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We define a regularization for the energy divergences in Coulomb gauge. It gives a perturbative algorithm for
well-defined computations for the pure non-abelian Yang—Mills theory in this gauge.
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I. INTRODUCTION

The Coulomb gauge is a very useful physical gauge at the
classical level. It also sheds light for understanding purely
quantum effects such has the confinement. However, because
it leaves ungauge-fixed the purely residual time-dependant
gauge transformations, it lacks of precise renormalization pre-
scription in perturbation quantum field theory, due to energy
divergences. Here, we indicate a way to fix-this residual gauge
symmetry, and define a perturbative algorithm that allows one
to do well-defined computations in the Coulomb gauge for the
pure non-abelian Yang—Mills theory.

II. UNREGULARIZED PHASE-SPACE ACTION IN THE
COULOMB GAUGE

The local Euclidean action in Coulomb gauge in phase-
space or first-order formalism is

1
S = /d4x {ini(aoAi — Dl‘A()) + 5(752 +Bz)
+ 3;eDic + ia,»bA,} , (1

where B; = 0;Ay = kA + gA; x Ay, for i, j,k cyclic, is
the color-magnetic field, and we use the notation for the
Lie bracket (A x B)? = f®°APB¢. The elementary fields,
Aj, b, ¢, ¢ carry an upper (lower case) Latin color-index
that takes values in the adjoint representation of the non-
Abelian Lie algebra and that is generally suppressed, with a
sum over color indices implied to form the action. Lower
Latin indices take 3 values, i = 1,2,3 while greek indices
take 4, u=0,1,... 3. Here c and ¢ are the Faddeev-Popov
ghost pair, and D; = D;(A) is the gauge covariant derivative,
Dic = 9djc + gA; X ¢, while T; is an auxiliary field that repre-
sents an independent color-electric field. The fields b and Ag
are Lagrange multiplier fields that enforce the Coulomb gauge
condition 0;4; = 0 and the color-Gauss law, D;w; = 0.
The Euclidean phase-space measure is

/dAidAodndchdbexp(—S). 2)

If one integrates out m;, one gets the second-order or La-
grangian Euclidean action in Coulomb gauge,

" 1
S = [ @[5B+ B+ aeperivmal,  ©)

where Fy; = dpA; — 0;Ag —|—g(A0 X A,‘).

A. BRST-invariance and ghost equation of motion

The phase-space action is invariant, sS = 0, under the fa-
miliar BRST operator defined by

sAy = Dyc; sc=—(g/2)cxc 4

sb=0, %)

sC = —ib;
while ; transforms gauge-covariantly,[38]
ST =g T; X . (6)

This operator is nil-potent, s2 =0, and the action may be writ-
ten as the classical phase-space action plus an s-exact piece,

s = / d4x[in,»(80A,-—D,-Ao)+%(n2+32)—l—s(—a,-EAi)}.
©)

Observables O are in the cohomology of s (namely s-invariant
operators sO = 0, modulo s-exact operators O ~ O + sX).

Because the Coulomb gauge condition is linear in the field
A, its BRST transformation is linear in the BRST transforma-
tion of A. As a consequence, there is the ghost equation of
motion that can be enforced as a Ward identity.

Indeed, the action S, Eq. (1), depends only on the spatial
derivative of the antighost d;¢, which makes S trivially invari-
ant under a time-dependent translation of the antighost field
¢ (x) — ¢*(x) + @*(x0). In Coulomb gauge, as in Landau
gauge, there is a symmetry between ghost and anti-ghost, and
S is also invariant under a time-dependent translation of the
ghost field ¢(x) — ¢*(x) + ©%(xp), provided that there is a
compensating transformation of the Lagrange multiplier field
b. Here % = ®“(¢) is an infinitesimal c-number element of
the Lie algebra that is an arbitrary function of time. As we
have chosen ®“(#) to be bosonic, the transformation changes
bosons into fermions and vice versa.

We implement this transformation by a fermionic symmetry
operator 7, that acts according to

fo c(x) = o(xo); i b(x) = igc(x) X ®(xp)
fo Ay = Toly =1y =0. ®)

It is nilpotent 73 = 0, reduces ghost number by unity, and
leaves the action invariant,

S =0. ®
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Note that the spatial derivatives d;c of ¢ are invariant under
this transformation

Twdic =0, (10)

and this symmetry will imply a Ward identity that is satisfied
when the loop corrections to the quantum effective action I"
depends only on the spatial derivatives d;c of the ghost field,
but not on c itself nor its time derivative dgc. There is a corre-
sponding symmetry operator in Landau gauge where however
€is a constant (global symmetry) and the loop corrections to I"
will depend on any derivative d,c of ¢. This Ward identity cor-
responds diagrammatically to the well-known factorization of
external ghost momentum p,, in Landau gauge. In Coulomb
gauge the spatial components p; of external ghost momentum
factorize, which means loop corrections depend only on 9;c.

B. Remnant gauge invariance and energy divergencies

The Coulomb gauge condition d;A; = 0 is an incomplete
gauge fixing because it allows time-dependent but space-
independent gauge transformations g(¢), which we call “rem-
nant” gauge transformations, and the Coulomb-gauge action
S, Eq. (1) is invariant under them. Under an infinitesimal
gauge transformation g(t) = 1 4+ (t), with infinitesimal gen-
erator G, the fields transform according to

G(,)A()(x) = (D()(.O)(x) = ng(x) X (D(xo) +80w(x0), (11)

where Ag transforms inhomogeneously, while all other fields
transform homogeneously,

GoX,y(x) = gX,(x) X ®(x0), (12)

for X, = (A;,m;,c,¢,b). Here ®* = @(t) is an arbitrary time-
dependent element of the Lie algebra. The Coulomb-gauge
action is invariant under these gauge transformations,

GuS =0. 13)

If this symmetry is preserved, it implies that elementary
correlators such as the gluon propagator,

AALY) =N [ d® AT DA) exp(=S),

vanish at unequal times. Here d® represents integration over
all fields. Indeed, by making the above gauge transformation
we obtain

(Af()AT(1)) G = (Af (D)AT (1)) f " [@(x0) — @(y0)], (15)

which implies <A?(x)A§’- (y)) = 0 for xo # yo. However this
behavior is not seen in any finite order of perturbation the-
ory. Indeed at tree level the Coulomb-gauge gluon propaga-
tor in momentum space is given by D;;(k) = (8;; — lAc,»lch)/k2
and its Fourier transform does not vanish at unequal times,
D(x—y) # 0 for xp # yo. (However the perturbative expansion
of gauge-invariant observables may not be as misleading.)
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One is tempted to conclude that the symmetry under rem-
nant gauge transformations ®(7) must be gauge-fixed or spon-
taneously broken. However it turns out that the correspond-
ing symmetry operator G, may be expressed as the anti-
commutator

G = IS + sty (16)

of the two symmetry operators considered previously, the
BRST operator s and the operator 7, of translation of the
ghost field by a time-dependent function ®(¢). This is eas-
ily checked by applying the anti-commutator to all fields, for
example

(fms + St_m)A() = teDoc = Do = GgAo, (17)

as asserted. Thus, the remnant gauge invariance cannot be
fixed or spontaneously broken without fixing or breaking ei-
ther BRST-symmetry or ghost-translation symmetry, or both.
However we wish to preserve BRST symmetry as an expres-
sion of the geometric character of a gauge theory, and the
ghost-translation symmetry is trivially maintained in every or-
der of perturbation theory, because of factorization of external
ghost momentum p; for i = 1,2,3 from every perturbative di-
agram.

It thus appear that the Coulomb gauge cannot be used as
a gauge in the perturbative quantum field theory regim. The
way the remaining ungauged-fixed symmetry manifests itself
is that many Feynman diagrams suffer from the energy diver-
gences. These occur in ghost loops because the ghost prop-
agator 1/ Kk? is independent of ko, so the integration over kg
diverges. For example, one loop ghost loops contain energy
divergences under the following form

- ki(kj+pj)
/ o (18)

This divergence is not regularized by dimensional regular-
ization. It was suggested that energy divergences in ghost
loops systematically cancel against corresponding scalar bose
loops in the phase-space formalism [2]. However it has
recently been found that additional energy divergences oc-
cur in Coulomb gauge when a quark loop is inserted into a
two-loop (transverse) gluon self-energy [24]. In dimensional
regularization, these new energy divergences come from the
subtraction term which is introduced to cancel the diver-
gences of the one-loop sub-diagrams, and moreover they can-
cel among themselves when all one-loop quark insertions are
summed [24].

A regularization of the energy divergences and an unam-
biguous renormalization scheme are thus required in order to
give meaning to the perturbative Coulomb gauge in QCD.

For instance, using the gauge condition 9;A; + adpAy was
proposed [35]. Computations are perfectly defined when the
regularizing parameter a — 0, in a way that preserves the
BRST symmetry. However, it was found that, within this
class of renormalizable gauges, there is no way to isolate in
a practical way the terms that are singular in a, neither for
individual diagrams, nor for collection of distinguished dia-
grams, and to understand the above mentioned cancellations
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of energy divergencies between ghost loops and unphysical
degrees of freedom of the gauge field and its momentum. As
it is often the case, ambiguities arise at the 2-loop level. In
fact, within this energy divergency regularization, computa-
tions must done for a # 0, with no approximation, and the
limit @ — 0, can only done afterward. Thus, this regulariza-
tion sheds not much light on the nature of the Coulomb gauge,
and, moreover, the computations are much harder that for the
case of Feynman-landau gauge when a = 1.

In what follows we propose a new type of regularization for
the energy divergencies of the Coulomb-gauge.

III. MINIMALLY REGULARIZED COULOMB-GAUGE
THEORY

A. Color-Coulomb potential as a local field

In classical gauge theory one can solve the constraints in
Coulomb gauge by eliminating the longitudinal fields, so the
canonical variables are the transverse pair A; = AiT and TI:iT.
Here Ttl-T is the transverse part of T; obtained from T; = —d;0 +
Tr,l-T, where 0 is the color-Coulomb potential defined to be the
solution of 97¢ = —d;m;. The color-Coulomb ¢ will be useful
when we regularize the energy divergences, which we shall do
shortly.

However in local quantum theory all information must be
encoded in a local action. To introduce ¢, while keeping
within the framework of local quantum field theory, we could
add to the action the term

—i/d4x V(020 4 9iT;), (19

where v is an auxiliary local Lagrange multiplier field that im-
poses the desired equation as a constraint. However we also
wish to maintain BRST invariance. Recall that an s-exact term
in the action does not change the expectation values of ob-
servables (s-invariant quantities), so we are free to add to the
action S an auxiliary term Sy« that is s-exact, Syx = sE. We
shall choose Saux so that its bosonic part agrees with (19). For
this purpose we expand the ¢-v pair into a quartet of auxiliary
fields on which s acts trivially,

sy =0
sv=0, (20)

5O = %

sy = —iv;

where ¢ and v are real bosonic fields, while y and % are fermi-
onic. For the s-exact auxiliary action we take

Swx = 52 =5 [ d'x 7 @30 +3m) @n

[ atx( - iv(@30+om) ~ 203 + g0y <))

whose bosonic part does agree with (19). It gets added to the
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action
S1 = S+ Saux (22)
/ d*x (in,- (30A; — Dido) + % (n®+ B)
+ 9;Djc + i0;bA; — iv(97 ¢ + ;)
201+ 80i(m; x )] ).

The presence of Saux does not change the dynamics because it
merely introduces a pair of new fields ¢ and y that are fixed
by time-independent constraints which are imposed by the La-
grange multiplier fields v and . Moreover because s acts triv-
ially on the quartet ¢, %,%,v, the set of observables, which is
the cohomology of s is not enlarged. We note finally that the
field % does not appear in any vertex, and ¥ appears only in
the transition vertex ¥0;(T; X ¢), so % can only be an external
leg of a proper (i. e. one-particle irreducible) diagram.

The auxiliary action Sy,x, Eq. (21), is also invariant under
the transformation 7, of translation of the ghost field ¢(x) by
a bosonic time-dependent element of the Lie algebra o(xp),
defined in (8), provided that the new quartet of fields is trans-
formed according to

fov =igY X O; fox =0;
foX = g0 X o; fod =0, (23)
and we have
T (S+ Saux) = 0. 24)

The anti-commutator G, = fys + sty of the BRST transforma-
tion and 7, produces an infinitesimal time-dependent gauge
transformation that acts covariantly on the new quartet,

GoX, = gX, x 0, (25)

for X, = (%,v,0,%), as one may verify by explicit calculation,
and we have

Gm(S—‘r Saux) - 07 (26)

where the action of G, on the other fields is defined in (11).
The free propagators are partially diagonalized by making
the change of variable,

T = T; — 0;0), 27

1

with dm; = dnt), and st’ = g(T; — 0;0) X ¢ + 9;X, so the auxil-
iary action becomes

S = / dx (= vy % {3+ g0il(m —9i0) x )] 1)
(28)
The Lagrange multiplier field v now imposes the simple con-
straint that the field 7} be transverse, d;%; = 0, so T; and —9;¢
are effectively the transverse and longitudinal parts of &;. In
terms of the shifted fields the action S; reads

- / *x(i(x] — 9i9) (30A; — Dido)
1

+§ [(713: — ai¢)2 + Bz] +0;¢Djc + id;bA;

— v, — 7 {02 + g0 (1] — 9i0) x c)]}). (29)
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After partial integration cross terms are eliminated by shifting
b and v according to

b=b—¢; v=1v+A)—ib, (30)
and the action becomes
1
s1 = [ax(impoi+ 3 [(®7+ @9 + B
+iai¢DiA0 +0;¢Djc + iaib’A,-
—iv 0+ [ Qi+ g(mi —9,9) x ) ] ).
(€2))

All propagators are now 2 x 2 block diagonal. In particular,
the free propagators of the A; and 7, fields,

8ij — kik; 8;k> — kik;
P =Tgrig’ =g P
ko(8:j — kik ;)
Dpm, = —Dua, = TR (33)

are transverse, and don’t mix with the scalar fields Ay and ¢.

B. Minimally regularized theory

To control energy divergences we add a term
NSreg =M / d*x (idAg+ éc). (34)

to the action.

It is designed to provide convergence of energy integrals
[ dko, and involves the color-Coulomb field ¢, which is why
we introduced ¢ as a local field. We shall be interested in the
limit 1 — 0. It has dimension 4. Therefore, it is compatible
with renormalizability. However, it breaks BRST symmetry,
and the issue will be to discuss its stability, in the limit | — 0.

The minimally regularized theory is defined by the action

Sinr = 51 +T]Sreg =8+ Saux +T]Sreg7 (35)

With this action, the free propagators of the scalar fields are
given by

. 1
0
k2
Dapry = 753> (37)
0 (K2 +mk3)?

while the other propagators and all vertices remain un-
changed. This is clear because Syeg is quadratic in the fields,
and thus affects only the free propagators. With these propa-
gators, all energy divergences are regularized.

Laurent Baulieu and Daniel Zwanziger

We may compare this regularization to the above mentioned
regularization provided by the “interpolating” gauge that in-
terpolates between the Landau and Coulomb gauges [35]. It
is defined by the action

/ d*x E(FO%Bz) + (oca)ﬂc‘-Dﬂc—&-i(ocaﬂ)bA#}, (38)

where (0d), = (Mpo,pi). This provides a regularization of
the Coulomb gauge that has the advantage that it preserves
BRST invariance, whereas Sy breaks it. However the in-
terpolating gauge contains a vertex Ndocg(Ap X ¢) where 3
energy-degenerate propagators meet, which greatly compli-
cates the study of the limit 1 — 0. (Moreover the limit ap-
pears to be singular [33].) In contrast, at most two energy-
degenerate propagators enter the vertices of Sy, SO energy
divergences appear only in non-overlapping closed loops, and
we shall show an exact pairwise cancellation of these loops at
finite 1.[39]

Although the regularizing action NSy breaks BRST in-
variance we shall also show that BRST-invariance is restored
when the regulator is removed, N — 0.

IV. CANCELLATION OF ENERGY DIVERGENCES AS
n—o0

To demonstrate the cancellation of energy divergences and
obtain a practicable scheme, we will using dimensional regu-
larization of ultraviolet divergences. Notice that we only con-
sider the pure Yang—Mills theory, since the coupling to quarks
brings further complications. In this section we consider the
regularized (but not yet renormalized) theory at finite €, where
D =4 —¢. Cancellation of energy divergences for the renor-
malized theory is more intricate and will be considered later.
Energy divergences are controlled by the parameter 1.

A. Diagrammatic cancellation of energy divergences

The action contains the ghosts ¢ and ¢ at most bilinearly,
and likewise for the scalar bosons Ap and ¢. Consequently
energy divergences are associated with closed ghost or scalar
bose loops. Indeed each ghost loop with loop momentum &,
consists of the product of ghost propagators D z(k + p,), with
energy integral

1
dk : (39
/ ! I;I (k+pn)*+1n(ko + pno)?
Upon rescaling by

ko=n"""k, (40)

one obtains for the energy integral

' 1
-1/2 / dk} @1
v A G @ e
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which diverges like /2 as 1 — 0. However this loop in-

tegral is exactly cancelled at finite 1 by an equal but oppo-
site loop integral consisting of Dy, (k+ p,) propagators, with
Dayo(k+ pn) = —iDec(k+ p)-

This argument may be extended to diagrams with several
energy-degenerate loops, and we shall give shortly a general
algebraic argument.

We note that when a typical energy-divergent integral is
integrated over the spatial loop momenta the resulting diver-
gence atn =0,

2 [ kT

is not a polynomial in the external spatial momenta, so fa-
miliar subtraction procedures that may be used for the usual
ultraviolet divergences are inadequate for energy divergences.
Instead we must rely on an exact cancellation of the terms
that diverge like n~1/2, without subtracting them, that is, at
the UV-regularized level, prior to the renormalization.

— (42)
(K+pn)? +kp’

B. Sufficient conditions for finite limit — 0

To establish that the renormalized effective action I" has a
finite limit N — O, we claim that it is sufficient to prove that
the regularized T, that is the effective action computed before
substraction with € # 0, satisfies.

limna— =0, (43)

because the operator n% annihilates the n-independent limit-
ing term, and gives the leading 1-dependence. This statement
will hold true because of the exact compensations that hold
between all diagrams with energy divergencies, order by order
in perturbation theory, and because the insertions of countert-
erms introduce no further energy divergencies.

‘We have
_ar B ow _m 0Z
Ilzn%__nﬁ__fﬁ' (44)
which gives
Il - n<Sreg>J
_ % / AP Speg exp[—Sme+ (Ja®)], (45

and we obtain as the condition for a finite limit as the regulator
is removed,

lim/; = 0. (46)
n—0

To avoid inessential complications we have not introduced
sources for the BRST transformations of the fields, and the
expectation-value is calculated in the presence of the sources
J only.
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It might be thought that the coefficient 1 insures that /; ap-
proaches 0 with 1. However the two time derivatives con-
tained in Syee = [ dPx (i¢Ag + é¢) become k(z) in momentum
space. Under the rescaling (40), we obtain k3 =1~ k{7, which
absorbs the coefficient 1. As a result, each of the two terms
idAo and é¢ in S gives rise to a closed loop that diverges
like nfl/ 2. and, consistent with our previous evaluation, each
of these two closed loops precisely cancel each other at finite
n.

We also wish to show that BRST-invariance is regained in
the limit 1 — 0. This is not obvious because a symmetry that
is broken by the regulator is not always regained when it is re-
moved. It is shown below, Eq. (103), that the Slavnov-Taylor
identity at finite M is given by the term

L= n(ssreg>17 (47)

so the condition for restoration of BRST symmetry is given
by

liml =0. (48)
n—0
The resemblance to (45) and (46) is clear. One easily finds
_n
L= 7 d® 5Sreq X eXp[—Smr + (JaPa))- (49)

where

5Sreg = / de<i(XAo +$dpDoc — be¢)

+&(g/2)0(c % 0)). (50)

The term $dpDoc = hp¢ +(gA x ¢) that appears in sSeq con-
tains 3 time derivatives. Each time derivative produces a factor
of kyp in momentum space, which increases the degree of en-
ergy divergence. Fortunately this unpleasant term is cancelled
by a similar term which appears after one makes the change
of variable b = b’ — §, that was introduced in (30) to diagonal-
ize the free propagators into 2 x 2 blocks. This gives, after an
integration by parts,

SSreg = / dPx (iAo —ib'¢ (51)

+ibgdo(Ao X ¢) +E(g/2)do (¢ X c)).

The terms that contribute to I, individually give contribu-
tions that diverge like n’l/ 2 however, as for I}, there are Sys-
tematic cancellations of terms between bose and fermi ghosts
that assure that time-dependent BRST invariance is restored
in the limit 1 — 0. Again we wish to show this cancellation
algebraically.
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C. Algebraic cancellation of energy divergences

Contemplation of graphs with energy divergences suggests
introducing the operator 7 defined by

rc = iAg; TAo=0
FO = ¢ Fe=0
o= ib; 7' =0
FA; = Jix; X =0
T = 0; =0, (52)

where 7, and V' are defined in (30). It is nilpotent, 7 = 0, and
decreases ghost number Ng;, by unity. This operator is useful
because the BRST breaking term is is 7-exact, We conclude
that the limits of interest, (46) and (47), are determined by the
behavior at small 1 of

I, = n <’7 En>1 (53)
—qz! /dCD (FEn) exp|—Smr + (Ja, Pa)].

for n = 1,2. (Since limy_olp, = 0, for simplicity here and
below we have written I, instead of I,.)

Note that & and Z; each have half as many terms as Sieg
and (s7Sreg)q; it is the operator 7 acting on Z; and E; that pro-
duces the duplicate terms that diverge and cancel each other.
To avoid this divergent duplication we take advantage of the
fact that 7 is a (grassmannian) operator of differentiation, to
perform an integration by parts,

L=nz" /dcp &, F expl—Smr+ (Jor®a)].  (54)

This gives
[n :Kn +L;1 (55)
where
Kn =-" < En Fsmr >J (56)
L= [ d'y 0uda(s) (2, 70u0) s )

and o, is a sign factor from commuting 7 through J,,.

Typical graphs that contribute to L; and L, do not involve
any energy-degenerate closed loops and give a contribution
that vanishes like nl/ 2 We find limy oLy 2 =0.

We next evaluate 7Sy,. We have Spyr = Sy + Speg = S1 +7E
so, with 7 = 0, we have

FSmr = 7S1, (58)

where S is given in (31). To simplify the calculation we sep-
arate an 7-exact piece out of S;, which may be written,

o
S| = / dPx (i + S+ (0:0) + B - Vo) + Y,
(59)
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where
Y= / dPx [inlg(c x A}) +0,0D;jc +Adiy).  (60)
We again use 7 = 0, and easily obtain
P = [ dPx [imO%+ 2090+ Bitjg(A; x ). (6D

Typical graphs that contribute to K; and K> do not involve any
energy-degenerate closed loops and give a contribution that
vanishes like nl/ 2 This is in fact a general property of graphs
that contribute to K and K3 and we find limy 0 K,, = 0.

We thus conclude

lim/; =0, (62)
-0

which shows that I" has a finite limit, and

limZ, =0, (63)
n—0
which shows that the limit is BRST-invariant.

We therefore have a perturbation theory whose Feynman di-
agrams with ultraviolet divergences controlled by dimensional
regularization, with D =4 — ¢, can be separated in two distinct
sets. Those who are singular when 1 — O sum up exactly to
zero, order by order in perturbation theory, while the others
are regular in the limit 1 — 0. We have shown that in the limit
1 — O the correlators at finite € are finite and respect BRST-
invariance.

V.  ENERGY REGULARIZATION WITH SECOND-ORDER
ACTION

A. Local action

We would now like to renormalize the theory. However
a difficulty arises because the phase-space action S that we
used contains only the color-electric terms TE[Z and T;Fy;, but
one encounters a divergence proportional to £ FOZZ. which was
not present in S. Such a question also arises when one renor-
malizes the YM theory in covariant gauges and in first order
formalism. It can be solved, but it complicates a lot the proof
of renormalization.

To circumvent this difficulty, we now integrate out the
conjugate-momentum field 7; by gaussian quadrature, and ob-
tain

Stor = / @ [1 ([Fo,- + 9 +ig (A, x o)) +B,2)
. 2
+aiEDiC} +0, (64)
where
0= [ dPx 3ibAi+ 030+ dToL+n(ibdo +E0)] (65)

is quadratic in the fields. The action remains local. It assumes
a second-order form that is regularized against ultraviolet and
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energy divergences in D = 4 — € dimensions, at finite € and 1.
The information that is relevant for our purpose and was ob-
tained in the first order formalism is in fact retained, under the
form of a dependence in ,v and ¢,A¢, which still keeps its
role for the energy divergencies of the ghosts.

It may be written

S;m =5+ Sgux +MSreg; (66)
where §' is the standard BRST-invariant Coulomb-gauge ac-

tion in second-order formalism given in (3). Just as in the
first-order formalism, the auxiliary action is s-exact,

Sl = s/de iai)z(ﬁ)i+%[aiv+ig(ai)'(><c)]+ia,-¢>

/ dPx (90,0 + X (67)

1
+Fod + ig (003 x ) + 3 B+ 8@ x o)),

and is thus a pure gauge-fixing term. The terms S’ and Syyx
are separately invariant under the symmetries s,%,, G of the
Coulomb gauge action defined above.

The obvious gain in going from the first to the second-order
formalism, is that now the only color-electric term of dimen-
sion 4 in the cohomology of s is Fozi. Moreover we shall show
shortly that the action at N = 0, is stable under renormaliza-
tion in the sense that the possible divergences compatible with
the Ward identities of sect. III are of the same form as the
terms in the second-order action S'.

The field v now appears in vertices, so we will also need its
free propagators. One finds, from the action at g =0,

(kp)*
k2(k? +mkg)?

-nkj .
(K2 4+nk§)?’

(68)

DvAo w =

These propagators contain explicit factors of 1 or 12, which
suggests that they vanish in the limit 1 — 0. Indeed, when ei-
ther of these propagators appears in a loop that is not energy-
degenerate, it may in fact be neglected at 1 = 0. However
when they appear in an energy-degenerate closed loop, one
makes the change of variable ko =1~/ 2k6, and these prop-
agators become independent of M. (The energy-degenerate
closed loop, before cancellation, is of order Trl/ 2 from
Jdko=n""2 [ dk;.)

B. Cancellation of energy divergences in second-order
formalism

With ultraviolet and energy regulators in place, correspond-
ing correlators are equal in the first- and second-order for-
malisms. Thus, since they are finite in the limit 1 — O in the
first-order formalism, they must be finite in the second-order
formalism. Moreover the BRST-breaking term has the same
value in the first and second order formalism, so the proof that
BRST invariance is regained in the limit 1 — O also holds in
the second-order formalism.
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One may also show the cancellation of the energy diver-
gences directly in the second-order formalism by the the alge-
braic method used previously that relies on the 7 transforma-
tion (52). For this purpose it is convenient to change variables
from v to

u=Ao—v (69)
so the second-order action may be written
S = /de [% (Ai —diu—g(A; X Ag) +ig(d: x c))2
3+ 3D +0, (70)
where
0= / dPx [i9;bA; + i(9iA0 — 9u10) ;0 + 9T
+N(i0Ao +é¢)]  (T1)

The tri-gluon vertex becomes the one term g(A; X Ag)d;u.

We now give an algebraic proof that energy divergences
cancel in the second-order formalism, again using the 7 op-
erator. From 7' = F(v —Ag + i¢) = 0, we see that Fu = iFd
so

Fu = ic. (72)
We use identities such as
iF(A; x¢) = —(A; X Ag) +i(9:% X ¢), (73)

which allow us to express the second-order action as

1,. . 1
S, = / @ (A=) + i(A; — Q)0 + S F

FAi(ig)F(A; % ¢) + F‘P), (74)
where
¥ = —ig(A; xc)ou+ %(ig)z(A,- x ¢)F(A; % ¢)
+A;0:Y, + 9;09;c +Ndé. (75)

To see the mechanism that is operating, note that the one term,

7[—ig(A,‘ X C)a,‘u] = g(A,‘ X Ao)a,‘u (76)
+0;cg(A; x ¢) —ig(diX x ¢)diu,

produces all 3 tri-linear vertices involving more than one
scalar field. The algebraic proof of cancellation of energy di-
vergences goes through as in the first-order formalism.

The propagators of u that enter vertices are given by

1

1
ﬁnké; Dy = . ()]

DA()M = K2

DuA() =

The propagator D,,, = 1/k? provides no convergence of the
ko integration, so one might doubt that all energy divergences
are in fact regularized. However u appears in the vertex
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g(Ap x A;)oiu, so a Dy, propagator in an energy-degenerate
loop of a proper (1PI) diagram connects to two vertices from
each of which Ag quanta emerge. Moreover each occurrence
of Ag in a vertex produces a power of nk2 in the denomina-

2
k2+1T]k2 and DAUAO = (szw,
and all energy-divergent loops are in fact regularized. In the
second-order formalism there is also a vertex involving a time
derivative, gA;(Ag x A;), which leads to the appearance of the

propagator

tor, as one sees from Dy, =

D - kg (8ij — kik; /)
AiA; T K2 +k(2)
8ijk* — kik;

2
= Sl‘jfkikj/k — k2+k%

(78)
The first two terms do not provide any convergence of the kg
integration, but again, the D, A, Propagator connects to two
vertices from each of which A 'quanta emerge, so the threat-
ened energy divergences are in fact regularized. These terms
may contribute to an energy-degenerate loop, and this must
cancel against some other energy-degenerate loop. Indeed,
the §;; term cancels against an energy-degenerate loop with
a quartic vertex, (Ao x A;)?, while the k;k;/k* term cancels
against a D, propagator. All energy divergences do in fact
cancel, as shown by the preceding algebraic argument, but the
cancellation is more intricate in the second-order formulation.

C. Decoupling of auxiliary fields at 1 =0

We now add sources K,,, L for the s-transforms that are non-
linear to write the Ward identities in a functional way. This
yields the extended action

= 8+ Shux + NSree (79)
—l—/de[K,,D#c—&—L(—g/Z)(c xc)].

We write ®, = (Ay,¢,C,b,0,%,%,v) to represent the set of
all elementary fields, and Jo = (Ja,,Je; Je, b, Jg, Iy I3, Jv) Tep-
resents the corresponding sources. We next use the equations
of motion to determine the dependence on the 4 auxiliary
fields (¢,b,0,%). The partition function Z(J,,K,L,m) is de-
fined by

Z= /dq)exp[fZJrZ(Ja,(Da)]. (80)

The quantum effective action I'(®,,K,L,1) is obtained by
the Legendre transformation

74
P = 8J,
(@) = (Jo,B0)— W
J = O 871—‘
a asq)a
or 1% or oW

5, ~ ok, oo oLt 8D
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Here and below, all derivatives are left derivatives, and 6, =
41, according as a is a bose or a fermi field.

The auxiliary fields were introduced as a device to regular-
ize the theory while keeping the action local, but we are ulti-
mately interested in the correlators in the absence of sources
for these fields namely at

Jo=1Jy=Jy = Jz =0. (82)

We now express these conditions in terms of the Legendre
transforms. We have

2 —
0=1Jy —a = —07%, (83)
which corresponds to the condition ¥ = 0. We also have
or .
0=Jy= 5 —id?v — iAo, (84)
s0 Jy = 0 corresponds to
v=(0})"'mAg — 0. (85)

which vanishes with 1. Thus we may calculate the correlators
of the remaining fields, from f‘(Aﬂ, ¢,0,0,K,+09;¢,L).

Suppose now that in the second order action (64) one rede-
fines the auxiliary fields according to

o=m"'® x=n"'X:
Then the action becomes
ie

+a,-ap,-c n Q} , 87)

v=nV: g=nX.  (86)

Fo, MOV +ig(nd:X x )2 +B,.2)

where
0= / dPx (i9ibA; + i,V i + ;X9 X + idAg +Méc). (88)

Apart from the term né¢ in Q, the parameter M appears only
in the combination NV and nX. We will see shortly, Eq. (96),
that the quantum effective action has the same structure,

I =T(Ay,cnV,NX,K,+0:¢,L)+Q, (89)

where the reduced quantum effective action I" contains the dy-
namics. In the limit 1 — 0, I" becomes independent of the
auxiliary fields V and X,

111% ['=1(A¢,0,0,K,+9;¢,L), (90)
1’1—>

while retaining the symmetries it inherits from a local action.
In particular the Ward identity that expresses BRST symmetry
still holds because the contribution of the auxiliary fields to
this identity is of the form

/dD SFAH,C NV.nX,K, +09;é,L)
dx
which vanishes with 1.

However it remains true that in doing calculations we can-
not set N = 0 until after the cancellation of energy-divergent
diagrams. Thus we cannot neglect the auxiliary fields in the
local action while doing calculations.

—0 (C2Y)
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VI. WARD IDENTITIES IN SECOND-ORDER
FORMALISM

A. Linear equations of motion of fields as Ward identities

The equation of motion of the color-Coulomb potential ¢
implies the Ward identity

r ;
24) —id?v — inAo. (92)

This has the solution
r=rI;+ / dPx (—iva?¢ + mdAy), (93)

where I'y is independent of ¢.
The equation of motion of ¢ implies

or or .

This has the solution

T = (Ko, Ki+36,...) + /de [—va20 +M(idAo +&¢)].
95)
where all the dependence on ¢ and ¢ is explicit.
The equations of motion of b and ) are straightforward,
with the result

I = [(Aucv XK, L)+ / dPx [i0;bA; (96)
+i0;v0;0 + 9;%0:x, + M (idAg + é¢)],
where
K)=Ko; K =K;+9;c. 97)

The dependence on the fields ¢,b,¢, and ) is now explicit.
Here lA"(AH7 Wi, K;,, L,m) depends only on the reduced set of
variables indicated, and is called the reduced quantum effec-
tive action.

Notice that there is another way to express this result for I".
The local extended action (79) has the same dependence on
the variables ¢,b,¢ and ¥,

T = £(Auev XK, L)+ / dPx [i0;bA; (98)
+iaivai¢ + 0 %0 + n (1¢A0 + C'LC")}7

where

= [

is independent of n. If we separate the quantum effective ac-
tion into the tree-level term X plus the set of all loop correc-
tions, I = £ + %P it follows that the loop corrections de-
pend only on the reduced set of variables,

I'= Z+f10()p(Aﬂ7C7va27KllnL7n)'

Fo,Jra v+ ig(9: x ¢)]? +B2)

—s—KHDyc +L(—g/2)(c ¥ c)} . (99)

(100)
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Upon making the change of variable (86) in Eq. (96) the
promised equations (89) and (90) fol}ow. This establishes the
decoupling of the auxiliary fields in I', as asserted.

B. Modified Ward identity for the n-broken BRST symmetry

To derive the m-broken BRST Ward identity satisfied by T,
we use

52 =N8Sreg (101)
This implies an identity satisfied by X,
/dD SZ % SZSE_iSE_'_ SE_iVSE)
3K, 5A, " ocoL Vo *se ey
= M5Sreq. (102)

It implies

or or oreoér . or or ivSF)

D 4 gp — — fy—
Jd% (5A,,51<,,+5c5L s Trs  Vox

=N (5Sreg)- (103)

for I'. We have shown previously that with dimensional regu-
larization the correlators are finite in the limit | — 0, and that
the right-hand side of the last equation vanishes in this limit,
and we obtain

/de S0 o, oFalr G, o0, or ivs—r) -0
84, 0K, ocoL oc Xse Vex) T
(104)
C. Ward identity from translation of ghost field
The Ward identity follows from the identity,
/dCID fw exp[—X+ ) (Ju, ®a)] =0, (105)
a

which holds because 7, is an operator of differentiation. This
gives the Ward identity satisfied by W,

/de o(t) G(x;W) =0, (106)

where

oW

—J ng X <
i -
¢ 8‘]7_(

dJz
4 2 OW
—8Jy % A -9 A

—Dy(gTV:)K#—gL x 2—‘;:.

GW) = +igl, %

(107)

The Ward identity satisfied by the effective action is I,

/ dPx (1) H(x

T) =0, (108)
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where
or ér _ .or _ or
H({I) = g—i—lgg xc—&—zgg xx—l—ga )
—N¢—Du(A)K, —g(L xc), (109)
which reads
fmF:/deO)(t)[DF(A)K,,+g(L><c)+nE]. (110)

The right-hand side, which represents the breaking of the
translation symmetry 7, by I, is linear in the fields.

The right-hand side comes entirely from the tree-level con-
tribution to the quantum effective action I'. It is not subject to
radiative corrections. If one separates out the tree-level term,
[ =X 41799 one obtains the simple identity satisfied by the
loop corrections,

Foltoor = 0. (111)

VII. RENORMALISATION AND RESTRICTIONS ON
COUNTER-TERMS AT =0

We now express the Slavnov-Taylor identity (104) in terms
of the reduced quantum effective action (96), and obtain

8O o sorsf . &b
/d (SA 3K, s ’Vf):()'

8¢ 8L o
As shown above, Eq. (91), in the absence of sources for the
auxiliary fields, the last term is negligible at 1 = 0, and the
Slavnov-Taylor identity simplifies to

of of
(555

where I is now independent of the auxiliary fields,

(112)

5F o

Toeor) =0 (13)

= F(A ,Ku,c,L). (114)
Likewise, by (23), the contribution of the auxiliary fields to
the ghost-translation identity (111) is negligible in the limit
1N — 0, and reads,

Tl 1P (A, Ky, L) = 0. (115)

At finite 1) the proper (1PI) functions have a Laurent expan-
sion in powers of €, in which the coefficients of the singular
terms (negative powers of €) are polynomials in the external
momenta.

When n — 0, at any given order of perturbation theory, all
diagrams that contain energy divergencies compensate each
other at the regularized level. Therefore no UV counterterms
are needed for each one of these diagrams. On the other hand,
local counterterms are needed for the rest of the diagrams.
Since the later have regular limits for 1 — 0, their coefficient
can be computed at 1 — 0. Moreover, the insertion of coun-
terterms adds no energy divergencies in the diagrams.
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In view of this, we will shortly examine properties of the
terms at 1| = O that are singular in € and are compatible with
the Slavnov-Taylor identity (113) and the ghost-translation
identity (115).

The reduced effective action is expanded in powers of A,
=%+ Yo h”F ("), We suppose that by a subtraction pro-
cedure, in the limit n — O, the singular terms are removed to
order n — 1, compatible with the two identities. We separate
the n-th term into a part that is regular in € and a divergent part
that contains inverse powers of &, [") = Fﬁn) + l"l(;lfz. The n-th
order term satisfies the linear identities

o' =7,r" =, (116)
where
8§ 8 8
= [dP% (o —F ——
° / (51( 54, 54, oK,
(58 288y
8L d¢  dc oL
= 5. (117)
One may show by standard methods that ¢ is nilpotent,
ot =8 = (118)

Since dimensional regularization preserves the BRST sym-
metry, identities (116) are satisfied separately by the divergent
part

o iy = Ty, =0. (119)
Recall that the action of 7, on the sources is given by
toK, = 1oL =0, (120)

(since by definition 7, does not act on the sources), and more-
over

38
GK() = % = D,'F(),' —g(C X Ko)
38
oK, = SA = —DoFyi —D;Fji — g(c X K;)
)
oL = —=-— X L). 121
5 glexL) (121)

The anti-commutator of the symmetries ¢ and 7, acting on the

sources yields a time-dependent gauge transformation

G = (Ofy +100), (122)

just as it does for the fields, under which the sources transform
gauge-covariantly,

GoK, = g(K, x 0);

GolL = g(L x o). (123)
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A. Enumeration of divergences and independent counterterms

We now construct the most general /ocal solution of the
identities (119) that is invariant under space-time translations.
The mass dimensions of the fields are

Ad=1; [c]=0; [KJ]=3; [L]=4, (124)
and they have ghost number
Nen(Ay) = 0; Ngu(c) =1,
New(K,) = —1; Nen(L) = —2. (125)

The only local terms in the cohomology of G are FOI and F,?,

so the most general solution of GF@ =0is
B = [dx @+ aritow), (126
where W is a local function with N,; (W) = —1. The most gen-

eral expression consistent with the dimensions, ghost number,
rotational invariance, and global gauge invariance is

Fdlv /d4 C]FOt + CZF

to (chvo FcaKiA; + C5Lc> } .2

We now impose ghost-translation invariance fwff}:g =0.
This is obviously satisfied separately by the terms Fozi and Fl%
since they do not involve the ghost field ¢(x). For the term
with coefficient c3 in (127) we have

100 (KoAg) = (G — 6y ) (KoAg) = Ko® # 0. (128)

There is no other term in (127) that contains Ky, so we con-
clude c3 = 0. Likewise for the term with coefficient c¢s we
have

I00(Lc) = (Gy — Of)(Le) = —6(Lo) = g(c x L)o. (129)

No other term in (127) contains L, so we conclude ¢s = 0. On
the other hand, the term with coefficient c4 is annihilated by
f», for we have

[_mG(KiA,') = (Gw — G[_(D) (K,'A,') =0. (130)

Both Ward identities (119) are now satisfied, and we con-
clude, that the most general form of divergences compatible
with them is
) = /d4 (1 F + 2P + cas(Kiny)|. (131)
We have not yet imposed Lorentz invariance, which is bro-
ken only by the gauge-fixing term. This has been discussed
in [35], and we will not repeat that discussion, but note that it
yields ¢; = ¢2, and we obtain finally

f‘g;l‘)) = / d4X |:C] (Fozl —+

Here ¢; and ¢4 are constants that diverge in the limit € =
4 —D — 0. These are the only possible divergences. Thus
in the Coulomb gauge there are only two independent renor-
malization constants.

F)+ao(KA)].  (32)
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B. Multiplicative renormalization constants in the minimally
regularized Coulomb gauge

Suppose that the divergences have been cancelled to order
n—11in an & expansion so the divergent constants are of or-
der ¢; ~ A" and ¢4 ~ R". We wish to extend this cancellation
to order n by a renormalization of the fields and charges that
appear in the reduced extended action,

— [ax(02)E+F)
K,y (Duc + gA, x ¢) — L(g/2)(c x c)). (133)
From the definition of the operator ¢ we have

D) 88
6(KiA)) = Aiee — K )
( 12 1) i ISKZ‘

5A, (134)

so, the term with coefficient ¢4 in (132) may be cancelled by
renormalizing the fields in X according to
Ai=(1—ca)Ay;

K:(1+C4)Krl (135)

Recall that ¥ contains ¢ and K; only in the combination K; +

0;¢, so ¢ is implicitly renormalized like K;,

¢ = (1+cq)cr (136)

Now observe by power counting that the Euler differential
operator satisfies

2 5\ 1
2R =(—g— 4 2
(F0i+E,-)—( gag+,/d xA,JSA) (Fg+F3). (137)

Use of this identity gives

d ) 3\«
/d4 X(F+F2) = [—gg +/d4x(AyE +Lo )]t

(138)

because the remaining terms in b3 only involve g in the combi-
nation gA, and Lg, both of which are annihilated by the Euler
differential operator. Thus, to order n, the term with coeffi-
cient ¢ in (132) may be cancelled by renormalizing the fields
in £ according to
g:(1+01)gr; A’u:(l—C])A,”u

L=(1—¢|)L,. (139)

The two renormalizations (135) and (139) together are suf-
ficient to cancel the two divergent terms of (132). However,
because ghost number is conserved, we are free to make an
additional renormalization of fields with ghost number N by

®dy = (1+Na)Py,, (140)
where a is an arbitrary constant. This constant is frequently
chosen so ¢ and ¢ renormalize in the same way. However for
our purposes it will be convenient instead to choose a, so Ag
and c renormalize in the same way,

Ze=Za,. (141)
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This is achieved by a = —c;. When this choice is combined
with the two renormalizations (135) and (139), the complete
order n renormalization is given by

(1+ci)gr Ap = (1—c1)Arp
= (1—ci)ers Ko = (1+c1)Kro
Ai = (I—c1—c)Aris Ki=(1+c1+c)ks
¢ = (14ci+ca)ér L=1+4c¢|)L,. (142)
In general we write the renormalizations as
= Zegr; Ao =ZpyAo0,r
¢ = Zecr Ko = Zg,Ko;
Ai = ZpAiy, Ki=Zg K,
¢ = ZzCr; L=ZL,, (143)

where each Z is a power series to arbitrary order in A that
may be calculated recursively using (142). There are two in-
dependent renormalization constants corresponding to the two
divergent constants c; and c4. This is the same number as in
the Landau gauge. For although manifest Lorentz invariance
is lost, on the other hand, in Coulomb gauge ghost-translation
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invariance 7, by an arbitrary function of time ®(¢) is more
powerful than in Landau gauge.

If we choose the two independent renormalization constants
to be Z4, and Zy,, then the others are given by

—1 —1 —1
Z' =2, =27) =7, = 7,

Z' =77 =7, (144)
C. Renormalization-group invariants
The last equations imply the identities
ZgAp = 1; ZoZ.Z:Z4, = 1. (145)

It follows that the following quantities are renormalization-
group invariants,

& Dagny;  ZgDiDaa;. (146)
The first one is peculiar to the Coulomb gauge. A direct ana-
log of the second one also occurs in Landau gauge.
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