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Ghost condensation in nonlinear gauges: Euclidean space, Minkowski space, and high temperature
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SU(2) gauge theory with nonlinear gauge fixing is investigated. Since this system contains a quartic ghost
interaction, there is the possibility of ghost condensation. It is shown that this condensation occurs in Euclidean
space, and gauge fields acquire tachyonic masses in the presence of a ghost condensate. We also show that
these tachyonic masses are gauge dependent. Contrastingly, there is no condensation in Minkowski space.
However, even if we are in Minkowski space, this condensation appears at high temperature, and gauge fields
get tachyonic masses.
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I. INTRODUCTION gion. Section VI is devoted to summary and comments. In
Appendix A, additional explanations of the Lagrangian stud-
In the study of non-Abelian gauge theories, the Abelianied in this paper are given. From Appendix B to Appendix E,
gauge is often used to investigate confinemidnt In this  calculational details are presented.
gauge, renormalizability requires a quartic ghost interaction
[2]. Several authors studied gauge theories in this gauge, angl NONLINEAR GAUGES AND GHOST CONDENSATION

pointed out that the quartic ghost interaction gives rise to IN EUCLIDEAN SPACE
ghost condensatiof8,4]. Self-energies of off-diagonal glu- , . )
ons were also calculated under the condensdtofi. It is We study a non-Abelian gauge theory in Euclidean space.
concluded that these gluons acquire a mass, which impli¢& Lagrangian density is
the so-called Abelian dominance. Furthermore, in$hé?2) 1
case, Schaden discussed the relation of the condensation and L=L. +[ L =—F .F .
inv gfgh» inv 4wy pv

the spontaneous breakdown®k(2,R) symmetry[3]. In the
case ofSU(N), the extension of thiSL(2,R) symmetry was Th fixi d ahost part i
accomplished by the present authbf. € gauge-fixing and ghost part 1S

. ; . - -

Is the ghost condensation peculiar to the Abelian gauge Lorgn=—i55(c-F), e

It is worth studying this phenomenon in other gauges with a
quartic ghost interaction. ThH@ Sp(4|2) invariant gaugé6]
was investigated by Kondf/]. It was found that the ghost
condensation occurs, but the Becchi-Rouet-St@B&RS)
symmetry breaks spontaneously. F-G=FAG", (FXG)A=fABCFBGC A=123.

In this paper, we consider nonlinear gaug&% Espe-
cially, we choose the gauge of R¢f], which includes the Here the summation with respect to repeated indices is im-
OSp(4|2) invariant gauge as a special case. Since the BR8lied. The BRS and the anti-BRS transformati¢h6] are
symmetry plays an important role in constructing renormal-
ized gauge theories, it should be preserved. In the next sec-
tion, we present a Lagrangian density which preserves the
BRS symmetry even if the ghost condensation happens.
Based on a one-loop effective potential, it is shown that the S;c=iB, JzB=gBXxc, 2)
condensation occurs. In Sec. lll, one-loop self-energies for
gauge fields are calculated in the presence of a ghost con- _ - ——  g— —
densate. It is found that gauge fields exhibit tachyonic oA, =DyC,  dpc=—CXC,
masses in the infrared region. We also find that the mass
found in Ref.[3] is tachyonic. These results are obtained in
Euclidean space. The Minkowski case is studied in Sec. IV.
If we carry out a straightforward calculation, the Minkowski — - ) ) )
metric prevents the ghost condensation. Despite the negatiVg'ereB=—B+igcxc. To obtain a covariantly gauge-fixed
result of Sec. IV, this condensation may happen in the reafction,F is often chosen ag A, — (a/2)B. However, taking
world at high temperature. In Sec. V, we show that the ghosgccount_of the correspondence bet_ween the transformations
condensation occurs at high temperature. As in the Euclideads and dg, it is natural to includeB into a gauge-fixing
case, gauge fields have tachyonic masses in the infrared rénction as[5]

whereF is a gauge-fixing function. We focus on tgdJ(2)
case, and use the following notation:

g
6gA,=D,Cc, ogC=~— ECX c,

SgC=iB, &gB=gBXxc, )

aq Ayp—
F=0,A,— =B+ —=-B—w, 4
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wherea, and «, are gauge parameters, awds a constant
determined below11]. From Egs.(1) and(4), we obtain

T v I
5 B~ 5 B’~Bw. (5)

Lgigh=B-3,A,+ic-d,D,c—
If we setw=0, Eq.(5) becomes the Lagrangian discussed in
Ref. [9]. Furthermore, the choice;= a,=a/2 leads to the
gauge-fixing term which is based on tESp(4|2) space-
time supersymmetr{6].
As B? in Eq. (5) contains a quartic ghost interaction, the

ghost condensation may happen. To see it, the auxiliary field

¢ is introduced as

al —
Lytgh=B-(d,A,+ (P—W)—?BZ—HC-&#D#C
2

: — . ¢
—|g¢~(cXc)+E.

(6)

It is important to use the auxiliary fielg, which becomes
a,B if the equation of motion forp is used. In Appendix A,
this point is elucidated, and, to make clear the meaning of
from another view point, Eq6) is derived by a functional

integral method. Now we explain the importance of the con-

stantw. In the OS[(4|2) invariant gaugé6], it was shown
that the BRS symmetry breaks spontaneouslg@x c ac-
quires a vacuum expectation val{ié]. However, we can
preserve the BRS symmetry manifestly in E@), even if ¢

acquires a vacuum expectation value. To explain it, we add

the subscript8 andR to bare and renormalized quantities,
respectively. If we dividep into a classical partpy and a
quantum partp’ as ¢(x)=@g+ ¢’ (x), we can choose to
cancel the divergent classical pftfl]:

112
Pog=W=Z, @or—W=0.

Thus (0|Bg|0)=(0[d,Ag,+ ¢g/0)=0 is guaranteed, and
the BRS symmetry is preservétil].

Hereafter, we neglect the subscriptfor simplicity. Then
the (antighost bilinear paric([(J+ geyX)c gives the effec-
tive action— Tr[ In(CJ+geyX)] at the one-loop level. Includ-
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where y is the Euler number, and=(4—D)/2 with D

—4. We define renormalization constants fey and a, as
(POB:Zi/OZ(PO and arg= Zazaz. Since

2

2
PoB (20) _

20525 B 26}{2

1-z, 71
2

Yoy
Po

20{2

holds, these renormalization constants are chosen so that the
counterterm

_ -1
1-2,72.}
——5 %0

2(12

1-z, 71

Poay

1

€

_ (9<P0)2
®o (477)2

subtracts the divergence in E@®). Thus we set
1
—y+In 47T—§|n(;<,u,2)2),

(©)

where is a renormalization scale. Subtracting E®). from
Eq. (8), the renormalized effective potential

26!2

2

(9¢0)? _3

3272

2
Yo

J¢o
Ve(@g) = 2a, + —

K u?

In , (10

which satisfies the renormalization conditioV”(¢q
=ku?/g)=1la,, is obtained. The conditioVf(pe)=0
gives|ggo|=0 and
|g§00|:K,LL2e1_87T2/a292. (11)

From VE(¢g), we find that the latter gives the minimum of
Ve(¢g). Hence,¢ condenses.

The choicek=4me™” corresponds to the minimal sub-
traction scheme. Using this scheme, and choosing the con-
densate in the third direction &U(2), Eq.(11) gives

(9em)=(0,0p), v=4mu2et e 8nla0 (12
This condensation has the same form obtained in R&fs.
[4] (maximal Abelian gaugeand[7] [OS{(4|2) invariant
gaugd. We use the choicé€l2) henceforth.

We note that the conditioN’(¢,)=0 gives a gap equa-

ing this contribution, a one-loop effective potential becomes;oy, which becomes

2
®o

2a2

Vgh: f

We can calculate Eq.7) in some ways. One way is to use
Eq. (B6). Using dimensional regularization, we obtain

|

Ve(eo) —Vgn(®o),

4
In[(—k?)2+g?e5].

(2m)* "

1

&

2
®o

(g¢0)”
Ve(po)= g = 2

(4m)?

1
+5- v+in 477—§|n(g<po)2 ,
)

d'k  2gv o
2m)* (—k¥)2+0?

v

ga;

(13

I

Although the auxiliary fieldp is different from a usually
used oneg[3,4,7], the effective potential8) has the same
structure that was obtained in these references. Therefore
similar relations between anomalous dimensions found in
Ref. [4] hold. First, we consideiyazzu(al&,u)az and Yoo

=3u(dlop)InZ, . From Eq.(9), we find

_ -1
1=72e%0, @

(am?le

—y+Indm— 1In( ku?)?
261’2 2 )
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d*k
_ 1TAB - _ ACD BEF |, _
I1,,(p) f—(zﬁlgf k.gf>="(k—p),

X(—1)G (k) (—1)GFP(k—p). (18

First, as G*3(k)=G%(k)=0 (a=1,2) and G*3(k)=
—G?Y(k), the resultd123=0 (a=1,2) andll};(p)=0 are

FIG. 1. The diagrams which contribute to the one-loop self-€asily understood. Next, to compare with a self-energy in the

energy of gauge field9a) in the nonlinear gauge, an@) in the
maximal Abelian gauge.

If the operatoru(d/dw) operates on this expression, it gives

the relation

(@29)?

yocat (14)

‘ya2+ 2a27/¢0: -

Next, we consider the anomalous dimensiorwaivhich is
defined byu(d/du)v=—y,v. Sincev=gg,, the left hand
side is rewritten as{ﬂ(g)(&/ag)—y%goo(a/agoo)]v. Thus

we obtain

)

g (15

Yo = T Yoy

If we requirey, =0, we find that Eqs(14) and(15) lead to
[V (¢po)/dpn]=0, and

_a292<,30 )
2 %)

- 472

Ve, (16)

where 8(g) = — B,9%/(167%) has been uselB,4].

Ill. SELF-ENERGIES OF GAUGE FIELDS

A. One-loop calculation

maximal Abelian gaugg3,4], we study the components

11 _ 22
_H,uv(p)_ _H,U,V(p)

- zf d*k k2
) 2mt (Cko2re?

« 2k, k,—k,p,—p.K,
(k—p)?

is outlined in Appendix C. The result

(19

The calculation ofI}},

IS
—I1Y(p)=—T11,,(p.0)—1I,,(p,v) (20)
2 2 2
_ g p 1 p
_H/U/(pao)_ (471_)2[ g‘sﬂv §( p,upv+ ?5,4,“/)
X ! +In4 +5 In p2 21
5~ vtindm+==Inp|, (21
L (p)—— -2 p’“‘p“(z—”u (pv)+u(pv>)
T @amz 6

S )
- ﬁ[vul(p,v)JrZD uy(p,v)

+3UU3(p,U)]1, (22)

In this section, we calculate the self-energies of gauge
fields in the presence of the ghost condensate. In the maxwhere

mal Abelian gauge, the diagram of Fig(bl contributes at

the one-loop level3,4]. However, in the present gauge, the v
vertex which contributes to the self-energies is the usual U1(P,v)=E In
gauge-ghost-antighost three-point vertex. Therefore the dia-

gram to be calculated is the one depicted in Fig).1
Under the condensate# 0, ghost propagators are

—Kk? v
(—k2)2+02 (_k2)2+02
—v —k?
—iGAB(k)=—i 0
( ) (—k2)2+02 (_k2)2+l)2
1
0 0 —_—
_k2

Using Eq.(17), the diagram in Fig. (&) gives the self-energy

v

4
p v v
1+ —2) +—2(w—2tan —2) -2

(23
U2 02 p4
us(p,v)=In 1+— +—4In 1+ —/,
p p v
B _1U p2 U2
us(p,v)=2tan E—?In 1+E .

Thev=0 part—1II,,,(p,0) is the self-energy obtained in the
generalized Lorentz gauge. Therefore, together with the con-
tribution of gluon 1-loop diagrams, this part yields a wave
function renormalization.

New effects come from thev-dependent
—1I1,,(p,v). If we take the limitp?—c°, we find

part
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2 1 9%v
g PPy p? 1 _ 4 ApA
Im,,(p,v)— 0,,—2 —In—. Sm —fd x—(——)A A%,
w(Psv) (477)2< ,L 0? )Zp » ass 2\ 64x) H
which is tachyonic. In the same way, the terr'rgak”AfL

B . 2 2 2 -
The asymptotic behaviow (v</2p)In(p“/v), which comes yields the tachyonic mass term

fromu,(p,v) andu,(p,v), is not produced by particles with
usual massefgl2].

o . d*k k k
In the limit p2—>0, we obtain 2 zf d*x(— 202p2 A3A3f wfv
Sress™ ) EXC2GVIRA o LR
ur(P0)— : ~p.P, ! 1| U) 1( g%
_ st 8V 3,3
(4 )2 w 2 3 p? —f d X5 647T)AﬂAM' (27)
2 2
v, mworr P Combining St...and 2., We obtain the tachyonic mass
4 3 p2 4 term
. 2
Let us study the leading term f A 5 (—MR(ALAL+2ACA%), mA=§4—jT, (29
g’
~H,(p—00)= g7 S, (249 where AZAL=ALAL+AZAL . Thus, not only the compo-

nentsAa(a 1 2) but also the componeAﬁ have the tachy-
which comes fromuz(p—0u), in detail. In the maximal Onic masses in the present gauge. ) ) )
Abelian gauge, the corresponding one-loop self-energy is ~ We can apply the same method in the maximal Abelian
gauge. The related term in this gaugd4$
2
g°v _
Egﬂ“w (25 iCa{[DM(A)DM(A)]ab—SabU—gzsacsdbAfLAi}Cb,

b_ b ba3
which is interpreted as a squared mass of the off-diagonafN€€D.(A)*°=0,5""—ge*"A, . If the ghost and the an-
gauge f|elds°\a (a=1,2) in Refs[3,4]. However, the differ- tighost are integrated out, we obtain

ence of the facto& between Eqs24) and(25), which stems — Saff— 2, .2, 2 a\2_ nn2 2/ A3\2
from the replacemerk, k —>(k2/4)5 in the integral(C2), © deft™+ o7+ g (A"~ 297(9,)%(A)

implies that it is gauge dependent. Therefore it is difficult to +492(‘7MA3)2+ 4ng7MA3]'
consider it as a physical quantity. Furthermore, this self- g .
energy must give a tachyonic mass, because Therefore an effective mass term becomes

D+D(-II)D+D(-I)D(-I)D+ ! Sh fd“ 2(Aa)2J d'k <

_ — - e~ , = X
p2+11 = T mt (Cke2re?
whereD~ 1/p? andI1~ —g?v/(64r). Since the sign of the (A2 d*k —k?
self-energy is crucial, we check it in the next subsection. 9%(AL) (2m)*\ (—k?)2+ 02
B. Tachyonic mass term 2v°%k?
The (antighost bilinear partic(3,D,+geoX)c gives [(—k?)*+v?]?

the effective action foA as 1
= f d4x§( —4m3)AZA?

I

J d*x J In[ —k?)2+v2+ 2iguk,A°,
wherem3 is defined in Eq(28). As was stated, the tachyonic
— gk k AAAA] mass term foAa appears in the maximal Abelian gauge, too.
pwerE e In contrast wrth Eq(29), A3 has no tachyonic mass in the
2 ApA i “ " maximal Abelian gauge.
The last term-g7k .k, A, A, yields the “mass” term What is the meaning of these tachyonic masses? A short-
44k K K distance _tachyonic gluon mass was introduced phenomeno-
LY (26) logically in Ref.[13]. The relation between this tachyonic
(2m)* (—k?)?+0? mass and the condensaté\})?) was also discussdd4]. As
the tachyonic masses in E(R8) appear in the infrared re-
We can perform thé integral by using the variabli = k?, gion, they might have no relation with tachyonic mass of
or using Eqs(B6) and(C4). The result is Ref. [13]. Since a tachyonic mass indicates an instability

Shest™ | cixg?A0A%
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anyway, the above result might imply that, instead of gluonic V. HIGH TEMPERATURE CASE
states, hadronized states should be used in the infrared re-
gion. The relation between the ghost condensation and con-
finement will be discussed in another paper. At high temperature, a gauge theory in Minkowski space
reduces to a gauge theory with scalar fields in three-

dimensional Euclidean spa¢&5]. If temperatureT =1/8 is
IV. MINKOWSKI SPACE high, a leading contribution comes from an effective three-
In Sec. Il, we have shown that the ghost condensatioflimensional Euclidean part of the system. Therefore, we can

happens in Euclidean space. However, in Minkowski space2PPly Eq.(B6) instead of Eq(B7) to the leading part, and
a different result is derived. To see it, we consider the oneth€ ghost condensation may occur.

A. Ghost condensation

tential is
5 2
_ 9 Po
Vuleo) =5 +1Van, @9 Vileo)= 50~ Vin (34)
whereVy, is defined in Eq(7). Even ifk?=k3—k? vanishes, ” d3k s ,
the integrand I(—k??+v?] is regular ifv#0. Therefore, V§h=Tn§_x f (zw)gm[(k +wp) +(9eo)7],

the one-loop contributiofnV 4, must be imaginary. In fact, in

Appendix D, we show that (35

where w,=27nT with n=integer, andge, is chosen as

_ d3k R g¢eo=(0,0p) with v=0. We notice, in contrast with Eq.
Vgh:J ?(E++E,), (300 (30), Eq.(35) is real.
(2m) In Appendix E, the integral
whereES (s=u,l) are the square roots ok{=iv) defined dPk o 2.
in Eq.(D4). AsEY +EY is imaginary,V g, is also imaginary. Ji(v)=T§n: J (Zw)DIn(k +wpEiv) (36)

Now we calculateVyy, explicitly. Although Eq.(B6) was
applied in Sec. Il, Eq(B7) must be used here. Taking the js caiculated foD—3. At high T, the result is given in Eq.

limit 2—0 in Eq. (B7), we find (E7). As VE=J,(v)+J_(v) with D=3, we find
D 2 1
D F(——) VA= — ——— —[(iv)¥*+(—iv)*?
d"k 2 (iiv)D/z. (3D on 45['34 673

In(—K?*iv)=*i——~
J (27T)D ( ) (477)D/2 ,
N v

Equation(31) contains divergences. However, when E{) 1672
is substituted intaV,, these divergences cancel out. This o . )
cancellation is due to the first sign on the right hand side Substituting Eq(37) into Eq. (34), the potential becomes
of Eg. (31), which is absent in the Euclidean formulgé).

Thus we obtain o5 2w 202 2

1
g—l- y—Indm+In ,82

+0(B%?3). (37

V(o) = —2 + - _
(o) 20, 458 678 1672
D
_ K24 K2 1
Vgh_f (277)'3['”( k+iv)+In(—k“—=iv)] % g+7—|n477+ln,82 +O(,3203). (38)
= v® In(—1) (39  Toobtain the term 00(v®?%B), v¥%* ™2 has been used as
32m2 ' the square root£iv)¥% This term, which is the contribu-

tion of the effective three-dimensional part, comes from the

As stated]V 4, is imaginary. From Eqs(29), (32) and(C4), n=0 part in Eq.(35):
we obtain 5

d’k 2\2 2
Tf ULt

Vm(po)=5_~—I o7 (33 o _ _
2 m This integral can be calculated directly, and gives the above

term. That is, the above choice of the arguments is necessary
It is evident thatVy,(¢o) =0 gives ¢q=0. That is, the to obtain the correct result.
ghost condensation does not happen in Minkowski space.  Since Eq.(38) contains the divergence, we rewrite it as

045002-5



H. SAWAYANAGI PHYSICAL REVIEW D 67, 045002 (2003

V(o) =VEe(eo) + V(o). (39

Here,Ve(¢pg) is the Euclidean effective potentiéB), and a
finite temperature contribution is

2 k
Viteo)=Vi(eo~ 5 | e e ),

o2 \/§v3/2 )2 i cv2 L B. Magnetic mass?
76 - Sinvp+ 5 TO(Bv”), . . . _ 2
458 7B 167 167 The mass scale obtained in Eg2) is Ju~0O(g?T). We
(40 note thatg /T is the gauge coupling constant of the effective
) ) three-dimensional theory. The mass@fg?T) has been dis-
wherec=3/2+2 In 4m—2y [16]. Ve(¢o) is renormalized as  cyssed as a magnetic mass to relieve the infrared problem of
Eq. (10). Thus, at high temperature witfv <1, we find high temperature QCIP15,17. Is the condensatiof4?) re-
lated to the magnetic mass? To see it, we study the self-
v2 \/503/2 energies of the gauge fields in the infrared limit- 0. As is
SaPm. 678 +0(v2nyvB)+---. (41)  known, the infrared problem is caused by the magnetostatic
g az componentsA’(x), i.e. the time-independent space compo-
nents of the gauge fielda’(7,x) [15,17. Therefore, we
calculate the effective “mass” term&6) and (27) for the
magnetostatic componenﬁf(x). In the present case, Eq.

Uz( \/3:2 ng>2_ (42) (26) gives

VB(‘PO) =

Vi(@g) =

The conditionV1(¢y) =0 givesv =0 and

At @pg=v/g with v given by Eq.(42), we find Vi(¢q) . B 3 A A
= 1/(2a,)+O(g?n a,g?)>0. Therefore, the ghost conden-  Smass™ 3 0 d7 | dXAT)A](X)
sate(42) appears at high temperature.

Before closing this subsection, we comment on the rela- 5 i d3k Kik;
tion between the potential at finite temperat(8é) and that x29°T f 3 o 3
in Minkowski space(29). Since the formula n===J (2m)° [(2n7T)"+ K] +o
1(8
_= 3y AR (x) AA
o 1 _cothz 2fo drf d°XAP(X) A (X)
n=-—ow 22+(n77')2 z f d3k 2
holds for the complex variable?= (k?*iv)/(2T)?, we ap- 3g (2m)%\ (k?)?+0?
ply it to Eq. (E1). The result is
s X
+2
dJ.(v) +i[ d°k 1 ES (=1 [(2n7T)*+ k)% +0?
dv 2 (2m)P ES ’—<2T)

At high temperature T>\v), we can carry out thé inte-

s ) . . .
whereE: (s=u,l) are defined in Eq(D4). After integrating gral. The result is

it by v, we obtain

J.(v)=30+3%,
Shass™ 5 J dr f d3xAR(X)AR(X)

3= f LIS (43
e D+’

(2m) _L 2T\ + 292T2+O[(gﬁv)2] :
25l 5 (zw)D'n(l e

As usual, J? is aT=0 part, and)? , which vanishes at the where the first term comes from the statit<(0) part, and

low temperature limitT= 1/3*)0 is a finite temperature the nonstatic1f#0) contribution gives the remaining terms.
part[16]. WhenD =3, —(J0 +3%) in —Vﬁh coincides with  We note that the second term in E45) is the largest term at
Eq. (30). Therefore, we have to choo&. = —EY asES in  high T. However, as is known, the 1-loop contribution of the
Egs.(43) and (44). Thus we find gauge fields cancels out this term. That is, magnetostatic glu-

045002-6



GHOST CONDENSATION IN NONLINEAR GAUGES: ... PHYSICAL REVIEW B7, 045002 (2003

ons do not acquire a Debye massfgT) [17]. In the same [4,18,19. However, as was explained in Appendix D, this

way, Eq.(27) leads to the expression treatment is problematic. The appearance of the mass for
L off-diagonal gluong4] is also dubious.
B Although the ghost condensation does not occur in
2 3 A3 3
Shass Zfo drf dXATIAT(X) Minkowski space at zero temperature, it appears at high tem-
perature. The point of this result is the reduction of a gauge
5 - d3k theory in Minkowski space to that in three-dimensional Eu-
X(—49% T)n;_m (2m)° clidean space. The condensatiggy ¢) is of O(g?T), which
is a typical mass scale in three-dimensional gauge theories.
kik; In the limit p2—0, the magnetostatic components of the
X gauge field acquire tachyonic massesQgf>T).
2 272 02
{{(2n7T)"+ k)" +0v%} The meaning of these tachyonic masses will be discussed
108 in another paper.
= EJ de d3xAj3(x)Aj3(x) Historically, the propagator which behaves as
0
\/E 2
x| - 5a-g? T +0l(gpv)?]|,  (46) X 48
k*+0v?

where the first term comes from tme=0 part, and there is
no term ofO(g®T?). Thus, from Eqgs(45), (46) and(42), we  \yas obtained by Griboy20]. By restricting the functional

obtain the tachyonic mass terms integral of gauge fields inside the Gribov horizon, gluon
propagators have this behavip20,21. Furthermore, the
f’ngJ d3x1 _ @ (92T)2 condition of this restriction is
0 2 2472

dPk 1
X . (47) f — =g, (49)

(2mP° (K)2+0v?

a a 3 3 3
ATOOAT(X) +5 AT()AT(X)

These “masses” are on the order gfT, which is the ex-
pected order of a magnetic mass. However, as in the fouwherev?= «* in the Gribov’s notatiorfi20], andv?=y in the

dimensional Euclidean case, it is tachyonic. Zwanziger’s notatiof21]. It is emphasized that the model
with Eq. (48) is not a physical Minkowski model but a Eu-
VI. SUMMARY AND COMMENTS clidean mode[21]. To obtain physical results in Minkowski

space from the Euclidean model, two-point functions of

In this paper, th&SU(2) gauge theory has been studied in gauge invariant operators were discussed in Raf]. Al-
the nonlinear gauge. To see the possibility of the ghost conthough we carried out a straightforward calculation in Sec.
densation, the auxiliary fieldb=a,B with B=—B+igc IV, a subtle analysis might be necessary to derive physical
X ¢ has been introduced so as to preserve the BRS symmetf§sults in Minkowski space. _
even if ¢ acquires a vacuum expectation value) #0. We The condition(49) resembles the gap equatitiB). Thus
have showr{¢)#0 at the one-loop level in Euclidean space.th"j ghost condensgtlon _m|ght pe related to the Gribov ambi-
The self-energy of gauge ﬁe'@AﬁAE> was calculated in the 9uity [20]. This point will be discussed in the subsequent
presence of the condensate)#0. Whereas it behaves as PaPer:
= (v?/p?)In(p?v) in the limit p?— o, it exhibits a tachyonic
mass in the limitp?—0. We also showed that a tachyonic
mass is obtained in the maximal Abelian gauge, too. This
rﬁSU“ is differer|1t ffTOan [t.'[]i%t _?f EGEJ, I%nd coincides with In this appendix, we make a comment on E§). As B
the recent result of Ref18], if the Euclidean metric is em- _ L - :
ployed. It is important to note that the values of the tachy- Bigexc, Bq.(5) is written as
onic masses in the present nonlinear gauge and in the maxi-
mal Abelian gauge are different from each other. That is, the o — artap_,
tachyonic mass of gauge fields is gauge dependent. Lyigh=B-[d,A,+ az(igexc)—w]— —5—B

Contrastingly, if we perform a straightforward calculation,
the ghost condensation does not occur in Minkowski space. — ay —
Because of the Minkowski metric, the square of a four mo- +icd,D,c——(igexce)”.
mentum isk?=k3—k?2. The different sign of the component
Ogo Of the metric tensor plays a crucial role in carrying out .
momentum integrations. In some articles, the MinkowskiUsually, the auxiliary field¢p~ ay(igcXc) is introduced
metric is used, and the Wick rotatidy— ik is assumed [3,4,7). In the present case, we obtain

APPENDIX A
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- ajtap , — where f(A)=0 is a gauge-fixing condition, and; is the
B-[d,A.+ ax(igexc)—w]— ——B"+icd,D,cC corresponding Faddeev-PopdkP) determinant. Asf(A),
we choose

— 1
—¢-(igexe)+ 5— 2. fAA)=39,AL—al+ o —wA, (A2)
2

. . o where the functiora”(x) and the constanw” belong to the
However, in contrast with Eq6), the term which is propor singlet representation @ U(2), wherease™(x) belongs to

tional to B containsa,(igexc) instead of¢. Therefore, i, 5djoint representation. Therefore the FP determinant be-
when ¢ acquires a vacuum expectation value, we cannot segymes

directly whether the BRS symmetry breaks or not. If we

replace the auxiliary field a$= ¢+ a,B, we can avoid this — —
prgblem, and obtaiz Eqﬁ)# e Af:de(‘?MDfrg‘Px)“J DeDee e7uPut9¢20c,
The auxiliary fielde”(x) has another meaning. To see it, (A3)
we rederive Eq(6) by a functional integral method. In this o
method, a gauge-fixing and a ghost term come from Multiplying Eq. (A1) by the constantsfDa exp(-a’/
2a;), [DBexp{(au/2)[B—(1/a;)(d,A,+¢—w)]?} and
Ao(f(A)), (Al)  [Deexp(—¢%2as), Eq.(Al) becomes

f DEDCDQDDBe[(alQ)Bz—B(H#A#+ o—W)—ic(a,D ,+gex)c—(p?/2ay)] '

where Eq.(A3) has been used. This expression gives the w ., +im
Lagrangian density6). That is, ¢(x) is the function in the f dk]-ei"kj =NV 1
adjoint representation appearing in the gauge-fixing condi- o
tion. he k integral is performed as
We note that the general case, which contains function% 9 P
transforming nontrivially unde8 U(N) in f(A), is studied in i\ V2( i\ (O-)2
Ref.[8]. f deetikzt:<—T”) (%”)
D/2
APPENDIX B z(ii)“_(D/Z)(z) | 84)
It is necessary to calculate the integral
4Pk where we have assumed#?=ki+-..+k3—kZ ;—---
|:(v)=f (s2)"3,  s=(kp)=UFk2—iv, —k3 . Substituting Eq.(B4) into Eq. (B3), and using Eq.
(2m)P (B2) again, we obtain
(B1)
. | (0)= i (x£i)" fmdtefi(ufiv)ttafolzfl
where U may contain external momenta and some param- ¥ T'(a) —(i47'ri)D/2 0

eters. As we consider not only the Euclidean case but also

the Minkowski case, it is convenient to use the idenfity] D
i (=i %77
—a | % —its-\ta—1 = (U_iv)f(a,D/z). (BS)
S+ :F(a) 0 (e +)t dt, Rqa)>0,|m(S;)<0, (i47T)D/2 l“(a)
(B2

The factor ¢-i)" produces a difference between the Eu-
clidean case and the Minkowski case. To see it, welket
=0, and consider the Euclidean case=D, in this paper.
We find Eq.(B5) gives

which is derived from the integral representation of the
gamma function’(a). Substituting Eq(B2) into Eq. (B1),

we find
ra de I'l a D)
| ® . R
'I(U):ﬁf dtta’lf ——e = (B3 d°k t 1 2
0 (2m) (2mP (Fk2—iv)® (4mP? TL(a)
Since X (—iv) 3 *iv)P2 (B6)
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In the Minkowski caserf=1), Eq.(B5) becomes

J

The first = sign on the right hand side of E@B7), that is
absent in Eq(B6), plays a decisive role in Sec. IV. This

r

a
a= 3
I'(a)

dPk 1
(2m)P (Fk?®—iv)?

1
(47T)D/2

X (—iv) 3 Fiv)P2

+

(B7)

sign is related to the direction of the so-called Wick rotation.

The relation is explained in Appendix D.

APPENDIX C

To calculate Eq(19), we consider the integral

iy(p)=J

d*k  ku(k—p),
(2m)* (K2+iv)(k—p)?

(CD

Using the Feynmann parametrization and shifting the vari-

ablek, to k,+xp,. L ,(p) becomes

Joor]

In four-dimensional Euclidean spade,k, in the numerator
is replaced by<25 4. We use the dimensional regulariza-
tion, and apply Eq(BS) with n=D to Eq.(C2). The result is

d*k k,*x(x=1)p,p,
(2m)* [k2+X(1 X)p2=(1—y)iv]?

(C2

L,iy<p>=—(4 )2 5 — )PP (1= )iv]
X[N(p?v,x)+1]+ WPMPV
1
X fo dxx(x—1)N(p?v,x), (C3)

where

1
N(pz,v,)()= P y+In 47T—|n[X(l—X)p2i(l—X)iv].

SincelL,,(p)=L;,(p), we find

—I1,5(p)=—9g°[L,,(p)+L,,(p)]
g1 P°
(47T) p,upv 2 MV
1 28,, p?
X g—y+|n477 = + pMp,,+75M,,

1
Xfo dxx(1—x)[In(x*p*+0v?) +In(1-x)?]

PHYSICAL REVIEW B7, 045002 (2003

Im(z)

(a) (b)

FIG. 2. Contours and poles in the complexplane.

1 2+iv
%f dx(1— I
0 X

p—iv.

Carrying out they integral, and using the relation

2—j
In P .v =-2j tanfli, (C4)
p?+iv p?
Eq. (20) is obtained.
APPENDIX D

In this appendix, we prove E@30). Differentiating

K(v)=i f dkoln[ (k3 —k?)2+v2]

by v, we find
dK(v)_fw dk, 1 1 01
dv —=  \ki—E2 K3-EZ2)’
WhereEi=k2tiv. We consider the complex integral

(D2)

J q 1 1
Z —
c \Z2-E2 Z?-E2

If the anticlockwise contou€,, in Fig. 2@) is chosen, Eq.
(D2) gives
1 1
EY EY)

dK(v)
(D3)

0 =2mi[RegEY)—RegEY)]= m(

whereES (s=u,l) are the square roots &> :
Eli: i[(k2)2+l)2]1/4 +i6/2

E. = 2] Verion,

FL(K?)2+
6=tan Y(v/k?). (D4)
Thus, integrating Eq(D3) by v, we obtain

K(v)=2m(EL+E"Y).

045002-9
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Since

, d3k
IVgh= J WK(U),

Eq. (30) holds.

We note that we can choose the clockwise con@urAs
EY"=—E',, Eq.(D3) is obtained again.

We make a comment. To carry oWy, integral in
Minkowski space, the replacemekg— ik, is often used.
However, we cannot apply it to integrals with (53— k?)?
+v2]. In Eq.(D1), we can apply it for the second part

| st
= K2—E2’

because the replacemdqt— ik, corresponds to the contour

C. in Fig. 2(b). Contrastingly, the first part

JLong?
=]

contains the polegS (s=u,l) insideC, . Therefore, if the

replacemenk,— ik, is applied to this part, the residues of
ES (s=u,l) must be added. Instead of taking these residues

into account, we can use the contdlir , which implies the
replacemenk,— —iky. The difference of the sigrr ik, cor-
responds to the first sign in Eq.(B7).

APPENDIX E

We calculatel.. defined in Eq(36) for D=3. If we dif-
ferentiateJ. by v, we obtain

dJ.(v) j d®k +i
=T E1
dv ; (2m)P K2+ wi+iv (&
Cxipod%k 1
BJ (2m)P K?+iv
+2i o f dPk 1
+— : E2
B nzl (2m)P K2+ wi+iv (E2

Using Eg.(B5) with a=1 andn=D, the first term on the
right hand side becomes

*i d3k 1
B

Fi
h (+iv)*2

= E
(2w K2xip 47mPB E3

PHYSICAL REVIEW D 67, 045002 (2003

where we seD=3. In the same way, the second term be-
comes

+2i f dPk 1

B i=1 ) (2m)P K+ wi+iv
+2i0(1-D2) & , .

_—_= (D/2—1)
=3 —(477)[)/2 nzl [wp*iv] . (E9

We use the dimensional regularization, thatDs=3—2¢,
since Eq.(E4) diverges aD =3. Then, substituting EqEJ)
and(E4) into Eq.(E2), and integrating it by, we obtain

2,”.3/2—8 3
'l — 54‘8

ﬁ4—2£

2
nzii<£) v

Now we perform a high temperature expansi@6]. For
T v, we find the expansion

2
nzii<£) v

1
Ji(v)=—ﬂ(iiv)3/2—

[

X2

n=1

3/2—¢

(E9

3/2—¢

>

n=1

) (3 s
—g(—3+28)_|(§—8>ﬁ§(—1+28)
1 w2\’ ]
—5(3—28)(1—28) ﬁ {(1+2e)+0(B°),
(E6)

where{(a)=3,_,1/n* is the zeta function. Substituting Eq.
(E6) into Eq. (E5), and using I'(e—1/2)=—2{x[1
—e(2IN2+y-2)]+0(? and ((1+2e)=1/(2&)+y
+0(e), we obtain

2 .
o T v

458*  12B2

1 ,
Ji(v)Z—w *lv

v2

1
—+y—Ind7—InT?|+0O(B%?3).

+
3272\ €

(E?)
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