of graphs and to make
summations of interesting subsets. (2) The opera-
tor method is based on the canonical theory and
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on the Hamiltonian. Diagrammatic analysis can
be formulated purely in terms of an effective La-
grangian. In addition to the attendant simplifica-
tion, this is important when one comes to discuss
gauge theories. For such theories, operator eval-
uation of VB(&)) becomes problematical.®

The diagrammatic method for field theory at
finite temperature was invented by Martin and
Schwinger and others.” The crucial observation
which reduces this body of work to familiar con-
cepts of zero-temperature field theory is the fol-
lowing. The differential equations satisfied by fi-
nite-temperature Green’s functions are identical
with those of the zero-temperature theory. The
difference lies in the boundary conditions. Where-
as the familiar causal boundary conditions at ¢
=tc are appropriate at zero temperature, period-
ic boundary conditions for imaginary time are rel-
evant at finite temperature. The diagrammatic
expansion gives a series solution of these differ-
ential equations, where each term in the series
is composed of free 2-point functions and vertices.
The identity of the differential equations then im-
plies that diagrammatic analysis is the same at
finite temperature as at zero temperature. The
only difference lies in the type of free 2-point
function employed.

The Feynman path integral provides an indefinite
integral representation of the differential equations
of field theory. However, the path integral does
not contain a complete specification of the bound-
ary conditions. Hence we may use the same path-
integral representation in both cases, supple-
mented with appropriate boundary conditions. An
explicit example will illustrate our remarks.
Consider

Jdg explioiD g +J9)] (1.6)
[dg exp[i(30iD7'p)] ° :

Here D~! is the inverse propagator for a free spin-
less field, D~} (x —y)=i(@O+m?)6*(x —=y). (We are
using a compact notation where all summations and
integrations are suppressed. Thus Jg

= [d*x J(x)o(x),

Z(J) =

%cpiD"(p=§fd‘xd4y¢(X)iD'!(x—y)¢U)
Y f d*x ()@ +m?)p(x)

=3 [ a*x[0,0 (0" 0(1) -m?¢*(0)].)

Elementary integration gives for (1.6)
Z(J)=expl-LJDJ]. (1.7

The point is that D is not well defined until bound-
ary conditions are given. For finite temperature,
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(1.7) remains valid, with D determined by the ap-
propriate boundary conditions. [In momentum
space, the boundary condition specifies the coef-
ficient of 8(p2 -m?); see (3.5) and (4.5) below.]

The above considerations imply that the dia-
grammatic series for the zero-temperature effec-
tive potential previously derived from the Feyn-
man path integral® may also be used at finite tem-
perature, with appropriate replacement of the
free 2-point function of the conventional theory
with the finite-temperature 2-point function. Let
us recall the series representation for V2(().

Consider a theory described by the (effective)
Lagrangian £{¢,(x)}. Here ¢, stands for all the
fields of the theory labeled by a, not only scalar
fields. For gauge theories £{¢,(x)} contains the
appropriate gauge-determining and gauge-compen-
sating terms. To compute V?(®), shift ¢, in
£{p.(x)} by constant fields ¢,, and drop all terms
independent of and linear in ¢, . [If one is not in-
terested in VB({o) as a function of all the fields,
but rather in a subset of the fields—e.g., the sca-
lar fields—only those fields need be shifted in
£{@,(x)}.] The shifting and truncation procedure
defines a new Lagrangian £{,; ¢,(x)}, which can
be decomposed into a “free” term, bilinear in the
fields ¢,, and an “interaction” term:

E{0450.0=L£o{P0; 0¥} +£{P0; 0alx)}.
(1.8)

The effective potential is

VE(3)=Vol@) + V@)
v <exp(ijd*x£,{¢.,;w,(x)})> . (1.9)

Here V() is the classical potential—the tree ap-
proximation. V8((), defined by

V5(®) = (space-time volume)™?

xilnfdcpaexp[ifd“xeﬁu{@a,¢a(x)}j|
(1.10)

is the one-loop approximation. Higher loops are
given by (expli[d*x £, {$.; 94(x)}]) —the sum of
all the single-particle irreducible vacuum graphs.
The free, finite-temperature propagators used in
these graphs are to be deduced from
£,{P4; 9a(x)}, which is quadratic in ¢,, and the
vertices are determined by £,{®,; 9.(x)}. Also
an over-all factor of space-time volume is de-
leted. Note that the functional integral (1.10) is
elementary, since .ﬁo{@a; @.(x)} is quadratic in
@q-°

In Sec. II, we discuss spontaneous symmetry
breaking and symmetry persistence at finite tem-

perature and define the critical temperature 3,
from V8(»). In Sec. III, a theory of self-interact-
ing spinless fields is examined, V?(p) is com-
puted exactly on the one-loop level, and B, is de-
termined for weak coupling. Next, an approximate
two-loop calculation is performed. This is of in-
terest since it demonstrates that no difficulty is
encountered with renormalization at finite temper-
ature, and that two-loop effects are negligible for
weak coupling. In an O(N)-invariant theory, all
graphs that dominate for large N are summed, and
a gap equation is obtained. The equation deter-
mines B, and gives a parameter-independent de-
scription of the theory near the critical tempera-
ture. The effect of fermions is briefly considered
in Sec. IV. Gauge theories are discussed at length
in Sec. V. It is here that our methods are espe-
cially useful, since we can calculate in an arbi-
trary gauge, expose clearly the gauge dependence
of the effective potential at finite temperature, and
extract a gauge-invariant critical temperature. In
the above examples, symmetry breaking is carried
by a vacuum expectation value of a scalar field. In
Sec. VI we examine an example of dynamical sym-
metry violation—the Schwinger model of two-di-
mensional spinor electrodynamics.® We show that
no critical temperature exists; the “photon” re-
tains its mass at all temperatures. We also argue
that in four-dimensional models of dynamical sym-
metry violation,'® the same phenomenon should al-
so happen, and symmetry is never restored. Con-
cluding remarks comprise Sec. VII, where we
briefly show how our summation methods can be
used at zero temperature to establish the occur-
rence of symmetry breaking.

Appendix A is devoted to a derivation of nonin-
teracting finite-temperature 2-point functions for
bosons and fermions. Both the imaginary-time
and real-time representations are obtained. Cal-
culations in the text are performed for the most
part in the imaginary-time formalism. In Appen-
dix B, some of them are redone in the real-time
formalism and various ambiguities of this tech-
nique are exposed. Finally, various technical
computations are presented in Appendix C.

II. DEFINITION OF THE CRITICAL TEMPERATURE

Consider a theory involving scalar fields ¢,
such that the effective potential at finite tempera-
ture V® is a function only of »?. At zero tempera-
ture V8(p?)=V°((?) is assumed to possess a sym-
metry-breaking solution 8 V°(¢?)/8¢,=0, ®,+#0.
We inquire whether the finite-temperature contri-
bution to V8(»?) can eliminate the symmetry
breaking so that the only solution to
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avE©@*) _,. aVA(@?) _
Top. 0t Tapr 0

is ¢, =0.

Symmetry breaking will be absent when 8 V2(¢?)/
8¢p%+0 for p?#0. We shall assume that for large
@2, 0V8(®?)/a(? is positive; hence persistence of
symmetry requires

aVe(@?)
8g?

_ >0. (2.1)
@#0

Let us decompose Vﬂ(sz) into its zero-tempera-
ture part V°@?) and the finite-temperature part
V8@?). From (2.1) it follows that a necessary
condition for symmetry persistence is

VPN | AV | L (2.22)
30% =0  30% |4-0

The first term in (2.2a) is recognized to be the
renormalized mass parameter of the symmetric
theory,

aZVO((‘pZ)
a(‘paa?pb

m25a,,= R
¢=0

0(~2
=260b ‘—"aV (¢ )

50 (2.2b)

¢=0

(The “mass parameter” is defined to be the in-
verse propagator, i.e., the single-particle irre-
ducible 2-point function, at zero momentum.)
Hence (2.2a) may be rewritten as

aV8(p?)
agp?

m2

S e —

(2.2¢)

¢=0

(Since symmetry breaking is assumed to take
place at zero temperature, —m? is a positive
quantity.) The critical temperature B, is defined
by

m2

=2 2.3
seo 2 (2.3)

8V 8(g?)
9p?

For weak coupling, in the examples considered by
us, it shall be seen that there is only one value of
B. which satisfies (2.3). At a lower temperature
B~'<B, "', (2.2c) is never satisfied, and symmetry
breaking occurs; for high temperature g~'>8, 7!,
the symmetry persists.

Equations (2.2c) and (2.3) have an obvious inter-
pretation. The zero-temperature theory possesses
symmetry breaking and is characterized by nega-
tive m2. The mass correction due to finite temper-
ature is 20V?(?)/09?| 5., When this exceeds m?,
the effective mass squared becomes positive and
symmetry breaking disappears.
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III. SELF-INTERACTING SPINLESS FIELDS
A. Temperature Green’s function

The finite-temperature 2-point function of spin-
less fields is defined by

-BH
De(x—y)= Tre TrTe‘fﬂ(i)(p(y) . (3.1)

Two diagonal representations for Dg(x —y) can
be given.

(1) Imaginary time. The time arguments of
Dg(x —y) are continued to the interval 0 <ix,, iy,
<B, and

DB(x)=f e D, (k). (3.2)
R
Here fk stands for
1 d3k
wm;fmﬁ’
the summation is over =0, +1,.... The four-

vector k has time component w, =2m/(-i8). For
noninteracting fields,

i
Dalb)=r e

-1
T (47212/B2) +kZ +m? °

(3.3)

Note that for positive m2, k% -m? is never zero.
(ii) Real time. No continuation is performed
and a Fourier representation is given:

Dg(x) = fk e D (k). (3.4)

Now % is a real Minkowski four-vector and f‘k
= f d*k/(27)*. In the absence of interactions

( 27 2 2
“m?ic TepE_10® —m),

5 ﬂ(k ) = B2
(3.5)
E= (ﬁz +m?2)V2,
In Appendix A, these formulas will be derived.
Evaluation of the effective potential in the one-

loop approximation leads to expressions of the
form

InDetDg(x - y),

where Det stands for a functional determinant.
Since both representations diagonalize D, the
above is given, both in the imaginary and real for-
malism, by!!

(space-time volume){f InDg4(k) or f lnBB(k)} .
(3 (3 )

In the text we shall use the imaginary-time formal-
ism for the most part; some sample calculations
with the real-time formalism are presented in Ap-
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pendix B, where it will also be seen that the real-
time method is sometimes ambiguous.!?

B. V#A($?) in the one-loop approximation

We consider the simplest model of one self-in-
teracting Bose field described by the Lagrangian
(apart from counterterms)

£{p()}=30,00"p - 3m2p* - 4,¢ (3.6)

The quadratic part of the shifted Lagrangian is

fd4xﬁo{@;¢(x)}=fd"xd“y%zp(x) o
3.7

xiD " {o; x-3toB),
D7 @; kE =k =M?, M*=m?+52p.

The zero-loop effective potential is temperature-
independent:

np A
Vol@®) =2m®p® + 5%, (3.8)

The one-loop approximation has been frequently
computed®~5; it is

Vi(@® =-21f D~ { p; k}
232 f G 100 = M%)

d3k 4n%y?
232 f(27r)3 1n< Bz "'Eu2>,
=k2+M2%. (3.9)

The sum on n diverges; it may be evaluated by the
following trick. Define

“E)=T In (B m),

(3.10)
9v(E) =E 2E
oE am*n?/B% +E% °
From the fact that
3 Yy __1 ..
2 YEnE T2y +3mcothmy, (3.11)
we deduce that
du(E) (_ 1 >
Y A O
(3.12)

v(E) =2B[% + :—; In(1 - e'BE):I

+ terms independent of E .

Consequently we find, apart from unimportant
constants,

126 2 [+ -]

=V @) +VE@?), (3.132)
Vo3?) = J'(‘zi”’)ﬁ Ez"’ (3.13b)

V(& 1 ® (x2482 /2
Vf((ﬂz)=mj; dxx%In(1 - e~ +82uH ! ).

(3.13c)

The zero-temperature one-loop term, (3.13b),
is to be compared to the usual expression®~°

Vo&3?) = 2 2 _
Vi@?) = 2 (217)4 In(—kg2 +k2 + M? - i€).
(3.14a)
That this agrees with (3.13b) follows from the fact
that, apart from an infinite constant,
i [(" dko 2 52 _jc)=L
-3 [w o In(-k2+E®*-i€)=3%E (3.14b)

Thus, we know from previous calculations that3-°

a1 M?
: ‘64772[M41“77‘%(M2‘%m2)2]’

(3.15)

where the @* polynomial is determined by the usu-
al renormalization conditions which are imposed
at zero temperature.

The finite-temperature contribution Vl, (3 13c),
vanishes as it should at zero temperature, f—e
(for M2=0). We shall now show that the complete
expression (3.13c) cannot be used to determine
the critical temperature B, for symmetry persis-
tence. The difficulty is that, according to (2.3),
B, is determined by V® at  =0. But for small val-
ues of ¢, M?=m?+3)p? is negative and VE be-
comes complex. (Recall m2<0.) This would lead
to a physically unacceptable, complex 3,. The
problem is that the higher-loop contributions are
significant, if one wishes to compute B, exactly.

However, if one wishes to compute B, approxi-
mately for small 3, (high temperature), we may
expand V8:

SB(may__ T M2 1 M°
Vi(@*) =~50p7 * 2257 127

1 —— M*InM?B% +

e M*+0(M®B%).

64 2
(3.16)

Here ¢ =3 +21n47 — 2y=5.41. The remaining terms
are positive integer powers of M?82 times an over-
all factor M*. Note that the M*1nM? term is the
negative of the corresponding zero-temperature
contribution (3.15). This expansion is derived in
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Appendix C.

The first two terms in (3.16) do not become com-
plex for negative M2, hence we may rely on them.
Thus, according to (2.3) we find

1 -12m?

BF I
which is indeed large in the weak-coupling limit.
This agrees with Kirzhnits, Linde,! and Weinberg.®
In Sec. IIIC we show that two-loop corrections to
(3.17) are insignificant for weak coupling, while
in Sec. IIID corrections to weak coupling are dis-
cussed.

Let us observe that it is possible to obtain (3.17)
without first computing the effective potential. Ac-
cording to the general theory presented in Sec. II,
especially in the last paragraph, all that is needed
is the self-mass correction at finite temperature.
In the one-loop approximation this is given by the
graph of Fig. 1. Hence the entire temperature-
dependent mass is

(3.17)

A i
2 2 2
mg°=m*+0m +—j———
8 2 ), B2=m?

=m2+6m2+%/1§z": J ((21;;?3 4172112/;2 +E,*2
=m?+5m?
At
2) @nPl2E,  E(F-1)]"
(3.18a)

[The “temperature-dependent mass” is defined to
be 23 V4(9?)/09?|-0.] The mass counterterm &m?
cancels the zero-temperature contribution—the
first term in the integrand. Thus we are left with

2 2 %7\ ® x?
mg =m +217232£ dx 2+ B°m?)
1

X e(, 24 B2m2)1/2 _ 1

=m? A[ 1 —i+0(m21nm262)].

* 2 W 4B
(3.18b)
The critical temperature is then given by
1 ©
-1
X e(" 2+ B, 2m2) 172 _ 1°
(3.19a)

Again we see that the integral is complex for m?
<0; hence (3.18) cannot be correct. However, the
1/B2 part is real; therefore for small 8,2 we find

FIG. 1. Lowest-order mass correction.

2, _2A
*128.%"

This agrees with (3.17).
In (3.17) and (3.19), the critical temperature is
expressed in terms of —m?, an unphysical, renor-
malized parameter of the Lagrangian. We may re-

write this in terms of the physical mass of the
non-Goldstone meson—the “oc meson.” Recalling
the lowest-order formula m ,2=-2m? we have

1 A
2 _ =
Pe 'em;’(z)'

C. V#(?) in the two-loop approximation

0=m (3.19b)

(3.20)

We compute V8(»?) to the two-loop level. Our
purpose in this further approximation is to demon-
strate explicitly the workings of renormalization
at finite temperature and to show that higher or-
ders do not modify the lowest-order calculation
of B, for weak coupling. Since the two-loop calcu-
lation is rather tedious, we shall perform it only
approximately. We consider an N-component spin-
less field with an O(N)-invariant interaction.

A
£{@ax)}=20,0,0"0, - 3m %" = 10"
2 . - (3.21)
P*=0.00, 9*=(¢?), a=1,...,N
In each order we keep only the term dominant in
N. This calculation has been already performed
at zero temperature, and we shall refer to this
work for details.’*®
The counterterms which must be added to (3.21)
are
-36m2p? - % 4, (3.22)
To the order we are working it is unnecessary to
consider wave-function renormalization.® The
shifted “free” and “interacting” Lagrangians are

f’o{(;’c; (pa(x)} =’12‘3 u(pa au¢a = %‘paMzab q’b’
M2, =[m?+5m2 + (X +50)P%]6,, + (X +5N)P, @,
(3.23a)

e {& ~ A+0A
£{00; 0al)} == $(A+8MD, 0, 0% - =70

(3.23b)

£, determines the free propagator at finite tem-
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perature:

<Apdihb

@?
e
*kz-—m:<% %),

m2=m2+6m?+5(A +60)p?,

fDab{‘P:k}‘ kz z

(3.24)

m2=m2+6m?+F(\+50)p?,

4r2p% -

5T~ k2.

The lowest-order effective potential is the tree
approximation:

P2=a

. vy 1 .
Vo(@?) = 3(m?® +6m?)p* + 77 (A +80)9*. (3.25)
The one-loop term

VB(@?) =-%i f IndetiD™!,, {®; k}
kR

e L (e —m 2)(k2 -m,2)' "' (3.26a)
has the dominant N contribution

VE(3!)=-LiN f In(k® —m?). (3.26b)
k

The two-loop contribution consists of the two
graphs portrayed in Fig. 2. Previous calculations
show that only the double bubble of Fig. 2(a) sur-
vives for large N: It is O(N?), while the graph of
Fig. 2(b) is only O(N).® Therefore the two-loop
term dominant in N is

Ve = "(Nf kz_mz > . (3.27)

The effective potential to this order becomes

V8(@?) = Vo(?) - SiN f In(k? - M2 - 5M?)
13

Z' 2
(48[ )

=

(b)

(3.28a)

where

FIG. 2. Two-loop contributions to the effective poten-
tial; graph (a) is O(W?%), graph (b) is OQV).

|©

M?=m 2 - 6M?

2

=m?+§Ap%, (3.28b)

OM?=0m? +50Ap%.
The counterterms 5M?2 are determined at zero

temperature. Since (3.28a) can be expressed as

VE(@?) = Vo((?) - LiN f In(k? - M?)
k
i
+%‘6M2NJ; k_z:—;l?

+-g-x< %ka kz——iWY’ (3.29)

we see that the one-loop term develops a tempera-
ture-dependent infinite part to second order, which
happily is canceled by a similar temperature-de-
pendent infinity in the two-loop term. The remain-
ing temperature-independent infinitiés are re-
moved in the usual manner.

A simple calculation gives for the renormalized
effective potential

vﬂ(qoZ)]

(3.30a)

VG = Voo +VEGD + 0|

V(%) =im?p? + %&;4, (3.30b)

N

B¢~ 4 M2 3 2_2,,2\2
V(e 2 Mln;?’z(M -5m?)

_ ,-(x2+ p2y2)1/2
2"234f dxx?In(l-e )
N I VIR
N [ 908* " 24B8% 127 B

+0(M* lan)] . (3.30¢)
The critical temperature obtained from the one-

loop potential is evaluated for large temperature
as before [compare (3.17)],

1 12m?
—_— - 3.31
B.® TN (3.3

The two-loop part of V? in the limit of small 8 is

2
VG = —N(-};N)\)[ 9%:?*0( %2—)] . (3.32)
Note that the dominant, small-g term is imaginary
for M2<0. Consequently we cannot include it in a
calculation of 8,. In Sec. IIID we discuss the or-
der of magnitude of the terms which we have
dropped.
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D. Discussion of higher-order effects

Our evaluation of the critical temperature to the
one-loop level in (3.17), (3.19), or (3.31) was ap-
proximate in that the exact one-loop effective po-
tential was expanded for small 8 and only terms
of O(M?/B%) were retained; see (3.16) and (3.18).
We noted that the next term, O(M3/8), cannot be
relied upon since it leads to a complex value for
B.. Observe that the contribution of this term to
the temperature-dependent mass is [see (3.18)]

1
mﬂa=m2+1§;2 +O<XTm). (3.33)
Near the critical temperature 8~B,=0(W X/ |m|),
hence $1/1282 is O(m?) and Am /B is OV X m?).
Thus, the terms we ignore in the one-loop calcu-
lation are depressed by a factor v x relative to the
terms we keep, and the result for B, is valid up to
terms of order VX B,.™*

The two-loop calculation confirms the above es-
timates. We found the dominant, nonconstant
term in the effective potential to be O(AM /B3); it
contributes to the effective mass 0O(\%/|m|B3);
see (3.32). Again, this must be ignored since it

is complex. Fortunately, near S=8,, O(x%/|m|B?)-

=0(Vxm?); and the error made in our lowest-or-
der formula for B, is again O(VB,).

Clearly to improve our calculation it is neces-
sary to survey all multiloop graphs. The next-to-
leading terms have a distinguishing property:
They are not analytic in the mass parameter near
m?=0. From the explicit evaluation of the rele-
vant integrals presented in Appendix C, it is seen
that these terms arise from the infrared region of
integration: The n=0 mode in the discrete sum
and the k =0 region in the integration are infrared-
singular when the mass vanishes. Thus, a more
exact determination of B, requires an analysis of
the infrared behavior of the field theory.

We shall now show that in the O(N)-invariant
theory discussed in Sec. IIIC, the next-to-leading

terms can be easily summed, in the limit of large
N. It is more convenient to concentrate on the
temperature-dependent mass, rather than on the
effective potential.

Let us begin by recalling the one- and two-loop
calculations of mg®. The one-loop term depicted
in Fig. 1 contributes to mg® the amount

M1 _m

6 (1232 ~ 4B *)

This quantity is the dominant small-B expansion of
the “one-vertex bubble” [, i/(k* -m?). [It is also
20VE(9?)/09?| -0, where VE($?) is given in
(3.30c).] The two-loop contributions to mg? are
depicted in Fig. 3. They are just the derivative
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A—4

(a) (b)

FIG. 3. Two-loop contribution to mass correction;
graph (a) is O(V?), graph (b) is O(N).

of Fig. 2 with respect to ¢* at ¢ =0. In the large-
N limit, of course, only Fig. 3(a) is relevant. Its
value at small B is, according to (3.32)

aV;(9?)
2 —T
9¢

MY 1
5ot --( 5 > 56755 - (3.34)

For purposes of subsequent analysis it is in-
structive to deduce this number directly from Fig.
3(a). First, the two vertices give a factor
i(— #iNA)?. Then the upper “one-vertex bubble”
gives 1/128%2 — m /4nB. The lower “two-vertex
bubble” is

J‘( ¢ z_l, af i

ke \B2=m?) " am? J, k* -m?
g (L m
" am?\ 1282 T 4nB

=i
T 8mBm

Therefore the entire contribution, which domi-
nates at small B, is —($AN)?(1/96783m ). This of
course agrees with(3.34).

As we consider higher loops in the large-N lim-
it, it remains true that only iterated bubbles need
be considered in each order. Other graphs always
involve a lower power of N.®> Thus in third order,
only two graphs are O(N3). These are drawn in
Fig. 4. For small B, the graph of Fig. 4(a) domi-
nates over that of Fig. 4(b). The former involves
two “one-vertex bubbles,” which give 0((1/8%)?);
and one “three-vertex bubble”

(a) (b)

FIG. 4. Three-loop, O(N® contribution to mass cor-
rection; graph (a) dominates over graph (b) at high tem-
perature.
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Therefore, the graph is O(A\3/m38°%), which for 8
near B, is O(Y X m?)—the same magnitude as the
next-to-leading one-loop term and the dominant
two-loop term. The latter graph of Fig. 4(b) has
two “two-vertex bubbles” giving O(1/82m?), and
one “one-vertex bubble” O(1/8%). Thus it is
o0(A%/m?B*), a factor mB=0(V 1) smaller. Similar
reasoning in any order yields the conclusion that
for large N and small B8 only one graph is impor-
tant in each perturbative order: the “daisy” of
Fig. 5. (It is clear that we are selecting those
graphs which, for zero mass, would be most in-
frared-divergent.) ‘

The contribution of p-order perturbation theory
will now be evaluated. The over-all factor is
i(=+iN))?. There are p—1 “one-vertex bubbles”
giving

i )p -1 ( 1 )p -1
( j; kz - mz - IZB 2 ’
and one “p-vertex bubble”

f(kz-iw)l’:(p-lm<"amiz>p-lf,,lﬁn?

.1 (2 ”“( 1 i)
T (p-1) am? 128% 4w /"
(Then correctness of the combinatorial factors is

established by a tedious study of Wick’s theorem.)
Therefore the temperature-dependent mass is

= ./ i/ 1 V1 1
m“2=’”2+2’<'T> (1232> (p-1)

1 (m2)1/2
T 4B >

=m2+Nx[ 1 1 <m2+;}—1v>\>1/2]

(3.35)

The value of the critical temperature is not af-
fected by the inclusion of the next order terms. It
is seen from (3.35) that

FIG. 5. An example of “daisy” graph contribution to
mass correction.

2
mg 2=0 for—1 = 12m
(4

8.2 —W, (3.36)

which reproduces the lowest-order result. Thus,
in the large-N limit, the O(V X B8,) terms give no
correction. The summation of daisies has
achieved the marvelous result of removing the
imaginary, unphysical terms in mg?. Clearly
(3.35) is real for £NA/1282= —m?2, i.e., above the
critical temperature.

Nevertheless, the improved expression for mg’
is still not satisfactory. The difficulty is that as
the critical temperature is approached from above,
m? +%Nxr/12B2 vanishes, and the last term in the
square brackets in (3.35) dominates. This gives a
negative value for mg%. Therefore we seek a fur-
ther refinement of the approximation.

In order to develop the theory further, let us ex-
amine our previous formulas for mz®. In lowest
order one has

m32=m2+%,—NAif (B2 =m?)~t. (3.37a)
kR
The infinities and counterterms have been re-
moved by renormalization. Hence the integral
ifk 1/(k? —=m?) is defined to be just the finite-tem-
perature part. The daisy sum replaces this by

mgZ=m?+ %inf
kR

[kz —m?

- ;}-NMJ: (12 —mz)'ljl.1 .
(3.37b)

It is natural to continue the iteration, and we are
led to a “gap equation” for mg’:

mg® =m2+-é-N>\if(k2 -mg?)t . (3.38)
13

The graphs summarized by the gap equation (3.38)
are the “superdaisies”; an example is in Fig. 6.
These graphs exhaust al! the dominant N contribu-
tions, and (3.38) is exact for large N. This is
most easily seen by recalling the exact Schwinger-
Dyson equation for the propagator in our theory.

It is given in Fig. 7. The heavy lines represent
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FIG. 6. An example of “superdaisy” graph contribu-
tion to mass correction.

the complete propagator. T is the scattering am-
plitude. The equation is not renormalized, hence
my? is the bare mass and the dot is the bare inter-
action strength. The large-N limit instructs us to
drop the term involving T.'® The equation is then
trivial to solve. We find
m52=m02+%-N>«0if (B2 =mg?)™t. (3.39)
k
Finally we renormalize and obtain (3.38), which
for high temperature and weak coupling becomes

1 m
-8
1282 ~ anp > . (3.40)
The critical temperature which follows from
(3.38) or (3.40) is still given by (3.31). In addition,
the gap equation can be solved for mgz. When B8~3,,
(3.40) implies

m52=m2+%‘rm<

(3.41)

The approach to the critical temperature (from
above) is linear in temperature.!® It is remarkable
that all reference to the parameters of the theory
has disappeared, and the critical exponent is found
to be unity. For high temperature above the criti-
cal temperature, the mass is again proportional

to the temperature'®:

1 1/2
_( ENA
e = < 1232>
ml6.
B
Our gap equation gives an entirely consistent de-
scription of the behavior of m, above the critical

point. Below the critical point our theory is not
applicable since a phase transition occurs.

(3.42)

FIG. 7. Schwinger-Dyson equation for the propagator.
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It is of great interest to extend the validity of
our gap equation so that graphs, subdominant in
N, are also included. This entails analyzing the
infrared structure of the full Schwinger-Dyson
equation, Fig. 7, including the last term. (Only
the infrared properties of field theory are impor-
tant for our calculations of finite-temperature ef-
fects.) Also, the procedure of renormalizing tem-
perature-dependent quantities with zero-tempera-
ture renormalization conditions must be fully de-
veloped. Another interesting line of development
can be the study of theories with symmetry groups
other than O(N), to see whether exact solutions, in
some limit, can again be obtained.

IV. FERMION FIELDS

A. Temperature Green’s function

For Fermi fields, the finite-temperature
Green’s function is

_ Tre” " Ty(x)i(y)
Sglx—-y)= FroBH . (4.1)
Sg can be represented in two ways.
(i) Imaginary time:
Sg(x) = f e "t S,(k). (4.2)
R

The symbol fk has the same meaning as in the
Bose case, but the time component of & is given
by w,=(2n+1)7/(-iB). For free fermions one has

Sg(k)=lﬁn—. (4.3)
(ii) Real time:

Sglx) = fk e **5,(k). (4.4)

Here f,,=fd“k/(27r)“. The free, momentum-space
propagator is

Sok) = g = mrg (¥ m)oE = m?),
(4.5)
E=&2+m?)Y2,

These formulas are derived in Appendix A.!?

B. VB(p) in the one-loop approximation
If the theory is described by the Lagrangian
L{@a(x), YN} =G FY—m Y - TG* Yo,
+boson Lagrangian, (4.6)

where ¢, is a multiplet of Bose fields and the
G%’s are matrices, then the shifted “free” La-
grangian is
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£0{?; o(x), ¥(x)} =P ¥y - My +boson terms,
M=m+G*,. (@7
The one-loop effective potential, apart from the

boson contribution, has been previously computed
for zero temperature®®

Vf(('b):if Indet(¥ - M)
kR

=2 f Indet(¥? - M?)
R

52 @z

(4.8)

The first determinant is over Dirac and internal
indices, while the second is only over internal in-
dices. M, is the ith eigenvalue of the matrix M,
and the sum in ¢ is over these eigenvalues. The

n summation is evaluated by the same differentia-
tion trick employed in (3.10). We find

Vi@)= 4f @y Z [ zE,‘ 2 In(1 +e'BE“x)]
(4.9a)

vip)=-4 [ 2 (5o 2 (4.9b)

o 1 °
V:B(¢)=-4 ﬁz—s-;"; dx x?

X In(1 +e 2+ B2
i
(4.9¢)

Various aspects of the above have a simple
physical significance. The minus sign is a conse-
quence of Fermi-Dirac statistics; the factor 4 re-
flects the four degrees of freedom present in a
fermion field: particle, antiparticle, spin up,
spin down. The first term in brackets in (4.9a) is
the zero-temperature result; the second arises
from finite-temperature effects. For small B,
(4.9c) can be expanded; see Appendix C:

—g,- =-Tn M2
B — 2
Vi@)=3] [1803 *187 *1 6 5 tnn 28

1—6-‘—26 +0(M, 632)] (4.10)

c=2y-3-2Inr=~-2.84.

The first two terms agree with the formula ob-
tained by Weinberg’s operator method.®

V. VECTOR-MESON GAUGE THEORIES

A. Preliminary remarks

The development of statistical mechanics for
gauge theories raises the following question.

<(2n +1)272 +Ey, >

|©

Quantization of these theories requires a choice
of gauge, which frequently introduces unphysical
stdates in the spectrum. It is not clear whether it
is permissible to make the statistical hypothesis
for such states. Can one do statistical mechanics
in any gauge, or must one select a gauge in which
only physical states are present? Even if one de-
cides to calculate in a physical gauge, one does
not know which gauge is physical: If symmetry
breaking occurs, only the unitary Lagrangian is
physical; if symmetry persists, there are several
gauges which are physical, for example the Cou-
lomb gauge or the axial gauge in which one com-
ponent of the vector field is set to zero.

We shall compute the critical temperature in the
simplest gauge theory, scalar quantum electrody-
namics, and show that it is gauge-invariant on the
one-loop level. Thus there is no preferred gauge
for statistical calculations of the critical tempera-
ture in this model. However, two conditions must
be met: (1) The critical temperature is to be com-
puted only from the 1/82 term in the effective po-
tential. (2) The gauge must not be such that higher
orders of the perturbation are emphasized. (This
will be explained in detail below.) The calculation
will be performed for an arbitrary translation-in-
variant gauge which does not require gauge-com-
pensating terms, as well as in class of gauges re-
quiring gauge-compensating ghosts.

It is for these calculations that our diagram-
matic technique becomes especially useful. Not
only is a survey of various gauges quite easily
performed, but also the operator method meets
with difficulties which have been explained by
Weinberg.®

The theory which we study is described by the
Lagrangian (counterterms are suppressed)

L{@a(x), AF(x)}==5F"" F, +38 ,0,0"¢° = m?p?
A
4‘ eeabau‘pa(pbA

+3e2p%A? +gauge terms,
(5.1)
‘p2=¢'a(pa, §04=(¢2)2: a=1,2,
FW=3kAY—0"A",
The quadratic part of the shifted Lagrangian is
£0{¢a; (pa(x)! Al‘(x)}
= -%F#”F‘w +%8u¢a 8, — %ﬁDaMab 43

~e€,0,0,P,A" +362p2 A% + gauge terms,

Mzab = (mz + %’Xaz)aab +%A¢a¢b . (5‘2)
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B. Ghost-free gauges

It is easy to show that the most general inverse
propagator for a free photon field in a translation-
invariant gauge which does not require ghost-com-
pensating terms is

ATl (k) = —RPg,, +k Ry, +d ,(R)d,(~F), (5.3)

where d*(k) is an arbitrary vector which satisfies
k*d,(k)#0. Hence, for these gauges, (5.2) implies
that

1= [ % £ {545 9ux), 4% (00}

= [atxaty [3A*@iB~,, {95 2~ 3} A76)
+3904(x)iD7 1, { @5 x = v} 0 (v)
+ Au(x)Mua{ep; x-y}q),,(v)] .

(5.4)
In momentum space, the propagators are
iz-luu{(‘p; k}'= (_kz + ez¢’2)g;m +kuku
+du(k)d,,(-k) , (5.5a)

J

Vi@ =-%ifk In(k? —m *) - j; In(k? - p?)

-4 [ [0 =) (wtmgt - Sl o) - wimg2(ar - 2]
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197 {95 R} =R26 4 — M2, (5.5b)

MP{p; k}=iekPey, 0y . (5.5¢)

According to the general procedure, V8((?) in
the one-loop approximation is given by

VE@*) =V,@*) + V@), (5.6)

Vol@?) =47+ -5t (5.7)
To calculate V2((), the functional integral
Jdp,dA* ¢ must be evaluated. We see from

(5.4) that I is quadratic and the integration is ele-
mentary:

VE($?) = —Li f Indetin™,,{; #}
k
—%ifk Indet[iA,,{@; £} +iN,, {®; k}],

N {Q; kY= ME{D; R} Dy { 5 kY M3{D; —F}.
(5.8a)

Evaluation of the determinants finally gives

(5.8b)

m?=m?+3200%, ml=m?+§rp?, ur=€%9*, (k-df=k,d"(kR)k,d"(-k), d*=d,(k)d"(=k).

() Lorentz gauges. The evaluation of the re-
maining k integration in (5.8b) is simple for Lo-
rentz gauges where d*(k)=(1/Va )k*. With this
choice, we have, apart from unimportant con-
stants,

VRN ==} [ G -m?)
-3 L 1n(k? — u?)
-3 j; In(k* —m 2k +a p’m,?)
=VAP)+VE@), (5.9)

R?
m

ofazy_ 1 4 m,? 3411-1_2 1
Vi )_641r2 m*In —5 +3ufln s +R*In—

R,? Py -
+R,*In _mzz - 5am?p® - 2%t

+amu? +a<2"‘] , (5.10)

r
V@) = —zJL'I dx x?[ 31In(1 = ¢=(* 2+ B2uD1/2)
2m2p* J,
+In(1 = g=(x 2+ B2m M) 1/2)
+1n(1 = o~ 3+ BRIV
+In(1 - e~ (x 2, 82R,?) 1/2)]

(5.11)

The R;¥’'s are roots of x% —m,’x +a u?m,*:

R, 22 =%m32{ 1£[1- (4a“2/m22)]1/2}.

(5.12)

The zero-temperature contribution (5.10) has been
conventionally mass-renormalized. Coupling-
constant renormalization cannot be determined be-
cause of infrared divergences. Hence the quantity
a is arbitrary; however, we have arranged it to
be of order e2.

Observe that the effective potential is gauge-de-
pendent—a -dependent. Even if we compute the
critical temperature from (2.3), we find a gauge-
dependent expression
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AV (92
09?

m2
2

é=0

3e?

IN+EEL ]

1 0
w0 e W e

. ae® f"'d xz[ 1 1 :I
4rp.2 J, x X -1) (xz+Bczm2)1/z(ex2+Bc2m2)1/2_1) .

Clearly this gives an unacceptable, gauge-depen-
dent (o -dependent) answer for 8.%. However, we
have already shown that the one-loop calculation
is reliable only for the 1/8,% term in (5.13). If
this part is extracted, we get a result which is a-
independent, hence gauge-invariant, for the class
of Lorentz gauges under consideration:

= E;c—a[sehéu%x]. (5.14)
The numerical coefficients in (5.14) are related to
the masses induced by the shift and to the available
degrees of freedom. Recall that after the shift
there appears a photon “mass” term e*p2, while
the two scalar particles acquire additional masses
3$2@? and $Ap2. Finally, the factor 3 arises from
the three degrees of freedom of a massive vector
meson.

(i) Other gauges. For arbitrary d*(k) we cannot
evaluate (5.8b), since we do not know the & depen-
dence of d*(k). Nevertheless, it is possible to
compute the critical temperature. First we de-
termine 8V2($?)/69% | ;.o

2V 1f(§e_ éw:‘x)
T9%7 oo 2o \ 7 TE-m?

3t [ (@ar -
(5.15)

The first integral in (5.15) corresponds to the first
integral in (5.13) and leads to (5.14); the second
integral is gauge-dependent. As always, only the
1/82 term, for small B, is significant in (5.15). It
is not difficult to see that the 1/82 term arises on-
ly from that part of the integral which in the zero-
temperature limit is quadratically divergent. The
last two terms in the second integral are of
0(1/k*) for large k; hence no quadratic divergence
arises, and they do not contribute to the O(1/8%)
term. Only

i e?m?  R?
2 ), B2=m? (k-d)?

can possibly give a 1/82 contribution.

For axial gauges d*(¢)=n*/Ya, where n* is an
arbitrary 4-vector and «a is set to zero at the end
of the calculation. Similarly, for Coulomb gauges

Lg)
(k-d? K/

(5.13)

d*(k)=(1/Va )" =n*n-k); n* is a timelike unit
vector and o tends to zero. For both cases k%/
(f-d <o, and the dangerous term vanishes iden-
tically. Thus in the physical gauges, the critical
temperature is determined by the first integral in
(5.15) and agrees with (5.14).

It may appear that there are gauges for which
the critical temperature is gauge-dependent, pro-
vided (% -d)? goes as (k¥?)™¢, €= -1 for large k2. )
This leads to a quadratic (or stronger) divergence
in fk[kz/(kz -m?)]1/(k -d)? at zero temperature,
and can contribute to 1/82 terms at finite tempera-
ture. [For example if we choose d¥*(k)=k*/(ak?)V/?
then

1. 2 2]____}12_______11- 2, 2
sie’m | FomhEdE -2 ae’m

xf 1
o B%=m?

and this has a 1/82 part, for small g2.] However,
we shall now argue that gauges for which (¢ - d)?
behaves as above are unacceptable. The point is
that the free vector-meson propagator correspond-
ing to (5.3) is

guu d2 kukv du(k)ku
a4 -
k? (B-dy F® k%R -d(k)

_ kMdV(=k) k"R’
Kk -d(=k) ~ (kAP

All terms but the last are O(1/k2?) for large k. The
last term, however, has an asymptotic behavior
determined by (¢ -d)?, and for the above gauges it
is O((¥?)'*€) at large k. This corresponds to a non-
renormalizable theory, and we must expect that
higher orders are important. Consequently, it is
not surprising that nonsensical results are ob-
tained when the higher orders are ignored.

Thus we conclude that the critical temperature
is gauge-invariant on the one-loop level, for
ghost-free, translation-invariant gauges which do
not emphasize higher orders, provided only the
leading high-temperature form is computed.

iAMY(R) =

(5.16)

C. R, gauge
Another popular gauge is the R, gauge,'® which
may also be viewed as a regularization of the uni-
tary Lagrangian. The computation of an effective
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potential in this gauge requires a modification of
the conventional definition of the R, gauge, which
has been already given by us.* The gauge-fixing

and -compensating terms in (5.1) are

1
-ﬁ(a uAu +I)a§‘7a)2 +aulp*a“¢—e¢ *d)eabva(pby

(5.17)

where v, is an arbitrary 2-vector and ¢ is a ghost
field. The gauge terms lead to a shifted, quadratic
Lagrangian contributing to (5.2):

1 -
_E(B“A“ +0, @, +0 ,P*0 P = e *Pe v, P

(5.18)

The effective potential is determined by the func-
tional integral fd(p,, dp*dpdA*e’’ | where I is given
by

I= J'd‘le:o{{oa; (pa(x)3 Au(x)’ Zﬂ(x)}

= [atxaty [20uwi0 0 55 x - 31 0s0)
+3AY (iR { @5 x = yEAY()
+A"(x)M“¢{¢; x_y}¢a(y)
+*()isH{@; x = yhy)]. (5.19)
In momentum space, the propagators are
D7 { @5k} = (B2 =m® = §20)8,p — $20, 0
= ~UgUp,
« (5.20)
— ~ N 1
A luu{(p; k}‘_“ ("kz +62(p2)guu +<1 = ;)kukln

M {53 B =icwdok, = thyu,,
iSTH{ Qs =k? — €€,y v, D5 -
The functional integral has been evaluated previ-
ously.* We find'”
Vf’((’,b)=—§ifk[—2 niS™'{ @; k}
+IndetiA™? { @; k}
+Indet(iD™, { @; b} +iNe{ @5 B},
(5.21)
Noo{ @3 b} =M {0; R}, ,{ &; R} M3 {; -k}

We shall not evaluate the remaining integration
completely because of the tedium involved. The
1/B2 term is easy to extract. Previously we found
the quadratically divergent part of the zero-tem-
perature potential®:

- 1 -
V@)= 3523 +31 + §1)P°A

(5.22)

This is gauge-independent—a - and v, -independent.
Since the quadratically divergent term at zervo
temperature determines the 1/B2 term at high
temperature, we conclude that the critical temper-
ature, computed from (5.21), agrees with the pre-
vious result (5.14).

+ less-divergent terms.

D. The unitary Lagrangian

Yet another way to compute 8,2 is to work with
the unitary Lagrangian £, which describes the
charge-zero sector of the theory. This Lagrangian
is obtained by removing the gauge degrees of free-
dom, or by taking a limit of the R; Lagrangian. It
is

Ly{px), A¥(x), P(x)} = =5 F" ' F,, +38 ,p0"p - $m?p?

A
-2 p*+3e2A%p% +3 *py,
(5.23)

where the ¥ fields are ghost fields. The shifted
quadratic Lagrangian

£uo{B; p(x), A*(x), Y(x)} = =1 F* F, +39,00"p
- 3(m® +32p%)p?
+3e%p2 A%+ *Pp
(5.24)

leads to the one-loop effective potential?
VE (B?)==1i J; [ =2 1np +1n det((~E? +e?p?) Suv+k k)
+In(k? =m? - 12p%)]
==1i fk[ 31n(k? — €2p°) +1n(k? ~m? — $2p%)]

+constant . (5.25)

The zero-temperature limit has been evaluated
previously, and it is renormalizable.* The 1/82
part of the finite-temperature term is, apart from
constants, (1/2482)(3e?+3A)p%. Thus, the critical
temperature computed by this method differs from
(5.14):

-m?= ;(3e2 +52) (5.26)

128,2 3A). .

Equation (5.26) disagrees with (5.14) in that the
latter has two contributions proportional to A and
%) arising from the two scalar degrees of free-
dom. In the unitary theory there is only one scalar
degree of freedom and the 4 portion is absent.
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On the other hand, if one calculates 8,2 in the reg-
ulated unitary theory, i.e., from the R, Lagran-
gian, and passes to the appropriate limit, one ob-
tains (5.14). This follows from the considerations
of Sec. VC, where it is shown that B.? in the R,
gauge is gauge-invariant.

We attribute this inconsistency to the fact that
the unitary Lagrangian does not correspond to a
renormalizable theory (even though the one-loop
effective potential is renormalizable). Conse-
quently we must expect that higher-order, multi-
loop contributions modify the one-loop result
(5.26). It is an open and interesting question how
one might extract the missing $ term from the
higher-order contributions to V{}. In any case, we
believe that the correct answer is (5.14) and not
(5.26).

The formula (5.14) for 8,2 is written in terms of
the unphysical parameter —m2. We may use low-
est-order expressions which relate —m? to the
physical masses to rewrite (5.14). Recall that the
Higgs particle, the “oc meson,” has the mass given
by m,2=-2m?2. Also the vector-meson mass satis-
fies m 42 =(3e?/A)m,2. Hence from (5.14) we have

a_ef 1,1
Peize <2m£ T3m, )
An extension of our computations to non-Abelian
gauge theories can be given. A most interesting
further investigation would examine whether exact
results can be obtained for an O(N) gauge theory
in the limit of large N, analogous to our treatment
of the O(N) scalar theory in Sec. III.

(5.27)

VI. CRITICAL TEMPERATURE IN THE
SCHWINGER MODEL

There exists an explicitly solvable model field
theory with dynamical symmetry breaking: the
Schwinger model of two-dimensional, massless
spinor electrodynamics, ° governed by the Lagran-
gian

L=iPfy - F"'F,, +eJ"'A,,,
FHV=9HAY - 3YAH (6.1)
JE=Prhy.

As is well known, because the vacuum-polariza-
tion tensor

*%(q) = i(g""q® - 4" q")M1(g?) (6.2)
has a pole at ¢®>=0,
(¢%) = €*/Tq?, (6.3)

the vector meson acquires a mass p=e/V7, and
gauge invariance of (6.1) is spontaneously broken.
We show that at finite temperature the gauge

symmetry remains broken, in sharp distinction
with the state of affairs that transpires when sym-
metry breaking is carried by a scalar field.

The easiest way to understand spontaneous sym-
metry violation in (6.1) is through the anomaly
of the axial-vector current, J¥=igy*y%y. Itis
known that in spite of the apparent chiral symme-
try of (6.1), the current is not conserved.® Ra-
ther, one has

ang=ceuuFuuv (6.4)

where ¢ =e/2rm at zero temperature. Equation
(6.4) together with the equation of motion

8, Fi= gJ" (6.5)

implies that the vector meson has a mass (2ce)"/?.
To see this, recall that in two dimensions J%
=ek’J, and F*"=€"”F. Hence

%€ **F ,=ed,
8,0"€* F ,=ce€e ,F"", (6.6)
-0F =2ceF.

Consequently, symmetry can reassert itself only
if ¢ =0 at some finite temperature.

However, c is not modified by temperature ef-
fects. A nonvanishing c is a consequence of the
singular short-distance behavior of the zero-tem-
perature theory, while the theory at finite temper-
ature has the same short-distance behavior. This
is best seen from the finite-temperature propaga-
tor, in the real-time formalism:

Sa(k) =S(k) +§ B(k),

i

S(k)=ii, (8.7)

Salk) == s HOR?).

Temperature modifies the theory near the mass
shell, and not for large 2. Hence short-distance
behavior is not affected. We conclude therefore,
that ¢ remains nonzero at all temperatures, and
the symmetry is always broken.

The above general argument may be explicitly
verified by computing IT1§” at finite temperature,
and showing that it retains the pole:

1§ = Tr [ EsySola +bly'S ). (6.8)

Decomposing Sz(k) as in (6.7), we find

§%(q)=114"(q) +T §"(q),
_ (6.9)
§"(q)=A""(q) +A"*(~q) + B*(q) .

I15"(q) is the familiar zero-temperature contribu-
tion with a pole at ¢®=0,
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Arq = Tr [ iyt g +B S (e),
(6.10)
B*)= Tr [ 5575 ola +k0Sa(e).

Upon inserting (6.7) into (6.10), it is easy to show
that A*Y and B*’ vanish identically. As an addi-
tional check, we have also calculated with the
imaginary-time formalism. The result is the
same—the vacuum-polarization tensor at finite
temperature coincides with the one at zevo tem-
perature.

A dynamical model of symmetry violation in
four dimensions has also been given.!° For that
explicit example we argue that finite-temperature
effects do not restore the symmetry. In the dy-
namical model, symmetry violation is carried by
a bound state. The existance of the bound state is
a consequence of the non-Fredholm kernel in the
Bethe-Salpeter equation. The kernel fails to be
Fredholm because of singular high-energy behav-
ior. As high energies are not affected by finite
temperature, the bound state will remain even at
high temperature and symmetry violation per-
sists.!® (The model of dynamical symmetry viola-
tion considered by Nambu and Jona-Lasinio uses
a cutoff field theory.?° The influence of finite tem-
peratures in this context has not been examined
by us.)

VII. CONCLUSION

The restoration of a spontaneously broken sym-
metry above a critical temperature is a phenom-
enon whose aspects in field theory have been ex-
hibited in this investigation. An interesting dis-
tinction emerges between symmetries broken dy-
namically and those broken explicitly by scalar
fields: The former remain broken at high tem-
perature, the latter can be restored.

We have computed the critical temperature in
terms of the renormalized parameters of the the-
ory for a variety of models. Also in the large-N
limit of an O(N)-invariant spinless theory, we
obtained a parameter-independent description of
the behavior near the critical point. Renormaliza-
tion, which defined the parameters, was per-
formed at zero temperature. This is by no means

necessary—an alternate procedure is to renormal-

ize at finite temperature; a convenient point is

the critical temperature. In that case B, is no
longer calculable, but other parameters of the
theory are expressed in terms of 8., and no in-
formation is lost.?! Finite-temperature field the-
ories are examples of dynamical systems with
long-range (infrared) modifications. It is possible
that they present an analog to models with infrared
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trapping of various excitations.

The leading N summation can also be used at
zero temperature to obtain information about the
effective potential and about symmetry violation
in the O(N)-invariant Bose field theory, (3.21).
The zero-temperature version of our gap equation
(3.39) is

d’k i

@y F-m? .1

m?=m® +iNx,
where m?2=28V%§?)/8¢?| ;-,. This is not espe-
cially interesting, since it merely sums the loops
of the mass renormalization. However, it is easy
to see that

aVAP?)
g2

mz=2 (7.2)

is given, in the leading N approximation, by ex-
actly the same series of loops. Hence

M2=m 2 +r,2 @2 +LiNA dak i
[J] 06 6 0 (2")4 k2 _mz
=M+ X3 9% +FNA 1o 3 [A° - T In(A*/90E)].
(17.3a)
Renormalization is trivial; we find
s .. M
M2=m?+g@* +gM ln-,———|-m2 s (7.3b)
where we have set
2 2_1 1 2 2 A?
my=m —SN)\O-IW A -m lnlm_z[_ ,
1 1 1 A2
- == _IN— —
Ao A N 167° (ln m? 1) ’ (7.4)

_ _ENX(1/167°)
&= 1+INx(1/167%)’

and have rescaled the field ¢ by ¢ - (VN/4m)@.
Clearly (7.3b) has a symmetry-breaking solution
for m?<0:

M=, @=-. (7.5)
A detailed study of (7.3b) is planned.?
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APPENDIX A: FINITE-TEMPERATURE
GREEN’S FUNCTIONS

In this appendix we derive the finite-temperature
boson and fermion Green’s functions for noninter-
acting fields that have been used in the text. The
results are well known’; however, we present
them here for the convenience of those practition-
ers of conventional field theory who may be un-
familiar with this formalism.

1. Spinless Bose fields

The finite-temperature 2-point function

Tre P4To(x)¢(y)

DB(x-y)=

Tre 7
=(To(x)(y)) (A1)
for noninteracting fields, satisfies
(O, +m>?)Dg(x — y) = -i0*(x - y). (A2)

In order to solve this equation, boundary condi-
tions must be specified. These are given for
imaginary time. The time arguments of Dy are
continued to the interval 0 <ix,,iy,<B, and “time
ordering for imaginary time” is defined by

(Te(x)9 ()= (@(x)0(y))

=Dy(x-9), ix,>iy,
=(p(¥)p(x))
=D§(x-y), iy,>ix,. (A3)

Note that for imaginary times in the interval
[0, —i8] we have
Dﬁ(x - y)l x°=o=D<B(x - y)' x0=07
, (A4)
Dg(x =) xg=-18=Dp(x =M ¢ =-i5-

The desired boundary condition now follows from
(A4):

(Tre ®*)D§(x - y)| x=0=Tr e 3 o(y, N0, %)

-BlleBH -BH

=Tre ¢(0,X)e
X @(Yoy 52
=Tre % g(-iB, ) ¢(y ¥)

=(Tre ®)Dy(x - 9)| 1= -i5 -

(A5a)
Thus we have from (A3) a periodicity condition
DB(x_y)lxo=0=DB(x_y)|x°=-{s- (Asb)

In the imaginary-time domain, Dy may be rep-
resented by Fourier series and integrals, which
incorporate (A5b):

_ 1 W% dsp 1 iw,ry dsp’ A H’ = 2_7[”_
Dol =9=15 22 ¢ | oy Ty 20 ') g Dslnd ) 0= T (a62)
The summation extends over =0, +1,... . The inverse formula is
-iB . . [=iB .
Dg(w, D, w,,q’;’):f dxoe"”"‘ofd3xe"*"xf dy,e~t¥n"%0 fd3ye“’ YDg(x-1y). (A6b)
] /]

Since Dg(x — y) depends only on coordinate differ-
ences, the above transformation diagonalizes it:

Dﬂ(wn ﬁy wn’ﬁ,) = _iﬁbnn'(zn)aaa(ﬁ - ﬁI)DB(wm 5) .
()

A compact notation for these transformations is

Da(x—9)= fp e #E=ID (p),
(A8a)
Dy(p)= [ e*Dy(x),

where

r

IRE>N -
_/;=j;—mdxofd3x,

and p is the 4-vector (w,, p). This vector is never
timelike p®=w,? - p* = -(47*n2/B% +p%) < 0.
From (A2) and (A8) it follows that Dg(p) satisfies

(A8D)

(=p? +m*)Dg(p) = i,
, (49)
Dy(p)= s

m2’

There is no ambiguity in the division process since



p?-m?+0 (for m*>0). This completes the deriva-
tion of the imaginary-time representation for the
Green’s function.

It is also possible to represent Dg(x — y) for
real time by Fourier integrals. We define first

i) = [ ax ™D} (x). (A10)

(The bar indicates a Fourier infegral transform.)
The following manipulations are now performed:

Dj(ko, k)= [ dx 't T DD (x, %)
f dx e CoroF DL (x i3 3)

= e'ﬂkof d*x e*™Dj(x)

=e B*RDj(k). (A11)

In passing from the first to the second equality,
(A5a) was used. Equation (A1l) may be summar-
ized by

D) =[1+f(k))p(k),
Dy(k)=f(k)p(k),
1 (A12)
f(B)= 7
p(k) =Dis(k) - D (k) .

Knowledge of p(k) determines Dy(k), the Fourier
integral transform of D4(x). To see this, observe
that

Dylk)= f &*x e [0(x ) Dy(%) + O(=x) DS (%)

-’f dkj [D;(kg,,i) _

—w 2T (R — R +i€

Dj(kg, k) ]
ko -kl ic

=1f_ & o k!, [:+f(ks) Sk ]

-ki+ie Ry-ky—ic

= “dky _plkg k) fkp(k).

i) Jomk,—kiric (a13)

The spectral function p(k) can be obtained from
the imaginary-time representation for Dg(x),

-iB - .
Dg(w,, E):f dxoe'(”"/ﬂ)"ofd"xe'”"xDﬁ(x).
0o

(Al4a)

Since D §(x = y)|,=0=D3(x = y)|,=, for x, in the
imaginary interval [0, -iB], the above is also giv-
en by

9 SYMMETRY BEHAVIOR AT FINITE TEMPERATURE 3337

-ig -
D g(wy, k)=f dxoe"""/ﬁ”Ofdsxe"“"‘DE(x)
)
-iB
=f dxoe—(ZWn/B)xo
)
“ dk —
<[ Gt min

“ dk e-ﬂ
o m [1+f (ko)) p(k)

f an—k

Hence to determine p(%), we extend Dg(w,, k) to
a continuous function Dgy(k,, k), and

p(k) =D gk, +i€, k) - Dy(k, - i€, k).

=i

(A14b)

(A15)

In the free-field case where Dg(k) is given by
(A9), we find
p(k) =2me(k,)6(k* —m?) . (A186)

Therefore the real-time Green’s function which
follows from (A13) is
— i 27
Dylk) =gz vie TePE -1

5(k% —m?),

- (A17)
E=(k*+m?)V2,

2. Fermion fields

The formalism for Fermi fields is developed
analogously, except that anticommutativity must
be taken into account. We record, with little
comment, the relevant equations:

-BH —
=(TY(x)P(y)), (A18)
(if, -m)Sg(x - y)=id*(x - ). (A19)

For complex time in the interval [0, —i8], we have

(TYx)Py)) = W(x)H(v))

=S>ﬂ(x-y), ix0>iy0
= —@)4(x))
=S§(x-9), y,>ix, (A20)
Sp(x =9 l2p=0=S5(x = 91 =0, (A21)
Sglx - y)|x0=-i8 =Sp(x—y) |x0=-—iﬁ .
The boundary condition is antiperiodic:
sﬂ(x'—y)lxo=o=_Sﬂ(x_y)'x0=-iﬁ (A22)

The imaginary-time formalism leads to
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sa(p)= [ sy, (A23)

where p*=(w,, p) and w,= (27 +1)7/(-ip). Combining
(A23) with the equation of motion (A19), we have

Sa(p)= #—-iW' (A24)

For real time, S§(k,, K)=e?*053(k,, k). This
relation can be expressed by the following equa-
tions:

3(R)=[1-f(k)Ip(k),

8(k) =1 (kp(k),
1 (A25)
f(E)= mr 7
p(k) =5%(k) +55(k).
The spectral function p(k) is obtained from the
imaginary-time propagator:

-iB
0

xfd’*xe"i'isﬂx)
(A26)

“ dkg plly )
- 2T W, -k,

p(ky, K) =S B(k°+ i€, k) - S gk, - i€, k),

and the real-time propagator is determined from
the spectral function:

Ss(k) = f d*x e™[6(xo)S () - 6(=x)S(x)]
k! plklk
- [ SR rege).  a2)
For noninteracting fields,
p(k) = 2me(ko) (¥ +m)d(k> —m?),

i 2n(¥ +m)
Selk)= ¥F-m+ie = ePF+1

(A28)

6(k% -m?),

APPENDIX B

The advantage of the real-time formalism is
that it immediately splits computations into a zero-
temperature and a temperature-dependent part,
by virtue of that split in the propagator. However,
the expressions encountered in this formalism are
often ambiguous. We show a way to circumvent
the problem for the calculations found in Secs.
OIB and IVB.

For a Bose field, the one-loop effective poten-
tial involves integrals of the form

ik [ d% o
f(z )4lnD (B1)

This expression has no explicit dependence on
temperature in the real-time formalism, since
iD~'=k* -m?. But if we rewrite (Bl) as

in ( d'k
f (2")4 n (B2)

then the B dependence appears, since

21 6(k% -=m?)

i
D= ePF -1

k2 —m?

[Apparently the temperature dependence of (B1)

is hidden in the choice of a particular Riemann
sheet used to evaluate the logarithm.] To facilitate
the evaluation of (B2) we differentiate with respect
tom?:

dR - 0 o lfdak
(217)‘1 om?® (2m)?

1 1
[ TEQET - )]
This gives the same result for the one-loop effec-
tive potential obtained by the imaginary-time
formalism.

The two-loop calculation involves f [@*k/(2m)* D,
which obviously gives the same answer in the
real-time formalism as in the imaginary-time
formalism. However, in higher-order loop cal-
culations, one encounters integrals of the form
J [@*/(2m)*)(D)". Clearly this is undefined since
it appears to possess products of 6 functions at
the same point. For imaginary time, the analo-
gous objects are also given by

woi(e) JP

Hence we define the real-time calculation in this
manner. The Fermi case is argued similarly.

APPENDIX C: EVALUATION OF INTEGRALS
Various integrals which were encountered in
the text will be evaluated here.
1. Derivation of Eq. (3.16)
It is easy to obtain the first two terms in the

expansion. From (3.13c) we have

V8(¢?) = ZB“[ dx x*In[ 1 - exp(~(x2 +a?)'?)],
a?=p*M? (Cla)
9 wapan_ 1 X 1

aazvl (¢ )‘4"2341;51"(’62 +a)  exp((x® +a®) %) =1

(C1b)
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2
- 1
2% werzn. 1
da* Vi(@® 4723t
« ]
2 9
Xfo axx Py
1
X
(x2 +a®)?[exp((x 2 +a?)/?) - 1]
-1
- 81‘,284
xfmd !
o ) Plexpl(x2 + @) ) - 1)

(Cle)
The second equality in (Clc) follows from the
first by an integration by parts. Thus we find

VP g220= 55 f dxx*1n(l - e™)

25234

”2

9034 ’

(C2a)

aVI(@?)
aa®

1 ° x

T 4n%t e -1
.

T 2482

a2=0

(C2b)

AT

The remaining terms in (3.16) are more difficult.

What is needed is an expansion of

1
+a?)V/%) 1"

®  dx
Ia) =f° (% +a®)"2 exp((x 2 (C3)

It is convenient to study the regulated quantity

1
+a®)%) 1"

e<1 (C4)

w© x~€
Ie(a)=[) ax E+)? exp((x2

By use of the series (3.11), I.(a) may also be
represented by

I.(a)=1(a) + IP(a), (C5a)
« 1
(1) = -€ - -
Te (a)—fo dxx Zx2+a2+47ran2’
n=0,x1,... (C5b)
© - 1
I?’(a):-%f; dx x GW. (C5¢c)

For convergence of the separate integrals (¥,
we must assume that 1 >€ >0. They will be esti-
mated for small a@® in this region, and then their
sum will be continued to € =0, which is a regular
point for I.(a).

By a change of variable / 2‘)(11) may be cast in
the form
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1 © o xe
I 21)((1): Z (az +4.n.2n2 (ITE)/2f dxl +x2
- 1 3
[ e Z; (a® +4mn?)1*972 ] COS3TE
1 = 1
= [F +2 ; (2mn)T¢
= 1 1
+2 ; (2mm) ¢ ((1 AR are ~ 1)]
T
cos%ne : (C6a)

The second sum in (C6a) is O(a®). Also it posesses
a limit as € - 0. Hence we get

I(a) = % +172717¢¢(1+€) +1(a) +0(e),

(Céb)

(Céce) *

Here £(1 +€) is the Riemann zeta function which
satisfies

26 ch( e)

ta+e)= ~ sintme T(1 +€)

=2‘1r‘|:% ~1n27 +y+0(€)] ,

y=0.577.. (cn

The estimate of 7{(a) is

1<1>(a)=L+ T +4ly ~n2n) +[(@) +0(e) . (CB)

2
I{¥(a) is given by

-€

71® a):—ia" f'"dx_x__
€ ( 2 o (1 +x2)1/2

= -3a"*B(z - €, z€)

—3a7¢ +2° [% +O(ez)j\

- 2L +1nsa+0(e). (C9)

Upon combining (C8) and (C9), we finally get

(@)= 5 +3lng- +3y+1(a). (c10)

4
Since

*VE(P?) _
aa*

81r2[3“1(a)

we can regain V5(¢?) from (C10) when the bounda-
ry conditions (C2) are taken into account, and
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thus (3.16) is verified. Note that the 7/2a part

of I(a) which leads to the M3/8 term in V5(¢?)

in (3.16), and the m /B term in m 4%, (3.18), comes
from the n =0 term in the series (C5b). This ver-
ifies the assertion in the text that the infrared
region determines the next-to-leading contribu-
tions.

The order M*(M?8%) part of (3.16) which arises
from the O(a?) part of I(a), can be obtained from
(Céc). Integrating that expression twice, and
recalling the boundary conditions, we find this
contribution to V2(¢):

321 N, az \¥? 3 a?
38 Z” [(1+41r2n2> _1-_8_1an2

3 a
il (c11)

2. Derivation of Eq. (4.10)

To estimate the fermion contribution to the ef-
fective potential

Vig)=- ?%E_/;wdxlen[1+exp(‘(x2 +a?)?)],

(C12)

we proceed in a fashion entirely analogous to the
Bose case, discussed above. Hence, we only
sketch the relevant steps. The first two terms
in an expansion in a® are easy to get. The hard
part is an estimate of

Vi) _ 1
aa* ZHZB‘I(a)’
(C13)
© 1 1
I(a)=]; dx(xz+az)1/z exp((xz T2 %) 1"

We regulate as before with x~¢ and express the
integrand as a series with the help of (3.11):

I.(a)=1P(a)+IP(a),
© 1
W)= — -€
1Y(a)= _/; dxx Zx2+a2+(2n+1)2ﬂ2’

n=0,%1,... (Cl4b)

© - 1
122)(a)=éf0 dx X" a7
1>€>0. (Cl4c)
Following our previous method, we find
1 -
19(a)= - 5 +3(nzm =) +1(a) +0(e), (C15a)

Ia)=- "Z:; 2n1+ 1 [(1 Ten fi)2n2> - 1]

=0(a%), (C15b)

I8(a)= 3= - $Inda+0(e). (C15c)
Thus

I1(@=-%n% - 4y+1(a). (c16)

A double integration of (C16) establishes (4.10).
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[0,-i8]; see also Ref. 8.

121n the subsequent work, the subscript 8 is frequently
omitted from the propagators. No confusion will arise
since we are concerned with finite-temperature propa-
gators exclusively.

13The large-N approximation is familiar in many-body
theories, where it goes under the name “spherical
model, ” and was invented by M. Kac. For a review,
see M. Kac, Phys. Today 17, 40 (1964), and H. E.
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Stanley, Introduction to Phase Transitions and Critical
Phenomena (Oxford Univ. Press, New York, 1971).
In field theory this approximation was first used by
K. Wilson, Phys. Rev. D 7, 2911 (1973).

l%Here we disagree with S. VVeinberg, Ref. 6, who quotes
an error O(AB;). However, we find below, in an approxi-
mate summation of graphs, that all O (/AB,) corrections
cancel. We have not established if this is generally
true.

15The approximation we make is equivalent to the Hartee
approximation in many-body theory. Recall the exact
equation for the propagator:

Oy +m ) (T (%) 95(0))
==i8,04(%) — 1 M (T ()0 % ()95 (0)) .

Replacing the correlation function on the right-hand side
by (T¢ . (%)95(0)) (¢2(x)) produces the same result as
dropping the terms involving T in the Schwinger-Dyson
equation of Fig. 7. Moreover, it is known that the
Hartee approximation is exact in the many-body version
of our large-N limit. Correspondingly, our Egs. (3.41)
and (3.42) have well-known analogs in many-body theory.
See S.-k. Ma, Phys. Rev. A 7, 2172 (1973); E. Brézin
and D. J. Wallace, Phys. Rev. B 7, 1967 (1973). We
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thank Professor P. Martin for explaining this to us.
The Hartree approximation has a history of field-
theoretic applications, e.g., E. H. Lieb, Proc. R. Soc.
A241, 339 (1957); K. Johnson, in Proceedings of Sem-
inar on Unified Theories of Elementary Particles,
Rochester, 1963 (unpublished).

16K, Fujikawa, B. W. Lee, and A. I. Sanda, Phys. Rev.
D 6, 2923 (1972); Y.-P. Yao, ibid. 1, 1647 (1973).

17Note that even though the ghosts obey Fermi statistics,
their temperature Green’s function S{¢;%} is that of
Bose particles, i.e., the time component of k is 2nm/
(—2B). That this is correct follows from the fact that S
must cancel against parts of the remaining expression.
For further discussion, see Ref. 8.

18 Johnson, Phys. Lett. 5, 253 (1963). The analysis
of the Schwinger model, with the help of the axial-
vector-current anomaly, is due to D. J. Gross and
R. Jackiw (unpublished); see also R. Jackiw, in pro-
ceedings of the International School of Subnuclear
Physics, Erice, Italy, 1973 (unpublished).

19This observation is due to K. Johnson.

20y, Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345
(1961). _

Y This point was developed in conversations with S. Cole-
man.

22S. Coleman, R. Jackiw, and H. Politzer (unpublished).
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We paraquantize the classical massless relativistic-string action and find that the resulting
theory is Poincaré-invariant in four space-time dimensions if we use para-Bose commutation
relations ‘of order 12. More generally, we find that if the dimension D of the space-time
and the order g of parabosons are related by the expression D= 2 + 24/q, then the quantized
theory is Poincaré-invariant., We also construct a fermionic parastring model which is the
analog of the Ramond-Neveu-Schwarz model and find that it is invariant in D dimensions if
D=2+ 8/q, both the fermions and the bosons being of order ¢g. We show by explicit Klein
transformations that these theories are equivalent to “color’’-endowed canonically quantized
strings with SO(g —1) “color” symmetry. We obtain dual tree amplitudes by suitable choice
of vertices. Finally, we consider second-quantized parastring theories and show, by an
explicit example, that they can be Poincaré-invariant in four space-time dimensions.

I. INTRODUCTION

The search for the understanding of the funda-
mental structure that underlies the dual resonance
models has been the subject of many interesting
‘investigationsinrecentyears.'”* From among var-
ious approaches, the one which has reached the
status of a bona fide theory is the gauge theory of

the relativistic string,'? which is based on a geo-
metrical description initiated by Nambu.® In this
case the fundamental structure is a massless
relativistic string.

An important feature of the string model is that
all of its properties follow from a single action:

1 m
szl [T



