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Renormalization in Coulomb-gauge QCD within the Lagrangian formalism
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We study renormalization of Coulomb-gauge QCD within the Lagrangian, second-order, formalism.
We derive a Ward identity and the Zinn-Justin equation, and, with the help of the latter, we give a proof of
algebraic renormalizability of the theory. Through diagrammatic analysis, we show that, in the strict
Coulomb gauge, gD is invariant under renormalization. (D% is the time-time component of the gluon

propagator.)
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I. INTRODUCTION

In non-Abelian gauge theories, among a variety of gauge
choices, the Coulomb gauge is one of the most important
ones. The theories with this gauge are described in terms of
physical fields, so that the unitarity is manifest. Within the
Hamiltonian, first-order, formalism, formal or algebraic
renormalizability of the Coulomb gauge has been studied
in [1]. Since then, introducing an interpolating gauge,
which interpolates between a covariant gauge and the
Coulomb gauge, Baulieu and Zwanziger have proved al-
gebraic renormalizability of the theory [2]. In taking the
Coulomb-gauge limit, a phase-space representation is used
there. Despite its importance, the proof of renormalizabil-
ity of the Coulomb gauge within the Lagrangian, second-
order, formalism per se is still lacking, to which the present
paper is devoted.

In this paper, we are concerned about Coulomb-gauge
QCD, whose Lagrangian density is obtained by adding the
gauge-fixing term, Lgg = —(3,A5)(0;A%)/0", to the
QCD Lagrangian density. In the Coulomb gauge, there is
an inherent problem of appearance of ‘“‘energy divergen-
ces,” which are characteristic of an instantaneous closed

ghost and A loops:
d
]%F(P, )
w

where F is independent of p, the temporal component of
the four-momentum P* = (p,, p) and “...” indicates a set
of external momenta. There also appear ill-defined inte-
grals of the forms,
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where G (H) is independent of p, (p, and g).

Numerous works have been devoted to the energy di-
vergence problem and, by now, the following results are
established.
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(1) Inthe Hamiltonian, phase-space, first-order, formal-
ism, energy divergences like (1.1) do not appear [3]
in the first place.

(2) Using the correspondence formula which equates
amplitudes in a covariant gauge to those in a gauge
without ghosts, Cheng and Tsai [4] “indirectly”
showed that, when all relevant contributions are
added, cancellation occurs between the energy di-
vergences (1.1).

(3) With the help of an interpolating gauge, which
interpolates between a covariant gauge and the
Coulomb gauge, in the phase-space formalism, it
has been shown by Baulieu and Zwanziger [2] that
the cancellation occurs between different contribu-
tions which turn out to be energy divergent ones in
the Coulomb-gauge limit (see also [3]).

(4) Tll-defined integrals like (1.2) can be set equal to
zero [5] and another type of ill-defined integrals,
Eq. (1.3), are connected [3,5] with the so-called
Vi + V, terms of Christ and Lee [6], which arise
through correct treatment of operator ordering in the
Hamiltonian.

(5) It has been shown in [7] that the cancellation of
energy divergences and renormalizability is compat-
ible in an example in which quark-loop subgraphs
are inserted into the second-order gluon self-energy
graphs: As mentioned in (1) above, in the phase-
space formalism, two integrals over the internal
energies converge. However, in relation to renor-
malization, energy divergences reappear. Thanks
to the Ward identity, these energy-divergent contri-
butions cancel out.

Therefore, when perturbative computations in the present
Lagrangian formalism are properly handled, cancellation
should occur between the energy divergences. We are not
concerned, in this paper, with the energy divergence issue.
As stated above, we are interested in the Coulomb-gauge
QCD. Nevertheless, we proceed, as far as possible, with a
more general gauge choice, Lgr = —(9,A%)(0,A%)/(2a)
with arbitrary «, which is usually called the Coulomb
gauge. The “genuine” Coulomb gauge, which is obtained
by taking the limit @ — 0, is called the strict Coulomb
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gauge. Incidentally, in the case of a # 0 Coulomb gauge,
when compared to the strict Coulomb gauge, much worse
energy divergences arise [cf. Eq. (2.2) below], so that, at
the present stage, such a gauge is useless for practical
perturbative calculations.

In Sec. II, we present a Ward identity and the Zinn-Justin
equation, which are derived in Appendix A. In Sec. III, on
the basis of the Zinn-Justin equation, we construct renor-
malization counterterms in a recursive way. In Sec. IV, we
prove an algebraic renormalizability of the theory and
obtain the identities between the renormalization con-
stants. With the aid of the Ward identity, we obtain an
additional identity Z, = Z,,/Z5; [Eq. (4.11)]. We then
show that, in the strict Coulomb gauge, gD (D is the
time-time component of the gluon propagator) is invariant
under renormalization. In [1,2], this proposition is proved
using the Ward identity. In contrast, in the present
Lagrangian formalism, use of the Zinn-Justin equation is
sufficient for proving this. For illustrative purposes, the
forms of some one-loop renormalization constants in the
strict Coulomb gauge are also displayed. Section V is
devoted to a summary. Appendix A briefly describes a
derivation of the Ward identity and the Zinn-Justin equa-
tion. In Appendix B, using the identity that is dereived
from the Zinn-Justin equation, we obtain, in the strict
Coulomb gauge, additional identities Z, = D' =
Eq. (BS). In Appendix C, we briefly describe a derivation
of some one-loop renormalization constants in the strict
Coulomb gauge. Some formal diagrammatic analyses are
summarized in Appendix D. In particular, we show that, in
the strict Coulomb gauge, 71An vertex [cf. Eq. (2.1)] is not
a renormalization part, so that Z, = 1 in the minimal
subtraction scheme in dimensional regularization.

II. WARD IDENTITY AND ZINN-JUSTIN
EQUATION

As the content of this section is standard, we describe it
only briefly. Greek indices u, v,... run over O, 1, 2, 3,
while Latin indices i, j run over 1, 2, 3. We use P* for
denoting a four-vector P* = (p°, p) and p/ for denoting a
three-vector.

The effective Lagrangian density of Coulomb-gauge
QCD with one quark flavor (generalization to the case of
several quarks is straightforward) reads

Loy = Lo — j:a:]:a (FalA;x] = 9;A%(x)),

N 1 _

'Eeff == ZFZLILVFa,u,V + %lf(lﬂ -—m=- gtaAa)¢ (21)
+ 07Dy, (X) 15,

where F” = *AL — I’AL — gfubcA;;AZ’ Iy = /\a/z’

and D? (x) = 8,,0* + gf.»-AE (x). Generalization to
other non-Abelian gauge theory is straightforward. In the

PHYSICAL REVIEW D 74, 045021 (2006)

Lagrangian formalism adopted here, the field propagators
can be extracted from the bilinear (with respect to the
fields) terms of L. in Eq. (2.1). For the purpose of the
later use, among the propagators, we only display the
forms of the gluon propagator A#”(Q) (see, also, [8,9])

and FP-ghost propagator A(Q), together with
1,(Q)AL n -vertex factor V', (Q):
oV —q'q’/q>  ntn”  0"Q"
A MY — oM 1{ _
(Q) g, Q2 + lO+ qz o q4 ’
(2.2)
~ 1
A(Q) = ——, (2.3)
q
Vi, 0 = gfapcd’ 2.4

Propagators are diagonal in color space, so that the color
indices are suppressed.

The gauge-field part and the quark part of Eeff is
invariant under the infinitesimal gauge transformation:
A”—>A“+foh(x)e,,(x) W — W —ige,t,f, and ¢ —

¥+ igipe,t,. Lo is invariant under the Becchi-Rouet-
Stora-Tyutin (BRST) transformation of the fields

8AG (x) = Dl (x)nyd = sAG L, (2.5)

5na(x) = - %fuhcnh(x)nc(x)g = S”’Ia§, (26)

igyn,t,d = s,
Q2.7)

S = ignat pl = sl Sy =

59,0 = L F A =5l @8)
Here { is an x-independent infinitesimal Grassmann num-
ber with the same ghost number as 7j,,. L is not invariant
under the Lorentz transformation but is invariant under the
spatial rotation. Then, we treat the spatial component A,
and the temporal component Al of A% separately. We let
x" run over the fields, AL, A%, 5, , and ¢, and introduce a
set of c-number external sources K,(x) that couple to
sx"Lx:x), K, = (K., KO, K, , Ky, Kj).

Quantum effective action I" is defined by the following
implicit functional integro-differential equation:

T K] = f@(/\/’, ') exp[ifd4y<£et'f'(/\/l, ')

— 5RF ln —
5 X =X

g’il; s m)ﬂ

where R denotes right differentiation. We show in

+ K, sxy™

(2.9)
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Appendix A that

I'[x, 7, K] depends on 7 only through K% + 9/7,,.
(2.10)

We introduce T through

=T+ fd“y}"z[A;y]. (2.11)
2a0

The Ward identity, which is derived in Appendix A, reads
Spl' 6 Spl’
3 R L _ 3 R +K
fd |:5"5K:|(X) aofd |:77a5A0 :|()

(2.12)
where L denotes left differentiation. Integration over x
yields the Zinn-Justin equation,

(2.13)

The leading term (in the loop expansion) of T is

Tolx. 7, K] = [ d*x( Lol 7,561 + Kosx"Li: x)).
(2.14)

which is invariant under the transformation (2.5), (2.6), and
(2.7). It should be noted that the fields y" and % in I, are
the renormalized ones.

ITI. RECURSIVE CONSTRUCTION OF
COUNTERTERMS

In this section, we construct the renormalization coun-
terterms that preserve the symmetry condition (2.13). We
follow the procedure in standard text books [10,11], so we
briefly describe it here.

Let us use dimensional regularization by continuing
spacetime dimensions from 4 to d. We employ the loop
expansion for T, T' = > N= OFN and decompose I'y as

Iy =Tgy+ FE\, ), where Fg\,) is the ultraviolet (UV) di-
vergent contribution, i.e., it diverges in the limit d — 4. We
adopt the minimal subtraction scheme.

The  symmetry condition (2.13) leads to
Z%,:O(fN/, Ty_y) =0 (N=0,1,2...). We proceed in
a recursive way. We assume that, for all M = N — 1, all
UV-divergent contributions from M-loop diagrams have
been cancelled by counterterms fg&")(M =12...,N—
1). (This recursive procedure is justified a posteriori in
Sec. IV.) Then UV infinities can appear only in the N =
and N' = N terms, and the infinite part of the above
condition reads (I', I‘E{f')) + T §V°°), ;) = 0. Here, T is as
in Eq. (2.14). We write ' as
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P . K] = [ d@lea + K, Dibad, G

where I and Dy, are local functions of x” and 7 and their
derivatives [11]. For the time being, we drop the suffix N.
Substitution of Egs. (2.14) and (3.1) gives

4 aR eff[X’ 7'],)6] n aRi[X: 77];)(] nl-..
(i el + T s )
=0, (3.2

Irsx" [X,X] " D" x:x] o
[ D] + S )
=0. (3.3

From here on, we follow the procedure in Sec. 17 of
[11]. We introduce

INCIPRIE f d*x(Logx, 75 x1 + €llx, ;%))

= fd“xi(e)[/\/, 7; x], (3.4)

Ay x] = sx"[x:x] + €eD"[ x: x], (3.5)
with € inflnitesimal for technical reasons. Then, Eq. (3.2)
says that ['® is invariant under the transformation,

X"(x) = x"(x) + A" [y; x]Z, (3.6)
while Eq. (3.3) tells us that this transformation is nilpotent.
The most general form of the transformation (3.6) is

gD\ Ain ¢,

abc

Al — Al + [B®ain, —
A — A + (B 8, — gD A)n e,

abc
SEY) v+ ign T0we,

Nag = Ng — 2 abcnbncg’ lvb_)

where Bﬁfb), Bifb) , Dgfb)c, Dgfb)c, and E<E) (= —E(Cb) are con-
is some matrix acting on the quark field.
Here DElEh)L = (DEJE}F)L)N = fabL' + G(DabL)N’ Tlge) =
(T49) N = t, + €(T,)y, etc. Even if we introduce different

Tff)’s for different components of ¢, we will have the same
result as the one obtained below. Imposing the condition of
nilpotence, we obtain Effb)c = DEfb)L DEfb)C COFf upes
B') = (CD)9s,,, B = (CD")95,,, and TS = @y,
where C©, (CD)©, and (CD')'© are some constants:
CclO = =1+ ecy, (CD)® = (CD)\ =1 +
€>N_oCnDy_y (Co=Dy=1), etc. [Cyy and Dy
(M < N) have already been determined at lower-order

stants, and T,(l )
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stages.] Thus, we have, with obvious notation,

Aiz - Aiz + [CD(aina - gfabcAznc)g](E)’ (37)

A} =AY + [CD{(D'/D)8"n, = &fapcAdm ], (3.8)

1 ()
Mg = Mo + |:CD<_§gfabcnbnc§>i| ’ (39)

Y — ¢ + [CDign 1, p ], (3.10)

where § = g/D. Introducing A% = (D/D")AY, one can
rewrite Eq. (3.8) as

A9 — A+ [CD(°n, — &fapcASn ) 1.

L£'9in Eq. (3.4) must be invariant under all the symme-
tries of the original Lagrangian, i.e., (1) invariance under
the spatial rotation, (2) global gauge invariance, (3) anti-
ghost translation invariance, (4) ghost number conserva-
tion, and (5) quark number conservation. Furthermore, as
stated in (2.10), I" does not involve d¢7. (For completeness,
this is proved in Appendix D through formal diagrammatic
analyses.) Taking all of these facts, we find that the most
general renormalizable interaction takes the form

.Z (€) = Zeff + EIN

= L' + Z5(0,7,)0',) — gd5.(8:7.)A) ..
(3.11)

where Z(,,E) , dffb)c are unknown constants, and .E(l;f)‘ is the

renormalizable term that involves only the quark and gauge
fields.

Imposition of the invariance under the transformation
(3.7), (3.8), (3.9), and (3.10) yields

- Tt i Zhi
(6 — | %31 _ %31 70
= _[ 4 FdFaj == FaFai
+ Zy (i) — glaA{z)Vj'ﬁ + Zoph(i0° — §1,A0) yo
’o7 5 (o = \[qi ~ i (&)
- melplﬂ + Z3(3i77a){3 Na — gfabcAb 770} .

(3.12)
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The tilde on F ’a’ indicates that the field stren~g§h is to be
calculated using g for g, while the tilde on F¥ indicates
that the field strength is to be calculated using g for g and
A9 for AY. All the constants appearing above are of the
form  ZY = (Z\)y =1+ e(Zy)y.  (Zyy/D)O =

(Zsl/D)g\f) =1+eXN_(Zs)yD y_y (D71 =
1), etc.
For obtaining further information on the constants ap-
pearing in Eq. (3.12), we make the following observations:
(i) The locations of the physical poles (zeros) in the
transverse-gluon- and the quark-propagators (two-
point effective actions) are gauge-fixing indepen-
dent. Kobes, Kunstattar, and Rebhan [12] showed
this proposition to hold by using a set of identities
that determine the gauge dependence of the effec-
tive action.
(i1)) The argument in [12] goes as it is even in
d-dimensional spacetime.
(iii) In the case of covariant gauge, the poles of the
transverse-gluon propagator are at py = *p (P> =
0) and the poles of the quark propagator are at p, =
+(p? + mﬁh)l/2 (Pr = mgh), where my;, is the
physical quark mass. Thus, the dispersion relation
of the transverse-gluon (quark) mode is Lorentz
invariant, P2 = 0 (P2 — mgh = 0).
Our Z'9’s are the ones that are computed in the minimal
subtraction scheme in dimensional regularization. For tak-
ing the facts (i)—(iii) into account, the on-shell renormal-
ization scheme (RS) should be employed. Let (Z(;l))on, etc.

be the on-shell RS counterpart of ngl), etc. Then, (i)—(iii)
and the on-shell RS counterparts of Eq. (3.12) tell us that
(Z5on = (Z5) Jon and (Z5))on = (Z5)on. Since (Z8)on —
del), etc. are UV finite, we obtain’

790 =7, 7 =79=7Y). (3.13)

IV. ALGEBRAIC RENORMALIZABILITYAND THE
FORM OF '™

In this section, we show the algebraic renormalizability
of the Coulomb-gauge QCD. On the basis of the recursive
construction in the last section, we deduce the form of ),
Reviving the suffix N, setting € = 1, and summing over N,
we obtain from Egs. (3.11) and (3.12) with Eq. (3.13),

"For arriving at the strict Coulomb gauge (o — 0), one might
encounter a subtle limiting procedure. The proposition (i) has
been proved within the interpolating gauge in [2].
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7

Lo + > Iy
N=1
_Z
2

. o | ,
(9,00 Al = 9:440;40) + ZspdoAjoidg — =2
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9,AQ9°AG + anfabc(aiA?)AZA{; + 8Z12f apePALADA,;

2 2
i 8 iri _8 i T (0.5 Vo
+ 8Z13f abe O ASARAL — 2= Z41 fabe S adeApiAcjALAL = == Zip fape S ade AYAGASAL + Z5(0,7,)0n,

4

where, with obvious notation, Z3; =1+ > 3_,(Z3))y,
etc., and

Zy = DZ31/D’, Zz = DZZ31/D/2’

Zy, = Z3/D, Zy, =75 /D), Z\3 = DZy, /D",
Zy = Zy3/D?, Zy = Z3 /D", Z, = Z;/D,
Zy = Z,/D, Zyin = 2,/ D,

dm=(1-2,/Z)m.

Here, D =1+ > %_, Dy, etc. From these relations we
obtain the identities

Zn 7 _Zu_Zo_Zs_ % _,

Zy Zy Zuy Zn Ziz Zyn ' 42)
Zy_Zo_Zn_ 7 |
Zin, Zp Ziz Zyn

Recalling Eq. (2.11), we finally have, for the density of
Ty + F(Oc))l(n=0v

Z3

0=10-
2a

(9;A1)(9,A%), (4.3)

where & = Z3, . We now define the bare fields and pa-
rameters according to

Apy = Z5°Ah Ay, = ZRAL mp =257,
— ~1/2 - 1/2 - 1/2 5
s =20 =20 Iy=2
g = ZHZ;IS/zg, ap =730, mg = m — om.
4.4)

Then, from Eqgs. (4.1), (4.2), and (4.3) we see that £ may be
regarded [10] as the initial Lagrangian density
L.(Ap, mp, Tp, Wp, Up; g, mp, ap) written in terms of
bare quantities.

By construction, the density € in Eq. (4.1) is invariant
under the transformation y" — x" + Ay" that is obtained
from Egs. (3.7), (3.8), (3.9), and (3.10) by setting € = 1 and
summing over N, which reads, in obvious notation,

2
~ 821 fapc(0; )AL + Zop(if — (m — Sm))yp — th/fllthaA{;')’jw — 8Z 120t A5y,

4.1

[
AAl = SALL = C(Dd'n, — gf upcALme)

C . . . .
= Z—Z;/ 20" Mg — &L avcAby M) = ZisAb,L,
1

AAS = SAY, = C(D'dgny — gf abcA)me)
=51/2
= Z£1 %(aon&; = 8BS abcAy MBI
= Z0sAg,¢,
An, =8Sn.{ = C(-;gfabcnm-)f
= ZC:Z%(_ ;ngabananc>§ =Z,,5MBd¢
A =S¢ = Clignat.h){
- 251(232‘—223)1/2(@1;3#0%)4 = Zysisl,  (45)

where use has been made of § = g/D and Eq. (4.4). Then,
from Eq. (3.1) with Egs. (3.5), (3.6), and (4.5) we have

o+ Z I = fd“x[f + K,Sx"]
=i

= fd4x(‘zeff[XB’ 78] + Kpas X3Lx3),
4.6)

where we have used ¢ = L[ yp, 5] [cf. after Eq. “4.4)].
On the right-hand side of the first line of Eq. (4.6), K/, and
d'n, appear in the form,

ZS[CZI_IK; + (aiﬁa)][aina - gfabcAbinc]'

Recalling here the property (2.10), we obtain the relation
C =Z,. Thus, (Z., Z?,, ZyoZy ZJ,) cannot be arbitrarily
chosen but are determined uniquely:

4.7)

zi, =72,

Zg = ZIIZ;/Z/ler (48)

2, 2

. Zy=Zj; = (Z312:/Z,)"".

From these relations and Eq. (4.4), we find Kg,x% =
(Z3,25)'/?K,, x", where summation over n is not taken
(n=1,2,...,5). Note that the factor (Z3,Z;)"/? is com-
mon for all n. This fact, together with the relation
€ = Lo(Ap, mg, Tp U ¥p; gg mp, ag) obtained above,
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justifies [10] a posteriori the recursive procedure in
Sec. IIL.

It should be emphasized that we have uniquely deduced
the results (4.8), which is in contrast with those in [2].

A. Derivation of Z, = Z,/Z

Following [2], we start with the Ward identity written in
terms of the bare quantities:

S5.p 6, T PN
& R1B OLlB =9 & Rl B
[ x[ 5x5 5Kpy | T %0 | 4 ey

8,1
+ Kp — (). 4.9
o

Ba
According to our results on renormalization, the effective
action I'p is finite [2] when expressed in terms of renor-

malized quantities,

T 5(xs 15 Kp: g5 mp. ag) = T(x, 7, K: g, m, a).
Through this change of quantities, Eq. (4.9) turns out to

8L 8,T ZaZ &l
d3 R L _ “31 13 d3 YR
f x[ax" 6KJ(X) Zn ) sAD

+ Ko ) }(x). (4.10)

oK,
Since the left-hand side of this equation is UV finite,
Z3,Z,/Z,, must be finite. This implies that in the recursive
procedure described in Sec. III, the UV-divergent part of
Z31Z, is equal to that of Z;, in each loop order. Then, we
obtain the relation
- Z 1
Z,=22=_

= 4.11)
31

where use has been made of Eq. (4.2).

B. Strict Coulomb gauge

In Appendices 13 and D, we show that, in the strict
Coulomb gauge, Z; = D' = 1, which is in accord with
Eq. (4.11). Using this in Eq. (4.2), we obtain

Zyy = Zyy = Zyy, Zy3 = Zy, Zyn = 2.

Then, the relation gzAY, = gAY [cf. after Egs. (4.4) and
(4.2)] and then

23D = ¢*D, 4.12)
hold, where D% is the time-time component of the gluon
propagator.

It is worth mentioning here that, in the Hamiltonian,
first-order, formalism [2], the identity (4.12) is deduced
from the Ward identity. In contrast, as seen above, for
deriving Eq. (4.12) in the Lagrangian formalism dealt
with here, use of the Ward identity is not necessary. As a
matter of fact, D’ = 1 and Z, = 1 plays a role. The former
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is derived from the Zinn-Justin equation in Appendix B and
the latter is obtained in Appendix D through formal dia-
grammatic analysis as in the case of the Landau gauge.
Physical importance of the relation (4.12) is fully discussed
in [1,2].

As a matter of course the Ward identity contains richer
informations than the Zinn-Justin equation, so that differ-
ent relations are to be obtained between various (renormal-
ized) amplitudes.

C. One-loop wave-function renormalization constants
and om in the strict Coulomb gauge

As an illustration, we display here the results for the
wave-function renormalization constants and ém to one-
loop order in the strict Coulomb gauge (see Appendix C):

Z31:_§;fr22di4+1§;di4’ @.13)
Z32=_;;7gr22di4 li;di4’ (4.14)
23 = _181522di4 1(2g7272di4’ (.15)
Zy= —f—;ﬁ, (4.16)

Z, =6g—;2ﬁ, @.17)

om = —;7772_2611_4m (4.18)

The second terms on the right-hand sides of Egs. (4.13),
(4.14), and (4.15) come from the quark-loop diagram.
These Z’s and Z; satisfy the identities (4.2).

We explicitly confirmed in the Lagrangian formalism, as
in other literatures in different formalisms, the absence of
energy divergence in one-loop order (Appendix C).

V. SUMMARY

In this paper we have addressed the problem of renor-
malizability of the Coulomb-gauge QCD within the
Lagrangian, second-order, formalism. Starting with the
Zinn-Justin equation and following the procedure as in
[11], we have proved a formal or algebraic renormaliz-
ability. The renormalization constants for the external
sources K, K9, K, Ky, and Ky, which couple, respec-
tively, to the composite operators sA%, sA%, sn,, s, and
st are uniquely determined.

We have derived the Ward identity (2.12) and from
which we have obtained the identity Zy = Z3,/Z5,. With
the aid of the Zinn-Justin equation, we have shown that
gAg is unchanged under renormalization. In [1,2], this is
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derived using the Ward identity. In contrast, in the present
Lagrangian formalism, use of the Zinn-Justin equation is
sufficient for proving this.
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APPENDIX A: WARD IDENTITY AND ZINN-
JUSTIN EQUATION

1. i, dependence of I

Changing the integration variable %/, — 7!, + 8%/, in
Eq. (2.9), we obtain

0= f D(x', 1‘7’)57‘7;[ 9;D},[A]n 5 } FEES
fl?()( n’)ana[ o/ 5L 4 2el } JERIS)
oK) o7,

|

/n+
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From this equation, we get

5,0 8,

=0.
78Kl 87,

This relation tells us that I' depends on # only through
KL+ d/7,.

2. Derivations of Ward identity and Zinn-Justin
equation

We introduce infinitesimal variations [1,2]

X" = X"+ fo)sxm ()L (n=1,....5), (Al)

7 a(x) = 75 (x) + f(x)s 75 (x) ¢, (A2)
where sy™ and s7!, are as in Egs. (2.5), (2.6), (2.7), and
(2.8), and f(x,) is a xo-dependent function. When f is a
constant, it reduces to the BRST transformation. Making
this change of variables in Eq. (2.9), we obtain

fD(X 7’ [fd“ { ( gnism>f+p[x’]9ofﬂ

X eXp[i ] d4y<£eff(/\//’ 7') + K,sx"
where p is the BRST charge:
plx'l=

We rewrite the term being proportional to pdyf as

f D, 7‘;’)[ f dx(—FOsAL, + i yost + KOsm)dg f} [

- [ DY, 7) exp[—i [ dy

X exp|:i fd4y<£eff(/\//, 7)) + K,sx"

Carrying out the partial integration, we obtain

- [0 s 28

+ KV J2) ) of}eifdA)’(“').

Eq.(A4) =

“3K, (A5)

From the definition of 7,, we can make a replacement
Na = Ma-

From here, we proceed as followsN: (i) Substitute
Eq. (AS) in Eq. (A3), (ii) translate to I' by Eq. (2.11),

I oI
— S0 =) = Sl m)ﬂ —0, (A3)
F’O’sA’ + lzp’y sy + Kosna
o o Aaoﬂ [ @z +K2sni,)aof
5.
e = m = 2x ))} (A4)
’;5 01,

{
and (iii) integrate by part with respect to x, for the term

that involves 9, f. Then, using the arbitrariness of f(x,), we
finally obtain the Ward identity (2.12),

[d x[gRl; g;{ }(x) - aofd%[ ‘;ZE LK J( ).

(A6)

Integration of Eq. (A6) over x, yields the Zinn-Justin
equation (2.13). Equation (A6) holds for arbitrary « (gauge
parameter).
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APPENDIX B: DERIVATION OF Z3,/Z;, = D' = 1
IN THE STRICT COULOMB GAUGE

By functionally differentiating the Zinn-Justin equation
(2.13) with respect to Al AY, and 7., we obtain [13], after
Fourier transformation,

P, I17¢ (P) =

74 (P)IL,(P), (B1)

which is diagonal in color space, so that the color index is
dropped. IT"* is the two-point gluon effective action, from
which the gauge-fixing term is dropped. II ,(P) is defined
by

18 f apelAL ()N () T g0y 81 TT#(P),

“ i1}

where the suffix “tr” stands for truncation and “ET.”
means to take Fourier transformation. The FP-ghost self-
energy part IT1(P) is related to IT (P) through p' II,(P) =
[1(P).

Let us introduce a tensor decomposition of TT7#:

(B2)

[1"4(P) = g7 g} g"A + p*pEB + po(n”p= + p*n#)C
+ n"n*E, (B3)

where n* = (1,0) and pZ = p* — pyn*. Substitution of
Hgf‘ , which is written in terms of bare quantities, into the
“bare counterpart” of Eq. (B1) yields two equations, one
of which reads

(p? + Ip) (B4)

I
Cp — <1 BO)EB =0.
Po

Another equation leads to the same result as the one
obtained below.

When expressed in terms of renormalized quantities,
this equation should become [2] an UV-divergence free
equation. Relations between the bare and renormalized
quantities are Cg = (Z3,Z33)""/?C, Eg = Z3;'E, and p* +
[y = Z;'(p* + M). In Appendix D, we show in the strict
Coulomb gauge that flo is UV finite and Z, = 1. Then,

- 1
IIg = Z_<Z3 AlS gB)Ho = /Ho,
3

D

where gp is gp on the left-hand side of the ‘““bare counter-
part” of Eq. (B2). Then, Eq. (B4) turns out to

/

(p* +1)C = ZID’(I _ 1o >E
poD

Since the left-hand side is UV finite, same reasoning as in
Sec. IV [cf. Eq. (4.10)] leads to
Z,=D=1. (BS)

These relations holds for the strict Coulomb gauge and are
in accord with Eq. (4.11).
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APPENDIX C: DERIVATION OF EQS. (4.13), (4.14),
AND (4.15)

The strict Coulomb-gauge gluon propagator is given by
Eq. (2.2) with @ = 0. Straightforward computation using
Egs. (2.2) with a = 0, (2.4), and the forms of 3- and 4-
gluon vertex factors yields, for the one-loop UV-divergent
contributions to I1#*(Q) [Eq. (B3)] (see also [1,9]),

2

8 2 2 2
1502 + +
= 1202 7= 4[( 50% + 96¢%) — (60Q* + 9647)
+10Q2],
g2
T 1207 2d 4[93_48_10] (C1)
g2
34+24—2
T4 d— 4[ )
g2
15+48 —2
T Und— 4[ la.

Here, each term on the right-hand side of each equation is
the contribution from the following one-loop diagrams:
(i) First term: the diagram that includes two
transverse-gluon propagators
(ii)) Second term: the diagram that includes one
transverse-gluon propagator and one A, propagator
and the tadpole diagram
(iii) Third term: the diagram with a quark loop
From Egs. (C1), (B3), and (4.1), we extract Z’s, as given
in Egs. (4.13), (4.14), and (4.15) in the text. We briefly
describe how Eq. (C1) is derived. The (1.1)-type energy-
diverging integrations appear. As mentioned in Sec. I, it is
known that, when all relevant contributions are added,
cancellation occurs between them. Here, we substantiate
this for the one-loop gluon two-point function in the
Lagrangian formalism. Energy divergences arise only in
the transverse-gluon two-point function. Explicit compu-
tation of the energy divergent contributions of the type
(1.1) yields

i =360 [ it (-5

(1 )2=—3g25ab5i/fmﬁ,
M= 60 [ g -
W= 3 [

Here =~ indicates the energy divergent contribution, and II;
(j=1,...,4) is the contribution from the following one-
loop diagrams:
(i) II,: the diagram that includes one transverse-gluon
propagator and one A, propagator
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(i) II,: the diagram that includes one A, propagator
(tadpole diagram)

(iii) II5: the diagram that includes two A, propagators

(iv) Il,: the diagram with FP-ghost loop
It can be seen readily that the cancellation occurs between
the four contributions in Eq. (C2).

The ill-defined integrals like (1.2) also appear. As men-
tioned in Sec. I, such integrals can be set equal to zero.

APPENDIX D: DIAGRAMMATIC ANALYSES

In this Appendix, we formally carry out some diagram-
matic analyses. We start with following observations.
Consider a diagram G that includes FP-ghost external
lines.

(a) From Eq. (2.4), we see that the vertex factor for the
external 7jA’7n vertex from which the outgoing
ghost goes out is independent of the internal loop
momenta.

(b) Strict Coulomb-gauge case: From Eq. (2.4), the
vertex factor for the external #(P — Q)A/(Q)n(P)
vertex, into which the incoming ghost enters, is
proportional to p; — g;. A’(Q) constitutes the gluon
propagator (2.2) with a = 0, the transverse part of
which includes 8/ — ¢/¢'/q*. Then we have (p; —
a)(8" —q'q'/q*) = p(87 — ¢'q'/¢?), so that
this vertex factor turns out to be independent of
the internal loop momenta.

1. UV-divergent contribution to the ghost propagator
IL(P)

Consider a diagram G that contributes to IT1(P). The
vertex factor [Eq. (2.4)] for the external 7(P)A’n vertex
from which the outgoing ghost goes out is proportional to

PHYSICAL REVIEW D 74, 045021 (2006)

p'. The vertex factor for another external 7(Q)A/n vertex,
into which the incoming ghost enters, is proportional to ¢/.
Because of the rotation symmetry, we have, after loop-
integration, [I(P) x p>F, where F is a dimensionless
function of p,, p, and m. Since we have assumed that the
divergent part of IT is a local function of the fields [cf. after
Eq. (3.1)], we have IT®(P) o< p2/(d — 4)" (n = 1,2,...),
so that £'¢ in Eq. (3.4) does not involve the term (9 7) X
(9om).

2. UV finiteness of 1) A’y three-point functions

Let F(P,Q) be a §A°(Q)n(P) three-point function.
From its Lorentz structure, F is of the form F = Fp, +
F2qo- This, together with the above observation (a), shows
that the degree of UV divergence is —1, so that F is UV

finite. Then, L9 in Eq. (3.4) does not involve the term
(9o mA 7.

3. UV finiteness of I1,(P) in strict Coulomb gauge

Consider a diagram G that contributes to II,(P),
Eq. (B2) with x = 0. From the Lorentz structure ITo(P) o
po- This, together with the above observations (a) and (b),
shows that the degree of UV divergence of the diagram is
—1.

4.7 1 = 1 in strict Coulomb gauge

Consider a §A/n three-point function in the strict
Coulomb gauge. Above observations (a) and (b) tell us
that the 1A/ 7 three-point function is UV finite and then, in
the minimal subtraction scheme, 4 1 = 1, as in the Landau
gauge case.
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