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Abstract

Starting from a solution to the classical Batalin-Vilkovisky master equation,
an extended solution to an extended master equation is constructed by coupling
all the observables, the anomaly candidates and the generators of global sym-
metries. The construction of the formalism and its applications in the context
of the renormalization of generic and potentially anomalous gauge theories are
reviewed.
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The main aim of the standard antifield formalism is the construction, for generic
gauge theories, of the proper solution of the master equation. The master equation is
formulated in terms of the antisymplectic structure for the fields and antifields, and
its solution is the generator of the BRST differential. The coupling constants play
a passive role in the usual discussions. The most important feature of the extended
antifield formalism is to promote the coupling constants to active participants of the
construction, by allowing the BRST differential to act on them, and by introduc-
ing, in an intermediate stage “anticoupling constants” which are their partners in an
extended antibracket. The understanding that the physically relevant coupling con-
stants are related to independent local BRST cohomology classes in ghost number 0
naturally leads to consider the constant ghosts coupled to the generators of general-
ized global symmetries (local BRST cohomology classes in negative ghost numbers) as
generalized coupling constants and to include the couplings to anomaly and anomaly
for anomaly candidates (local BRST cohomology classes in positive ghost numbers).

The heart of the extended antifield formalism is the construction of an extended
master equation for an extended action to which all these cohomology classes have
been coupled and a characterization of the cohomology of the associated BRST dif-
ferential, which takes into account in a systematic way higher order cohomological
restrictions through the Lie-Massey brackets. This construction is shown to be a
particular case of a general structure that is available as soon as one has a differential
graded Lie algebra, i.e., a graded vector space with an even or odd Lie bracket and a
differential that is a graded derivation of the bracket.

Applications of these ideas in the context of renormalized quantum field theory
are then discussed. More precisely:

e The existence and relevance of higher order cohomological restrictions on
anomalies and counterterms is demonstrated. As an illustration, the case of
Yang-Mills theories with abelian factors is discussed.

e [t is shown that the use of the extended formalism guarantees stability indepen-
dently of power counting restrictions (“renormalizability in the modern sense”)
for generic gauge theories.

e The anomalous Zinn-Justin equation for the renormalized effective action can
be written to all orders as a functional differential equation. This allows to
prove the existence of a quantum BRST differential and to extend the whole
framework of algebraic renormalization to anomalous gauge theories. In par-
ticular, the existence of well defined quantum BRST cohomologies is proved.

e The dependence of the quantum theory on the parameters of the gauge fix-
ing is considered and the general structure of the Callan-Symanzik and the
renormalization group equations is discussed.

e A refined anomaly consistency condition for local BRST cohomology classes is
derived. As an application, a new approach to the Adler-Bardeen theorem on
the non renormalization of the non abelian gauge anomaly is proposed.



This review is based on the papers [1, 2, 3, 4, 5, 6], with the following improve-
ments:

(i) The analysis of [2, 3] is done without the assumption that there are no anoma-
lies.

(ii) The analysis of [6] is rewritten in the context of the extended antifield for-
malism, so that the assumptions of stability and absence of anomalies are now not
necessary. As a consequence, the dependence of the anomaly coefficients on the gauge
parameters and the renormalization scale is obtained.

(iii) A new section on the quantum BRST cohomology groups has been added.
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1 Introduction

Yang-Mills theories

The best known example of renormalization of a theory invariant under a non linear
symmetry is probably non abelian Yang-Mills theory: on the level of the gauge fixed
Faddeev-Popov action [7], gauge invariance is expressed through invariance under the
non linear global BRST symmetry [8, 9, 10, 11, 12].

Some of the crucial points in the analysis are: (i) the importance of the BRST
cohomology as a constraint on the anomalies and the counterterms of the theory,
(i) the anticanonical structure of the theory in terms of the fields and the sources,
to which the BRST variations are coupled, together with the compact reformulation
of all the Ward identities in terms of the Zinn-Justin equation [13, 14], and (iii) the
insight that BRST exact counterterms can be absorbed by anticanonical fields and
sources redefinitions [15].

The question whether the remaining counterterms can be absorbed by a redefini-
tion of the coupling constants of the theory could be settled to the affirmative, in the
power counting renormalizable case based on a semi-simple gauge group, through an
exhaustive enumeration of all possible renormalizable interactions [10]. In the case
where one includes higher dimensional gauge invariant operators, such a property
depends crucially on a conjecture by Kluberg-Stern and Zuber [16] on the BRST
cohomology in ghost number 0, which states that it should be describable by off-shell
gauge invariant operators not involving the ghosts or the sources. This conjecture
can be proved [17, 18] in the semi-simple case for which it has been originally for-
mulated, but it is not valid in the presence of abelian factors, not even for power
counting renormalizable theories [19, 20, 17, 18]. In this last case, the counterterms
violating the generalized Kluberg-Stern and Zuber conjecture have been shown to
be absent by more involved arguments from renormalization theory [19, 20], so that
renormalizability still holds, even if the conjecture does not.

Extended antifield formalism

The classical Batalin-Vilkovisky formalism [21, 22, 23, 24, 25] (for reviews, see e.g.
[26, 27]) extends the above techniques to the case of general gauge theories with open
gauge algebras and structure functions, the invariance of the action being expressed
through the central master equation.

These cohomological techniques can also be used in order to control the renor-
malization of non linear global symmetries with a closed algebra by coupling their
generators with constant ghosts [28, 29]. The generalization of the formalism to the
case of systems including both gauge and generalized global symmetries with generic
algebra has been achieved only recently [30, 31]. It is based on the observation that
the generators of generalized global symmetries correspond to local BRST cohomo-
logical classes in negative ghost numbers [32] (for a review, see [33]).



Stability in the BV formalism

A detailed analysis of the compatibility of the renormalization procedure with invari-
ance expressed through the master equation has been performed in [34, 35, 36, 37],
where it has been shown that the renormalized action is a deformation of the starting
point solution to the master equation. Independently of this result, the fundamental
problem of locality of the construction is raised and a locality hypothesis is stated
[34]. This hypothesis can be reinterpretated in a more general framework as the
assumption that the cohomology of the Koszul-Tate differential [38, 39] vanishes in
the space of local functionals. While the assumption holds under certain conditions,
which are in particular fulfilled for the construction of the solution of the master
equation, thus guaranteeing its locality [39], it does not hold in general: the obstruc-
tions are related to the non trivial global currents of the theory [32], and give rise to
BRST cohomology classes with a non trivial antifield dependence.

A consequence is the possibility of existence of observables that cannot be made
off-shell gauge invariant, even in the case of closed gauge theories, so that the associ-
ated deformed solutions of the master equation cannot be related by a field, antifield
and coupling constant renormalization to the starting point solution extended by
coupling all possible off-shell observables.

In [40, 41], renormalization in the context of the Batalin-Vilkovisky formalism is
reconsidered precisely under the assumption that there are no such deformations, i.e.,
in the closed case under the analog of the Kluberg-Stern and Zuber conjecture, and in
the open case under the conjecture that all the BRST cohomology is already contained
in the solution to the master equation coupled with independent coupling constants®,
with the conclusion, that the infinities can then be absorbed by renormalizations.

Finally, in [42] the problem of renormalization under non linear symmetries is
readressed in the context of effective field theories: it is for instance shown that
semi-simple Yang-Mills theory and gravity, to which are coupled all possible (power
counting non renormalizable) off-shell observables, are such that all the local coun-
terterms needed to cancel the infinities, can be absorbed through coupling constants,
field and antifield renormalizations, while preserving the symmetry (in the form of
the Batalin-Vilkovisky master equation). Theories possessing this last property, even
if an infinite number of coupling constants is needed, are defined to be renormaliz-
able in the modern sense. The difficulty, that is also discussed, is that the non trivial
infinities are a priori only constrained to belong to the BRST cohomology in ghost
number 0, which, because of the non validity of the generalized Kluberg-Stern and
Zuber conjecture (taken as an example of a so called structural constraint), does not
guarantee that they can be absorbed by redefinitions of coupling constants of an ac-
tion extended by all possible off-shell observables. What good structural constraints
might be in the general case and if they can be chosen in such a way as to guarantee
renormalizability in the modern sense for all theories is left as an open question in
[42, 43].

In order to relate the terminology in [42, 43] to the one coming from the algebraic

!Note that it is not true that the antifield independent part of the cohomology of the differential
(S,-) is off-shell gauge invariant, it is in general only weakly gauge invariant.



approach to renormalization under symmetries pioneered in [44, 8, 9, 10, 11] (see for
instance [45, 46, 47] for reviews), we note that what is called (extended) master equa-
tion in the former corresponds to a generalized Slavnov-Taylor identity in the latter.
By generalized, we mean the definition of this identity in theories with arbitrary
gauge structure as proposed by Batalin and Vilkovisky, then the extension to include
the case of (a closed subset of ) global symmetries. What is called (local) BRST coho-
mology corresponds to the cohomology of the generalized linearized Slavnov-Taylor
operator S, acting in the space of (integrated) polynomials in the fields, the sources
and their derivatives. The question of renormalizability in the modern sense in [42, 43]
is then the question of stability independently of power counting restrictions in the
language of algebraic renormalization?.

Higher order cohomological restrictions

A clue to the answer to these questions can be found in [34, 35, 36, 37]. Indeed,
the fact that the divergences are such that they always provide a deformation of the
solution of the master equation, implies in general that the non trivial first order
deformations satisfy additional cohomological restrictions [48] besides belonging to
the BRST cohomology. The problem with these additional restrictions is that they
are non linear. The starting point for the extended antifield formalism to be discussed
in this review is to show that the non trivial counterterms and anomalies satisfy linear
higher order cohomological constraints, by coupling arbitrary BRST cocycles to the
solution of the master equation.

As an (academical) example of how these higher order cohomological restrictions
work, consider Yang-Mills theories with free? abelian gauge fields A, as discussed
for instance in [42]. The BRST cohomology in ghost number zero contains the term

17, 18]
K = fae / d"w For A AC 247 AL CC 4 CCh e,

for completely antisymmetric constants fu., so that this term is a potential coun-
terterm. At the same time, the term k% [ d"x C} belongs to the BRST cohomol-
ogy in ghost number —2. If we take the action Sy = S + k? [d"z C}, we have
1/2(Sk, Sx) = O(k?). This implies according to the quantum action principle for
the regularized theory that 1/2(T'y,Tx) = O(k?) and then, at order 1 in A for the
divergent part, that

(S Ty 4iy) = OGR).

The k independent part of this equation gives the usual condition that the diver-
gent part of the k independent effective action at first order must be BRST closed,

2Stability is defined for instance in [46] as “the dimension of the cohomology space of the Sp,
operator in the Faddeev-Popov neutral sector should be equal to the number of physical parameters
of the classical action”.

3By free, we mean that the abelian gauge fields have no couplings to matter fields, hence, they
have no interactions at all. Their quantization is of course trivial and we know a priori that no
counterterms are needed.



(S,TM4,) = 0, and contains in particular the candidate K above. The k linear part
of this equation requires
1
( arl(g )dz’v
okd

,S) + (/ d"z €5 TW 4, = 0.

k=0

This condition eliminates the candidate K because
( / d"x C3, K) = 2fap / d"z A AL 4 CC?

is not BRST exact but represents a non trivial BRST cohomology class in ghost
number —1. Hence, there exists a purely cohomological reason why K cannot appear
as a counterterm. Note that as soon as the abelian fields are coupled to matter fields,
the functionals [ d"z Cj but also K do not belong to the BRST cohomology any
more and the problem with this particular type of counterterms does not arise to
begin with.

Anomalies

A related problem, which is relevant in [37, 40, 41, 42], is to provide a sensible defini-
tion of the A operator of the quantum Batalin-Vilkovisky master equation. Indeed,
its expression as a second order functional differential operator with respect to fields
and antifields, obtained from formal path integral considerations, does not make sense
when applied to local functionals. In [49, 50, 51, 52, 53], the antifield formalism has
been discussed in the context of explicit regularization and renormalization schemes
and the related question of anomalies (assumed to be absent in [37, 40, 41, 42]) has
been addressed. In particular, non trivial anomalies are shown to be constrained
by the local BRST cohomology in ghost number 1, which is the expression of the
Wess-Zumino consistency condition [66] in this context, and well defined expressions
for the regularized A operator are proposed at one loop level in [49] in the context of
Pauli-Villars regularization and at higher orders in [52, 53| for non-local regulariza-
tion.

In the context of dimensional renormalization, it has been shown in [54, 55, 56,
57, 58, 59, 60, 61, 62, 63, 64, 65] that anomalies can be dealt with consistently, if
evanescent terms are taken into account properly. In particular [65], the evanescent
breaking terms of the master equation are responsible for a non trivial A operator,
even though ”6(0)” = 0. Furthermore, it is shown in [59, 65] that it is useful to couple
the non trivial anomalies from the beginning with coupling constants in ghost number
—1 in order to control the absorption of divergences in the presence of anomalies.

The completely extended antifield formalism

As a combination of the previous three ideas, i.e., (i) that global symmetries are
controlled by coupling BRST cohomological classes in negative ghost numbers, (ii)
that renormalizability, or more precisely stability, is related to the question if the



BRST cohomological classes in ghost number 0 are all coupled and (iii) that renor-
malization in the presence of non trivial anomalies requires the coupling of the local
BRST cohomology classes in positive ghost numbers, one is naturally led to consider
the solution of the classical master equation to which all local BRST cohomology
classes have been coupled. To first order in the couplings, this extension will satisfy
the standard master equation. To all orders in the couplings, the equation satisfied
by a suitable completion of the extension will satisfy an extended master equation
which has the same structure than the extended master equation of the formalism
where only the local BRST cohomological classes in negative ghost numbers have
been coupled. This will be shown by similar techniques than the ones used in the
extended antifield formalism of [31].

A remarkable property of this extended antifield formalism is that the cohomol-
ogy in all ghost numbers of the BRST differential associated to the extended master
equation is contained completely in the solution to this master equation. As a con-
sequence, using this formalism, renormalizability in the modern sense will be shown
to hold by construction for all gauge theories, which answers the questions raised in
[42, 43], even in the presence of anomalies. In other words, we will complete the gen-
eral analysis of the absorption of divergences in the presence of possibly anomalous
local or global symmetries independently of the precise form of the BRST cohomology
of the theory.

At the same time, it will be shown that in the extended formalism, there exist
well defined differentials, both on the classical and on the quantum level, that play
the role of the quantum Batalin-Vilkovisky A operator.

From the point of view of the algebraic approach to renormalization, the extended
antifield formalism is stable by construction for all theories. It allows to extend the
algebraic approach to the case of anomalous gauge theories. Two well defined isomor-
phic versions of quantum BRST cohomology will be constructed in this context: the
first one on the level of local insertions and the second one on the level of derivations
in the couplings of the theory.

Organization of the review

The definition of a differential graded Lie algebra (L,d,[-,-]) is recalled in section
2 and the existence of Lie-Massey brackets in cohomology [67] is briefly discussed.
Associated to a Hodge decomposition L = K & R @ dR, with K ~ H(d, L) and {e,}
a basis of K, two additional algebras are considered. If sK™ is the suspension of
the dual K* of K with basis the “couplings” {£%}, the first one, L(&), is the tensor
product of L with the polynomials in the couplings, A(sK*). The second one is the
commutator algebra of graded right derivations in the couplings, RDer[A(sK*)]. On
L(§), an “extended master equation” involving a nilpotent graded right derivation A
on A(sK™) is constructed in such a way that the cohomology defined by the solution
of the extended master equation in L(&) is isomorphic to the commutator cohomology
of [A,-] in RDer[A(sK*)]. The perturbative techniques used for the construction are
similar to those of [31]. It is then shown how to compute these cohomologies by using
a spectral sequence associated to the polynomial degree in the couplings. At the end



of section 2, we discuss some examples of differential graded Lie algebras, where the
general construction can be applied.

In section 3, we review relevant features of the antifield formalism, such as: the
spectrum of fields and ghosts, the antisymplectic structure between fields and anti-
fields, the master equation, local BRST cohomology and the gauge fixing procedure.

Section 4 is devoted to show that anomalies and divergences must satisfy co-
homological restrictions. In order to do so, we use the framework of dimensional
regularization as discussed in [65]. The standard restrictions are derived first, while
higher order restrictions are obtained by coupling arbitrary BRST cocycles to the
action. As an application in the physically relevant case of the standard model, it
is shown explicitly how antifield dependent counterterms can be eliminated through
higher order cohomological restrictions.

The application of the general construction of section 2 to the case of the (classical)
antifield formalism is discussed in detail in section 5. Essential couplings are defined
as the couplings corresponding to independent local BRST cohomological classes. The
stability of the extended antifield formalism constructed in this way is then proved.

In section 6, the absorption of the divergences in the context of the extended
antifield formalism is considered, first in the context of “dimensional” regulariza-
tion. Using suitable BRST breaking counterterms, the renormalized effective action
is shown to satisfy a deformed extended master equation, and this to all orders in
h independently of any assumptions on the anomalies of the theory. Alternatively,
because stability of the extended antifield formalism has been proved in the previous
section on the classical level, the machinery of algebraic renormalization on the final
renormalized level can be applied instead of using first a regularization. The de-
formed extended master equation for the effective action is rederived in this context.
Then the renormalization of classical BRST cohomological classes is discussed. At
the end of section 6, two well defined quantum BRST cohomologies associated to the
deformed extended master equation are introduced, one for local insertions and one
for right derivations, and their cohomologies are shown to be isomorphic.

The dependence of the effective action on the parameters introduced through the
gauge fixing is analyzed in section 7. It is shown that, by suitably redefining the
essential couplings by gauge parameter dependent terms of higher order in A, the
variation of the effective action can be made trivial in the sense that it is given
by a quantum BRST coboundary, while the anomaly operator can be shown to be
independent of the gauge parameters.

In section 8, the general form of the renormalization group equation and the
relation between the renormalization group [ functions and the anomaly coefficients
is derived. If the theory is expressed in terms of the running couplings, we show
that the variation of the effective action with respect to the renormalization scale is
a quantum BRST coboundary and that the anomaly operator is independent of the
renormalization scale. Then, the Callan-Symanzik equation is derived and the vector
field built out of the associated [ functions is shown to define a non trivial quantum
BRST cocycle.

In section 9, the anomaly appearing in the renormalization of a local BRST co-

10



homological class with a descent of length d and a lift of length [ is shown to be
characterized by a descent which is shorter or equal to d and a lift which is longer or
equal to [. In a first part, the characterization of local BRST cohomological groups
according to the lengths of their descents and their lifts is explained. Then, the main
result on the lengths of the descents and the lifts of the anomalies is proved. An
alternative derivation of the main results clarifying the underlying mechanism is pre-
sented in section 9.3, where differentials controlling the one loop anomalies arising in
the renormalization of BRST cohomological groups are introduced.

Anomalous effective Yang-Mills theories and a new approach to the Adler-Bardeen
theorem, independently of the gauge fixing, of power counting restrictions and with-
out relying on the Callan-Symanzik equation, are discussed in section 10 as an appli-
cation of the results of section 9.

11



2 Cohomology of differential graded Lie algebra
and associated sh Lie algebra

2.1 Differential graded Lie algebras

Definition Let L = ,, L? be a graded differential Lie algebra over a field &
(typically R or C) with an even or an odd bracket:

d: L9 — L9, d&* =0,

[,’ ] IR L2 — LglJrg2+e7 (2.1>
where ¢ = —1,0, 1 such that
[, y] = — (=) WAy, 2, (2.2)
[, [y, 1) = ([, ], 2] + (=)W [y [, 2] (2.3)
dlz,y] = [dz,y] + (=) [z, dy], (2.4)

for homogeneous elements x,y, z € L.

Remarks :

(i) In principle, it is sufficient to consider the case € = 0, because this case can be obtained from
the case € # 0 by defining a new grading which is equal to the old one plus e. However, because in
various applications it is more natural to have a bracket of degree €, we will keep € in the expressions
below

(ii) A particular case is that of an inner differential d = [D, -], where D € L'~¢ satisfies the
equation 3[D, D] = 0.

Lie-Massey brackets Because the differential is a derivation of the bracket (2.4),
the bracket of 2 cocycles is again a cocycle, and changing one of the cocycles by a
coboundary modifies the bracket only by a coboundary. It follows that the bracket
[-,-] induces a well defined bracket [-,-]5; in cohomology,

[,’ ']M : Hgl(d) ® HgQ(d) N H91+92+6<d)
[z1], [z2]]ar = [[71, 22]]. (2.5)

There exist also higher order maps induced in cohomology, the Lie-Massey brack-
ets [67]. (In this context, the map [-, -]as is called the two place Lie-Massey bracket.)
For instance, consider cocycles x;, x;, xy, such that [[z;], [x;]]; = 0, or, equivalently
[x;, x;] = dx;;. Note that by this equation, the z;;’s are defined only up to cocycles.
A three place bracket of such cocycles is defined by

(s, 2y, ap] = [y, ] — (=) 9FNIF gy ) — (=) [, 2], (2.6)
Because of the derivation property (2.4) and the Jacobi identity (2.3), d[z;, z;, %] = 0.
The corresponding cohomology class is defined to be the value of the three place
Lie Massey bracket, [[z;], [z;], [zx]]p = [[zi, ), zx]]. The set of elements {x;, x;;} is

called the defining system of [[z;], [x;], [zk]]s. Because the x;; are only defined up to

12



cocycles, [[x;], [x;], [xk]]am is not uniquely defined, but it is in fact a set of cohomology
classes depending on the defining system. A uniquely defined three place Lie Massey
bracket [[x;], [x;], [xk]]a is obtained for elements [z;] that belong to the kernel of
the two place Lie-Massey bracket, [z;] € kery? C HY(d), iff [[x;], [y]]m = 0, for all
[y] € H(d). Indeed, in this case, it is straightforward to verify that [[z;, z;, z4]] €
H9i79iT9+2¢=1( ) does not depend on the choice of the defining system. Hence, there
is a well-defined map

[+ ]ar : kery” @ kery” @ kery® — [ 929521 ()
HZZ'@], [:Cj]u [xk]]M = sz, Zj, .Z'k]]

Higher order brackets can be systematically defined along similar lines [67]. We
will not discuss them here, because we will follow a different route and construct
related maps in a systematic way through homological perturbation theory below.

Hodge decomposition and associated graded Lie algebras Suppose one has
the Hodge decomposition L = K @ R @ dR, with K ~ H(d, L) and let {e,} denote
the elements of a basis of K. This means that

dr =0=z = N, + dy,
ple, =dz = p* =0=dz, (2.7)

with A\, u® € k.

Let us now consider the space A(sK™*), i.e., the exterior algebra over the suspension
of the dual K* of K. In other words, we associate to each e, a variable £* of grading
deg(£*) = —|eq| +1 — € and take linear combinations A(§) = >, Agy.0 &% - .. €% with
Aoy, € k. We also consider the space L(§) = A(sK*) ® L, with grading given by
the sum of the gradings,

k
tot(&™ ... &%) = deg(€™) + |a. (2.8)
=1

By abuse of notation, the differential 1 ® d on L(&) is still denoted by d,
d(Em .. %) = (—)Dimades€ ) gar | car gy (2.9)
and the bracket is extended according to
€ g, € ghny] = () Eiadea@) st g gangh | gbay yl (2.10)

It follows that L(€) is a differential graded Lie algebra with respect to the total degree
tot.

Let us also introduce the even graded Lie algebra RDer[A(sK™*)] of graded right
derivations on A(sK*),

OR.
Ea

RDer[A(sK*)] = {2—\(€), \*(€) € A(sK™)}. (2.11)
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If 22X°(8) : A(sK*)? — A(sK*)9%, the grading of

graded commutator is defined by

e " X9(€) is defined to be A; the

G, Gt Ol = G (g = (<P (212)

2.2 Main theorem

For every n > 2, one can construct, on the one hand, constants f2 , € k, with
associated right derivation

agbfb(f) € RDer[A(sK™)]!, (2.13)

where f2(&) = >0 oo 2 . &% ...€%, and, on the other hand, vectors e,,. ., € L,
with associated element

()= eayal™ ... £ € L', (2.14)

n>1
such that:
e the derivation A is a differential,
A? =0; (2.15)

[with the associated left derivation Al = (—)b“’efb(f)agb € LDer[A(sK*)]!
also being a differential, (AL)? = 0]
e the element e(&) satisfies the Maurer-Cartan type equation

1

(d+A%e(€) + 5[e(€), e(€)] = 0, (2.16)
so that B
d=d+[e(6), ]+ A" L) — L(g)™, & =0; (2.17)
— for an inner differential d = [D,-], where D € L17¢ satisfies the “classical master
equation”
%[D, D] =0, (2.18)

D(&) = D + e(§) € L(€)~¢ satisfies the “quantum master equation”

[D(€), D(E)] + AD(E) = 0, (2.19)

|~

and d = [D(€), ] + AL
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o if dx = [A, ]c, then

H*(d, L(€)) ~ H*(da, RDer[A(sK™)), (2.20)
the isomorphism being given by
H*(da, RDer[AsE)) 3 (2 x(6)] —— (28 ye(e)) € (d, Lie)).

Ea e

(2.21)

Remarks:
(i) Relation of the construction to Lie-Massey brackets: For all r > 2, the con-

stants f? . define higher order maps [, in cohomology,

L. @ H(d) — H(d),
Lr(eay]s s [ea]) = far..a, leo). (2.22)

For a given r > 2, let us suppose that the [e,,],. .., [, ] are such that the structure
constants with strictly less than 7 indices vanish, for all choices of a;’s. From the
explicit form of the identity (2.16), it then follows that

r—1

% (6(a1...ak> eak+1~-.ar)) (_)(k(1+€)+|ea1 I+ Fleay ‘)((T_k+1)(1+€)+6+|eak+1 H.“Heakﬂ Y

k=1
+deq,..a, +enfl o =0, (2:23)

the round bracket for the indices in the first term denoting symmetrization with

respect to the grading of the £%’s. We thus see that, under the above assumption,

_lr([em]? Tt [ear]) -

(K(L4€)Heay ooy DO+ D (b betlea sy ooy D] (2.94)

%
|
—

[(e(al...aka eak+1---a'r')) (_)
1

N | —
==
I

By comparing with the definitions in [67], we identify the maps [, under the above
assumption, as the value of the r-place Lie-Massey bracket [[eq,], ..., [eq,]]ar for the
defining system {€q; ..q;, k=1,...,r =1, 1 <4y <... <ip <7}, up to a sign.

(ii) The differential A encodes a strongly homotopy Lie algebra on K [68].

(iii) Iteration of the construction: Because (RDer[A(sK*)], [, |c,da) is a again
a graded differential Lie algebra, the main theorem can be applied to this graded
differential Lie algebra, yielding a new graded differential Lie algebra, to which the
main theorem can be applied, .. ..

2.3 Proof of the main theorem
2.3.1 Auxiliary acyclic extended graded differential Lie algebra

Let us now consider the graded differential Lie algebra RDer[A(sK*)|¢, which is
obtained from the even graded Lie algebra RDer[A(sK*)] by taking as new grading
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of all the elements the old one minus e. Explicitly, we introduce additional variables
&* of degree —tot(£*) — e = |e,| — 1 replacing the gTRa', and the space RDer|[A(sK*)]¢
is composed of elements of the form &A*(€). The even commutator bracket [-, ¢ is

replaced by
[, -]e : (RDer[A(sK*)]) @ (RDer[A(sK*)])% — (RDer[A(sK*)])9 o2t

OF\ OF OFN OF
Mgl = o S (a0 22
d€* DEx 0&: D€

(2.25)

where the shorthand notation a has been used for the grading of £, and A\, u €
RDer[A(sK*)]c. It follows that RDer[A(sK*)]¢ is a graded Lie algebra with the
same € as the original one.

The auxiliary extended space is then defined to be

L(£,&") =L ® N(sK™) @& RDer[A\(sK™)|". (2.26)

The differential d and the bracket |-, -] on L(§) = L& A(sK™) are extended trivially to
L(&,&*), while the bracket [, -J¢ is extended by the formula (2.25), with A, 4 replaced
by elements A, B € L(&,£*). This means in particular that RDer[A(sK*)]¢ acts on
L(&) through the bracket [-,-]¢. The bracket

['7 ] = ['7 ] + ['7 ']§ (2'27)

is then a graded Lie bracket of degree e and the auxiliary differential graded Lie
algebra is (L(&, &), d, [+, -]).

In the general case where the differential d is not inner, a further extension is
needed: define an element D of degree 1 — e and consider the direct sum of the one
dimensional vector space generated by D with L(&,¢*), L(€,£6%) = kD @ L(&,£%).
The space L(, &%) is turned into a graded Lie algebra by extending the bracket |-, ]~
according to

1 ~

§[D7 D] == 0,
[D, 6. gmma] = s(€™ .. ¢om) = —(=)lHE SR g gomg D],
[D,&A"(€)] = 0= [&A(€), D] = 0. (2.28)
It follows that (L(¢,£%),d = [D,],[-,-]) is a graded differential Lie algebra with an

inner differential.

In the case where the differential d on L is inner, one does not need to further extend the space,
L(€,€") = L(§,€") and D= D € L(§,&").

Define now
D' = D+ e, € L9, €) (2.29)
and
N oL .
6 = d + eaa—g* = [D, ] + [eaf‘l, ]g (230)
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It follows directly that 62 = 0 in L(£,£*), but also that the cohomology of 4 is trivial,

H(6,L(,£%)) = 0. (2.31)

Indeed, the condition §[£% ... &% + £:A%(£)] = 0 implies separately dz = 0 < z =
eppi’+dy and A*(€) = 0, so that every cocycle is a coboundary, £ ... £z +EN(€) =
o1 g = B[ € g (y 4 €]

2.3.2 Master equation in L(¢,¢*) with acyclic differential through HPT

3
Take as resolution degree in L(¢,£*) the number of ¢’s and define dt = [DY,] =

0 + [ea€®,]. The bracket 1[D', D' = 1le &, ep€’] is of resolution degree 2, so that

(d")? = 1[[ea&?, es€?], | is of resolution degree 1. ) -
Suppose that we have constructed D¥ = D + Dy + .. . Dy, with D; € LY7e(€,€%)
for i = 1,...,k of resolution degree ¢ such that %[Dk, D*| = Riy1 + Ryspy1, where

Ryi1, Rk € [/(5,5*)2_6 have respectively resolution degree k + 1 and r > k + 1.
From 0 = [D¥, 1[D¥, D¥]] = §Ryyy + R 41, we find at resolution degree & + 1 that
0Rk41 = 0 and hence that Ry, = —0Dy41, where Dy q € L(, & )1 ¢ is of resolution
degree k + 1. Tt follows that if D¥*! = D¥ 4 Dy, L[DFH1, DF1] = Ry, Hence,
the construction can be continued recursively to get a D(,£*) = D+ >, Dy €
L(&, &%) of the form -
D(&,€") = D +e(&) + & (), (2.32)

such that

[D(&,€%), D(&,€%)] = 0. (2.33)

| —

The corresponding differential in L(&,£*) is
The cohomology of d is trivial,
H*(d, L(£,£%)) = 0. (2.35)

Indeed, developing the cocycle [ in dl =0 according to the resolution degree, [ =
ZTZM [, we get at lowest order 6l = 0 = [y = dkyy, so that | — dky, starts at

resolution degree M + 1 and one can continue recursively to show that [ = dk for
some k € L(£,&).

2.3.3 Decomposition

If V(&) = kD @ V(€), the solution D(&,£*) splits into

D(§) = D +e(€) € V(§),
A = Slffb(f) € RDer[N(sK™)], (2.36)
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The master equation (2.33) in RDer[A(sK™*)|¢ gives
1
§[A*, A = 0. (2.37)

This equation is equivalent to A? = 0 and proves (2.15). Explicitly, for each r > 3,
it gives the set of higher order Jacobi identities

r—1

S ot pfo ) =0, (2.38)

m=2

where the round parenthesis denote graded symmetrization with respect to the grad-
ing of the &°.

The associated differential in RDer[A(sK*)| is da= = [A*, -]¢. The graded differ-
ential Lie algebra (RDer[A(sK*)|%, dax, |-, |¢) can be transformed to the even graded
differential Lie algebra (RDer[A(sK*)],da, [+, ]¢) through the substitution & < 8;
The master equation (2.33) in V(§) reduces to equation (2.16), while in the case of
an inner differential d = [D, -], it reduces to the quantum master equation (2.19).

The isomorphism between H*(d,V(€)) and H*(da, RDer[A(sK*)]) follows di-
rectly from the triviality of the cohomology of d. Indeed, for I = a(§) + ;v*(€)
and k = b(€) + £ 2%(€), the relation dl = 0 <= [ = dk gives, in the case where

(&) =0,

Z e a(€) = db(€) + L (¢),
da@_O{:}{ A% G = 0 0

In order to find the cohomology, we need to know when this decomposition is direct,

i.e., we need to solve db(§) + azz,(f) A%(€) = 0, under the condition [A*, &A(€)]e = 0.

This is equivalent to d(b(€) 4 £:A%(€)) = 0, and, using again the triviality of the
cohomology of d, this implies that b(&) + XA (&) = d(c(§) + & p(€)), or explicitly,

DE )M (&), (2.40)

db(€) + L ya(e) = 0, {b(f)zdc(f) oet)
{ i T er© = Enlee

(A" G (E)]e =

This implies that the decomposition is direct iff £XA\%(§) is not a coboundary and
proves (2.21).

2.4 Spectral sequence for the computation of the cohomolo-
gies of dx and d

The purpose of this subsection is to discuss briefly the general computation of the

cohomology H(da, RDer[A(sK*)]) (and thus also of H(d, L(§)) because of the iso-

morphism (2.20), (2.21)). In order to do so, we give some details on exact couples
and spectral sequences and apply these concepts to the present problem.
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Let A = %)\A be a right derivation. We assume that the A* are formal power
series in 4. In the following, we provide this space with an obvious filtration. It will
however not have finite length in general, and for particular theories, better filtrations
have to be found in order to do a complete computation. Since the techniques will

be similar, it is nevertheless useful to show how they work for this filtration.

2.4.1 Grading and filtration on the space of right derivations

Let N = gﬁ;ﬁa be the operator counting the number of &’s. A general right
derivation admits the following decomposition according to the eigenvalues of Ng:
A= A1+ X+ M + ..., where [\,, N¢] = pA,. Hence, RDer[A(sK*)] is a graded
space, RDer[A(sK*)] = @,—_1RDer[A(sK*)]P. (It is actually a bigraded space, the
other grading, for which da is homogeneous of degree 1 being the grading tot.)

The graded right commutator satisfies [[Ay,, ptn], Ne] = (m + n)[Ap, ptn].  The

decomposition of A starts at eigenvalue 1: A = A; + Ay + ... ; the corresponding
decomposition of da being da = [A1,:] +[A1,] =... =dy +ds +.... It follows that
the cocycle condition daA = 0 decomposes as
dl)\fl - O,
diNo +daA_y =0,
di A 4 doXg +dsAy =0,
: (2.41)
while the coboundary condition A = dapu decomposes as
)\,1 == O,
Ao = dypi_1,
A1 = dipio + dapi_,
Ao = dypuy + dopio + dspi—q,
: (2.42)

In order to construct the spectral sequence associated to this problem, we follow [69].
Consider the spaces K, of derivations having V¢ degree greater than p, i.e., A € K,
if A =X\, + A\ps1 +.... The space of all right derivations is RDer[A(sK*)] = K_;,
Ky+1 C K, and da K, C K,. The sequence of spaces K, is a decreasing filtration of
RDer[A(sK*)], with K,/K,1 ~ RDer[A(sK*)]".
We have the short exact sequence?:

0— By 1 Kpi1 —— By 1 Ky — @y 1K,/ Kpyr — 0, (2.43)

where @,—_1K,/Ky11 ~ @p—_1RDer[A(sK*)?. The following diagram is exact at
each corner:

H(da, @p—1Kp1) == H(da, ®p1K,)

ko ™. ./ Jo (2.44)
EOa

4A diagram is said to be exact if the image of a map is equal to the kernel of the next map.
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where Ey = @, 1K,/ K1 ~ @pe_1RDer[A(sK*)JP. In this diagram, H(da, K,)
is defined by the cocycle condition da(A, + Apt1 + ...) = 0, and the coboundary

condition A\, + A\p11 + ... = da(pp + fip41 + ...). The maps iy and jy are induced
by 1 and j, ’io[)\p+1 + )\p+2 + .. ] = [)‘p+1 + >\p+2 + .. ] and jO[)\p + >\p+1 + .. ] =
[T Ap+Aps1+...)] = [A\p]. They are well defined, because iy, maps cocycles to cocycles

and coboundaries to coboundaries, while j(da(pp + fips1--.)) € Kpi1. The map ko
is defined by ko[\,] = [daA,]. It does not depend on the choice of representative for
A] € K,/ Kpi1, because [da(Apy1 +...)] =0 € H(da, Kpy1).

Let us check explicitly that this diagram is exact:

e ker jj is given by elements [\, + A,41 + ...] € H(da, K,) such that da(\, +
Apt1 +...) =0 and A, = 0. This is the same than igH (s, K,4+1), which is given
by [Ap+1 + Apt2 + .. .], with da(Apt1 + Apya + ...) = 0, the equivalence relation
being the equivalence relation in H(s, K,) by definition of .

e ker ko is given by elements [),] such that [da)\,] =0 € H(da, K,+1), i.e. such
that da, = da(ftp+1 + fps2 + -...). By the identification A\, = —fp41, Ap2 =
—llpt2, - - ., this is indeed the same than joH (da, K,) given by [A,] with da (A, +
Apr1+...)=0.

o ker iy is given by elements [\, 11 + Apro +...] such that da(A\ps1 +Apia+...) =0
and A\pr1+Appo+... = da(pp+ptpr1+...), while kolp,) is given by [Apr1+Apra+...]
of the form [dap,] so that Apr1 + A\pyo + ... = dapyy + da(pipr1 + - . .), which is
indeed the same.

2.4.2 Exact couples and associated spectral sequence
To every exact couple (Ag, By), i.e., exact diagram of the form
Ao % Ao
ko ™\ /" Jo (2.45)
BO7

one can associated a derived exact couple

A 2 Ay
k1N (2.46)
Bj.
In this diagram, the spaces and maps are defined as follows: A; = igAg; By =
H (dy, By), where dy = jo o ko ( d3 = 0 because kg o jo = 0); for a; = igag, i1a; =
i1(igag) = i2ag; jiar = [joao] (this map is well defined: jyag is a cocycle, because

ko o jo = 0, furthermore the map does not depend on the representative chooser for
ag, because if igag = 0, ag = kobg for some by and jyaq = [jo 0 kobo] = 0); k1[bo] = kobo
(kobo = io(lo for some b(] because dobo = jo(kobo) =0 1mphes kobo = ioao, furthermore
kodoco = 0 because kg o jo = 0).

Let us also check explicitly exactness of this diagram:
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e ker j; is given by elements a; = igag such that [joag] = 0, i.e., joao = Jokobo
and then ag — koby = igco, implying that a; = i%co. i1 Ay is given by elements
a; = 11c] = igco. It follows that ker j; C i1A;, while the inverse inclusion
follows from jg o 79 = 0.

e ker k; is given by elements [by] such that koby = igap = 0, i.e., such that
bo = joco, for some ¢y, while im j, is given by elements [bg] such that [by] = [joeo],
i.e by = jo(eo + kofo). It follows that ker &y = im ;.

e ker i; is given by elements a; = igap such that ig(igag) = 0, i.e., ipag = koboy
(which implies in particular doby = 0). im k; is given by elements a; = igag =
kobg for some by with doby = 0, so both spaces are indeed the same.

Clearly, this construction can be iterated by taking as the starting exact couple
the derived couple. We thus get a sequence of exact couples

i
AT‘ — Ay

kN (2.47)
B,.
and the associate spectral sequence (B,,d,.), for r = 0,1,..., i.e., spaces B, and

differentials d,. satisfying B, = H(d,, B,).

2.4.3 Spectral sequence associated to da

Let us now apply the general theory to the case of the exact couple (2.44) and give
explicitly the differentials d,. and the spaces B, (called E,.) in this case for r = 0, 1, 2, 3.

We have Ey = @p=1K,/Kpi1 =~ @p—_1RDer[A(sK*)]P. The differential d is
defined by dy[A\p]o = Jolda,], where [da),] € H(da, Kpi1). It follows that do[A,]o =
[d1Ap]. This means that EY is defined by elements [[\,]o]1 with the cocycle condition

diA, =0 (2.48)

and the coboundary condition
)\p = dlup_l. (249)
Because d; = g; fagbée, and d? = 0 implies that the f2 are the structure constants

of a graded Lie algebra, this group is just a graded version of standard Lie algebra
(Chevalley-Eilenberg) cohomology with representation space the adjoint representa-
tion.

Take now [[Ay]o]1 € E}. The differential di[[A\y]o]1 = jiki[[M]olr = Jiko[Mp)o =
JildaN,) = [joig [daA,)]i. This means that [da),] has to be considered as an ele-
ment of H(da, K,2) so that di[[A\p]o]1 = [[d2Ap]o]1- Hence EY is defined by elements
[[[Ap]o]1]2 with the cocycle condition

o)Xy + dyMpiy = 0, (2.50)
di\, =0, (2.51)
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and the coboundary condition

Ap = dapip—2 + dipiy—1, (2.52
0= dl/llp,Q. (253)

We thus find that EY = H?(dy, H(d1)).

The differential dg in Eg is defined by dg[[[)\p]o]l]g = jgk)g[[[)\p]o]l]g = j2k1[[)\p]0]1 =
doko[Mplo = [J1i1 ko[ Nplol2 = [[oio ti1 "ko[Aplo]1]2- In order to make sure that ko[A)o
belongs to i1igH (da, K1) we use A\, + A\y41 as a representative for [Ay]p. It fol-
lows that da[[[A\]oli]2 = [[[dsAy + d2Apsi]o]i]2. The cocycle condition for an element
[[[[Aplo]1]2ls € EX is then given by

d3Ap + dadpr1 = dofips1 + dipipio, (2.54)

dg/\p + dl)\erl - 0, (255)

di A, =0, (2.56)

with dyp,49 = 0. The redefinition A, 11 — Apy1 — ppr1 and Appo = —f1, 40, then gives
as cocycle condition

d3Ap + da)pi1 + di A2 =0, (2.57)

dg)\p + dl)\erl - O, (258)

di A, = 0. (2.59)

The coboundary condition is [[[Ay]o]i]e = ds[[[ttp—3 + tp—2]o]1]2, where dyp,—3 =

0, dapip—3 + dapty—o = 0, hence [[NJo1 = [[dspip—3 + dapip—2]oli + dal[op_2]o]1, With
dy0,-2 = 0 which gives

Ap = d3fip—3 + daftp—o + do0p_o + dipp_1, (2.60)
0= dzﬂp_g + dl,up_g, (261)
0= dllLLpfg, 0= le'p,Q. (262)

The redefinition p, o — pp—2 + 0p—2 and p,_1 = p,—1, then gives the coboundary
condition

Ap = dapip—3 + dapip—o + dijip-1, (2.63)
0= dg/ubpfg + dl/ipfz, (264)
0= dlup_g. (265)

This construction can be continued in the same way for higher r’s.
The original problem was the computation of H(da, RDer[A(sK*)]) =
H(da, K_1). From exactness of the couples (2.47), it follows that
H(da, K_1) ~ j0E; " @ ker jo
~ ker ko(C E;") @ igH (da, Ko)

~ ker ko(c Eal) D ker kl(C E?) D ilioH(dA, Kl) (266)
: (2.67)
~ @l ker k.(C Bl @ig...igH(da, Kr). (2.68)
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Furthermore, Fy ~ E; & Fy @ doFy and Egl ~ Efl ® Fo’l. Fy does not belong
to ker ko because doFy # 0. Thus ker ko(C E;')) ~ ker ki(C E;'). Similarly,
Ei~ Ey® Fy ® dFy and (dyFy)™' = (diF1)° = 0. Again, di[Fi]; # 0 implies that
Fy does not belong to ker k;. This means that ker ki(C E;') ~ ker ky(C FE;*)
and ker ki(C EY) ~ ker ko(C EY). Going on in the same way, we conclude that
ker k,.(C E'™Y)) ~ ker kr(C Ej;")). We thus get

H(da, K_1) ~ ®F jker kp(C Ef ) @in...igH (da, Kp). (2.69)

This construction is most useful if it would stop at some point. Indeed, suppose
that Kr = 0. Because kg[...[A\)]o...]r belongs to ig...i0H(da, Kpiri1) = 0, it
follows that

H(da, K_,) ~ o Bt (2.70)

2.5 Examples
2.5.1 Lie algebra cochains and chains

As a first example, we consider the tensor product of chains and cochains on a semi-
simple Lie algebra G with generators T, This space can be identified with the space

L= AG)® AG*) = NP, 0", (2.71)

where P; and C! are Grassmann odd variables. The grading is obtained by giving
degree —1 to P; and degree 1 to C1. The graded Lie bracket on L (with € = 0) is

taken to be
of. ok of. ok

L= , 2.72
b =55 001t aci o, (2.72)
The differential d on L is inner,
Q= %fUKPKCJCI, d={Q,}, (2.73)
d=C’f,/5p a—L+chcff K O (2.74)
I TR ep T 7 poK: '

It is the standard Chevalley-Eilenberg differential with representation space the
space of chains transforming under the extension of the adjoint representation. The
interesting feature of this example is that the cohomology H(d, L) can be computed
exactly: it is generated by the primitive invariant chains and the primitive invariant
cochains, which are completely known for semi-simple Lie algebras (see e.g. [72]).

Note that this example has more structure than discussed in the general case.
Indeed, (L,d,{-,-}) is a graded differential Poisson algebra for the exterior product
of chains and cochains.

In the particular case of su(2) a basis {e,} of K ~ H(d, L) is given by

1 1
€1 = 1, €y = gf[JKCICJCK, €3 — gfIJK’P[,PJ,PK, €4 = €9€3, (275)
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where the indices are lowered and raised with the Killing metric g;; = fi.* f;x* and
its inverse. Direct computation shows that only one bracket of the elements of the
basis is non vanishing and that it is d exact, {%eq, E3e3} + {Q, E26%¢e93} = 0, where
€93 = —%fUKPIPJC’K. Furthermore, {es3,e,} = 0 = {ea3,e93}. It follows that
A =0 and that Q(£) = Q + %, + £2&3eq3 satisfies

S99} =0. (2.76)

In the case of a general semi-simple Lie algebra G, it is not difficult to show that
the first order structure functions f;, all vanish. The computation of the higher order
structure functions is more involved. The complete analysis of the sh Lie structure
of the cohomology H(d, L) and of the associated “quantum master equation” will be
discussed elsewhere [70].

2.5.2 Schouten-Nijenhuis bracket in S(G) ® NG*

The second example is discussed in section 4 of [71]. The space L is taken to be the
symmetric tensors on G tensor product with the cochains,

L=5S(G) ®AG") = Alar, 1), (2.77)

where the x; are generators of G considered as even coordinates on G*, with degree
0, while the Grassmann odd generators C! have degree 1. The Schouten-Nijenhuis
bracket of grading e = —1 is defined by

or. gb-  9f. ok

L) = — 2.
(7 ) 8.73]80] 601833[’ ( 78)
Again, the differential d on L is inner,
1
Q= 5f,JK:cK(Jch, d=(Q,-), (2.79)
oL 1 or
e K9 L g, K
d=C fJ[ l’KaxI—I—QO Cf[J 8CK (280)

It is the standard Chevalley-Eilenberg differential with representation space in this
case the space of symmetric tensor on G transforming under the extension of the
adjoint representation. The cohomology H(d, L) can also be computed exactly in
this case: it is generated by primitive invariant symmetric tensors and primitive
invariant cochains, which are again completely classified for semi-simple Lie algebras
(see e.g. [72]).

In this example, L is a Gerstenhaber algebra: the Schouten-Nijenhuis bracket is
a graded derivation of the exterior product. Furthermore, the bracket (-,-) measures

the failure of the second order differential operator D = %%—R;( to be a derivation.
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2.5.3 Hamiltonian BFV formalism

Another, physically relevant example of a differential graded Lie algebra is the for-
malism of Batalin, Fradkin and Vilkovisky for constrained Hamiltonian systems
[73, 74, 75, 76, 77, 78] (for reviews, see e.g. [79, 80, 81, 82, 26]). The even graded Lie
bracket {-, -} is the extension of the standard Poisson bracket to the ghost and ghost
momenta, while the inner differential is generated by the BRST charge 2, built out
of the constraints and the structure functions arising in their Poisson bracket algebra.

2.5.4 Lagrangian BV formalism

The general formalism to control gauge symmetries through a differential during
quantization in the Lagrangian framework, developed by Becchi, Rouet, Stora [8, 9,
10, 11], Tyutin [12], Zinn-Justin [13, 14], Batalin and Vilkovisky [21, 22, 23, 24, 25|
is refereed to as the “antifield formalism” below. It is another physically important
example of a differential graded Lie algebra. Since the main objective of this review
is to analyze what can be gained by the general construction of section 2.2 in this
context, the different ingredients of the antifield formalism will be briefly reviewed
in the next section. More details can be found in the original papers, in the reviews
[26, 83, 84, 27, 33] and in the references cited therein.
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3 Antifield formalism and local BRST cohomology

3.1 Antibracket and master equation

The starting point for local gauge field theories is an action

where the Lagrangian Ly depends on the fields ¢* and a finite number of their deriva-
tives. The left hand side of the equations of motion are determined by the Euler-
Lagrange derivatives of Ly, 5L
0

5o 0. (3.2)
In gauge theories, the left hand side of the equations of motion are not all independent,
but there exist on-shell non vanishing relations among them. These are the non trivial
Noether identities in one to one correspondence with the non trivial gauge symmetries.

The original set of fields {¢'} is extended to the set {¢*} by introducing in addition
(i) ghost fields for the non trivial Noether identities, (ii) ghosts for ghosts associated
to the non trivial reducibility identities of Noether identities, (iii) ghosts for ghosts
for ghosts for the second stage non trivial reducibility identities. . ., and (iv) antifields
¢: associated to all of the above fields. In the following, we will denote the fields and
antifields collectively by z.

In the classical theory, the relevant space is the space of local functionals F
in the fields and antifields. Under appropriate vanishing conditions on the fields,
antifields and their derivatives at infinity, this space is isomorphic to the space of
functions in the fields, the antifields and a finite number of their derivatives, up
to total divergences. Introducing the horizontal one forms dx* and the horizontal
differential d = d«z"0,, with 0, = % + > o Z,C(lum.wk)m’ the space of local

functionals is isomorphic to the cohomology of the horizontal differential d in form
degree n in the space 2 of form valued local functions, F ~ H™(d,(2). The grading
is the ghost number obtained by assigning degree 0 to the original fields, degree 1 to
the ghosts, 2 to the ghosts for ghosts. The ghost number of an antifield is defined to
be minus the ghost number of the corresponding field minus 1. The odd graded Lie
bracket with e = 1 of local functionals A; = f d"x a; is defined by

5RCL1 5La2 5Ra1 5La2
A Ay) = | d" — . 3.3
) = [ G - 3
It is called “antibracket” in this context. In terms of generating functionals for Green’s
functions introduced below, the antibracket is defined by a similar expression where

the Euler-Lagrange derivatives of the integrands, 562% is replaced by the functional
derivatives &i—% for the corresponding functionals. This generalization is consistent
because for local functionals Jz‘i—“(‘x) = Ja(g).
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The central object of the formalism is the construction of a solution S to the
classical master equation

%(5, S)=0. (3.4)

This solution is obtained by first constructing a (possibly reducible) generating set
of non trivial gauge symmetries, as well as generating sets of non trivial reducibility
identities for the gauge symmetries, of non trivial reducibility identities of the second
stage for the previous reducibility identities. . ..

If the solution S of the master equation (3.4) is required to be in ghost number
0, Grassmann even, minimal and proper, i.e., to contain in addition to the starting
point action Sy the gauge transformations related to the generating set of non trivial
gauge symmetries as well as the various reducibility identities in a canonical way,
one can show existence and locality of this solution, with uniqueness holding up to
canonical field-antifield redefinitions. The BRST differential is then s = (S,-), so
that (F, (-,-), s) is a graded differential Lie algebra with an inner differential.

3.2 Local BRST cohomology

The cohomology of s in the space of local functionals, H*(s, F) is called local BRST
cohomology. With the algebraic characterization of local functionals discussed above,
it is isomorphic to the cohomology of s modulo d in form degree n, H*"(s|d, §2), in the
space of form valued local functions €2. This cohomological group is in turn related
to the cohomology of s in €, H(s,2) through descent equations.

In negative ghost numbers g, the groups H9"(s|d, §2) describe the generalized non
trivial global symmetries of the theory. In ghost number zero, they describe the
observables, i.e., the equivalence classes of local functionals that are gauge invariant
when the gauge covariant equations of motion §Lg/d¢" = 0 hold, where two such
functionals, that coincide when these equations hold, have to be identified. The
BRST cohomology in ghost number 0 also describes the infinitesimal deformations of
the master equation, the obstructions to deformations being described by local BRST
cohomological classes in ghost number 1. As will be discussed below, the local BRST
cohomology in ghost number 0 also constrains the divergences and the counterterms
of the quantum theory, while the classes in ghost number 1 describe the anomaly
candidates.

3.3 Gauge fixing

In order to get well defined propagators, needed as a starting point for perturbation
theory, the gauge has to be fixed. The gauge fixing can be done in two steps: first
one adds a cohomological trivial non minimal sector. This amounts to extending the
minimal solution of the master equation to S” = S+ [ d"x B*C’:. The canonical BRST
differential extended to the antifields and the non minimal sector is s = (57, )6~
The second step is to perform an anticanonical transformation generated by a gauge
fixing fermion W[¢?|: the gauge fixed action to be used for quantization is Sgf[¢?, ggj;] =
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S'[o%, q;:; + ‘E;Tf], with W chosen in such a way that the propagators of the theory are
well defined. For instance, in Yang-Mills type theories, standard linear gauges are
obtained from

_ 1
- / d'w Col@ A5+ SaB"). (3.5)

The cohomology of the associated BRST differential s = (S, -) .4+ 1 the space of
local functions or in the space of local functionals is isomorphic to the cohomology of
the canonical BRST differential in the respective spaces and can be obtained from it
through the shift of antifields ¢* = ¢* + 6L T /d¢. The dependence of the gauge fixed
action on the fields and antifields of the non minimal sector is explicitly given by

JRng _ 5R‘1/ éngf _ 6R‘1/ :*
5Ca _R_(nga 5Ca )¢7¢*7 5Ba _(ggfy 5Ba )¢7¢* + Ca?
%t _ pa L
5Cx ’ 0B} '

The dependence of the gauge fixed solution of the master equation Sy on any
parameter o appearing in the gauge fixing fermion ¥ alone, and not in the minimal
solution S of the master equation, is given by

S, o
OR i - _( gt W) (36>

In the following, it will always be understood that the gauge fixed action with
tilded antifields is used in manipulations involving the Green’s functions, even if we
do not always indicate this explicitly, when we are interested in statements concerning
the local BRST cohomology.
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4 Higher order cohomological restrictions and
renormalization

4.1 Regularization

We will assume that there is a regularization with the properties of dimensional
regularization as explained in reference [65], i.e.,

e the regularized action S, = ¥,_¢7"S,, is a polynomial or a power series in 7, the
7 independent part corresponding to the starting point action Sy = .S, so that
the algebraic relations that hold for the classical action S hold in the regularized
theory for Sy.

e if the renormalization has been carried out up to n — 1 loops, the divergences
of the effective action at n loops are poles in 7 up to the order n with residues
that are local functionals, and

e the regularized quantum action principle holds [56].

Let S = S, + p*0,, with 0, = %(ST,ST), so that 6y = (S, 51), and p* a global
source in ghost number —1. On the classical level, we have, using (p*)? = 0,

1~ - dS
339 =755 (4.1)
- 08
= 4.2
(S, ap*) 0, (4.2)

which translates, according to the quantum action principle, into the corresponding
equations for the regularized generating functional for 1PI vertex functions:

oT

1 - -
—(I''T)y=7— 4.
- or
I—)=0. 4.4
F.50) (4.4
Using (p*)? = 0, these equations reduce to
1 or
r)y=r— 4.5
Cr)=ros (4.5
ar
—)=0. 4.6
) (4.6
At one loop, we get
(S,, V) = 7o), (4.7)
(87, 0) + (P, 6:) = 0, (4.8)
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where T and 6 are respectively the one loop contributions of ' and dT'/dp*. By
assumption, we have

=% 7t (4.9)
n=-—1

00 =" g, (4.10)
n=—1

where TM=1 and 61 are local functionals.

4.2 Lowest order cohomological restrictions

At 1/7, equations (4.7) and (4.8) give

(S,TM-1) =, (4.11)
(5,601 4 (1M=L gy = 0. 4.12)
Using 6y = (S, 51) and equation (4.11), equation (4.12) reduces to
(8,001 — (5, TW-1)) = 0. (4.13)
In addition, we get, from the term independent of 7 in equation (4.7),
(S, T = p=1 _ (g, M-, (4.14)
The term linear in 7 gives
(S, 1My = g0 _ (5, TWOY _ (G, T, (4.15)

The one loop renormalized effective action is 'y, = S + AMO + O(h2, 7), where the
notation O(A?, 7) means that those terms which are not of order at least two in /i are
of order at least one in 7 and vanish when the regularization is removed (1 — 0),
so that

%(r}%, I'y) = hA; + O(R?, 1), (4.16)
with, using equation (4.14),
A =601 — (5, Ty, (4.17)
and the consistency conditions for local functionals

(S, T =0 = 1" = cjci +(S,Zy), (4.18)
(S, A1> =0= A1 = azlAz + (S, 21), (419)

where [C;] and [A;] are respectively a basis of representatives for H°(s) and H'(s).
These are the standard cohomological restrictions on the divergences and the anoma-
lies of the quantum theory.
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4.3 First order cohomological restrictions

The idea is now to get additional cohomological restrictions on anomalies and coun-
terterms, using the bracket induced in cohomology discussed in section 2.1. In order
to do so, we couple to the starting point action an arbitrary local BRST cohomological
class.

Let D be a BRST cocycle in any ghost number g and consider S7 = S+ jD, where
the source j is of ghost number —g. The regularized action is SY = S, +jD,, with D a
polynomial in 7 starting with D. If S = Si+p*#7, where §7 = (57, 8:)+2(i D7, S;),
we have

' + 0(5%), (4.20)

L+ O(). (4.21)
At one loop, we get for the term independent of p*,
(T, 89) = 769 + 0(5%). (4.22)
The term linear in j of order % gives
(DW= 8) + (D, 7M1 =0, (4.23)
with D1 = (0F§1)_1/0j)|j:0. This gives our first theorem.

Theorem 1 The antibracket of the divergent one loop part TW=1 which is BRST
closed and local, with any local BRST cocycle is BRST exact in the space of local
functionals.

The theorem can be reformulated by saying that the antibracket map induced in
the local BRST cohomology groups

(L1, [D)ar = [0] (4.24)

for all [D] € HY(s). This equation represents a cohomological restriction on the
coefficients ¢| that can appear ; it can be calculated classically from the knowledge
of H°(s) and the antibracket map from H(s) ® H9(s) to H9"1(s). According to the
previous section, the theorem holds in particular when D = T'™M=1 or D = A;.

In the same way, the consistency condition is

or,

(T 5,) + 06" =0, (4.25)
and gives at one loop,
(T 07) + (S2,69) + O(5%) = 0. (4.26)
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The term linear in j of order % gives

67
(1H-1 [ =20

7 1‘\(1)—1
7=0

S| =o. (4.27)

Jj=0

(1)-1
06!
9j

+(D7 9(1)_1) -

Using 6y = (S, 51), 36%/0j|,—0 = (D1, S)+(D, S)), equations (4.11), (4.17) and (4.23),

we get

(1)-1
26!

— (D, TO=H — (DW= gy S| =o0. (4.28)

J=0

This gives our second result.

Theorem 2 The antibracket of the BRST closed first order anomaly Ay, with any
local BRST cocycle is BRST exact in the space of local functionals.

The theorem can again be reformulated by saying that the antibracket map
([Ad, [D])ar = [0] (4.29)

for all [D] € HY(s) ; it represents a classical cohomological restriction on the coeffi-
cients ail that can appear.

4.4 Higher orders
Let B = S and B' = '™M~1. We have the following theorem.

Theorem 3 The first order counterterms can be completed into a local deformation
of S, i.e., there exist local functionals B™ such that

%(SJ’”, ST =0, (4.30)
FT =5+ j"B". (4.31)
n=1

Proof. The theorem is true for j°,j' and j2, if we take D = I')=! = B! in (4.23)
and B? = 1/2(8F§-1)_1/8j)|j:0. Suppose the theorem true at order j* i.e., we have

S5, 57 = 0, (4.32)
k
St =8+ "B (4.33)
n=1
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and
1 — e
B" = E(@”_lFEi),ll/ﬁj 1)|j:0'

At the regularized level, consider the action

k
SI' =8, +> j"Br

n=1
and S/ = SI° + p*03", with 67" = L(SI, S2°) + O(j**1), so that
1oz oz OS5
25 Gty = o1
2(5 ,S7) Tap* + O(5").

The corresponding equation for f]’k based on the action S7* is

1= - I
At one loop, we get, for the part independent of p*,

(88", 1)) = 76') + O(* ).

+ O™,

At order j*, this equation gives

o) A
ST) —J + Bl) —] + ..
5% | oot ]
7=0 7=0

+ (ij, ri)

o
j=0)  Oj*
J:

At order 1/7, we get, using
an—lrﬁ)*l
ajn—l

form=1,...,k —1 and defining = (k + 1)B**1 the relation

j
ajk

j=0
(S, (k+1)B¥Y) + (B kB*) + ...+ (B*,B") =0,

or equivalently

y (k+1) &
0= Y (B" (k+1-m)B"'m) = =223 (B", BH ),
m=0 m=0

which proves the theorem. O

Let E° = A; = M~ — (B, 5)).
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(4.39)

(4.40)
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Theorem 4 The lowest order contribution to the anomaly E° can be extended to a
local cocycle of the deformed solution of the master equation S7°, i.e., there eist
local functionals E™ such that

(877, E7™) =0, (4.43)
=D e (4.44)

Proof. The theorem holds for j° and j' by taking in (4.28) D = B!, and defining

V-1
E' = é, — (D, IO — (DW= g (4.45)
I
o9
=T (BB - (2B 5). (4.46)
I
Let us define
"6, u
E™ S =) ((n+1)B", By, (4.47)
J j=0 n=0
The consistency condition is
8F ,
(T 525 = 0, (1.45)
At one loop, we have,
(O, 00°) + (2°,605)) = O(5*+). (4.49)

The term of order j* of this equation gives

k o gk-mpi* gr—mpH)
J T m J

) : ) + | B, —— = 0. (4.50)
m k—m T k—m

m=0 8‘7 §=0 8‘7 j=0 8‘7 j=0

At order 1/7, we get

> { ((m +1)B™H, i(Bl, Bf‘m‘l))

ak—mg](i)*l

| BT e
ajk—m

] ~0. (4.51)

Using the Jacobi identity, the first term is given by

> f (m+1)B™, B¥"1)  BY) — (B!, (m+1)B™", B{ ™™ "))]. (4.52)

m=0 [=0
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Changing the sum Y% _ 0 " o to the equivalent sum S o SO o, the first term of
this equation vanishes on account of (4.42), while the second term, using the definition
(4.47), combines with the second term of (4.51) to give

k
> (B™ EF™) =0, (4.53)
m=0

which proves the theorem. O

The investigation in this section is a first step in order to analyze the cohomological
restrictions on anomalies and counterterms at higher orders in h. To see this, we
note that if we put j = (—h/7), the action S"7% satisfies the (deformed) master
equation 1/2(SH7)% =R/ = 0, while the corresponding effective action is finite
at order A. Its divergences at order h? are poles up to order 2 in 7 with residues that
are local functionals. A systematic analysis of the subtraction procedure at higher
orders in h will be presented in the context of the extended antifield formalism below.

4.5 Cohomological restrictions through mixed antibracket
map

In the antifield formalism, there is an additional map relating two different types of
cohomologies, the BRST cohomology for local functionals H*"(s|d, 2) and the BRST
cohomology for local functions, H*(s, Q). It is defined in terms of the bracket (-, )u;
from local functionals tensor product with local functions to local functions defined
by

(s e H™(d, Q) @ Q° — Q°, (4.54)
0%a  OFb oBa o5
(A, b)alt — Zaﬂl c a/ik 5¢a a¢ Zam ,uk 5¢ 8¢au1muk)7 (455>

k=0 (k) k=0

where A = [ d"z a. It is straightforward to verify that this bracket induces a well de-
fined mixed map (-, -),, in cohomology, i.e., that it maps cocycles to cocycles and that
the resulting cohomology class does not depend on the choice of the representatives:

() Vm 2 HOV(s|d, Q) @ H?(s5,Q") — H 92+ (5 QY), (4.56)
([A], [B])m = [(A, b)are]- (4.57)

By using a local source j(z) instead of a coupling constant j to couple the repre-
sentative d of a class [d] € H(s,Q°), theorems 1 and 2 of section 4.3 become

Theorem 5 The mized antibracket map of the first order divergences or of the first
order anomalies with any non integrated BRST cohomology class [d] € HY(s, )
vanishes:

([T, [d)m = 0, (4.58)
([Ad], [d]))m = 0. (4.59)
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4.6 Application 1: Elimination of antifield dependent coun-
terterms in Yang-Mills theories with U(1) factors

In this section, we will discuss the elimination by higher order cohomological restric-
tions, imposed by the mixed antibracket map of the previous subsection, of a type
of antifield dependent counterterms arising in non semi-simple Yang-Mills theories.
These counterterms have been discussed for the first time in [19, 20], were analyzed
from a cohomological point of view in [17, 18] and reconsidered in the concrete context
of the standard model in [85]. These counterterms (also called instabilities because

they are not present in the starting point action) have the following general structure
[17, 18]:

K = / ' JLAT 4 (APXO, 4y XA,

where f2 are constants, A7 abelian gauge fields, Ji mnon trivial conserved currents
and da A}, = X, day’ = X the generators of the corresponding symmetries on all
the gauge fields Aj; and the matter fields y*. In order to eliminate these instabilities
by cohomological means, we will show that:

It is sufficient that there exists a set of local, non integrated, off-shell gauge in-
variant polynomials Or(x) constructed out of the Az,yi and their derivatives, that
break the global symmetries da in the following sense: the variation of Or(x) under
the gauged global symmetries 6a with gauge parameter given by f2e® should not be
equal on shell to an ordinary gauge transformation (involving the abelian gauge pa-
rameters € alone) of some local polynomials Pr(x) constructed out of the Aj, y' and
their derwatives.

Indeed, using the extended action ® Sy, = S+ [ d"z k' (2)Or(z), which satisfies
1/2(Sk(z), Sk(z)) = 0 and the corresponding regularized action principle, it follows
from the equation independent of the sources k(z) that the divergences I') 4, of the
theory without k(z) are, as usual, required to be BRST invariant. The terms linear
in k(x) then imply

1)
5Fk($)div (1)
( SkT(z) ;S) + (Or(x), 'V 4) =0, (4.60)
k(x)=0
or, equivalently,

The second term of this equation gives for the antifield dependent counterterms
'Yy, = K’ above (Op(z), K') = (C®f26A)Or(x), because we have Op(x) can
be chosen to be independent of the antifields. From (4.60), it then follows that
(Cf25A)Or(x) must be given on-shell by a gauge transformation, involving the
abelian ghosts alone, of polynomials Pr(z). This follows by using the explicit form

®The author thanks P.A. Grassi for suggesting the use of external sources instead of external
couplings in this example.

36



of the BRST differential, and after evaluation, putting to zero the antifields, and the
non abelian ghosts. Hence, the counterterms K’ are excluded a priori whenever it is
possible to construct Or(x)’s for which the corresponding Pr(x) do not exist so that
(4.60) cannot be satisfied.

Remark: In this example, we use external sources and the mixed antibracket
map instead of coupling constants and the standard antibracket map because the
restrictions we get are stronger and the discussion is simplified: we need not worry
about possible integrations by parts (in momentum space, this means that the re-
strictions we get are valid for all values of the external momentum and not only for
zero external momentum).

The condition (4.61) means that besides the arguments of [19, 20, 42, 85], there ex-
ists an elegant cohomological mechanism to eliminate this type of antifield dependent
counterterms.

In the concrete case of the standard model, the global symmetries do correspond
to lepton and baryon number conservation. There is only one abelian ghost C¢,
the abelian gauge transformation of the matter fields being duperiany = 1Yy, where
Y=Yy 21' is the hypercharge. As an example of Or’s we can take any three lin-
early independent operators out of the lepton number non conserving gauge invariant
operators of dimension 5 in the matter fields given in eq.(20) of [86] (they can also
be found in eq. (21.3.54) of [87]) and one baryon number non conserving operator
out of the six dimension 6 gauge invariant operators given in eqgs. (1)-(6) in [86, 88].
Because these operators are build out of the undifferentiated matter fields alone, a
sufficient condition for (4.60) to hold is the existence of P/(x)’s build out of the
undifferentiated v* such that

fTnrOr = VP, (4.62)

(with no summation over I'), where nr is the lepton number of the Op’s for I' = 1,2,3
and the baryon number for O4. This follows by identifying the term in the abelian
ghost and putting, in addition to the non abelian ghosts and the antifields, the
derivatives of the abelian ghost, the derivatives of the matter fields and all the gauge
fields to zero and using the fact that the equations of motion necessarily involve
derivatives. Because the Or’s we have chosen are all of homogeneity 4 in the y* and
Y is of homogeneity 0, we can assume that the homogeneity of the P/’s is also 4. By
decomposing the space M, of monomials of homogeneity 4 in the 3 into eigenspaces
of the hermitian operator ) with definite eigenvalues M, = MY + Dn2o M}, it follows
that (4.62) has no non trivial solutions. Indeed, decomposing P. = P + 3 P,
(4.62) reads f'nrOr =3, 2onPr’. Applying Y k times and using the fact that gauge
invariance of Or implies YOr = 0, we get Zn £0 nka?’ = 0. We then can conclude
that P = 0 for n # 0, which implies fI' = 0.

As usual, this one loop reasoning can be extended recursively to higher orders, or
alternatively, it can be discussed independently of the assumption that there exists
an invariant regularization scheme in the context of algebraic renormalization.
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5 Extended antifield formalism. Classical theory

5.1 Coupling constants

The solution S of the classical master equation usually depends on some coupling
constants. Differentiating (3.4) with respect to such a coupling constant g, implies
that (5, %) = 0, so that [%] € H°(s). Note that the presence of coupling con-
stants implies that the cohomology of s has to be computed in the space of local
functionals depending on the coupling constants. We will not specify more precisely
the functional dependence on these couplings, although in the applications below, we
have in mind mostly a polynomial or a formal power series dependence.

Let us adapt the considerations in [89] (see also [90] chapter 7.7) to the present
context.

Definition 1 A set of coupling constants g* is essential iff the relation ‘(gif)\i =(5,2)
. . g
implies X' = 0, where \* may depend on all the couplings of the theory.

In other words, essential couplings correspond to independent elements [%] of H(s)
computed in the space of local functionals over the ring of functions in the couplings.
(In this context, one does not want to consider as independent cohomology classes
local functionals that differ only by a factor depending on the couplings alone.) It
follows that essential couplings stay essential after anticanonical field-antifield redef-
initions, because these redefinitions do not affect the cohomology.

In the following, we suppose that S depends only on essential couplings. Note
that because of equation (3.6), the couplings introduced through the gauge fixing

alone are all redundant.

5.2 Application of the main theorem

Let us now apply and recall the results of sections 2.2 and 2.3 in the present case.

5.2.1 Anti constant ghosts and acyclic differentials

Let {[Sa]} be a basis of H*(s,F) over the ring of functions in the essential coupling
constants of the theory, so that the equation (S, A) = 0 implies A = S\ + (S, B),
where A\ is independent of the fields and anti-fields, but can depend on the coupling
constants of the theory, with SyA4 + (S, B) = 0 iff A = 0. For each S4 of the above
basis, we introduce a constant “ghost” &4 and a constant “antifield” ¢ such that
gh €4 = —gh Sy4, gh £, = —gh €% — 1. We consider the space & of functionals A of
the form

A= Alp, 9", €] + EN(9), (5.1)

i.e., A contains a local functional A which admits in addition to the dependence on
the coupling constants, a dependence on the constant ghosts €4, and a non integrated
piece linear in the constant antifields £ depending only on the constant ghosts (and
the coupling constants).
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The differential 0 is defined by 64 = (S, A), 0&% = S, and §¢4 = 0.
Corollary 1 The cohomology of & is trivial, H(J,E) = 0.

We define the resolution degree to be the degree in the ghosts €4, which implies that
0 is of degree 0.
The extended antibracket is defined by

('7 ) = ('7 ) + ('7 ')5
or oF of oF

~ 0% agiag,  ag e 2

and satisfies the same graded antisymmetry and graded Jacobi identity as the usual
antibracket. The extended antibracket has two pieces, the old piece (-, -), which is of
degree 0, and the new piece (-, )¢, which is of degree —1.

Corollary 2 There exists a solution S € € of ghost number 0 to the master equation

1 ~ -
5(8,8) =0. (5.3)
with initial condition S = S + SA&* + ..., where the dots denote terms of resolution

degree higher or equal to 2. The cohomology of the differential § = (S,-) in &€ is
trivial.

The solution S is of the form
S=5+) Sa.alh M4 fh 4 Mt (5.4)
m=2

k=1

which implies the graded symmetry of the generalized structure constants ffl__ A,
and the functionals Sy4, 4,. The &) independent part of the master equation (5.3)
gives, at resolution degree r > 1, the relations

r—1

1
(S,S4,..4,) + Z §(S(A1...Ak, SAHI...AT))(—)(A1+'"+Ak)(Ak+1"'AT+1)
k=1
r—1
+ Z kS(Al‘..Ak,ﬂB\ffk...Ar) =0, (5.5)
k=1

where () denotes graded symmetrization. The first relations read explicitly

(S,Sa,) =0, (5.6)
1
(S, Saraa) + 5 (Sars San) ()M 4 SpfR 4, =0, (5.7)
(Sa SA1A2A3) + (S(A;U SA2A3))(—)A1(A2+A3+1)

_’_SBfflAzAg + 2S(A1|B|fng3) = 07 (58)
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The &% dependent part of the master equation (5.3) gives, for r > 3, the generalized
Jacobi identities

r—1
Z mf&l...Am_l\B|ffm...Ar> =0, (5.9)
m=2
the first identities being
2f€41|B\fABgA3A4) + 3f€41A2|B|f53A4) =0, (5.11)

5.2.2 Ambiguity of the construction

The above solution S is not unique. For a given initial condition, there is at each
stage of the construction of S, for k > 2, the liberty to add the exact term 0K,
to Sp. While this liberty will not affect the structure constants of order k, since
a 0 exact term does not involve a &* dependent term, it will in general affect the
structure constants of order strictly higher than k. Furthermore, there is a freedom
in the choice of the initial condition: instead of S; = Sx&4, one could have chosen
Si = o8 Spet + (S, K 4)&4 with an invertible matrix of. If we consider the following
anticanonical redefinitions:

2 = exp(-, K4&%)z, (5.12)
§% = o, € =075t (5.13)

we have that S +.5; = S(2') 4+ Sp(2)€'" + O(€?). We can then consider the solution
S’ in terms of the new variables. This is equivalent to taking as initial condition
S(2') + Sp(2)¢'” and making the same choices for the terms of degree higher than
2 in the new variables than we did before in the old variables. It is thus always
possible to make the choices in the construction of S for k > 2 in such a way that
the structure constants ff , do not depend on the choice of representatives for
the cohomology classes and transform tensorially with respect to a change of basis in
H*(s,F). Hence, we have shown

Corollary 3 Associated to a solution S of the master equation (5.3), there exist
multi-linear, graded symmetric maps in cohomology, defined through the structure
constants f5 4

L. : N"H*(s) — H™(s) (5.14)
5.2.3 Essential couplings and constant ghosts

In the construction so far, there has been a kind of redundancy because we have
coupled to the solution of the master equation with new independent couplings all
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ofs

local BRST cohomological classes, although the classes | a9 | in ghost number 0 are

already coupled through the essentials couplings g¢'.
Since the [—] are linearly independent, one can construct a basis [Sa] of H*(s)

such that the [7] are the first elements. Let us denote the remaining elements by
[Sa], so that {[Sa]} = {[aRS] [Sa]}. The construction of the generating functional S

then starts with S(g) + %gfgi + S,

Consider the action S = S(g" + £). A basis of the cohomology of S is given by

{[%ig?], [S.]}, with associated differential 6 = (S, -) + 83229 gé* + 5, 59,5* , which is acyclic

in the space where the only dependence on ¢ is through the combination ¢° 4 &%, If
we take as starting point the action S+ 5,6 and start the perturbative construction
of the solution of the master equation, with resolution degree the degree in the ghost
£* alone, the ghosts & only appear through the combination g* + &', because of the

properties of o. The solution S will then be of the form
S - S + Z Sﬂlu-akfal gak + Z gﬂ Qa1...0m ’L fciyl am)gal e é—amv (516>
k=1

£ £
ai...am? Jai..am

Now, the solution S satisfies the initial condition S = S(g)+ g;q £+ 5,4 in the
old resolution degree and the master equation (5.3). We can then derive the higher
order maps [, from the solution (5.16) and get

where the Sy, o, depend on the comblnatlon g+ &

ofs ofs
lT([agil ]v R [@]7 [San+1]7 R [Sar])
1 8RnfO"rpkl Ol aRS 8Rn gln+1 Oy
E[S’g] dgin . ..0g" (9) n! g7 ) dgin ... 0gh (9): (5.17)

In the following, we will make the redefinition ¢* + £ — ¢, and identify the
essential couplings with some of the constant ghosts. Alternatively, the remaining
constant ghosts can be considered as generalized essential coupling constants since
they couple the remaining BRST cohomology classes, which play the role of general-
ized observables in this formalism.

5.2.4 Decomposition of s

The space £ admits the direct sum decomposition & = F @& G, where F' = &g
is the space of functionals in the field and antifields with £ dependence, but no &*
dependence, while GG is the space of power series in £ with a linear £* dependence.

The differential 5 in £ induces two well-defined differentials, 5 in F' and sg in G
given explicitly by

L

5= (50 + ()7 (518)
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and
sae = (A" ey AT = €81°(0). (5.19)

Indeed, for A = A(¢ )+£D)\D( €), the master equation (5.3) implies (S, (S, A)) = 0 and
hence (S, SA(E)+s0EpAP(€)) = 0 and then (5)2A(€)+(sa+)2HAP(€) = 0, which splits
into two equations because the decomposition of £ is direct. If S = S(€) 4 &5 (€),
A=A + &) and B = B(€) + £uC(€). The extended master equation (5.3)
can be written compactly as

1 ofES(€)

c
Z = 2
5(50.5) + T 1o =0, (5.20)
1 * *
L. 6 () =0, (5.21)
so that (5 20) summarizes (5.5) and (5.21), which is equal to 1(A*,A*)¢ = 0, or
explicitly 2 fc(f) = 0, summarizes the generalized Jacobi identities (5.9).

Corollary 4 The cohomology groups H(s,F') and H(sa~,G) are isomorphic.

More precisely,

SA(E) = A(g) = 5B(€) + 2528 uC (¢),
A== { (ééfc(5)7fEuD((9€§))g =0, (5:22)
and
5B(&) + or SéE)MC(S) =0, B(&) =5C(¢ >+ C C({),
{ (A*, fBZE B(&)e =0, — { el (€) = (A%, fa B())e, (5.23)
so that

m : H(sa«,G) — H(S, F),

(i) = [ (e (5.21)

is one-to-one and onto.

5.2.5 Discussion

(i) In order to compare the starting point cohomology H*(s,F) with the coho-
mology H*(s, F'), we can put the additional couplings £* to zero in (5.22). The
cocycle condition then reduces to the standard cocycle condition of the non ex-
tended formalism, sA¢c—9 = 0. The same operation in the general solution gives
Aga—y = $Bga—g + %ﬂéa:o + Saptga_g- Contrary to the ordinary s cohomology,
the coefficients MgAa:o are not free however, but they come from p4’s which are con-
strained to satisfy the cocycle condition in (5.22). In particular, at order 1 in the new
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couplings &%, (5.22) implies that yg._g is in the kernel of the map I, fé‘aﬂga:o =0.
We thus see that the cohomology has become “smaller” through the introduction
of the additional couplings because the extended differential encodes higher order
cohomological restrictions.

(ii) At first sight, it might seem a little strange to introduce new couplings in order
to get information on the renormalization of the theory without these couplings: that
it is convenient and extremely useful to do so was already realized in the first papers
[8,9, 10, 11] on the subject: the additional (space-time dependent) couplings in these
papers are just the sources of the BRS transformations, and can of course be set
to zero after renormalization, if one is only interested in the renormalization of the
effective action itself.

(iii) The result (5.22) implies also that the § cohomology is contained completely
in the solution S(£) and can be obtained from it by applying %)\A(Q, where the
coefficients A4 (&) are constrained to be sa- cocycles.

5.2.6 “Quantum” Batalin-Vilkovisky formalism on the classical level
If we define

L D ppyey O o b
AL = (- — A= — 5.25
E= (IO A= 4 ) (5.25)
on F', the following properties of the quantum Batalin-Vilkovisky formalism hold in
F: the operator AL is nilpotent,

AP =0, (5.26)
(as a consequence of (5.21) or (5.9).) Furthermore,

AZ(A®€), B(©)) = (ATA(), B(§) + (—)MH(A(E), A7 B(€)). (5.27)

Similar properties also hold for the right derivation A..
To the standard solution of the master equation S in F corresponds in F' the
solution S(&) of the extended master equation

1

5 (5(6),5(8)) + AcS(€) =0, (5.28)

(which is just rewriting (5.20) using the definition of A.). Because
5=(8(5),") + A (5.29)

the § cohomology corresponds to the quantum BRST cohomology o discussed for
instance in [91, 26]. Corollary 4 shows how to compute the “quantum” BRST coho-
mology out of the standard BRST cohomology and the higher order maps encoded
In Sa*.

In this analogy, putting ¢ = 0 corresponds to the classical limit A — 0 of the
quantum Batalin-Vilkovisky formalism.
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Note however that (i) the space F is not directly an algebra, because the product
of two local functionals is not well defined, contrary to the formal discussion of the
quantum Batalin-Vilkovisky formalism, where one assumes the space to be an algebra,
(ii) the above “quantum” Batalin-Vilkovisky formalism is purely classical and depends
only on the BRST cohomology and the higher order maps of the theory.

5.3 Deformations and stability

We consider now one parameter deformations of the extended master equation (5.28),
i.e., in the space F[t] of power series in ¢ with coefficients that belong to F', we want

to construct S;(&) = S(&) + t51(€) + t255(€) + . .. such that

S(54(6), S:(€) + A5i() = 0. (530)

A deformation S;(§) = S(&) + tSi1(§) to first order in ¢, i.e., such that
2(54(€), 5:(8)) + AcSi(€) = O(t?) is called an infinitesimal deformation. The term
linear in ¢ of an infinitesimal deformation, Si(&), is a cocycle of the extended BRST
differential 5. If S;(§) is a § coboundary, we call the infinitesimal deformation trivial,
while the parts of S;(€) corresponding to the s cohomology are non trivial.

Theorem 6 Fuvery infinitesimal deformation of the solution S to the extended master
equation can be extended to a complete deformation S;. This extension is obtained by
(i) performing a t dependent anticanonical field-antifield redefinition z — 2', by (ii)
performing a t dependent coupling constant redefinition & — &', which does not affect
A, and (1i) by adding to S(Z', &) a suitable extension determined by both coupling
constant and the field-antifield redefinition and vanishing whenever the latter does.

Furthermore, the deformed solution considered as a function of the new variables
Si(2(2',£),€(&)) satisfies the extended master equation in terms of the new variables
and the cohomology H(3', F') of the differential § = (S, ) + ALY in the space F' of
functionals depending on 2', &' is isomorphic to the cohomology H (S, F).

Proof. Equation (5.22) implies that Si(§) = 3SB + 8’;5(85)”0(5) with

(€ fP(€),€61C(€))e = 0. In other words, Si(€) = (S, B(€) + €-uC(€)). In the

extended space £, with z* = (¢%, ¢%), consider the anticanonical transformation

2% = expt(, B() + EauC (€)) 2
= 2"+ 1(z% B(£)) + O(t?), (5.31)

&4 = expt(-, B(E) + €1 (€)) €1 = expt(-, ELpC(€))e &
=t (6) + O(?), (5.32)

&4 = expt(-, B(€) + €uC (€)) &

=&a —t@(B(Q +E0n° () + O(t?). (5.33)
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Note that 2" = 2'(2,¢), £ = €'(€) and &' = £/(2,€,€") = ga(2,€) + {594 (€), for a
function g4(z,&) = —t%z—f + O(#?) determined by (5.33) through both B and p and a
function g% (¢) = 6% — t(—)A(BH)aaLg—‘f + O(t?) determined by (5.33) through u alone.

The master equation (5.3) holds in any variables, and thus also in terms of the
primed variables. If we denote functions in terms of the new variables by a prime,

we get %(S’ 'S 52’,5’ = 0. Because the transformation is anticanonical, we also have

1 - -
5(5’, S).¢ = 0. (5.34)
Since
§' = 5"+ gaf"" + Epgi 1 (5.35)
equation (5.34) splits into
1 / 1A 1A o ! 1A\ D p1E
1 * *
5 (a1 €981 )e = 0. (5.37)
We have
d(S' + gaf™) "S5 (€)
CE o = (S(9.BO) + ALB + S = S0, (539)
and, because £ (€) is a sa- cocycle, the relation
gt =fr. (5.39)
Indeed, if we consider the above canonical transformation with B = 0, i.e.,

exp (-, & 1)) alone, E595 (€)= E P () = expt(-, & el = €7, because
(& fF, €4u%)e = 0. This shows the first part of the theorem, with S; = S’ + gaf™.
In order to prove the second part, we first note that

L’__DD/aL__DD/aLgcaL_L
because
aL C
5 = So (5.41)

Indeed, we have 64 = (€4, 650 = (€4,65)e = %gg. Together with (5.36), this
implies

1 ! ! / / / ! !
5(S' 9S8+ gaf M)+ AUS + gaf ) = 0. (5.42)
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We then start from the relations
(S/,Aljzl,g =0« A = (gl,BISZ/,g, (543)

where A/ = A’ + &/, XN* and B/ = B’ +¢*,p/*. These relations hold with the bracket
taken in the old variables, because the transformation is anticanonical. Writing the
resulting relations explicitly, using (5.39), we get that the set of relations

(S + gaf™, A"+ guXN?) + &= (S + gaf ) gpN”
+( R)AangA (A" + gs)\") =0, (5.44)
£, 2987 gENP 4 (-)PgB 1 L (€gANT) =0,

is equivalent to the set
A+ gpNP = (S + gaf*, B' + gop'©) + aa{—lz(S’ +gaf"MgGp
+H)A AL (B’+gcp )7 (5.45)
EngpN” = €A P 50" + (—)PgR 1 s (Ergin®).

Using (5.41), the last equations in (5.44) and (5.45) are just the sa« cocycle and
coboundary conditions, expressed in terms of the £/, ¢’ variables. Following the same
reasoning as in the proof of theorem 4, we get,
/ 1A 41 L gt _
(S"+gaf A)+AZA =0
= A = (5" + gaf”, B + gcp')

8R
+AL(B + gop©) + e (" + gaf )P, (5.46)
(& e =0, (5.47)
where 3,57(5' +gaf ) s ("4 gaft, ) + AL exact iff

0% = (€60 Ve Stnce (54 gaf )+ A = (8 gaf " )y + AL =7
we get that H (5, F’) is determined by -2 (S’ + gaf'*)p'¢ corresponding to the class
agc 5p¢ of H(5,F). O

Remark: Note that one can prove in the same way that the relations %(A, A) +
A.A = C and (A,D) + AED = E become, after the change of variables, (A’ +
gaf" A+ gaf' ™) + Ad(A + gaf'™) = C', respectively (A'+gaf'*, D)+ ALD' = .

85’0
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6 Extended antifield formalism. Quantum theory

We show how the renormalization can be performed while respecting the symmetry,
encoded in the extended master equation for the starting point action : the corre-
sponding renormalized effective action satisfies a suitably deformed master equation.
In other words, the Zinn-Justin equation can be written to all orders as a functional
differential equation without breakings.

In a first part, we consider a regularization and discuss the absorption of diver-
gences by field-antifield and coupling constant redefinitions. In a second part, we
derive the same results by applying the methods of algebraic renormalization, rely-
ing on the use of the renormalized quantum action principles, in the context of the
extended antifield formalism.

6.1 Regularization and absorption of divergences

We make the same assumptions on the regularization as in 4.1 and apply it to the
extended master equation (5.28) and its solution S(€). In the following, we will always
understand the & dependence without explicitly indicating it. Local functionals are
understood to belong to F'.

Let 0, = %(ST,ST) + %ACST. Note that 6, is of order 7" because S, satisfies
the extended master equation. 6, characterizes the breaking of the extended master
equation due to the regularization. In order to control this breaking during renor-
malization, it is useful to couple it with a global source p* in ghost number —1 and
consider S,- = S, +0,p*. On the classical, regularized level, we have, using (p*)?> =0,
and the properties (5.26) and (5.27) of A,

RS,
op*

1
E(Sp*v Sp*) + AcSp* =T (6.1)

Applying the quantum action principle, we get, for the regularized generating func-
tional for 1PI irreducible vertex functions I' )« associated to S,

1 ORT -
- F * F * ACF * — £ 3 62
2( pos ) + pr =T op* (6.2)
which splits, using (p*)? = 0, into
1 OfT -
ST + AT = 72227 6.3
Lo - (6.3
RF N RF .
(T, aa 2y Afaa—P = 0. (6.4)
10* p*

6.1.1 Invariant regularization

Before proceeding with the general analysis, let us briefly discuss the case when the
regularization respect the symmetries under consideration. In this case, 6, vanishes
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and we have
%(ST, S)+ A8, = 0. (6.5)
For the regularized generating functional, we get
%(r, T) + AT =0, (6.6)

where by assumption, I' = S, + 2. __ 7"TW" + O(A?). To order h/1, (6.6) gives

§F(1)_1 =0« F(l)_l = 5= + W’ul s

(6.7)

where 5 = (Sp, ) + AL and sa- E4pst = 0.
We then make the following change of fields, antifields and coupling constants:

2= exp _§<'7 B+ m)z, (6.8)
h
' =exp —;(~,£*,u1)§§. (6.9)

If we denote by a superscript 1 functions depending on these new variables, we have,
according to the remark after theorem 6, that the action Sp; = S + g1 4 flA, with
g1 4 is determined through the generators =; and u$ of the first redefinition, satisfies
the extended master equation (5.28),

1
5(5317 SR1) + AcSRl = 0. (610)

It allows to absorb the one loop divergences, since Sg; = S, — h/TTW=1 + RO(7°) +
O(h?). We thus have for the corresponding regularized generating functional I'p, =

ST + thZO angl)n + h2 Zn:—2 angl)n + O<h2)7

1
STy ) + AL, = 0. (6.11)

At order h?/7% | we get

aRS() A

5]?5{21)72 =0« F(Q)*2 — 552,,2 + %7”2’727 (612)
with sax Sjl,uﬁ_g = 0. The appropriate change of variables is
h? <
2272 = exp _ﬁ(" Eo o+ & o _0)z, (6.13)
2,-2 h’
€72 = exp— (1 € o)k (6.14)

72
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The regularized action Sg, , = 51252 + g2,—24 #2724 gatisfies the extended master
equation and allows to absorb the poles of order h?/72%:

1
§(SR2,727 SR2,72) + ACSRQ,,Q = 0, (615)

and Tp, , =S, + 1Y, TR, + 12, 7T + O

In the same way, one can then proceed to absorb the poles of order h?/7 to get
a regularized action Sg, , and an associated two loop finite effective action T'g, _,,
with both actions satisfying the extended master equation.

Going on recursively to higher orders in A, we can achieve, through a succession
of redefinitions, the absorptions of the infinities to arbitrary high order in the loop
expansion, while preserving the extended master equation for the redefined action
and the corresponding generating functional,

1

5(51%007 SRe) + AcSr,, =0, (6.16)
with I'g__ finite and satisfying

1

5 (TR Tre) + Al = 0. (6.17)

We have thus shown:

Theorem 7 In theories admitting an tnvariant reqularization scheme, the diver-
gences can be absorbed by successive redefinitions in such a way that both the sub-
tracted and the effective action satisfy the extended master equation.

6.1.2 Structural constraints and cohomology of s

Structural constraints have been introduced in [42] to give in particular cases a suf-
ficient, but not a necessary condition for renormalizability in the modern sense. An
example of a structural constraint is the requirement that in every BRST cohomolog-
ical class in ghost number 0, there exists a representative that is independent of the
antifields. In the cases of semi-simple Yang-Mills theories or gravity for instance, this
constraint is fulfilled. It guarantees that one can couple these representatives to the
action in such a way that the extended action satisfies the same, unmodified master
equation. In non anomalous theories, the infinities can then be absorbed by succes-
sive coupling constant and field-antifield redefinitions in such a way that the standard
master equation holds, both for the subtracted action and the effective action.

What has been shown in the previous section is that structural constraints are
not necessary conditions for renormalizability in the modern sense. If one uses the
extended antifield formalism, renormalizability in the modern sense can be proved
independently of any structural constraint. This is because the extended antifield
formalism is stable by construction, due to the fact that the cohomology of the
operator 5 incorporates higher order cohomological restrictions.
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In the case where the regularization respects the extended master equation, the
extended master equation for the effective action implies the following stability of the
quantum theory: while the expression of the generalized observables of the theory
are affected by quantum corrections, their antibracket algebra stays the same than
in the classical theory. In particular, the usual algebra of the generators of the global
symmetries (whether linear or not) is the same in the classical and the quantum
theoryS. This is because the antibracket algebra of the BRST cohomology classes
in negative ghost numbers just reflects the ordinary algebra of the symmetries they
represent.

6.1.3 One loop divergences and anomalies

Let us now go back to the general case where the regularization scheme is not invariant
and 6. does not vanish.
At one loop, we get from (6.3) and (6.4)

(S, TWY + AFPW = 79 (6.18)
(Sy,0) +(I'W gy + AL =0, (6.19)

where T'™ and 6 are respectively the one loop contributions of I' and 8};%. By
assumption, we have both T = Y~ 7TWn and 0 = Y 70" where
=1 gM-1 are local functionals.

At L, equation (6.18) gives

s =, (6.20)
Using this equation together with 6, = §51, equation (6.19) implies
5(0W~ — (MW=L §)) = 0. (6.21)
Equation (6.18) also gives at order 7°
PO — g=1 _ (=L gy, (6.22)

which allows us to identify the combination A; = #)~1 — (IP'M=1 §}) as the one loop
anomaly and explicitly shows its locality. We have thus shown in the case of a non
invariant regularization scheme:

Theorem 8 The one loop divergences TW=1 and the one loop anomalies A, are 5
cocycles in ghost number 0 and 1 respectively.

6The author is grateful to F. Brandt for pointing this out.
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6.1.4 One loop renormalization

According to (5.22), we have

oRrS,
-1 _ o= 0 D
r-1—z= 4~} e " (6.23)
and
oS,
Ay =55 + T ——of, (6.24)
with sa- st = 0 = sa-E50P. The appropriate change of variables is now
1 h = * N
Z° = exp —;('7 E1+ &)z, (6.25)
1 h
& =exp——(¢ m3 (6.26)
The renormalized one loop action is
~ h
Sk, = S 4 g f = hSL = 8. — 2T L hO(7°) + O(R2), (6.27)
T

where 3; remains to be determined. Using the remark after theorem 6, we get

1 1 -
Or, = Z(SR“ Sgr,) + —ACSRl =0! — :_j(§21)1 + O(h?)

h_ —\ L OS a B0y 0 2
=0, — ;3[21 + (S1,21) + D¢A —a - (F ,51) +hO(77°) + O(R7).  (6.28)

Finally, we consider £\ = exp —2(-,£*01p")¢ = £ — Zo1p* and substitute & by &.:

Sgkl(z,f,p*) = Sg, (z, fl (& 0))

ho"Sp, 4 .
= S (2,9 = 2oty (6.29)
aRSO A * 2
= Sri(2,€) — F e TPt hO(7°) + O(?). (6.30)
We also have that
9?{*1(27 ga p*) = 6R1(Za 5;* (57 P*))
hoflg, , .
- 9R1 (275) - ; aSA o1 p (631)
1 * * 1 *
Equations (6.28) and (6.30) imply that the action
SRlp Sgl + QRlp 9 (633)
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with 3 = 3y — (S1,21) — 8(%*31”1 , yields a one loop finite effective action both in the
p* independent and the p* linear part, because the terms linear in p* of order A/
add up precisely to —0M 1. The one loop renormalized and regularized action Sg, o
satisfies

1 *
i(SRlp“SRlp*) + ACSRlp* = 7'9%1

_ 8RSRlp* n GRSRIP* hoB laRSRlp* athlBhO_A *
dp* 0B Loor 9¢B 0 oeA ’

(6.34)

the first equality following from (6.32), and the last equality from the expansions
(6.29), (6.31), together with the identity

on <8RSR1)
DEB GEA

(—)BA+D ool = 0. (6.35)

Let us now define A = A, hagA o, with 0%

5B - [Al Al = O(R?). We can then write

1 03531 " 18RSRl . .

§(SR1p*7 SR1p*) + AlSRlp* =T ap* - ; ang [Alv Al]Bp ) (636>
According to the regularized quantum action principle,

1 8RFR1 " 1 aRFRl . .

5(FRW,FRIP*) +A'Tg, . =7 P P — - ang [AY AY)Ep*. (6.37)

The p* independent part at one loop and lowest order, 7°, in 7 gives

= Ger 1 (6.38)

and shows that only the non trivial part of the anomaly remains.

6.1.5 Two loops

Equations for the two loop poles The one loop renormalized action admits the
expansion

Thy e = Spr + B80T Ty o + B280e o7 T, 2" + O(H). (6.39)

At order h?, (6.37) gives

1
2
(Sﬁ*eru(J*)) Q(FRU())JFRlp >+A FR1p

=T oy 9e8 71 T 7 ogP per 1P

(6.40)
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oRrT

Ry o* %
*

Let ', o =g, + p*. At order 1/7%, we get, according to the p* independent

and linear parts,
5T, P2 =0, (6.41)
O, 272

ap* - (517 FR1(2)_2)) = 0. (642)

S(
The first of these equations implies:

Lemma 1 The second order pole of the two loop divergences is a 5 cocycle.

At order 1/7, we get

ORT (%)*2
TR, @7 = —— 25— — (51, T, @77, (6.43)
0

O, ! ORSy OB

(g~ uTR ™) = (S Tn @) =~z ool (6:44)
Finally, the p* independent part of (6.40), gives at order 7°
B 1 aRFR (1)0
SFRl (2)0 + §(FR1(1)07 FRl(l)o) = agg O-F
ORT (3)*1
= (51T, = (82, TR, P72, (6.45)
I
which allows to identify the combination
HED R, 2
Ay = 0—,05 — (51, FRIQ)*I) — (S, FR1(2)72) (6.46)
8RFR1(1)O B

as the local contribution to the two loop anomaly, whereas aeb 01 is the one loop
renormalized dressing of the non trivial one loop anomaly.

Two loop anomaly consistency condition Before absorbing the divergences,
let us consider (6.44), which can be written as

1915

§A2 = —§TBO[O'1,O'1]B, (647)
where &5[o1,01]8 = (€%01,£%01)¢ is an sa- cocycle because of the graded Jacobi
identity for the antibracket in &, £* space. According (5.23), this implies that

1 * * * _A

5(6 01,5 01)5 :SA*€A027 (648)
and

_ 9"S
AQ = 522 + 8570-23 (649)
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Discussion: We thus see that the consistency condition (6.47) on the local con-
tribution of the two loop anomaly does not require it to be just a cocycle of the
extended BRST differential s, because of the non vanishing right hand side. This
is in agreement with the analysis of [52, 53]. Nevertheless, in the extended anti-
field formalism, the general solution (6.49) of (6.47) can be given. Up to a trivial s

boundary, it contains the term %’Zﬁo 0B with the following interpretation. From the

point of view of cohomology, equation (6.47) should be understood as a restriction
on the non trivial one loop anomalies 404! that can arise. Indeed, its consequence
is (6.48), which states that the non trivial one loop anomalies should have a trivial
antibracket map” among themselves. This is a cohomological statement independent
of the choice of representatives. Through these cohomological considerations, the
term %023 of the general solution for the local part of the two loop anomaly is
determined up to an arbitrary sa- cocycle, (or, using the liberty to shift the sa-
trivial part of it in the 5§ coboundary, up to a sa~ cohomological class). It contains
a particular solution depending on the choice of representatives for the non trivial
one loop anomalies and needed to make the bracket ({*oq,£%01)e sax exact. This an-
swers, at least in the present context of the extended antifield formalism the question
raised in [52, 53] on the cohomological interpretation of the two loop anomaly consis-
tency condition. It is confirmed by the analysis in the next subsection in the context
of algebraic renormalization. One also sees on this example how the discussion of
the quantum Batalin-Vilkovisky formalism of [52, 53] is shifted to &, £* space in the
extended formalism.

Note that, as in [92], this result has been achieved by adding a BRST breaking
counterterm, not only for the one loop divergences produced by the standard action
itself, but also for the one loop divergences produced by the insertion of the non
trivial one loop anomaly. This is because this anomaly has been coupled to the
action itself from the start, and the BRST breaking counterterm ¥; also depends on
the corresponding coupling constants.

Two loop renormalization The general solution to (6.41) is T'g, 7% = 525 _» +
% /524,—2- We consider the change of variables
2 * *
277 = exp— [ F) + (€5 1 o) I, (6.50)
h2 * *
52’_2 = exp _§<'7 5;* 'u127772>£[1)* 5;1;*’ (651>

where 55:12(2757 p*) = 52,*2(275;1)* (57 IO*)) and :U’gj;2(£7 p*) = NZ,*Q(&%* (57 p*)) The
fact that we consider this change of variables in terms of 5;* instead of ¢ will not
change the absorption of the p* independent divergences, but it will be important in
order to control the dependence on p* below. Equation (6.43) means that there is

no non trivial part %105}72 in the general solution to (6.42) and hence no need for

"The antibracket map here is the antibracket induced in the sa- cohomological classes from the
antibracket in & space
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a renormalization of the coupling constants of order i%/7% proportional to p*. The
6RF (2*)*2
general solution to (6.42) is % — (51, g, (2)_2) = 535 _o, where ¥y _5 can be

identified with a particular solution I' ng)fl of (6.43). We take

Slp%;,g (Z, 57 10*> - SR1 (Z27_2(Z7 5;*)7 52’_2<€;*)> + 92,—2,4(27 5;*)]014(5;*)

h? -
—722,72(22’72(2, 0 ), E572(EL)),

h2

= Sp, — ﬁrRl @=2 L O(R*r7Y) + O(K®), (6.52)

where 227_2(2’, ¢) remains to be determined. The remark after theorem 6 again implies

. 1 " * 1 .
922,72 = 5(322,72’ 822,72) + ;ACS§2,72

. h*_ - oRS _
= QPRI — ﬁS[ZQ,—Z + T;M;{_Q + (51, Z9,-2)]

—i—z(sl, Tr,®72) + W20(77") + O(R?). (6.53)
The action
Sha 2y = Sy o + Oy 0" (6.54)
with Yo _y = Xy 5 — %uﬁ,ﬁ—(&, E._2), yields an effective action TRy without
h%/7% divergences and only simple poles at order A%, because the terms linear in p*
of order h%/7% add up precisely to — . g;?ﬁ. We have again that

1 *
Q(SR2,72P*7 SRg,fzp*) + ACSR2,72p* - 7—011?32,72

aRSR2 —2 aRSRz —2 % 1 6RSR2 —ox 1

The last equation follows from the fact that the dependence of szz and 0?{2 _, on

—2
p* is, as before, through the combination f;*. The same equation holds again for the

effective action:

1 aRFRZ_Qp* aRFRQ’_Qp* B
E(FRQ,—QPM FRQ,—zp*) + ACFRQ,—QP* =T ap* + 8§B hgl
1 8RFR 2 1 N

_F—a§232p Sl o ]Ppt. (6.56)

The expansion of this effective action is

Lhy sy = Spr + W80z " Try 0" + 125 17" Tg, 2" 4+ O(R). (6.57)

p*
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2)-1

: 2)-1 OfTRy 50 e @1 o
The divergences I’ and ————2— now satisfy sI’ = 0 and sA, =
RQ,—Q 8p ) RQ,_Q 2
07501151 g4, with A} = hhs sy — (71 5)). The general solutions ar
A0, 0% W 5 T R 2,1 e general solutions are
2)-1 — R _ .
F%Q) L, = 8% 1+ %m},l and A, = X9 1 + a ! 054. As in the one loop case,

one first subtracts a suitably defined BRST breaking counterterm, then one makes
the field-antifield and coupling constant redefinition determined by Z§ | and pf ,

. 2 .. N

and finally, one substitutes 5;* everngere by 55* = {;* h2— %ng*, giving a total p
dependence through the combination . = § — Zo1p" — T-o2p™.

Using the same arguments as in the one loop case, one finally finds® that the

two loop renormalized and regularized action Sg, ,. satisfies, by defining A=A, —

haR [A2 AQ] (hS)

5eA0 71235,4 02 , with of

9B

1 8RSR2 " 8RSR2 « 1 .
§(SR2[,*,SR2,,*)+A2SRW =7 8p*” —- a,sBp 2[A2 A?)Bp*, (6.58)

the same equation holding for the two loop renormalized effective action I'g, ..

6.1.6 Higher orders

It is then possible to continue recursively to higher loops to get a completely sub-
tracted and regularized action Sgr_. It is obtained from

n n—1
S =Y TZ_l > ks (6.59)
n=1 k=0

with suitably chosen BRST breaking counterterms f)n,k_n, by successive canonical
field-antifield and coupling constants redefinitions. It satisfies

1 o 838300[,*
§(SRoop*,SRoop*>+A SRoop* :Ta—p*, (660)
with
aR
AOOIAC_ZhagA o, (6.61)
on- B 2

The corresponding completely renormalized and regularized effective action I'g,_ .
satisfies the same equation.
R
O TRy pr

1 0o
Q(FRoop*7FRoop*)+A FROQp* :T@—p*. (663)

8Note that the following equations in this and the next two subsection have been corrected with
respect to the ones in the original paper [2] and that theorem 9 below has been accordingly improved.
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One can then take safely the limit 7 — 0, because there are no more divergences
left and put p* to zero. The renormalized effective action I'* = (lim, o'z )
satisfies

p*=0

1
ST, 1) 4+ A% = 0. (6.64)

Theorem 9 The absorption of the divergences in the extended antifield formalism
involves, besides redefinitions of the solution of the extended master equation, deter-
mined by anticanonical field-antifield and coupling constant renormalizations, only
the subtraction of suitably chosen BRST breaking counterterms. The renormalization
can be done in such a way that the effective action satisfies an extended master equa-
tion with a differential A that is a deformation of the differential A, of the classical
extended master equation. This statement contains the cohomological information on
the anomaly consistency condition to all orders.

6.1.7 The quantum Batalin-Vilkovisky A operator

In [49, 52, 53], explicit expression for the A operator have been obtained in the context
of Pauli-Villars and non local regularization respectively. The aim of this section is to
get such an expression in the context of the present “dimensional” renormalization.
The expression we will get here will be defined on all the generalized observables of
the theory, and not only on S alone, since they are contained in the solution S(&) of
the extended master equation.

As discussed for instance in section 4 of [51] in the context of the BPHZ renor-
malized antifield formalism, even though there is a well defined expression for the
anomaly, there is no room for the formal Batalin-Vilkovisky A operator in the final
renormalized theory. Contact with the quantum Batalin-Vilkovisky formalism in the
present set-up has thus to be done on the renormalized theory before the regulator 7
is removed. Moreover, as in the previous discussion of the renormalization, it turns
out to be important not to put to zero the fermionic variable p*, which couples the
breaking of the extended master equation due to the regularization. Let us introduce
the notation W = Sg_ . for the completely renormalized and regularized action and

define Ay = %gz so that (6.60) becomes

%(W, W) 4+ (A% — ihAL)W = 0. (6.65)
The operator A, is of ghost number 1, it is nilpotent, A2 = 0, it anticommutes with
A {A® Ay} = 0, so that AT = A>® — ihA, is a differential (AT)? = 0. Ay is
also a graded derivation of the antibracket, i.e., it satisfies equation (5.27) (with A,
replaced by Ag or AT).

Discussion: Starting from the path integral expression

2016 ,6p7) = [ Do (%[W+ [ s Jaas“]) | (6.66)
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with associated effective action ['g__ > standard formal path integral manipulations
using integrations by parts give

1
§(FROOp*7FROOp*)+AOOFRoop* :AIOFROOP*7 (667)
where
1
A= S (W, W) + AW — iAW", (6.68)

This expression involves the second order functional derivative operator A =
(—)A+t 3 ﬁlzx) 3 f:zx). The quotation marks mean that the above definition of A cannot
be used since A is ill defined when acting on local functionals and thus on W. Using
(6.63) for the left hand side, we get A" = ihAzW. Using furthermore (6.65), it follows
that —iR"AW" = 0, as was to be expected in “dimensional” regularization, where
/l5(0>// — O

In equation (6.65), obtained by an analysis of the renormalization procedure,
there appears the operator Ay, which is unexpected from the point of view of formal
path integral manipulations, not taking the regularization and renormalization into
account. Furthermore, the operator A; has the same algebraic properties as the
formal operator A, when acting on local functionals. In “dimensional regularization”,
one has traded the operator A, vanishing on local functionals, for the operator A,.
We thus find, in the context of dimensional regularization, that the role of the Batalin-
Vilkovisky A operator is played by the operator A,, introduced originally in [59].

Furthermore, the terms of higher order in A of A* contain the information about
the anomalies of the theory, while (6.65) suggests that the operator A., can be un-
derstood as a classical part of the Batalin-Vilkovisky A operator. We also note that
both A. and Ay arise in a similar way from an extended action satisfying a standard
master equation in an extended space with an enlarged bracket: this was shown for
A, in section 5.2.1. In [65] in the context of the standard Batalin-Vilkovisky formal-
ism, it was shown that A, also arises from an “improved” classical master equation,
if the space of fields and antifields is enlarged to include the global pair of variables
p, p*, the antibracket is extended to this pair and the regularized action is extended
to S, 4+ 0,p" + 7p.

6.2 Algebraic renormalization in the extended antifield for-
malism

The algebraic approach to control symmetries in renormalization theory is based on
the use of the renormalized quantum action principles [93, 94, 95, 96, 97], that hold
independently of the particular scheme being used.

More precisely, let Sy be the classical gauge fixed action of the theory. If I'*
denotes the renormalized generating functional for one particle irreducible vertices,
one has

I = Sy + O(h). (6.69)
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Similarly, if A oI, respectively A(x) oI, denotes the renormalized insertion of an
(integrated) local polynomial into T, one has

AoT™ = A+ O(h). (6.70)

Let g be a parameter of Sy and let ¢(z) be the source for the field operators in
the generating functional for one particle irreducible vertex functions with p(z) an
external source coupling to a polynomial in the fields and their derivatives. We will
use the quantum action principle in the following forms:

(non linear) field variations :
oree ore
— A(x o™,
o) gy - )

0SSy 0Sst
A o' = g 78
(@) 50(x) 5p()

+O(h). (6.71)

o0

coupling constants : ke Ao,
g

Sy
dg

In the following, we will assume the validity of these equations, even in the context
of power counting non renormalizable theories. The precise functional dependence of
['*° on the couplings will not be discussed, we just assume it to be sufficiently regular
to allow for the manipulations below.

In the algebraic approach to the usual version of the BRST-Zinn-Justin-Batalin-
Vilkovisky set-up, there are two main issues to be considered (see e.g. [46, 47]):
stability and anomalies.

AoT= =228 4 O(n), (6.72)

6.2.1 Stability

The problem of stability (in the physical sector) is the question if to every local BRST
cohomological class H%"(s|d) in ghost number 0, there corresponds an independent
coupling of the standard master equation. If this is the case, every infinitesimal
deformation of the action (by invariant, in this context finite, counterterms) can be
absorbed by a coupling constant and anticanonical field-antifield redefinition in such
a way that the master equation is still satisfied.

The extended formalism solves this problem by construction, because all stan-
dard cohomological classes have been coupled with independent couplings. Indeed,
in the extended formalism, the differential controlling the “instabilities”, i.e., the di-
vergences and/or counterterms, is the differential 5. According to theorem 6, every
infinitesimal deformation can be absorbed in such a way that the deformed action
still satisfies the extended master equation.

Since no additional arguments like power counting have been used to achieve this
stability, one can say that the use of the extended antifield formalism guarantees
“renormalizability in the modern sense” [42] for all gauge theories.
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Of course, it will be often convenient in practice not to couple all the local BRST
cohomological classes but only a subset needed to guarantee that the theory is stable,
especially if one uses additional conditions like power counting.

6.2.2 Anomalous Zinn-Justin equation

In the standard set-up, the question of anomalies is mostly reduced to the compu-
tation of the local BRST cohomological group H'™(s|d) in ghost number 1 and to a
discussion of the coefficients of the corresponding classes. In the presence of anoma-
lies, there is no differential on the quantum level associated to the anomalously broken
Zinn-Justin equation for the effective action. In the extended antifield formalism how-
ever, because all the local BRST cohomological classes in positive ghost numbers have
been coupled to the solution of the master equation, the broken Zinn-Justin equation
can be written as a functional differential equation and an associated differential ex-
ists, even in the presence of anomalies. To show this, is the object of the remainder
of this subsection °.

The quantum action principle applied to (5.28) gives
1
5(0.D) + AL =hAoT, (6.73)

where I' is the renormalized generating functional for 1PI vertices associated to the
solution S of the extended master equation and the local functional A is an element
of F in ghost number 1. Applying (T, -) + AL to (6.73), the Lh.s vanishes identically
because of the graded Jacobi identity for the antibracket and the properties of A, so
that one gets the consistency condition (I'; Ao T) + AL Aol = 0. To lowest order in
h, this gives A = 0, the general solution of which can be written as

ofs

A= "Gex

A + 8%, (6.74)
with [A., Ay] = 0, because of the relation between the § and the sa. cohomologies
discussed in the previous section.

If one now defines S = S — hY;, the corresponding generating functional ad-
mits the expansion I'" = I' — A%, + O(h?) and satisfies 3 (I'',T!) + A'T! = O(h?),
where A! = A, + AA;. On the other hand, the quantum action principle applied to
1(SY, 81 + ALST = O(h) implies (', T!) + A'T! = hA o T, for a local functional

A. Comparing the two expressions, we deduce that

1
5(rl, ')+ AT = p2A o T, (6.75)

9We rederive section 4 of [3] in a more appropriate notation, insisting on the existence of the

quantum BRST differential in the anomalous case and its relation to its classical counterpart s.

Note that the relation after (4.9) of that paper should read sg gTR,«;O'A = %%[0, o]? instead of

R.
8Q gg—AUA =0.
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for a local functional A’. Applying now (T'!,-) + (A")%, one gets as consistency
condition

%[Al,Al]Fl + R (T A oTH) + A'A 0T =0, (6.76)
giving to lowest order
1/2[A1, A]S + 5A = 0. (6.77)

Since 1/2[A1, Aq] is a sa, cocycle because of the graded Jacobi identity for the graded
commutator, equation (5.23) imply that the general solution to this equation is

1
§[A17 Al] + [Aca AQ] - 07 (678)
_ orS
A =55, — aTBAQB. (6.79)
The redefinition S? = S' — h%Y, then allows to achieve
1
5(r{ I'?) + AT = BB A" o T2, (6.80)

for a local functional A”, with A? = A + h?A,. The reasoning can be pushed
recursively to all orders with the result

1

§(F°°, %) + A>T =0, (6.81)
where I'® is associated to the action S® = S — ¥,_1A*Y, and A® = A, + hA; +
R2A, + ... satisfies (A>)? = 0. The associated quantum BRST differential is

51 = (I,) + (A™)~. (6.82)

In the limit A going to zero, it coincides with the classical differential s.

In the extended antifield formalism, the anomalous Zinn-Justin equation can thus
be written as a functional differential equation for the renormalized effective action.
The derivations Aj, Ay, ... are guaranteed to exist due to the quantum action prin-
ciples. They satisfy a priori cohomological restrictions due to the fact that the differ-
ential A% is a formal deformation with deformation parameter A of the differential
A.. In the context of chiral Yang-Mills theories, where A. = 0, an anomalous master
equation of the form (6.81) for the renormalized effective action has appeared for the
first time in [55].

6.2.3 Renormalization of local BRST cohomological classes

Associated quantum extension of a representative \gS of a classical BRST coho-
mological classes of the extended formalism satisfying s\gS = 0, or equivalently
[A., Ao = 0, are given by \I'*°. By acting with Ay on (6.81), one gets

SIAT™ = —[A™, AT (6.83)
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The derivation [A*, \o] = > o, A™u, on the right hand side is of order at least
h, L > 1, because [A., A\o] = 0 and corresponds to the anomaly in the invariant
renormalization of A\oS. The question then is whether there exists modified quantum
extension A1, with \>* = \g + hA; + ..., such that

SIACT™ = 0 <= [A®,A®] = 0. (6.84)

This is for instance the case if Ay corresponds to the trivial cohomological class, Ay =
[A., vp]. The searched for extension can then simply be taken to be A* = [A*, 1].

Because [A® [A® \g]] = 0, the lowest order part of the anomaly, u; is an
sa, cocycle, [A., ur] = 0. Suppose that py is a trivial solution to this equation,
pr = —[Ac, Az]. The modified quantum extension (Ao + AXA )T allows to push the
anomaly to order L + 1.

Hence, to lowest order in A, the non trivial part of the anomaly in the renor-
malization of a classical cohomological class H9(sa,) is constrained to belong to
H9%Y(sa,). All the quantum information on this anomaly is encoded in the deriva-
tions A1, Ao, ... and the whole discussion has been shifted from local functionals to
derivations of functions of the coupling constants.

6.2.4 Quantum BRST cohomologies

The following lemma turns out to be extremely useful in the sequel. It concerns the
insertion of BRST exact local functionals.

Lemma 2 The insertion of a BRST exact local functional 5= = (Sg,Z) + ALE is
equal to 87 = (I'™°, ) + (AL applied to a quantum extension of this local functional,
up to a local insertion of higher order in h,

[5Z] o™ = s1Z°% 0 T + hl o T, (6.85)
where 29 = Z + O(h) and I are local functionals.

Proof. If 5% is the sum of Sy and the BRST finite breaking local counterterms
needed to achieve (6.81), the action S, = S +Zp satisfies 1(S,, S,) + A®S, = 5Zp+
O(h) + O(p?). Applying the quantum action principle, we get 3(I',,T',) + A>T, =
D(p)ol',. Putting p to zero, it follows from (6.81) that the local functional D(0) = 0,
so that D(p) = D'(p)p. Differentiation of the previous equation with respect to p
and putting p to zero then implies 2% o I'*® = D’(0) o I'*°, for some local functional
=@ = =+ O(h). At tree level, this equation implies that A’(0) = 5= + O(h), which
gives the result. O
Let us now establish the quantum analog of the classical equation (5.23), i.e.,

{quoFOOJeroroo_o, {Boroo_sqcorowuoorw,

A%, 3] = 0, A% = [A%, ). (6.86)

Proof. If the two equations on the right of the equivalence sign hold, the equations
on the left just follow by applying s? to the first equation on the right. Conversely,
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suppose that the equations on the left hold. From the first equation at order zero in
h, we deduce that 5By + XS = 0 with [A., A\o] = 0. According to (5.23), this implies
By = 5Cy + poS, with \g = [A., po]. Applying the quantum action principles and
lemma 2, we get Bo '™ = qu(? o' + g o I'™° + hB’ o I'*°. Injecting into the first
equation gives iis?B’ o T + (A — [A™, 1o])T>° = 0. Because \™®° — [A™® 1] = AN,
with [A>, X*°] = 0, we can factorize i and iterate the reasoning, which proves (6.86).
U

If we put furthermore A> to zero in (6.86), we see that the general solution to
the s? cocycle condition is the insertion p>I'* with [A*, u>®] = 0, up to an s9
coboundary. We have thus proved the following theorem.

Theorem 10 The cohomology of s = (I'°°, )+ (A>®)E in the space of local insertions
is isomorphic to the cohomology of [A>, -] in the space of graded right derivations in

the couplings £ that are formal power series in h, the isomorphism being given by
[APT°] —— [A*].

These cohomology groups are defined to be the quantum BRST cohomology groups of
the extended antifield formalism. They can be considered to be well defined versions
of the formal quantum BRST cohomology of the standard Batalin-Vilkovisky formal-
ism, involving the ill-defined second order operator A = (—)**! oF. _oF.

Al T obtained
. ) . 09 (x) 067 (x)
through formal path integral manipulations.
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7 Gauge parameter dependence

The problem of the gauge dependence of the effective action and of the renormaliza-
tion group functions has been extensively studied in the mid seventies in the context
of Yang-Mills theories [98, 99, 100, 16, 101]. An algebraic approach to the prob-
lem, independent of the renormalization scheme, has been proposed in [102]. On the
assumption of the existence of an invariant renormalization scheme, extensions to
generic, not necessarily power counting renormalizable theories have been considered
in [34, 35, 36, 37] and more recently in [40, 41].

In this section, we combine the ideas of the above cited works and reinvestigate
the problem in the general setting of the extended antifield formalism.

We assume that the gauge fixing fermion ¥ does not depend on any essential
coupling, whereas, as stated before, that the minimal solution of the master equation
only depends on the essential couplings. The gauge fixed action Sy to be used as
a starting point for perturbative quantization depends on the gauge parameters o,
which we assume for simplicity to be bosonic, according to (3.6). This means that
we have also to allow for a dependence of the effective action, the local insertions and
the right derivations discussed so far on these gauge parameters.

7.1 Gauge parameter dependence of effective action and
anomalies

According to the quantum action principle, 8£F°° = K, o I'yy, where K; =
—(Sgt, 0ai V) g, 5- + O(h) = =505 W 4+ O(h). It follows from lemma 2 that this implies
in a first step

ORT™> = s1[—9R W9 o T + hK] o T, (7.1)
Applying s? and using (6.81), we get to lowest order in & the consistency condition
[A1,0%]Sys + 5K, = 0. Using [A., [A1,0%]] = 0, equation (5.23) implies K/, =
—piy Sef + 5N;y, with [Ay,0%] + [A., pi;y] = 0. The quantum action principle under
the form [p;; Sgr] 0 I'® = p;; 1™ + hl; o '™, for a local insertion I; o I'°, together with
lemma 2 give (0% + hp; )T = s7([—0, VY + AN;9] 0 T*°) + h?K! o I'°. Defining
D} = 0% + hp;y, we have [A>, D}] = B?X; + O(h?), so that [A., A;] = 0, and the
reasoning can be pushed to higher orders, with the result:

DXI® = §9(L; 0 ™),
D =08+ h'pi,, [A®, D] =0. (7.3)

n=1

where L; = —9% W0 + O(h) and the coefficients p;', of the right derivations g%;pfn
depend on the essential couplings &4 and the gauge couplings o’. Note that the
relation (6.86) cannot be used in this case, because D° does not belong to the space
of graded right derivations in the essential couplings alone (with a possible gauge
parameter dependence).
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Let us now analyze the equations (7.2) and (7.3) for each i separately and drop the
subscript i. Let us define the functions ¢ = ¢4(¢8, o) through system of differential
equations

d
%5&4 = pA( (114’ O./), (74)

where p? = h— h"pA. If we introduce a subscript « for all quantities where £4 has
been replaced by &4, equation (7.2) becomes

L =t (Laory), (75)

where s? = (I'2, ) + A%, with A = %Awﬁ = %8;;%3 A>? Equation (7.3) then
becomes

d
—A>X =0. 7.6
yaTS (7.6)

We have thus proved:

Theorem 11 For each gauge parameter separately, there exists redefinitions of the
essential couplings by gauge parameter dependent terms of higher order in h such that
the variation of the effective action with respect to the gauge parameter is given by
a quantum BRST coboundary, while the anomaly operator in terms of the redefined
couplings AS° is independent of the gauge parameter.

7.2 Integrability condition

By adapting the extended BRST technique of [102] to the present context, one can
show

Lemma 3 There exist local functionals Kj;; such that
Proof. If we introduce parameters \° of opposite Grassman parity to the o' and

define 5S¢ = S* + 9% WX, Using 0% Sy = 5(—0% ¥) and "W NiNT = 0, it follows that

datal

%(Se, S€) 4+ A®S¢ + DFSEN = %(823-\11/\", IR WN) + O(h), (7.8)
where O(h) is a local functional of order at least h. Applying the quantum action
principle, it follows that §(I'*, T'¢)+ AT+ DTN = 2 (R WX, 98 WAP)ol*+hAoT .
Putting A’ to zero and using (6.81), it follows that A = A;\". Differentiation with
respect to A’ and putting A\’ to zero gives s7(0%W? o ') + DT> = hA4;(0) o I'*°.
Using (7.2), we deduce that A4;(0) o ™ = s?(L} o I'™), where hL; o '™ = 9% ¥% o
[ + L; o T™. If we now add to S® the counterterm —AL] A", we can absorb the
lowest order contribution A;(0) up to terms of second order in A or of first order in
h and of second order in A\’. For the new I'°, we end up with %(Fe, re) + A*>Ie 4+
DTN = [2 By (AMNN + B2 A;(0)A] o T°, where By (A) = (02 WA, 05 UN) + O(h).
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Differentiation with respect to A’ and putting A" to zero now gives s?(K; o I'™®) =
AL(0) oI, which implies that the lowest order contribution to A}(0) can be absorbed
by adding suitable counterterm proportional to A* and of order h?. Going on in the
same way, one can achieve:

%(re, [€) + A®T¢ + DTN = %KW](A) o TN N, (7.9)
where Kj;)(A) = (059N, 05 WN) + O(h).

Acting with D°AF on this equation, and using the same equation again, together
with (7.3), ((T¢,T¢),T¢) = 0, and A®* = 0, we find (I'®, -) + A [ K;;; (M)A N oT¢] +
2[Di, D{JTeXN = LDy [Ki;(A) o TYIN MNP, Differentiating with respect to A and A/
and putting \ to zero gives (7.7). O

Note that 0ZSg A" = —(Sgr, 0, W), and AU = 0 imply in particular that
58 WA, 0% WN) = 0, so that both terms of (7.7) start indeed at order .
Because [0%,0%] = 0, [D;°, D;°] belongs to the space of graded derivations in

the essential couplings alone (with a possible gauge parameter dependence). Since
furthermore, [A%, [Df°, D°]] = 0 due to the graded Jacobi identity, (6.86) can now
be applied with the result that

D, D] = (A%, p33]. (7.10)

In the case of the standard antifield formalism, supposed to be stable and anomaly
free, so that in particular A* = 0, equation (7.10), is the integrability condition that
states that the various redefinitions of the essential couplings can be made simulta-
neously [6]. The same holds in the general case, if one can prove that by suitable
redefinitions of the D7, the coefficients pf¥ can be made to vanish. In this case, the
dependence of the effective action on the all gauge parameters simultaneously is a
quantum BRST coboundary, while the redefined anomaly operator is independent of
all the gauge parameters.

In the anomaly free stable case, a quantum BRST coboundary, (I'*°, I o I'*) re-
duces to zero upon projection onto the physical states, so that the gauge parameter
dependence of the effective action expressed in terms of the essential couplings on
the quantum level is also trivial in this physical sense and not only in the cohomo-
logical sense. It would be of interest to analyze (i) in what sense a quantum BRST
coboundary s97 o G* = (I'*°, ] o G*°) + A>®] o I'*® is physically trivial and (ii) what
can be concluded from (7.10) in the general case.
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8 Renormalization group and Callan-Symanzik
equations

8.1 Renormalization group equation

In addition to the gauge parameters, the effective action, the local insertions and the
right derivations also contain a dependence on the renormalization scale p.
Because 110,,Sgs = 0, the same derivation that has allowed to prove (7.2) now gives

DT> = hs?(C o I'™), (8.1)
D* = pd,+ Y h"By, [A®,D*] = 0. (8.2)

n=1

The derivations (3, = %ﬁf only involve derivatives with respect to the essential
couplings. If in another version of the renormalization group equation, there appear
terms of the form 825;)0 pl., they can always be absorbed by using (7.2) at the expense
of a modification of the beta functions (of at least second order in %) and of the
quantum BRST exact term s?(C o I'). This was first noted in the context of Yang-
Mills theory in [98]. The same holds for any other redundant coupling. We will then
make the following definition:

The physical beta functions 32 of the renormalization group equation are the coeffi-
cients of the derivatives gTRA with respect to the essential couplings €4 in the renormal-
1zation group equation where the deriwatives with respect to the redundant couplings
have been eliminated.

Note that equation (8.2) can be written as pd,A>* = pd, (>, _,A"A,) =
—[A®, > h"3,]. Tt fixes the dependence of the anomaly coefficients (3, _, A" 1A,
on the renormalization point x4 to be a quantum BRST coboundary, with the bound-
ary term determined by the beta functions 84 = D et hn A,

After integration of the renormalization group equations, i.e., after the determi-
nation of functions f;‘ = g;;‘(gB, ) defined through the differential equation

d

equations (8.1) and (8.2) in terms of the running couplings 5;‘ become

d
d [e's)

We have thus shown:

Theorem 12 [f the theory is expressed in terms of the running (essential) couplings
fl‘:‘, the variation of the effective action with respect to the renormalization scale is
a quantum BRST coboundary, while the redefined anomaly operator AR does not
depend on the renormalization scale.
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8.2 Gauge parameter dependence of renormalization group
beta functions

If one follows [98] and commutes the functional operators of equations (7.2) and (8.1),

one gets
(D%, DXl = s'E; (8.6)

where E; = D*®[L; o I'™°] — D?°[hC o '] + (hC o I'*°, L; 0 I'*?).

Consider now the parameters of = (o, j1), the constants ghosts X’ = (X, A) and
the differentials D = (D;, D). It then follows that (7.8) holds for the same S° but
with DX replaced by Dfo)\z. The proof that [D°, D3] = [A*, 077] then proceeds
exactly as the proof of lemma 3 before and includes in particular the result

(D%, D*] = [A%, 07°]. (8.7)
Again, in the anomaly free standard formalism, one can deduce [6] from this equation
(i) that the physical beta functions are gauge parameter independent if the redefined
couplings ¢ have been used, (ii) that the p are renormalization scale independent
if the running couplings {f have been used, and (iii) that the absorption of the gauge
parameter dependence and of the renormalization scale can be made simultaneously.

8.3 Power counting in the antifield formalism

In order to get the analogous results for the Callan-Symanzik equation, we have
to replace the operator 110, by the generator of (broken) dilatation invariance. In
the antifield formalism, power counting can be implemented canonically through the
operator

S, = / d"v L, = / d"x ¢5(dD + 29,)¢", (8.8)

where ¢% is a collective notation for the original fields and the local ghosts associated
to the gauge symmetries, while d® is the canonical dimension of ¢® in units of inverse
length. The bracket around the index a means that there is no additional summation.
We have (¢°(x), S,) = (d© + 29,)¢"(x) and (¢(x), 5,) = (n — d© + 24, )% (),
so that the canonical dimension of the antifields is chosen to be n — d). It is then
straightforward to verify that for any monomial M (z) in the fields, the antifields and
their derivatives of homogeneous dimension d*/,

(M(x), 8,) = (d" + 2"0,) M (z). (8.9)

8.4 Callan-Symanzik equation
8.4.1 No dimensionful coupling constants

For simplicity, we assume in a first stage that the coupling constants &4 as well as
the redundant coupling constants all have dimension 0.
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Because there are non dimensionful parameters, all the terms of the Lagrangian
L of the (gauge fixed) solution of the extended master equation have dimension n.
Hence,

(L,S,) =(n+a2"0,)L = 0u(z"L). (8.10)
Upon integration, we get
(S,8,) =0. (8.11)

Furthermore, A.S, = 0 = A*S, because S, does not depend on €4, which means
55, = 0. We have (S, S,) = O(h) = (5%, S,) +A>LS, so that the quantum action
principle gives

(I, 8,) = hB o™ = 15, (8.12)

with B a local functional of ghost number 0.
Applying s?, we get the consistency condition s¢(B o I'*°) = 0, which implies, to
lowest order in A, $By = 0 and hence

By = —(1S — 521, [Ac, 1] =0, (8.13)

with 6 = g—li;ﬁf‘. According to the quantum action principle, we can replace (3;.Sol'>
by (11> and the difference will be the insertion of a local functional of order h.
Applying lemma 2, the local insertion [5Z;] o T can be replaced by s9(Z,9 o I'™),
and the difference will again be the insertion of a local functional of order 4. We thus
get

s9[S, + h=9 o T + h3 T = KB o I*®. (8.14)

Acting with s? on (8.14), using [A., 1] = 0, we get the consistency condition
R[A BT + h%s9(B' o T™) = 0, giving to lowest order [Ay, 3;]S + sB) = 0. As
in the previous section, this means that the reasoning can be pushed to all orders:

$7[S, — hE® o T™] + hF®T™ =0, (8.15)

(A%, 3] = 0. (8.16)

with 2% = 3,A" 129 and % = %,_1h""13,. Note that if 3% = [A> ¢*], the
term G°I'* in (8.15) can be absorbed by the redefinition Z*° o ' — =% o ['*® —
o', We then get from (8.16):

Theorem 13 The right derivation built out of the beta functions of the Callan-
Symanzik equation defines a non trivial quantum BRST cocycle in ghost number 0.
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8.4.2 Digression

Let us consider for a moment the following particular case.

(i) All the antibracket maps encoded in f# are zero so that A, = 0, 5 = s =
(S(€),-). This happens for instance if one couples only the BRST cohomological
classes in ghost number 0 and if the Kluberg-Stern and Zuber conjecture [16], stating
that these cohomological classes can be described independently of the antifields, is
valid. This guarantees stability of the standard antifield formalism.

(ii) The theory is anomaly free, (I, T'>) = 0.

(iii) The only possibility (for instance for power counting reasons) for =, is =, =
—n [d"x ¢E¢, so that =, is linear in the quantum fields and [sZ,] o I'™ can be
replaced, according to the quantum action principle, at each stage in A by (I'*°,Z,)
up to the insertion of a local polynomial of higher order in .

Equation (8.15) then reduces to

aRFoo

(I, 87) +h 9EA

gt =0, (8.17)

with S0° = [ d"z ¢3(d@ + by + x - 0)¢”, or explicitly

n oM (a) a
/d x[5¢a(x)(d +hy + 2 - 0)¢%(x)

R 00
(n—d9 —hy+x- 8)¢Z(m)} + ha 2

oEA

A R
o9 (x)
After putting to zero the antifields, the second part of the first integral vanishes and

this equation is a familiar form of the Callan-Symanzik equation (see eg. [103]) in
the massless case, with anomalous dimension v = X, ”* 17, for the fields.

+

g4 =0. (8.18)

8.4.3 Remarks on explicit z dependence.

Note that S, is the generator of the dilatation symmetry of the theory. If it corre-
sponds to a non trivial element of H~1"(s|d), the question arises whether it should
be coupled with a constant ghost in the extended solution S(§) as in [65, 104]. This
depends on whether or not we allow for explicit « dependence in the local functionals
and the cohomology classes of s we are initially computing and then coupling to the
solution of the master equation.

In the previous section, we have supposed that there is no explicit z dependence in
these functionals and cohomology classes, because if we assume the absence of dimen-
sionful couplings, we cannot control translation invariance through a corresponding
cohomology class, its generator S, = [ d"x ¢*0,¢ being of dimension 1.

We will assume here that one can apply the quantum action principles in the case
of an explicit = dependence of the variation as in (8.12), at the price of allowing a
priori for an explicit x dependence of the inserted local functional B. This assumption
needs to be checked by a more careful analysis of the renormalization properties of
the model which is beyond the scope of this review.
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In order to prove then that B in eq (8.12) does not depend explicitly on x, we use
translation invariance: classical translation invariance is expressed through (.5, 5,) =
0 with quantum version (I'*°,S,) = AD, o I'*°, where the dimension of D, is 1,
because there are no dimensionful parameters in the theory. Applying (-,5,) to
(8.12), using the graded Jacobi identity for the antibracket, the commutation relation
(S, Su) = =S, and the result on the dimension of D,,, i.e., the relation (D,, S,) = D,,
one finds to lowest order (B,.S,) = 0. This means that (9, —0/0z")B = 0, and since
0,8 = 0, it shows that B does not depend explicitly on z.

In the general case where we allow for dimensionful couplings considered below,
we will assume that the theory is translation invariant and that the generator S,
is coupled through the constant translation ghosts £&#. One can then show that the
local cohomology of the BRST operator in form degree n for the extended theory
can be chosen to be independent of both * and &* [105]. In the same way, Lorentz
invariance can then be controlled inside the formalism by coupling the appropriate
generator.

8.4.4 General broken case
We will now allow for coupling constants €4, a’ of all possible dimensions d4), d® in
the theory, which could be negative in the case of effective field theories. We have
(L, S,) + %d(mf"‘ + %d(%/ = 0,(2"L). (8.19)
Integrating, one gets
CS =0, (8.20)

with C = (-, 8,) + S d WA + 5dWal.
Using (3.6) and A.S, =0 = A9F ¥, (8.20) becomes
- Ry, (1) i oS (A) ¢ A
Applying 5, we find [A., Bo] = 0, with Gy = STIZ (A¢A The quantum version of this
equation is
7S, — (OF W)V ol 0 T™] + G = hB o . (8.22)
Applying now s¢, the consistency condition to lowest order implies 5By = 0. We can

then get as in the previous section the general form of the integrated Callan-Symanzik
equation:

$7[S, — Z o ™| 4 BT = 0, (8.23)

[A%, 3] =0, (8.24)

with 2 = =07 wdWa’ + O(h) and g~ = ¥, _oh"3,. Hence, by defining dY¢* to be
the tree level contribution of the beta function, theorem 13 extends to the general
case.
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9 Refined anomaly consistency condition

We have seen in section 6 that the non trivial breakings of the extended master
equation are constrained by the cohomology of 5 in ghost number 1 in the space of
local functionals. In the same way, one can study the constraints on the anomalies to
an invariant renormalization of symmetric integrated and non integrated operators
[106]. In the cohomological reformulation, symmetric integrated or non integrated
operators correspond to BRST cohomological classes in ghost number 0 in the space
of local functionals, respectively in the space of local functions. More generally, one
can be interested in the anomalies appearing during the renormalization of a BRST
cohomological class in ghost number ¢ in these spaces. The non trivial anomalies
that can appear can be shown to belong to the corresponding BRST cohomological
classes in ghost number g + 1. Some aspects of the renormalization of integrated
BRST cohomological classes in the extended antifield formalism have already been
discussed in section 6.2.3.

The computation in the space of local functionals of the cohomology of the stan-
dard BRST differential s with antifields can be reduced to the computation of a
relative cohomological group in the space of local n-forms by introducing the space-
time exterior derivative d. It is then related to the cohomology of s in the space of
form valued local functions through descent equations [107, 108, 109, 110]. The same
holds for the BRST differential s associated to the extended antifield formalism.

More generally, we will call the relative cohomological groups H9?(s|d) and
H9?(5|d) in ghost number g and form degree p local BRST cohomological groups.
A more detailed analysis of the descent equations [111] shows that these groups are
characterized by two integers, the length d of their descents and the length [ of their
lifts.

9.1 Characterization of local BRST cohomological classes

In this and the following section, we decompose the space 2 of Lorentz-invariant
polynomials or formal powers series in the da#, the couplings 4, the fields, antifields
and their derivatives into the direct sum of the constants and the remaining part,
Q=RaQ,. We have sae = 0 = da, for a constant o and d€2; C 2. We furthermore
assume that if sw = « for a constant a, then a = 0, which amounts to assuming that
the equations of motions are consistent (see the discussion in chapter 9 of [33]). This
means that $Q, C ;. Hence, we can consider the cohomological groups H (S, €2,),
H(s|d, Q) and H(d, Q).

By analyzing the cohomological groups H(5|d) (the space 2, being always under-
stood in the following) using descent equations, one can prove [111] that the elements
of these groups can be classified into chains of length r with an obstruction to fur-
ther lifts and chains of length s whose lifts are unobstructed, i.e., chains with a non
trivial element in degree n (see also [112, 113, 114]; we follow here the notations of
the review [33], where explicit proofs of the statements below can be found). More
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precisely, we have H?(d) =0, p < n — 1, and there exists a basis

{Ih0], [ha,), 10,1} (9.1)

of H(s), forr=0,...,n—1,s=0,...,n, such that a corresponding basis of H(5|d)
is given by

{[ni,], [ed. ]} (9.2)
forq=0,...rand p=0,...,s, with
Shi™ +dh; = hi,,
shr +dh; - 0,
(9.3)
shi + dh?r =0,
5h) =0,
and
form degree e;, = n, de;, =0,
sef + dei;l =0,
(9.4)
sel. +de =0,
50 =0.

Qg

The cohomological group H(5) can thus be decomposed into elements [e), ] that are
bottoms of unobstructed chains of length s, elements [h) | that are bottoms of ob-
structed chains of length r and obstructions [ﬁ,r] to chains of length 7.

For the cohomological group H(s|d), the element [A! | is said to be the element of
level [ of a chain of length r with obstruction; it has [ non trivial descents and r — [
non trivial lifts ; while the element [¢!, ] is said to be the element of level [ of a chain
of length s without obstructions, it has [ non trivial descents and s — [ non trivial
lifts.

One can furthermore show that the general solution to a set of descent equations
involving at most [ steps, 5w' + dw'™! =0, 5w ' +dw'"2 =0,..., 53w° = 0, can be
written in terms of the above elements as

n—1
W = Z Z ARl 4 Z Z poceh ? syt Tt Y vOThL] (9.5)
r=0

q=0 r=Il—q p=0 s=l—p

with 7! = 0. This means that a 5 modulo d cocycle which has [ non trivial descents,
is a linear combination of all elements of the chains (9.3) and (9.4) which have [
or less non trivial descents. If such a linear combination is § modulo d trivial, the
coefficients of the linear combination must vanish, i.e.,

l

A;;h’ Y Z porel? = 5( ) +d( ). (9.6)

l—q p=0 s=l—p

3
,_.

r

Q
Il
o

Qg

implies that )\f{ =0 = pp*.
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9.2 Lengths of descent and lifts of lowest order anomalies

Let us now investigate the anomalies in the BRST invariant renormalization of a
chain (9.4) of length s without obstructions. We follow the approach of [115], which
consists in considering simultaneously the anomalies for a whole chain of descent
equations (for a review, see [47]). Using the quantum action principles, one can show
the analog of lemma 2 for a local form a :

a0 =599 o T + hb o '™, (9.7)

for some local form b. When applied to the chain (9.4), we find that the quantum
version of this chain is

form degree e}, o I'™ =n, de;, oI'* =0,
sles o™ +des ' o™ = haf, o',
: (9.8)
sqeas o I‘°° +ded oI'™ = hal, o',
0T = hal, o T,

Ol

where al, o™ = a$ + O(h) for a local function al, . Applying s?, we get the

consistency condition,

form degree a;, o I'* =n, daj, oI =0
a5, oI +da ' o™ =0,

(%

: (9.9)
o™ + dal oT™ =0,
sqa o F°° =0.
At lowest order in A, we get
form degree a;, = n, da;, =0
a3, + daf,;l =0,
(9.10)
sap, +da =0,
5&0 ~0.

Using equation (9.5) and the fact that the form degree of a,_is n, it follows that

l

= e, e s+l Y vy, (9:11)
p=0 >0
for [ =0,...,s. This gives our first result:

The anomaly in the renormalization of an element of level | of a chain of length
s without obstructions involves at most elements of chains of the same type with less
non trivial descents and the same number of non trivial lifts.
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For the anomalies for a chain with obstruction (9.3), we get,

sThi* o T + dh} o™ = h;, o T + ha[ ' o T,
s1hi oI 4 dhi ' oT™ = ha} o™,

: (9.12)
sth e~ + dho o™ = ha o',
s9hy o™ = hay. oF°°
We also have
sh; o™ = —ha; oI™. (9.13)

Applying s? gives s%G;, o' = 0 and then to lowest order, sa; = 0. Applying now
s? to the chain (9.12) gives

5% o T + dal 0T =@, o',
sanOFOO—{—da’;IOF‘X’—O

: (9.14)
slaj o™ +da} oT'™ =0,
saf o™ =0,
and to lowest order,
S T+1 —I—da = CALZ‘T7
sar—l—darr 1 =0,
: (9.15)
sa; +da} =0,
5a) =0,
On the one hand, it follows from (9.5) that
l n—1
S ID RN DI DR TR RS S AT
q=0 r'=r—q p=0 s=r—p+1
for [ =0,...,r, while on the other hand, the cohomology of § implies

a; = Zoﬂr hj/+z I p0 +27 X+ 50, (9.17)

Applying d to (9.16) at [ = r gives

T n—1 T n
ro__ i, spT—qtl s =, r—ptl - g r
daj, ==> > NS X wp, st — s

q=0 r'=r—q+1 p=0 s=r—p+1

+ 3 A (=shi T by ). (918)
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Injecting now (9.17) and (9.18) into the first equation of (9.15) gives first of all
It o~
St — O — s

7. and also

i, =Y Agr_qirﬁh_q + 56, , (9.19)

q=0

and then,

r+1 w rq+1 rp+1
s(as; 5 T S DI

q=0 r'=r—q+1 p=0 s=r—p+1

=D AT T i~ 6i,) = 0, (9.20)

q=0

so that, using the cohomology of s,

r+1 n-—1 r+1 n
7‘+1 i, pT—q+1 r—p+1
P ID IR IR DD DT
q=0 r'=r—q p=0 s=r—p+1
dn; + Z v (r1)i,¢ h” | +0;, + syt (9.21)

Our second result is then:

The anomaly in the renormalization of an element of level | of a chain of length r
with obstructions involves at most elements of chains with obstructions with less non
trivial descents and more non trivial lifts and elements of chains without obstructions
with less non trivial descents and strictly more non trivial lifts.

Let us now rewrite (9.11) and (9.16) at =0 as

n—1 n—1
o, = 1y’ a,€, + 5000, — Z v Y ek, (9.22)
r=0

”M»—lﬁ
D

_ZAO zrj,+zu €%+ 8l

n—1
v R STy (9.23)
r'=r s=r+1 r’'=0
Combined with (9.19), our third result on anomalies in the renormalization of ele-
ments of H(5) is accordingly:

The anomaly in the renormalization of obstructions to chains of length r involves
at most obstructions to shorter chains; the anomaly in the renormalization of bottoms
of unobstructed chains of length s involves at most bottoms of unobstructed chains of
the same length and obstructions to chains of all possible lengths; the anomaly in the
renormalization of bottoms of obstructed chains of length r involves at most bottoms of
obstructed chains of greater length, bottoms of unobstructed chains of strictly greater
length and obstructions to chains of all possible lengths.
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9.3 Differentials associated to one loop anomalies

A different, more compact, way to formulate and prove the results of section 9.1
and 9.2 is to use the exact couple describing the descent and the associated spectral
sequence [111].

Indeed, the diagram

H(s|d) = H(s|d)
10 ™\ Lo (9.24)
H(3)

can be shown to be exact at all corners. The various maps are defined as follows: 7,
is the map which consists in regarding an element of H(s) as an element of H(5|d),
ip : H(5) — H(5|d), with ig[a] = [a]. It is well defined because every s cocycle is a 5
cocycle modulo d and every § coboundary is a § coboundary modulo d. The descent
homomorphism D : H*!(5|d) — H**Y=1(5|d) with D[a] = [b], if 5a + db = 0 is well
defined because of the triviality of the cohomology of d in form degree p < n — 1.
Finally, the map Iy : H*"1171(5|d) — H*TY(5) is defined by ly[a] = [da]. Tt is well
defined because the relation {5, d} = 0 implies that it maps cocycles to cocycles and
coboundaries to coboundaries.

To such an exact couple (H(5|d), Ko = H(S)), one can associate in a standard
way derived exact couples (D" H(5|d), K,.),

D" H(5|d) = D" H(35|d)
i\l (9.25)
K,

and a spectral sequence K, = H(d,, K, ), with Ky = H(5). The maps of these exact
couples are defined recursively as follows: the map d,_; = [,_; 0%,_1 can be shown to
be a differential, the map i, is the map induced by i,_; in K., while [,D[a] = I,._1[a].

Explicitly, the differential dy : Ky — Ky is defined by do[a] = [da], where
sa = 0. An element k, € K, is identified with the equivalence class [a], of an element
[a] € H(5), where [a] ~, [d] if [a] — [¢/] € ®_sim d,. The relations dgk, = 0,
g = 0,...,7r — 1 mean that k, is a bottom that can be lifted at least r times, i.e.,
there exist cy, ..., c.41 such that sa =0,da+ 5¢; =0,...,dc,_1 + 5¢, = 0. Then, the
differential d,. is defined by d,.k, = [de¢,],.

Because there are no forms of form degree higher than n, D" H(5|d) = 0 and
d, = 0 so that the construction stops at r = n.

The space of local forms €2 is decomposed as 2 = Ey & G & sG & R, with Ey ~
Ko = H(3). If we define E,, F, 1 C E,_; through E, 1 = E, 1 ® E. ®d,_1F,_; with
E, ~ K., we get the decomposition

Eo=Fy&®.. ®F,_ 19FE,®dd_1F,_1D...®dyEy. (9.26)

The €2 are elements of a basis of E, that can be lifted s times before hitting form

degree n, i.e., that are of form degree n — s, while ilz; and h?r are elements of a basis
of d,. F, and F, respectively. This sums up the results of section 9.1.
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Let us now define the linear map

o : H9(5) — H9TY(3), (9.27)
dola) = [b], where s%a 0T = hbo '™, (9.28)

The map associates to a given BRST cohomological class the non trivial order A, i.e.,
1 loop contribution of its anomaly.

The map is well defined, because the consistency condition implies that sb = 0.
Furthermore, if a = S¢, a 0o I'™® = slc o I'*® + hd o I'*™®, so that s%a o '™ = hsid o I'*™°,
meaning that b = sd. This implies that the map does not depend on the choice of
the representative. In addition, this map is a differential

62 = 0. (9.29)

Indeed, if [a] = do[c], we have a o T = +s% o ™. Tt follows that s%a o I'™® = 0.
A BRST cohomological class which is a dg-cocycle has no 1-loop anomaly, while a
BRST cohomological class which is a dp-coboundary is the 1-loop anomaly of some
other BRST cohomological class.

We thus have two differentials in Ky = H(S), dy introduced above and dy. These
differentials anticommute,

{do, 5o} = 0. (9.30)

Indeed, if s%a o '™ = hbo '™, dydpla] = do[b] = [db], while dodyla] = dp[da], and
s1(daol'®) = sld(aoT>® 4+ hcol'®) = —ds?(aoT'*® 4+ hcol'®) = —hd(bo'™° + s9col'™),
so that do[da] = [—d(b+ Sc)] = —[db].

The relation dydp[a] = —dpdp[a] means:

e if [a] belongs to im dy, [a] = dp[b], then dgla] = —dydy[b], i.e., if [a] represents
an obstruction to the lift of an element [b], its anomaly represents minus the
obstruction to the lift of the anomaly of [b],

e if dyla] = 0, then dydp[a] = 0, i.e., if [a] can be lifted, then so does its anomaly
60 [CL],

e the anomaly in a bottom [a] of K that cannot be lifted is minus the anomaly
of the corresponding obstruction, up to elements that can be lifted.

If we organize the space Ey ~ Ko = H(5) as Ey = Fy @ 1 @ doFy, with E; ~ K7,
we have shown that 1-loop contribution to the anomaly of an element in one of
these subspaces belongs to the same subspace or to a subspace that stands to the
right. Together with the last point of the previous list, this sums up the results for
the elements of H(s), i.e., for the obstructions and the bottoms contained in (9.19),
(9.22) and (9.23) restricted to r = 0.

In the same way, these results for all » and s follow from the fact that §y in-
duces a well-defined differential (also called §y in the following) in the spaces K,
anticommuting with d,., § : K, — K, with {dy,d,} = 0.

78



Indeed, suppose this result to be true for Ky, ..., K,_1, dgy,...,d,_1. An element
[a], € K, satisfies 5a =0, da+5¢; =0, ..., dc,_1 + 5¢, = 0. This implies slao'™ =
hbol'*>, daol'™+s9ci o' = Afiol'™® ... dc, 10045, 0> = hf,.ol'>. Applying
s gives to lowest order sb =0, db+5f, =0, ..., df,_1 + 5f. = 0, so that [b], is well
defined. Suppose now that [a], = dy[golo + ... + dr_1[gr—1]r—1. Anticommutativity
of 0y with dp,...,d,_1 then implies that dg[a], = 0. Hence, §y does not depend on
the representative and is well defined in K,. Finally, d.d|a], = d,.[b], = [df,],, while
dod,lal, = doldc,],, and s¥(dc,) o T = s9d(c, oT'® + hic o T'°) = —d(s%c, o'+ hsic o
['*°), so that d[dec, |, = —[d(f, + 5¢)], = —d,.dolal,.

The results (9.19), (9.22) and (9.23) can then be summarized by the statement
that an anomaly in one of the subspaces of the decomposition (9.26) must belong
to the same subspace or to one that stands to the right; furthermore, the part of
the anomaly of an element of F; in F; is minus the part of the anomaly of the
corresponding element of d; F; in d; F;.

In order to recover the results for elements of H(S|d), we define Ay to be the
equivalent of dy for modulo d BRST cohomological classes, Agla] = [b], for [a], [b] €
H(s|d), where sa +dm = 0, sm + du = 0, s?%a o '™ 4+ d(m oI'*) = hbo I'™,
s9m o '™ 4+ d(u o I'™°) = hn o I'*°. Indeed, the map is well defined because the
consistency condition implies to lowest order sb 4+ dn = 0, while if a = 5¢ + dg, we
have m = 3¢+ du, so that s7ao'* +dm o> = hbo ' gives s?(slco '™ +dgo '™ 4
hfol'*)+d(slgoT'™® + duol'™ + hvoI'*®) = hbo '™, which implies b = 5f + dv as
it should.

The following properties are straightforward to check: [Ag, D] = 0, [Ag = —dol,
0o = Agip. One says (see e.g. [116], Chapter VIIL.9) that (Ao, do) is a mapping of
the exact couple (H(S|d), H(5)).

The previous result, that ¢y induces well defined maps in the spaces of the spectral
sequence anticommuting with the differentials d,., follows directly from the way the
spectral sequence is associated to an exact couple. The relation between (9.11), (9.16)
at [ = 0 and (9.22), (9.23) is summarized by igdy = Agip ; the relations between (9.11),
(9.16) at different values of [ are summarized by [Ag, D] = 0 ; finally, the relation
between (9.16) at { = r and (9.19) is summarized by [Ag = —dyl.

Note that in this case, we have furthermore the property that Ay is a differential,
AZ=0.

Remark: It follows from the above analysis that the relevant property of the
differentials d,. is {dg, d,} = 0. This means that analogous results that constrain the
anomalies to belong to particular subspaces of H(s) or H(5|d) can be derived if one
can find maps A\ : H(S) — H(S), respectively Ag : H(5|d) — H(5|d) such that
[00, Ao] = 0, respectively [Ag, Ag] = 0.

The discussion in section on the length of descents and lifts of BRST cohomological
classes and their anomalies in this and the previous subsection does not rely on the
use of the extended antifield formalism. It can be done along the same lines in the
standard set-up as long as one assumes the quantum theory to be anomaly free and
stable, so that the standard Zinn-Justin equation %(F, [') = 0 holds.

79



10 Application 2: non renormalization of the Y-M
gauge anomaly

We now show that the anomalous master equation for Yang-Mills theories discussed
in [55, 59, 65] can be viewed as a particular case of the anomalous master equation of
the extended antifield formalism. Then, we discuss how the Adler-Bardeen theorem
for the non abelian gauge anomaly [117, 55, 118, 119, 120] can be understood as a
direct consequence of the fact that the length of the descent of the gauge anomaly
is 4, while the length of the descent of all the other cohomological classes coupled to
the action is 0. These considerations are purely cohomological, so that they do not
depend on the way the gauge is fixed or on power counting restrictions. Furthermore,
this approach to the Adler-Bardeen theorem does not require the use of the Callan-
Symanzik equation or assumptions on the beta functions of the theory.

In the case of standard Yang-Mills theory, it is sufficient for our purpose to couple
the local BRST cohomology classes in ghost number 0 and ghost number 1, because
this will be enough, under some assumptions stated explicitly below, to guarantee
stability and to control the anomalies. The starting point action contains from the
beginning a coupling to the Adler-Bardeen anomaly as in [55, 59, 65], with additional
couplings to possibly higher dimensional gauge invariant operators, if one does not
want to restrict oneself to the power counting renormalizable case [42]. More precisely,
the starting point is the action

Sp = / d'z [—ngFﬁ”Fi,, + Lister (' D)
+ [ di [-D,01A7 + Oy - SO £
—|—gi/d4m O; + Ap, (10.1)
satisfying the master equation

1

§(Sp, S,) = 0. (10.2)
The Lagrangian LK (v, D,y") is the gauge invariant extension of the kinetic terms
for the matter fields y*. For simplicity, we assume the gauge group to be SU(3).
The O; are gauge invariant local functions built out of the field strengths F /fy, the
matter fields y* and their covariant derivatives such that the [ d*z O; (which can, but
need not, be assumed to be power counting renormalizable) and [ d'z — 1> F{"F}l,
are linearly independent even when the gauge covariant equations of motions hold.
Finally, A = [ Tr [Cd(AdA+3A?)] is the Adler-Bardeen gauge anomaly, g is the gauge
coupling constant, ¢* are coupling constants for the other gauge invariant operators,
while p is a Grassmann odd coupling constant with ghost number —1 for the Adler-
Bardeen anomaly. In this particular case, A. = 0. This can be traced back to the
fact that all representatives of the local BRST cohomological classes in ghost number
0 and 1 can be chosen to be independent of the antifields.
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The gauge is fixed by introducing the cohomologically trivial non minimal sector
consisting of the antighost C7 and the Lagrange multiplier B’ and their antifields.
One adds to the action (10.1) the term [ d'z C B! and chooses an appropriate gauge
fixing fermion W, which is used to generate an anticanonical transformation in the
fields and antifields such that the propagators of the theory are well defined. The
gauge fixing is irrelevant for the cohomological considerations below.

For the question of stability and anomalies, we have to analyze the cohomology
H%(s,|d) and H'*(s,|d) in the space of functions in the couplings g, ¢, p with co-
efficients that are Lorentz invariant polynomials in the dx*, the fields, the antifields
and their derivatives.

In order to compute this cohomology, we decompose, as in [55], both the BRST
differential s, and the local forms into parts independent of p and parts linear in p.
Explicitly, s, = so + s1, where s is the standard BRST differential associated to the
solution S,y of the master equation, while s; = (Ap,-). The p independent part
of the cocycle condition s,w(p) + dn(p) = 0 in form degree 4 gives (see e.g. [33]
for a review) w(0) = a(g, ¢")d*x FI"F!, + a?(g, g")d*x O; + s( ) +d( ). This implies
w(p) = alg, g")d*z F}"F},+a (g, gi)dfa: O;+wip+s,( )+d( ). Because d*z F}” Fl, and
d*z O; are also s; closed and p* = 0, the cocycle condition reduces to swj +d( ) =0,
where the ghost number of wf is 1. It follows that wi = A(g, ¢*) Tr [Cd(AdA+ L A%)]+
s( ) +d( ). Hence, the general solution of the consistency condition in the space of
local functionals in ghost number 0 is given by

0s, 0%,

: : = 10.

a(yg, gl)%—sgp +a(g,9")
for some local functional =, in ghost number —1. This implies that the theory is
stable.

Similarly, in ghost number 1, the p independent part of the cohomology gives
as only anomaly candidate the Adler-Bardeen anomaly. There could however be a
p linear non trivial contribution to the anomaly, because the cohomology of s in
form degree 4 and ghost number 2 is not necessarily empty (see [33], section 12.4),
contrary to the claim in [55]. More precisely, to each z*-independent, gauge and
Lorentz invariant non trivial conserved current ja = jgewl,,Q,,S)da:”ldx”?dx”?’, there
corresponds the cohomological class VA2’4 = ja[TrC3]' + antifield dependent terms
in H*"(s|d), with s[TrC?]' + TrC® = 0. (There could in principle be another type
of antifield dependent cohomology classes in exceptional situations [33], which we
exclude from the present considerations).

If there are such non trivial currents ja, we have to change our starting point
and also couple the “anomaly for anomaly candidates” V?# from the beginning with
couplings in ghost number —2. But then the cohomology of s in ghost number 3
becomes relevant. There are plenty of such classes, for instance classes of the form
d*z I TrC?, where I are invariant functions built out of the field strengths, the matter
fields and their covariant derivatives. In this way, one is led to use the full extended
antifield formalism as described in section 5 with all BRST cohomology classes in
positive ghost number coupled from the beginning. In the case where the algebra of
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the non trivial symmetries associated to the currents ja is non abelian, the operator
A. will be non vanishing at the classical level and involve in particular the structure
constants of this algebra.

Another possibility is to try to show that the anomaly candidates VAQ’4 do not
effectively arise in the theory, by using higher order cohomological restrictions: as
in the proof of the absence of similar instabilities in the presence of abelian factors
for standard Yang-Mills theories in section 3 one couples with external fields gauge
invariant functions that break the symmetries associated to the currents ja. In
this way, one eliminates the currents ja and the associated anomaly for anomaly
candidates VAQ’4 from the extended theory. At the end of the computations, the
external fields can be put to zero.

Because this discussion is not central to the argument below, we will simply
assume here that the observables O; are such that there are no non trivial currents
ja and thus no anomaly for anomaly candidates VAQ’4 in the theory. The general
solution of the consistency condition in ghost number 1 is then given by

e 0(0.) + (50,5, (10.4)
P
for some local functional ¥, in ghost number 0.

By standard arguments, using in addition the same reasoning as in section 6.2.2,
it follows from (10.3) and (10.4) that the model is renormalizable and that the renor-
malized generating functional for 1 particle irreducible vertex functions I', satisfies

1 ofT :
i(rfh FP) + appha(gag ) = 07 <1O5>
where (g, g') is a formal power series in h. Hence, in this case A>® = %’ho(g,gi)

and the quantum BRST differential is s? = (T, ) — ho(g, g*)0*0p.

Let us now investigate the renormalization of the operators dz F¥ "Flfy and
d*r ©O,;. According to the classification in section 9.1, they are both of the type
eV ,» because they are non trivial bottoms in maximal form degree 4, while the Adler-
Bardeen anomaly Tr [Cd(AdA + $A%)] is of the type €} , as it descends to the non
trivial bottom TrC®. Because there is no e in ghost number 1 (and form degree
4) and no A} in form degree 3 and ghost number 1, equation (9.11) implies that the
lowest order contribution to the anomaly in the renormalization of d*z FI"'F Jy and of
d*z O, is s, exact and can thus be absorbed through a BRST breaking counterterm
added to these operators. This reasoning can be pushed to all orders, with the result
that one can achieve, through the addition of suitable counterterms,

slld'z F["F,, ol,] =0, (10.6)
si[d*z O;0T,] = 0. (10.7)
If we now apply —%6%, respectively % to (10.5), we get on the one hand,
1 ofT gda(g,q")
4 v I P ) -
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0"y, 9o(g.9")
sq[/ d'z O;oT,| + LR Dg

5 ] =0. (10.9)

Comparing on the other hand with the integrated versions of (10.6) and (10.7), we
deduce that

00(9,9") _, 9909:9) _, (10.10)

dg T Ogl ’

which is crucial in the proof of the Adler-Bardeen theorem (see e.g. section 6.3.2 of
[47]).
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11 Conclusion

Starting from the standard antifield formalism, one first computes a basis for the
representatives of the local BRST cohomology of the theory. The representatives of
those classes that are not already contained in the standard solution of the master
equation are coupled with new coupling constants. The extended formalism can then
be constructed perturbatively and involves the antibracket algebra of these represen-
tatives. The extended master equation %(S, S)+ A.S = 0 is stable by construction,
because the associated differential 5 = (S,-) + AL takes into account higher order
cohomological restrictions encoded in AZ.

The extended master equation can be constructed consistently in two particular
cases. The first case is the extended antifield formalism of [31], where only the local
BRST cohomological classes in strictly negative ghost numbers have been coupled.
This is the relevant formalism to control the algebra of the non trivial generalized
global symmetries of the theory. In the second case, only the classes in zero and
positive ghost numbers are coupled. The formalism then allows to control the renor-
malization, where only the gauge symmetries and no global symmetries are taken
into account.

The stability of the formalism guarantees renormalizability in the modern sense
for generic gauge theories. The renormalized effective action I'* satisfies the extended
master equation %(FOO, ['*°) + A>T'* = 0, where the differential A> is a deformation
of the differential A, and encodes all the information about the anomalies. The
associated quantum BRST differential s = (I'°,-) 4+ (A*)L is well defined and
reduces to 5 in the classical limit.

The standard master equation, both on the classical and the quantum level, ex-
presses gauge invariance of the original theory. The extended master equation allows
for a breaking of gauge invariance, even on the classical level. This happens if A,
does not vanish. The important question of gauge invariance on the quantum level for
the original theory can be answered by putting to zero the additional couplings after
renormalization. If this can be done and A® then vanishes, the quantum theory is
gauge invariant in the sense that the standard Zinn-Justin equation for the effective
action holds.

Controlling the symmetry and anomaly structure of the theory, by first computing
the complete classical cohomology, then constructing a stable formalism and finally
quantizing, i.e., computing I'>** and A*°, without any assumptions about anomalies
needed, could be called “cohomological renormalization”, in contrast to “algebraic
renormalization”, where for a given theory, stability has to be checked and absence
of anomalies is required.
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