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The mixed U(1) lattice gauge theory is analyzed by the mean-field technique including 1/d
corrections, d being the dimension of the lattice. In order to apply the saddle-point approximation
required in the method, the convenience of considering different unconstrained degrees of freedom
for each power of the link variables in the action is shown. The phase diagram given by Monte Car-
lo simulations is reproduced with high accuracy for d =4 and 5. Generalizations to other actions

and gauge groups are also discussed.

I. INTRODUCTION

Lattice gauge theories' provide a powerful approach to
the study of nonperturbative physics in QCD such as the
confinement hypothesis. By Monte Carlo simulations the
hadronic spectrum,? deconfinement temperatures,” glue-
ball masses,* as well as many important physical magni-
tudes have been estimated. Nevertheless, it would be very
useful to develop analytical techniques for the calculation
of these quantities. Attempts in this direction are the
mean-field methods,’ variational techniques in both Ham-
iltonian®” and Lagrangian® formulations, finite lattice ex-
trapolations,’ renormalization group,'® and series expan-
sions.!!

Recently, the gauge-invariant version of the mean-field
technique has been applied'>~ !> to some models with
great success. This approach has many advantages. Sys-
tematic corrections can be considered and Elitzur’s
theorem!® is satisfied, i.e., the magnetization is zero. The
phase diagrams given by Monte Carlo simulations are well
reproduced despite the fact that the predicted transitions
are always of first order.

In this paper we apply this technique to the study of a
mixed U(1) action!”!® in d=4 and 5 dimensions including
1/d corrections as presented in Ref. 13. Actions of the
mixed type have been studied very carefully for many
gauge groups. We prove that in order to apply the
saddle-point technique (Sec. III) it is necessary to define
different unconstrained degrees of freedom for any power
of the link variable present in the action. In general, for
any Abelian or non-Abelian group a different variable
must be introduced for each character considered. In this
way at zeroth order the naive mean-field results are repro-
duced and the one-loop correction vanishes when the di-
mension equals infinity. Although this fact is well known
in statistical physics!® it has not been taken into account
in lattice gauge theories for actions where the variables are
not linear. For this reason we believe that it is useful to
develop one example in detail. In this way we reproduce
with high accuracy the phase diagram given by Monte
Carlo simulations.

The organization of the paper is as follows. In Sec. II
we briefly review the main features of the U(1) mixed
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model. Section III is devoted to the zeroth-order calcula-
tion. The 1/d corrections are evaluated in detail in Sec.
IV while in Sec. V the numerical results are given. We
end this paper with a short discussion in Sec. VI.

II. U(1) MIXED ACTION

Mixed actions are defined by the combination of several
characters of the group elements, on each plaquette of the
lattice. They have been widely studied in order to verify
the universality hypothesis, i.e., the continuum physics
must not depend on fine details on the lattice. They have,
in general, a rich and interesting phase structure, and an
important test for any proposed analytical method is its
capability to reproduce it.

The U(1) mixed action considered in this paper is given
by the action ;

S=B3 —U”;U” +r 3

plaq plaq

2 2f
G U )
2
where U, is a standard plaquette variable belonging to the
U(1) group defined on a hypercubical d-dimensional lat-
tice. This action has been analyzed by Monte Carlo simu-
lations,'"'® the renormalization group,?’ microcanonical
simulation, and analytical arguments.?! The statistical
averages are obtained through the partition function

HdeI

links

Z= exp(S) , (2)

where dU, is the normalized gauge-invariant measure.

As was stated in Ref. 17 the study of this model is very
important to verify the nonconfinement characteristic of
QED in the continuum limit for d=4. The fact that with
the Wilson action a deconfining transition appears®? is not
enough evidence because in an extended parameter space
an analytical “window” may be found.

For completeness we review here the main features of
the theory following Ref. 17. The model has many non-
trivial limits. For both axes we recover the standard U(1)
model with a second-order phase transition at S,
7.=1.005 (d=4).22 If y goes to infinity the link vari-
ables are constrained to take only two values 1 so we ob-
tain a Z(2) gauge theory with a first-order phase transi-
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tion at B, =0.4407 (d=4).5

Equation (1) has many interesting symmetries. Denot-
ing a link variable as U, (r), where r =(xq,x(,x3,x3) is a
lattice site and u=0,1,2,3 are lattice directions (d=4), we
consider the transformation

Uy(r)—Uylr),
WU,(r) if x,is odd,

Ui(r)— U(r) if x; is even,

WU,(r) if x;+x,is 0odd,

Uy(r)— U,(r) if x;+x, is even,

WU3(r) lf x1+x2+x3 iS odd N

Us(r)— Us(r) if xy+x,+x; is even ,

where W is a factor which appears an odd number of
times for each plaquette. Taking W = —1 and changing
B— — B the action remains unaltered and therefore the di-
agram is symmetric under a reflection with respect to the
v axis. Analogously, when W=exp(im/2) and B=0 we
may change ¥ — —y without changing S. This symmetry
implies that for y = —1.005 a phase transition is present.
This last phase may be easily identified if we look for a
nontrivial minimum of the plaquette action

Sp =B cosb, +y cos20,

in ¥ <0. This minimum exists and is given by

B
4y (4)
and it can be easily proved that it becomes stable below
Y+B/4=0. So the phase transition at ¥ <0 may be
thought of as a change in the ground state of the theory.
The complete phase diagram obtained by Monte Carlo
simulations!” is given schematically in Fig. 1. The corre-
sponding one'® for d=5 is qualitatively equivalent.
Phases I and II are the usual confining and nonconfining
ones in QED. Phase III is a continuation for finite y of
the confining Z(2) phase. Finally, phase IV has “antifer-
romagnetic” characteristics due to its nontrivial ground
state.

cosf,, =

III. MEAN-FIELD APPROXIMATION
(ZEROTH ORDER)

The naive mean-field approximation?* in lattice gauge
theories is obtained by replacing the link variables by their
J

I

I

\

Iv

&

FIG. 1. Schematic representation of the U(1) extended phase
diagram. An explanation of the different phases (I—-1IV) is given
in Sec. II.

average (U ) on every link of the lattice except one. By a
self-consistency equation, {U) can be found. This ap-
proach forgets Elitzur’s theorem which demands that
(U) =0 due to its non-gauge-invariant character. It has
been shown!? that in order to satisfy this point the mean-
field approach must be thought of as a saddle-point ap-
proximation?® to the partition function written in uncon-
strained variables. The important detail in the present
model Eq. (1) is that it is necessary to define different un-
constrained variables for U and U? if we want to get the
naive mean field as zeroth order. Indeed this is a conse-
quence of the trivial fact that {(U?)s4(U)?. In Ref. 26
this detail has also been mentioned in the context of a
Z(4) extended gauge model. The calculations are as fol-
lows.

In Eq. (2) we introduce four new variables in each link
of the lattice through the identity

1= + o0 S 2 — 5 _
= n f_w dl)udl)z[dl)udl)z[S[Re(UI)—U”:IS[IITI(U[)—-UZI]S[RC(UI )—v”]S[Im( U] )—1)21] . (5

links

Using the expansion
_ +o dy ixy
8(x)= f_w YL
the partition function can be written as

+ o dv,,, leal daal d&al

zBy) 11

a=1.2

Sear)
ok = V5 Vaw Vam Vag o0 S
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where
Setr=S(0,0) =i 3, WgQa+Tgla)+ X, olag,dq), (7
links links
~ Yp 'H’pT ’”vp’*'a';
Sw,0)=B 3, 5+ > — (®)
plag plaq
Qg8 g)=In [ fum dU exp{i[Re(U)ay; +Im(U)ay +Re(U)dy; +Im(Uay]} |, 9)

and in v, (,) each link variable is equal to vy +ivy
(U7;+1D5;). Note that the coupling between the v;,a; and
0;,d; fields lies only in the » function. Seff is invariant
under the gauge transformation

v+ vy =v;—vexp(if) ,

D1+ iUy =0;—U;exp(2i0) ,

(10
a11+ia2,=a1—+alexp(i0) )
8y +idy =0;—adexp(2i0) .

The saddle-point approximation to Eq. (6) is obtained
by minimizing S with respect to all the variables. The
resulting equations are highly nontrivial and in order to
solve them we look for a translation-invariant solution,
ie.,

vy =v, UII=F,

1)21=0, 321=0y
(11)
a,,:—ia, Zx'”=—i(7,

ayy =O, 521 =0.

With the help of this further approximation the resulting
equations are

1 a —~ 1 2 A
v="y [ dUReUexp(8), r=— [ dUReU%xp(S) ,

(12a)
where
a=2pv’, B=Bd—1), (12b)
a=275%, y=yd—-1), (12¢)
Z= [dUexp($), (12d)
and
S=aReU +&ReU? . (12e)

After a little thought one recognizes them as the naive
mean-field equations when (U) and (U?) are considered
as “order” parameters.?’” Equation (12) has three types of
solutions. The trivial one (v=0, 7'=0) in the strong-
coupling regime, an “ordered” solution (v54£0,5540) asso-
ciated with the nonconfining QED phase, and another one
(v =0,05£0) which corresponds to the Z(2) confining
phase.

Nevertheless, the present method implies that if a de-
generacy occurs between some configurations one must

I
sum over all of them. Thus, configurations gauge
equivalent to the translation-invariant one give identical
contributions to the free energy and gauge-noninvariant
quantities vanish when averaged over the degeneracy.
Then Elitzur’s theorem is satisfied showing the consisten-
cy of the approach. Repeating the above steps Eqgs.
(5)—(12) for a more complicated U(1) action, like
UnT

sS=3 3 g LU (13)

plag n

the mean-field results are reobtained if we introduce dif-
ferent unconstrained variables for each integer n. A simi-
lar situation occurs for non-Abelian models with or
without matter. In this case a different variable must be
considered for each character of the gauge group and for
each local power of the matter field.

The free energy per unit link to zeroth order and, in the
presence of a nontrivial solution to Eq. (12), is

B Y54 vatv@—In [ f dUexp(§)} , (14)
2 2

while for the trivial root (v =0=0) the corresponding free
energy is zero.

A similar discussion to that given in Ref. 13 shows that
F, is the exact result in the limit d = . We will show
explicitly (Sec. IV) that the corrections vanish in this lim-
it.

In order to obtain the phase diagram at zeroth order we
must compare the free energies in different phases and
look for their crossing which is interpreted as a phase
transition. To zeroth order we only need to look for the
solutions of the equation

FO(Bc:T’.c)=O . (15)

Numerically solving Eq. (15) we obtain the phase dia-
gram shown in Figs. 2(a) and 2(b). Although qualitatively
correct, the transitions are appreciably shifted to the
weak-coupling region in comparison with Monte Carlo
simulations.

Equations (12) and (14) must be slightly modified in or-
der to consider also the “antiferromagnetic” phase. This

F():——

. can be done introducing a new plaquette variable 6, i.e.,

instead of proposing a complete translation-invariant solu-
tion Eq. (11), we make the ansatz
v =vy+ivy=vexp(if) ,

aj=ay+iay=aexp(if) ,

(16)
Dy =01+ iU,y =0exp(2i0) ’

a; =0 +idy =dexp(2i0),
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FIG. 2. The phase diagram predicted by mean-field calcula-
tions (continuous line) at zeroth order in (a) d=4 and (b) d=5
in comparison with Monte Carlo results taken from Refs. 17
and 18, respectively (a solid circle indicates a first-order transi-
tion while an open circle indicates a second-order one).

for, e.g., the same links where in Eq. (3) we apply the W
factor. Stated in other words, we want the factor exp(i@)
or exp(2i€) to appear only an odd number of times for
each plaquette. The corresponding saddle-point equations
are Eq. (12) with the change -

a—a cosf ,
a—ad cos20 ,
and a new equation

4yt

The free energy is

cosf—= . an

v4cosf— %17%0320

(SR

Fo————-

+vata—n| [ dUexp(d)] . 1s)

Taking 6=m/2 in the y <0 axis we obtain the same
free energy as in the ¥ >0 (6=0) case. Then a phase tran-
sition appears in the y <O region giving a qualitatively
complete phase diagram. In the next section it is shown
that the inclusion of 1/d corrections improves these re-
sults appreciably.

We remark that another approach is possible?®?’
without introducing an unconstrained variable for U2 It
consists of the factorization of a Z(2) variable for each
plaquette in the partition function, i.e.,

zBy=1II | [du+ 3
links oj=+1
Xexp (B 3, op,ReU,+y 3, RelU} | .

plaq plaq

(19

The saddle-point equations have now the expected three
phases in y >0. Nevertheless, we evaluate the one-loop
corrections in this case. They are finite when d = « and
the agreement with the Monte Carlo phase diagram is
poor.

1V. 1/d CORRECTIONS

In this section corrections around the zeroth-order solu-
tion are evaluated by the steepest-descent method. For
simplicity we deal only with the ¥ >0 region. Although
the calculation is tedious we quote it here in detail because
it is very illustrative on some technical aspects like the
treatment of the zero-frequency mode. We begin with the
corrections in phase II (Fig. 1). The corresponding ones
for phases I and III are simpler and they are discussed at
the end of the section.

The first step consists in a shift of the integration vari-
ables

vuy=v+zy, ty=v+2zy,

vyy=0+2zy, U=0+Z,
(20)
ay=—ia+py, ay=—id+fgy,

ay=0+4py, Ay=0+Hy ,

and an expansion of the resulting effective action up to
quadratic terms in the new variables (there are no linear
terms because we are expanding around a minimum of the
action). The integration in the u,i variables is straight-
forward due to its local character. The resulting expres-
sion for the partition function is

exp( —FQ ) + dZaI dzzl
Z(By)=—
(B '}/) (D1D2 )Nd/Z lilr—ll!s f—w ‘/2_7;' ‘/2_1;'
X exp(Seffiquad)) » (21)

where we have defined

2 = 2 =

Seff(quad)ZSquad"— 2 (EaZaI +Fazal _Gazalzal) 5 (22)
links
a=1.2
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D,=0,2~40,0, (23)
E,=Q,/D,,
F,=Q,/D, , (24)
G.=0./D, ,

and the integrals Qa,Qa,Qa are listed in the Appendix.
|

eXp F()) + dza#(p) dzaﬂ(p)
Z(B’ (D D )Nd/2 I_-[ f 1/?7-
+m d
Xexp[— > f_ﬂ_ (
Bv=1
where

Aulp) =8y [Ev+ .

Q. (p)=3,, [Ez-{—m [1-— gcospk ] } 5(79——)—(1—e'p")(1

A p)=AL(p) (E\—Fj,a/v—a/v),
Q,Ap)=Q,.(p) (E;—Fy,a/v—8/D),

and z,(p) and Z,(p) are the Fourier transformations of z
and Z;. Note that in the spirit of the forthcoming 1/d ex-
pansion we neglect in A and A a cosp,. The resulting
eigenvalues p,py of A and g,q¢ of Q are easily found be-
cause they can be written as a scalar plus a rank-1 matrix.
We give them here because they will be used in subsequent
calculations:

a
p=E — +2(d—1) 2(1—cosp;‘),
P0=E1*2v (d——l z(cospk)
(27)
a a
Q—Ez—zv—f-z(d_l)v%(l—cospl),
go=E;— -

v’

where p and q are (d — 1) degenerate while p, and g, are
not degenerate. The corresponding eigenvalues for A
and Q (denoted by J,p, and §,3o, respectively) are found
from Eq. (27) changing E,—F, and a/v—a /7.

We define the 2d-dimensional vectors Y and W and the

(2d X 2d)-dimensional matrices 4 and B as follows:

Zn 221
Z1d » Z2d
Y= |(_ |, W= |_ , (28)
211 221
Z14 Z3

< _ R —ip,
2d—T% [1 g,cospx}] Z(d )(H-e El4e ),

Squad is the action Eq. (13) expanded up to quadratic
terms. Note that the coupling between the fields z and Z
is present only through the G, factor. The information
that U and U? are, in fact, related variables lies somehow
in this coupling.

Next we turn to momentum space. This calculation has
been done in Ref. 13 for the U(1) Wilson action so we
quote here only the result:

o d [zlp ;wzlv+zl;zAp,vzlv+22;10;4v22v+22p0psz2u_8p,v(Glzlpzlv+G222yz2v)]

25)
(26a)
e Py, (26b)
(26¢)
(26d)
[
G
A ——11 Q -2
A= 2 B = 2
IR , G &
) T2

(29)

[the momentum dependence is understood and the first in-
dex in Y, W corresponds to real (1) or imaginary (2) fluc-
tuations]. Then the exponent in Eq. (25) can be written as

T AD y A Y AW B W . (30)
2 G

As usual for continuous groups due to the local gauge
invariance of the model a zero-frequency mode appears.
We shall show explicitly that it occurs among the ima-
ginary fluctuations, i.e., in the B matrix. In order to
avoid it we must introduce a gauge condition which
selects only fluctuations orthogonal to the zero mode.
This can be performed by the standard Faddeev-Popov
trick, i.e.,

27
1=App 1 fo d ¢, 8(gauge condition (¢,)), (31)

where the “natural” gauge is deduced once we know the
eigenfunction of the zero mode.

The corresponding eigenvalues A for the matrices 4
and B can be easily deduced using Eq. (27). They are
given by
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Agi=%{po+Pox[(Po—P0)*+G1*1'*} ,
My=1{p +P*l(p —P’+G:*1'?},

A=0, (32)
A =qo+qo

where

Gy/2
CF,—a/w

E2—-(Z/2U
G,/2

(34)

Closely following Ref. 13 we expand the ﬂuctuatlons

AMi=1{g+G+[(g —§)*+G,]'?} . Eq. (28) in eigenfunctions of 4 and B (¢/{ and 9§,
. ' i ) respectively)
Each eigenvalue involving p,p,q,q is (d —1) degenerate
while the rest are nondegenerate. All are positive definite. 2d
The existence of a zero eigenvalue in matrix B was Y,(p)= 3 C,f(p)lﬁ(,‘",i,(p) ,
demonstrated numen'cally in the whole 3-y plane. An an- n=1
alytic proof of this fact is not easy because the integrals (35)
0,0 and Q do not have a simple closed expression. The d o n
zero-mode eigenfunction is the 2d-dimensional normal- Wop)= 3 C/(pWzyp) ,
ized vector ] n=1
1—e”!
.. where the  Jacobian of the  transformation
o Y,,W,—C},Cp; is one.
1 1—e® Introducing Eq. (31) in the partition function Eq. (25)
$p)= 2 7 (1—e®y | (33)  we obtain
[2(1+k2) >, (1—cospy) —:e
A=1 -l
k(1—e®4)
|
_exp(—Fo) dC(p) delp) + d L B
Z(B, A 8(g.f. Crl A +C°A,) | - 36
BY=15 )Nm 11 | 5 FPIPI (gf)exp | — [ —L(zﬂ)d 3 (GG (36)

Of course, the gauge still remains to be selected. We would need the 8 function to be proportional to 8(C &(p)) in order
to eliminate the divergence caused by the zero mode. This is the natural gauge condition. It can be easily proved that
the condition

f(z,2)= 2 (Zoxp —Zox +pu,u) +k 2 G —Z2x 4 ) =0, (37)
p=1

for all sites of the lattice, satisfies this requlrement because in momentum space it can be written as

8[CE(p)
II 5L D)1= II [Colp)]
x P |2(14k%) Y (1—cospy)
A

177 - (38)

Once the gauge condition is known Agp can be evaluated. In our 1/d expansion it is approximately given by

App=detC, C,,= 2 (v +2kD)(28,,, —

u=1

By +u—Bxy—p) - ' (39)

Then the integrations over C;(p) and CZ(p) can be performed. Collecting all the contrlbutlons one gets for the free ener-
gy per unit link in phase II

y [1n(4xg’x3 )(d —1)+In(4A5A

Fp=Fo+~ 2d I )]+— I = d[ln(4ABA3)(d—l)+1n(2kB)]

T (2 )
1 2m(1+k?) 1 +7 d 1
24" | wr2kor |24 |3 21— 1in(D,D,) (40)
+2dnl(v+2ki7)2] 2d - (on )a“[%‘. ( cospu)]+2n( \Dy)

where the first term comes from the real fluctuations, the second one from the (2d — 1) nonzero modes in the imaginary
fluctuations, the third and fourth terms from the integration on the zero mode including the Faddeev-Popov factor and
the group volume, and the last one from the a,& integration.

The integrals must be evaluated in a 1/d expansion as in Ref. 13. The final result is
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1 a a ~ R?
Fy=Fy+—iln|[14+2|— — R ——
11 0+2d[n + vQ1+¢7Q1] + 4
where
a a a ~
R=-2=0Q), T=-2|—01+—_Q
v v v

In the B axis it can be proved that F is equal to the free
energy given in Ref. 13.

Equation (41) will be used in the following section for
the evaluation of the phase diagram of the model. The
corrections to the other phases are simple to calculate. In
phase III, for example, the free energy per unit link in-
cluding B2 corrections to lowest order can be written ap-
proximately?® as

B2

—g—d-i-Fn

n2
0777+——

RE (42)

Fy=~

where on the right-hand side Fy; represents the 1/d ap-
proximation to the free energy in the y axis with 7 re-
placed by 7+B2/4. The inclusion of the B? corrections
are necessary in order that the transition between phases I
and III has the correct curvature.

For phase I the correction to the v,a,7,& =0 solution is

B2, 52
F=-8*7" (43)
8d
Note that higher-order loop correlations also include 1/d
terms. However, in Ref. 13 it has been conjectured that
they vanish in the B axis [y axis] as (1—uv)*[(1—D)2].
This fact can be easily extended to the whole plane.

V. RESULTS

The phase diagram at zeroth order was obtained in Sec.
I1I solving the equation

F[B:,7¢v(Be,7¢),0(Be,7:)]=0 . (44)

Following Ref. 13 the shifts in critical parameters
(AB.,A7,.) due to the inclusion of the 1/d corrections are
evaluated for large d from the expressions

- 2 - _ =

AB. | 1= _F[AFI(BL‘!’VC)_AFH(ﬂC!YC)] , (45a)
- 2 . _—

AB; | wm= "‘F[AFIII(BNYC)_‘AFII(BcaYc)] , (45b)

2 P - _
Ay, |1-111=—vj[AFI(Bc,?’c)—AFm(Bc,Yc)] ,  (45¢)

where AF are the 1/d corrections in each phase. _
Equation (45a) corresponds to the correction to 8. for
the transition between phases I and II (Fig. 1). We also
evaluate the corresponding one for ¥, proving that both
ways give similar results for the predicted phase diagram.

+1n

2(go+Go)(1+k3)(—D,)
(v +20k)?

T —

T2
4

—1n(47d) ] ,

(41)

Equations (45b). and (45c) are the corrections between
phases II-IIT and I-III, respectively.

The results are shown in Fig. 3(a) for d=4 and in Fig.
3(b) for d=5. The agreement with Monte Carlo simula-
tions®® in a 4* lattice is excellent in both cases. Note that
a more careful analysis?? using a 6* lattice gives
B.y:)=1.005 (d=4) in the B(y) axis improving the
agreement with our mean-field result. Nevertheless, all
the transitions are incorrectly of first order as usual in
mean-field techniques applied to gauge models. For ex-
ample, the v parameter jumps from O to a value greater
than 0.9 between phases I and II.

1.5

¥

(a)

1.0

0.5

1
0 0.5

1

1.0 (3
FIG. 3. The phase diagram predicted by mean-field calcula-

tions (solid curve) including 1/d corrections in (a) d=4 and (b)

d=35. Monte Carlo results are from Refs. 17 and 18, respective-

ly (a solid circle indicates a first-order transition while an open

circle indicates a second-order one).
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VI. CONCLUSIONS

In this paper we applied the gauge-invariant version of -

the mean-field technique (including 1/d corrections) to
the U(1) extended model in d=4 and 5. The predicted
phase diagram is in excellent agreement with the results
from Monte Carlo simulations. For the application of the
saddle-point technique we proved that it is necessary to
introduce different unconstrained variables for U; and
U2, The generalization to other gauge groups or in the
presence of matter is immediate.

We remark that in spite of the satisfactory results ob-
tained (Figs. 3) we do not prove that higher-order correc-
tions are small. Indeed d=4 and 5 are not large enough.

We finish this section with a comment on future appli-
cations of the method. It has been proved that mean-field
techniques are very accurate in the prediction of phase di-
agrams, but due to its local nature the continuum limit,
where long-range fluctuations are important, is beyond its
capabilities. For instance, in Ref. 31 it was explicitly
proved that the predictions for Wilson loops are not accu-
rate even for a small one (2X 1 links). Perhaps the only
way to obtain physical results (string tension, glueball
masses, etc.) is to reach the scaling region for 8 not too
large. A similar observation is valid for other local tech-
niques like the variational one in Lagrangian and Hamil-
tonian formulation with local trial states. One way to im-
plement this program could be to obtain the consistency
condition for a large number of exactly treated variables
(Bethe-Peierls approach).” However, it is not known how
to adapt the saddle-point trick to this case. This fact
deserves further study.

After completion of this work we received a report?
where results identical to ours are obtained using the co-
variant gauge.
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APPENDIX

The combination of integrals Q,, O,, Qa which appear
in Sec. IV are listed here:

Q1=73({cosp)*—{cos’p)), (A1)
Qr=—3(sin’p) , (A2)
0, =5({cos2¢)?—(cos2¢)) , (A3)
0,=—~{sin?24) , (A4)
01 =({cos¢){cos2¢ ) —{cosd cos2¢)) , (AS)
0,=—{(singsin2¢) , (A6)
where
F(@)) 7 dg s
0 27
and

S =a cos¢+a cos2¢ .

All these integrals Eqgs. (A1)—(A6) admit closed expres-
sions as a function of modified Bessel functions of order
v, I(x).

Using the Fourier expansion

+ .
9 CosxX 2 Ik(a)eth ,
k=—ow
it can be easily proved that

2 d + .
o 2Wes= S Inla)I (@) .

k=—o

Similarly it may be shown, for example, that

dé s_1
fo Py cospe’=+

[Lok 41 () (@)

I
| My

k

-]

+12k_1(a)Ik(&)]
and

2 do T ~
S —2—3sm¢e3=§ S Ui (@I (@)

k=—o

—Iy (@) (@)] .
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