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We develop the quantization of a recently proposed model describing a totally antisymmetric rank-p
tensor-spinor field (a fermionic p-form theory) in d-dimensional anti–de Sitter (AdS) space. The model
provides a new nontrivial example of a reducible gauge theory, in which gauge transformations are linearly
dependent and the degree of reducibility increases with p. It is well-known that in such cases the standard
Faddeev-Popov-DeWitt prescription for the generating functional is not applicable. We quantize the
fermionic p-form theory using the general Batalin-Vilkovisky formalism, employing two distinct gauge
fermions associated with gauge-fixing functions of different admissible ranks, confirming the independ-
ence from the gauge choice. As a result, we obtain the quantum effective action in terms of a sequence of
functional determinants corresponding to specific Dirac-like operators on AdS space.
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I. INTRODUCTION

Totally antisymmetric tensor fields which are described
geometrically by p-forms attract much attention in classical
and quantum field theory due specific gauge structure and
diverse dualities. Such fields naturally arise and are very
broadly used in supergravity and string/brane theory (see
[1–3] and references therein). A remarkable feature of the
theory of totally antisymmetric tensor fields is that their
corresponding gauge transformations are defined up to
additional gauge transformations. The latter are defined up
to new gauge transformations, and so on up to some finite
order which is called the order of reducibility. In general,
the theories with reducible gauge transformations are called
reducible and, as we now understand, for their covariant
quantization simple Faddeev-Popov and DeWitt quantiza-
tion rules are not applicable.

Dynamical model of free antisymmetric second rank
tensor field in four dimensions (notoph theory) has been
proposed for the first time by Ogievetsky and Polubarinov
[4] and then rediscovered in [5] in string context.1 It was
shown that in d ¼ 4 this theory is off shell dual to free scalar
field model in flat space. Non-Abelian generalization of the
notoph theory has been given in [7] and it was proved that
such a theory is dual to nonlinear sigma-model. The notoph
theory can also be formulated in curved space where it is
dual to d ¼ 4 free nonconformal scalar field theory. The
theory under consideration obviously admits the addition of
a mass term, which leads to duality with the massive vector
field theory (see [8] and references therein). Natural gener-
alization of the d ¼ 4 notoph theory is a free p-form model
in arbitrary d dimensions, where it is dual to ðd − p − 2Þ-
form model.2 By now, a large number of reducible gauge
models have been constructed, including specific super-
symmetric models containing p-forms, and their aspects of
quantum duality have been studied as well. A practically
complete list of relevant references is given in thework [9] to
which we refer the reader. All such models are the reducible
gauge theories as well as the d ¼ 4, p ¼ 2 model.
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1Various aspects of the pioneering paper [4] are discussed in [6].
2See [1–3] and references therein. Proof of duality between p-

and ðd − p − 2Þ-form models is discussed in [3].
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A distinctive feature of all reducible gauge theories is that
the generators of gauge transformations are not indepen-
dent. For this reason, the standard Faddeev-Popov-DeWitt
rules of covariant quantization are not applicable to such
theories and for their quantization one should use more
general approaches. Quantization of d ¼ 4, p ¼ 2 Abelian
gauge model in curved space has been carried out for the
first time by A. S. Schwarz [10,11] using decomposition of
the p-form into irreducible components in the functional
integral. Note also the work byW. Siegel [12] where correct
ghost content for quantum 2- and 3-forms in curved space-
time was firstly found. Later, various methods were
developed for quantization of this theory and the other
reducible gauge models.3 Aspects of quantum equivalence
of classically dual theories were studied as well. The current
state of art in this area is presented in detail in [9]. As a
result, there are now consistent and well-developed proce-
dures for quantizing the p-form models. However all of the
above concerns mainly boson theories.
Recently a novel class of Lagrangian reducible gauge

theories has been proposed in the papers [14,15]. These
theories are described by totally antisymmetric rank p
tensor-spinors (fermionic p-forms) with reducible gauge
transformations depending on p and space-time dimension
d. Remarkable feature of these theories is that they are
consistently formulated only if 2p < d and a consistent
coupling to curved space is possible only for AdSd space.

4

Note that the fermionic theories of a similar structure arise
in some exotic models of extended supergravity in six
dimensions (see [16,18–28] and references therein), which
recently attracted much attention.
The purpose of this paper is to carry out a covariant

quantization of the totally antisymmetric tensor-spinor field
theory introduced in [14] and construct its quantum
effective actions. We start from the case p ¼ 3 and then
generalize it to arbitrary p. Since these models are the
reducible gauge theories, we use for quantization the BV
method which is a powerful and most general covariant
quantization method for arbitrary gauge systems with
dependent generators [29,30] (see also reviews [31–33]).5

Note that an application of BV method for quantization of
the model [14] in flat space was recently considered in [35].
It seems to us that the quantization of a free theory in a flat
space, although interesting in its own way, is not very
indicative, since in this case the effective action does not
depend on any parameters and is simply a constant.6

The paper is organized as follows. In Sec. II, we provide
a brief overview of the model of the totally antisymmetric
tensor-spinor field of rank p (the fermionic p-form) in d
dimensions, including the aspects of reducibility, and
establish basic conventions for the compact index notation
used throughout the paper. In Sec. III, we apply the BV
quantization technique to the model of the fermionic
3-form, which constitutes a gauge theory with two stages
of reducibility, and derive its effective action in terms of
functional determinants of relevant Dirac-type differential
operators. InSec. IV,we extend the above analysis to arbitrary
spinorial p forms, carry out quantization, derive the
effective action within the BV formalism for reducible gauge
theories and obtain a general expression for effective action.
Special attention is paid to two types of covariant gauges. In
Sec. V, we summarize the results obtained, address related
open questions, and discuss the suggestions for further
research. In the Appendix, we review in detail the general
framework of the Batalin-Vilkovisky quantization procedure
for gauge theories with p − 1 stages of reducibility.

II. FERMIONIC p-FORM FIELD MODEL,
CONVENTIONS, AND KEY RESULT

A. Conventions for products of gamma-matrices and
covariant derivatives

Throughout this paper, we adopt the following conven-
tions for the gamma-matrix algebra:

fγμ; γνg ¼ −2gμν; ψ̄ ¼ ψ†γ0;

γ̄μ ¼ ðγ0Þ−1ðγμÞ†γ0 ¼ γμ; ð2:1Þ

where an overbar denotes Dirac conjugation, γ0 is a
constant Hermitian matrix in a vielbein basis, and the
metric gμν has the mostly plus signature. In what follows,
we work exclusively with gamma matrices in a coordinate
basis on a curved background manifold. Coordinate (tan-
gent and cotangent) indices are raised and lowered using
the metric gμν and its inverse gμν.
We introduce a special notation for completely anti-

symmetrized products of gamma matrices,

3Generalization of the Faddeev-Popov-DeWitt procedure for
quantization of some superfield Abelian reducible gauge theories
was considered in [13].

4In [14], a massive fermionic p-form theory was constructed,
which becomes gauge invariant in the massless limit. See also
[16,17], where multisymmetric reducible fermionic field models
were studied. In [17], the bound on the spacetime dimension for
antisymmetric spin-tensors was discussed from an alternative
perspective.

5A simplified quantization method based on an adjustment of
the Faddeev-Popov procedure was proposed in [34] and applied
for deriving the effective action for the case p ¼ 2. The result
coincides with that obtained on the basis of the general method.
While this simplified approach can be generalized to the
quantization of tensor-spinor theories with larger values of p,
the procedure becomes technically very cumbersome.

6The paper [35] also discusses the gravitational anomaly of a
fermionic p-form theory. However, the physical interpretation of
this anomaly remains unclear from a general perspective, as the
classical theory itself is ill-defined in an arbitrary curved
spacetime and is only consistent in AdS space.
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γμν¼1

2
½γμ;γν�; …; γμ1μ2…μr ¼ γ½μ1γμ2…γμr�; ðr≤dÞ;

ð2:2Þ

which are nontrivial only for degrees r not exceeding the
spacetime dimension d.
The covariant derivative acting on a spinor field ψ (with

no tensor indices) is defined as

∇λψ ¼∂λψþ Γ̂λψ ; ψ̄∇̄λ¼ð∇λψÞ¼ð∂λψ̄ − ψ̄ Γ̂λÞ; ð2:3Þ

where the spinor connection Γ̂λ is chosen such that the
gamma matrices are covariantly constant,7

½∇λ; γμ� ¼ ∂λγ
μ þ Γμ

λνγ
ν þ ½Γ̂λ; γμ� ¼ 0; ð2:4Þ

with Γμ
λν denoting the Christoffel symbols of the Levi-

Civita connection. Throughout this article, the barred
covariant derivative denotes differentiation acting to the
left on Dirac-conjugated spinors.8 Finally, the spinorial
curvature is related to the Riemann tensor via

½∇μ;∇ν�ψ ¼ −
1

4
Rϰλμνγ

ϰλψ : ð2:5Þ

B. Compact notation for antisymmetric
multi-indices

In this article we study the gauge theory of spinor-valued
p-forms ψμ1…μp ¼ ψ ½μ1…μp�. In the Batalin-Vilkovisky
extension of the configuration space, one encounters also
spinor-valued forms of lower degrees. To streamline for-
mulas we use compact multi-index notation for antisym-
metrized groups of indices. A multi-index μ½r� denotes r
indices to be antisymmetrized,

fμ½r� ¼ f½μ1…μr�: ð2:6Þ

Antisymmetrization over the group of r indices is defined
as the normalized sum over all permutations, with the
conventional factor 1=ðr!Þ. We extend antisymmetrization
to cover indices belonging to the same group across
different factors in a term, for instance

fμ½r�hμ½k� ¼ f½μ1…μrhμrþ1…μrþk�;

∇μhμ½k� ¼ ∇½μ1hμ2…μkþ1�: ð2:7Þ

When a group consists of a single index, we suppress the
number,

fμ½1�ν½k� ≡ fμν½k�; ∇ϰ½1� ≡∇ϰ: ð2:8Þ

These rules apply equally to lower and upper indices. Index
groups of the same kind in contravariant and covariant
positions are implicitly contracted,

fμ½r�hμ½r� ¼ f½μ1…μr�h½μ1…μr�: ð2:9Þ

The lower and upper indices of the same groups are always
assumed in the natural unidirectional index order.
For partial contractions fμ½r�hμ½k� with r ≠ k, one must

specify how the smaller group is embedded into the larger
one as a subgroup, which may affect an overall sign. By
default we use the convention,

fμ½r�hμ½k� ¼ f½μ1…μr�h½μ1…μk� ðr ≥ kÞ;
fμ½r�hμ½k� ¼ f½μk−rþ1…μk�h½μ1…μk� ðr ≤ kÞ: ð2:10Þ

This ambiguity disappears when each group is fully
contracted, for example,

fμ½r�gμ½r−k�hμ½k� ¼ f½μ1…μr�g½μ1…μr−kh½μr−kþ1…μr�;

gμ½r−k�fμ½r�hμ½k� ¼ g½μ1…μr−kf
½μ1…μr�h½μr−kþ1…μr�: ð2:11Þ

We also introduce notations for the unit operator and for
covariant operators, which raise and lower antisymmetrized
index groups in the space of degree-r forms,

δν½r�μ½r� ¼ ðδνμÞr ¼ δ½ν1μ1 δ
ν2
μ2…δνr�μr ;

gμ½r�ν½r� ¼ ðgμνÞr ¼ δϰ½r�μ½r�gϰ1μ1gϰ2μ2…gϰrμr ;

gμ½r�ν½r� ¼ ðgμνÞr ¼ gμ1ϰ1gμ2ϰ2…gμrϰrδν½r�ϰ½r�; ð2:12Þ

where gμν is the spacetime metric and gμν its inverse.

C. Totally antisymmetric tensor-spinor gauge
field theory

The theory of a totally antisymmetric tensor-spinor field
of rank p (a fermionic p-form) was introduced in [14] and
is defined by the action,

S0½ψ ;ψ̄ �¼
Z

ddxi
ffiffiffiffiffi
jgj

p
ψ̄μ½p�γμ½2pþ1�Dμψμ½p�

≡
Z
ddxi

ffiffiffiffiffi
jgj

p
ψ̄ν1ν2…νpγ

ν1ν2…νpϱμ1μ2…μpDϱψμ1μ2…μp ;

ð2:13Þ

where ψμ½p� ¼ ψμ1μ2…μp and its Dirac conjugate are
totally antisymmetric spinor-valued tensor fields and the

7The spinor connection is usually defined in terms of the
vielbein spin-connection ωμν

λ : Γ̂λ ¼ − 1
8
ωμν
λ ½γμ; γν�.

8For spinor-valued forms when using compact index notation,
this convention yields more symmetric formulas with fewer sign
factors arising from index permutations.
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multigamma γμ½2pþ1� denotes the completely antisymme-
trized product of ð2pþ 1Þ gamma matrices
γ½μ1γμ2…γμ2pγμ2pþ1�, (2.2).9 Operator Dμ is a massive covar-
iant operator of the form Dμ ¼ ∇μ þ im0γμ.
We restrict the theory to AdSd space, since its gauge

properties crucially relies on this background [14]. The
AdSd curvature tensor is maximally symmetric with
positive parameter r0,

Rμν
ϰλ ¼ −r0ðδμϰδνλ − δνϰδ

μ
λÞ; r0 > 0: ð2:14Þ

For the special mass values m0 ¼ � 1
2

ffiffiffiffiffi
r0

p
the operator Dμ

becomes nilpotent,

Dμ¼∇μ�
i
2

ffiffiffiffiffi
r0

p
γμ ∶

DμDμfμ½k� ¼0 ⇔ D½μ1Dμ2fμ3…μkþ2� ¼0; ð2:15Þ

implying that the action (2.13) possesses a (p − 1)-stage
reducible gauge symmetry. Introducing p levels of gauge
parameters—spinor-valued forms λν½r�—the reducible
gauge transformations take the form,

δψμ½p� ¼ Dμλμ½p−1�; δψ̄μ½p� ¼ λ̄μ½p−1�D̄μ;

δλμ½p−1� ¼ Dμλμ½p−2�; δλ̄μ½p−1� ¼ λ̄μ½p−2�D̄μ;

… … … …

δλμ ¼ Dμλ·; δλ̄μ ¼ λ̄·D̄μ;

δλ· ¼ 0; δλ̄· ¼ 0;

ð2:16Þ

where the conjugate nilpotent derivative acting to the left is
defined by

D̄μ ¼ ∇̄μ ∓ i
2

ffiffiffiffiffi
r0

p
γμ: ð2:17Þ

D. The key result

The key result of this work is the computation of the
effective action for the spin-form gauge theory of rank p.
Expressed in terms of functional determinants over spaces
of irreducible spinor-form fields, the corresponding gen-
eration functional takes the compact form,

ZðpÞ ¼
Y½p=2�
n¼0

ðΔp−2nÞ2nþ1
Y½ðp−1Þ=2�

m¼0

ðΔp−1−2mÞ−2m−2

¼
ΔpΔ3

p−2Δ
5
p−4 � � �Δ2½p=2�þ1

p−2½p=2�
Δ2

p−1Δ4
p−3 � � �Δ2½ðpþ1Þ=2�

ðpþ1Þ−2½ðpþ1Þ=2�
; ð2:18Þ

where ½N=2� denotes the integer part of a number N=2, and,
with ∇≡ γμ∇μ,

Δs ¼ Det

�
∇ ∓ i

2

ffiffiffiffiffi
r0

p ðd − 2sÞ
�

ð2:19Þ

is the functional determinant of the corresponding operator
acting on irreducible spinor-form fields Aμ½s� of degrees s
constrained by conditions γμAμ½s� ¼ 0 ⇔ γμsA½μ1…μs� ¼ 0.
As a byproduct, we derive intermediate representations of
the gauge-fixed action in terms of irreducible components
for two covariant gauges, valid for arbitrary rank p, with all
normalization factors determined explicitly.

E. Description of method

We employ the powerful BV technique to derive (2.18).
For a general gauge theory, the BV formalism provides a
systematic prescription for constructing a nondegenerate
gauge-fixed action and the corresponding quantum gen-
erating functional, which is guaranteed by construction to
be gauge independent [29,32,33]. The method extends
naturally to gauge theories whose symmetries are reduc-
ible, meaning that the gauge generators possess nontrivial
zero modes. These modes are spanned by reducibility
generators, which may themselves have further zero modes
of lower range, and so on [30,33].
The BV procedure enlarges the original field content by

introducing ghost fields and associating each field with a
corresponding antifield. This extended field–antifield space
is Z2- and Z-graded space of even dimension, equipped
with an odd symplectic structure known as the antibracket.
The dynamics on this extended space is encoded in the BV
action10 SBV½Φ;Φ⋆�, which extends the classical action
with antifield- and ghost-dependent terms [29,30]. The
master action satisfies the nilpotency condition in terms of
the antibracket: ðSBV; SBVÞ ¼ 0 with appropriate boundary
conditions on the action’s extension that encode the gauge
structure of the original theory. Nilpotency of the anti-
bracket ensures that the BVaction possesses both extended
local BV symmetry and global BRST symmetry. The latter,
via cohomological methods, provides precise control over
the gauge structure, including possible quantum anomalies.
When moving to quantum theory, the local symmetry of

BV action should be broken. This is realized by gauge
fixing, which leads to a nondegenerate action without
residual local symmetry. In BV formalism, gauge fixing
is carried out by means of a universal prescription involving
the gauge fermion Ψ ½Φ�, which specifies a gauge. This
fermion generates explicit conditions that eliminate anti-
fields in favor of the fields, Φ⋆

I ¼ δΨ
δΦI. The BV construction

guarantees that the resulting gauge-fixed action yields a
9Throughout Sec. IV and partly in Sec. III we use the multi-

index notation reviewed in Sec. II B. Here, for clarity, we also
provide explicit index representations.

10This functional is referred to as the master action in the
original papers [29,30].
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quantum generating functional and observables indepen-
dent of the specific choice of Ψ .
A brief review of the BV formalism for (p − 1)-stage

reducible gauge theories is given in the Appendix. The
spinorial p-form gauge models, considered in Secs. III and
IV present explicit examples which demonstrate the use of
an alternative gauge prescriptions and compare them with
the original ones advocated in the seminal papers [29,30].

III. QUANTUM EFFECTIVE ACTION OF A
FERMIONIC 3-FORM GAUGE THEORY

In this section, we apply the BV quantization procedure
to the gauge model of totally antisymmetric rank-3 tensor-
spinor field in AdSd spacetime. The theory is defined by the
action (2.13), which for p ¼ 3 takes the form

Sð3Þ0 ½ψ ; ψ̄ � ¼
Z

dd x i
ffiffiffiffiffi
jgj

p
ψ̄σπτγ

σπτ ϱ μνϰDϱψμνϰ; ð3:1Þ

where ψμνϰ ≡ ψ ½μνϰ� is the spinor-valued 3-form field and11

γσπτ ϱ μνϰ ≡ γ½σγπγτγϱγμγνγϰ�. The covariant differential
operator Dμ ¼ ∇μ � i

2

ffiffiffiffiffi
r0

p
γμ, (2.15), in AdS spacetime

with the curvature Rμν
ϰλ ¼ −r0ðδμϰδνλ − δνϰδ

μ
λÞ, acquires

the nilpotence property D½μDνfϰ…λ� ¼ 0, which implies
the 2-stage reducible gauge structure of action (3.1).
Introducing three levels of gauge parameters—spinor-
valued forms λμν ≡ λ½μν�, λμ, and λ·—the reducible sym-
metry of the theory takes the form

δψμνϰ ¼ D½μλνϰ�; δψ̄μνϰ ¼ λ̄½μνD̄ϰ�;

δλμν ¼ D½μλν�; δλ̄μν ¼ λ̄½μD̄ν�;

δλμ ¼ Dμλ·; δλ̄μ ¼ λ̄·D̄μ; ð3:2Þ

where the Dirac-conjugated operator D̄μ ¼ ∇̄μ ∓ i
2

ffiffiffiffiffi
r0

p
γμ,

(2.17), in which ∇̄μ acts to the left on the Dirac-conjugated
fields or gauge parameters, is also nilpotent;
f̄½μ…νD̄ϰD̄λ� ¼ 0.
The transformations of fields in (3.2) define gauge

generators Rσπ
μνϰ, R̄σπ

μνϰ, whereas the rest define reducibility
generators Zλ

μν, Z̄λ
μν and Z·

μ, Z̄·
μ. Correspondence with the

general BV scheme of the Appendix implies ψ i ↦
ψμνϰ; ψ̄μνϰ and

Ri
α1 ↦ Rσπ

μνϰ ¼ D½μδσπνϰ�; R̄σπ
μνϰ ¼ δσπ½μνD̄ϰ�;

Zα1
α2 ↦ Zλ

μν ¼ D½μδλν�; Z̄λ
μν ¼ δλ½μD̄ν�;

Zα2
α3 ↦ Z·

μ ¼ Dμ; Z̄·
μ ¼ D̄μ: ð3:3Þ

The gauge structure is Abelian since the gauge and
reducibility generators are field-independent.
Spinor-valued 3-form fields carry 1

6
dðd − 1Þðd − 2Þ

spinor components, so that the original fields describe n0 ¼
1
3
dðd − 1Þðd − 2Þ spinors.12Reduciblegaugesymmetry (3.2)

leaves 1
6
dðd − 1Þðd − 2Þ − 1

2
ðd − 1Þðd − 2Þ ¼ 1

6
ðd − 1Þ×

ðd − 2Þðd − 3Þ nongauge spinor components for each
field, so that m0 ¼ 1

3
ðd − 1Þðd − 2Þðd − 3Þ [3].

Analogously, each of the 2-form spinor gauge parameters
λμν, λ̄μν carry 1

2
dðd − 1Þ spinors, so that n1 ¼ dðd − 1Þ.

But since not all of them actually contribute to gauge
transformation due to reducibility, the actual number of
spinor-valued parameters transforming the original fields is
m1 ¼ ðd − 1Þðd − 2Þ. Each of spinorial gauge parameters
λμ, λ̄μ carry d spinors, so that n2 ¼ 2d. But only d − 1 of
them lessen the number of actual components of λμν, λ̄μν,
thus m2 ¼ 2ðd − 1Þ.

A. BV extension

The BV extension13 (A13)–(A15) of the gauge model
(3.1) introduces a set of minimal ghosts C0μ½3−l�; C̄

0
μ½3−l� of

three levels 1 ≤ l ≤ 3; C0μν; C̄
0
μν, C0μ; C̄

0
μ, and C0· ; C̄

0
· , corre-

sponding to gauge parameters (3.2). For the gauge-fixing
purposes we also introduce the set of auxiliary fields—
pairs of the auxiliary ghost fields Ckμ½3−l�; C̄

k
μ½3−l� and so-

called Lagrange-multiplier fields Bk
μ½3−l�; B̄

k
μ½3−l�. At each

level l there are l generations of these double pairs.
Generations of the auxiliary fields are indexed by integers
k: 1 ≤ k ≤ l and in the field’s notation are denoted by the
upper numerical index. In particular, the auxiliary ghosts of
generation k ¼ 1 are called antighosts and assigned with
negative ghost numbers −l. Ghosts with k ≥ 2 are referred
to as extraghosts. All ghost fields of level l are spinor forms
of degree r ¼ 3 − l.
The complete set of BV fields and antifields with

assigned ghost numbers is summarized in Table I. To
the left of the table we put the corresponding fields and
antifields of the general BV method of the Appendix.
Grassmann parities of the fields are opposite to the parity of
their level and for this particular model coincide with the
parity of their degrees as forms. We do not specify
antifields to Lagrange-multiplier fields since they do not
appear in the BV master action. Each field of level l ¼
3 − r is a spinor-valued r-form and describes nl ¼ ðdrÞ
independent spinor components.

11Such multigamma combination is nontrivial in dimensions
d ≥ 7, which we assume to hold.

12We count degrees of freedom of spinor form fields as
numbers of spinor components, so that numbers refer to ranges
of values of tensor indices.

13The overview of the Batalin-Vilkovisky method is given in
the Appendix. In this section, we largely avoid discussion of the
BV structures and their properties, referring the reader to the
Appendix or standard reviews for details.
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The gauge algebra of generators (3.3) is Abelian, thus the
ghost part of the minimal master action has a simple form
bilinear in antighosts and differentiated ghosts [cf. (A13)].
So for the 3-form spinor field the nonminimal BV master
action is

Sð3ÞBV½Φ;Φ⋆� ¼ Sð3Þ0 ½ψ ; ψ̄ � þ Sð3Þgh ½Φmin;Φ⋆
min�

þ Sð3Þaux½Φaux;Φ⋆
aux�; ð3:4Þ

where the original action Sð3Þ0 is defined in (3.1), and ghost
part of the minimal action and action of auxiliary sector
fields take the form [cf. (A13)],

Sð3Þgh ¼
Z

ddx
n
iðψϱμν

⋆ DϱC0μν− C̄0μνD̄ϱψ̄
μνϱ
⋆ Þ

þ iðC0ϱμ⋆ DϱC0μ− C̄0μD̄ϱC̄
0μϱ
⋆ Þþ iðC0ϱ⋆ DϱC0· − C̄0· D̄ϱC̄

0ϱ
⋆ Þ

o
;

Sð3Þaux¼
Z

ddx

�
ðC1μν⋆ B1

μνþ B̄1
μνC̄

1μν
⋆ Þþ

X2
k¼1

ðCkμ⋆ Bk
μþ B̄k

μC̄
kμ
⋆ Þ

þ
X3
k¼1

ðCk·⋆Bk
· þ B̄k

· C̄k·⋆Þ
�
; ð3:5Þ

in which Dμ act to the right and D̄μ act to the left. The sum

of Sð3Þ0 ½ψ ; ψ̄ � and Sð3Þgh ½Φmin;Φ⋆
min� form the minimal master

action, which is the solution of the master equation on the

minimal set of BV fields, and Sð3Þaux½Φaux;Φ⋆
aux� is the pure

gauge contribution from the auxiliary-sector fields.

B. Gauge fixing and quantization

The BV action (3.4) possesses the extended local
symmetry (A17) which has to be gauge-fixed prior to
quantization. Standard BV gauge fixing (A18) implies
excluding antifields via Φ⋆

I ¼ δΨ
δΦI, with an appropriate

choice of the gauge fermion Ψ ½Φ�. We choose linear
gauge-fixing functions for the original fields; χσπðψÞ ¼
X½σπ�½μνϰ�ψμνϰ and χ̄σπðψ̄Þ ¼ ψ̄μνϰX̄½μνϰ�½σπ�, so that these and
other gauge-fixing operators are field-independent. The
gauge fermion for delta-function gauge fixing (A19) takes
the form,

Ψδ½Φ� ¼
Z

ddx

�
C̄1σπX½σπ�½μνϰ�ψμνϰ þ ψ̄μνϰX̄½μνϰ�½σπ�C1σπ

þ
X2
k¼1

ðC̄kλXλ½μν�Ck−1μν þ C̄k−1μν X̄½μν�λCkλÞ

þ
X3
k¼1

ðC̄k· XμCk−1μ þ C̄k−1μ X̄μCk· Þ
�
; ð3:6Þ

where we chose gauge-fixing operators X and X̄ to be the
same (at each particular level) for all generations of ghosts
fields.
The structure of such gauge fermion, as well as

various structures of the BV action,14 may be illustrated
by the triangular diagram in Fig. 1, on which we
assume implicit presence of the Dirac-conjugated part-
ner for each field.
With each down-left edge (line) between vertices with

ghosts of degrees r − 1 and r one associates gauge-fixing
operators15 Xμ½r�ν½rþ1�, X̄μ½r�ν½rþ1�. The gauge fermion (3.10)
is the sum over terms, in which these gauge-fixing matrices
couple ghost fields Cμ½r�; C̄μ½r� and Cμ½rþ1�; C̄μ½rþ1� from the
incident vertices into combinations C̄XC and C̄ X̄ C by

TABLE I. BV fields and antifields of the 2-stage reducible gauge theory of a 3-form spinor field.

General BV ΦI ghðΦIÞ Φ⋆
I ghðΦ⋆

I Þ
Minimal sector: Original fields and minimal ghosts of levels 1 ≤ l ≤ 3

ψ i ; ψ⋆
i ↦ ψμνϰ; ψ̄μνϰ 0 ψμνϰ

⋆ ; ψ̄μνϰ
⋆ −1

Cαl0 ; C⋆0αl ↦ C0μ½3−l�; C̄
0
μ½3−l� l C0μ½3−l�⋆ ; C̄0μ½3−l�⋆

−l − 1

Auxiliary sector: Auxiliary ghosts and Lagrange multiplier fields of levels 1 ≤ l ≤ 3, generations k ¼ 1;…; l

Cαlk ; C⋆kαl ↦ Ckμ½3−l�; C̄
k
μ½3−l� ð−Þkðl − kþ 1

2
Þ − 1

2 Ckμ½3−l�⋆ ; C̄kμ½3−l�⋆ −ð−Þkðl − kþ 1
2
Þ − 1

2

Bαl
k ; B⋆

kαl
↦ Bk

μ½3−l�; B̄
k
μ½3−l� ð−Þkðl − kþ 1

2
Þ þ 1

2

14More comments on triangular diagram in Fig. 5 and its
correspondence with action structures in the general BV case can
be found in the Appendix.

15Here we use compact index notation for antisymmetrized
groups of indices.
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contracting corresponding groups of indices.16 This rule includes the top vertex with the original
fields ψν½3�; ψ̄ν½3� ↔ C0ν½3�; C̄

0
ν½3�.

For gauge fermion (3.6), the gauge fixing excludes antifields via

Φ⋆
I ¼ δΨδ½Φ�

δΦI ; ð3:7Þ

so that in the minimal sector one gets substitutions,

ψμνϰ
⋆ ↦ C̄1σπX½σπ�½μνϰ�; ψ̄μνϰ

⋆ ↦ X̄½μνϰ�½σπ�C1σπ; ðl ¼ 0; k ¼ 0Þ;
C0μν⋆ ↦ C̄1λX

λ½μν�; C̄0μν⋆ ↦ X̄½μν�λC1λ ; ðl ¼ 1; k ¼ 0Þ;
C0μ⋆ ↦ C̄1· X·μ; C̄0μ⋆ ↦ X̄μ·C1· ; ðl ¼ 2; k ¼ 0Þ;
C0·⋆ ↦ 0; C̄0·⋆ ↦ 0; ðl ¼ 3; k ¼ 0Þ;

ð3:8Þ

whereas for the antifields in the auxiliary sector one gets,17

C1μν⋆ ↦ ψ̄σπτX̄½σπτ�½μν� þ C̄2λX
λ½μν�; C̄1μν⋆ ↦ X½μν�½σπτ�ψσπτ þ X̄½μν�νC2ν; ðl ¼ 1; k ¼ 1Þ;

Ckλ⋆ ↦ C̄k−1μν X̄½μν�λ þ C̄kþ1
· X·λ; C̄kλ⋆ ↦ Xλ½μν�Ck−1½μν� þ X̄λ·Ckþ1

· ; ðl ¼ 2; 1 ≤ k ≤ 2Þ;
Ck·⋆ ↦ C̄k−1μ X̄μ·; C̄k·⋆ ↦ X·μCk−1μ ; ðl ¼ 3; 1 ≤ k ≤ 3Þ.

ð3:9Þ

Gauge fixing (3.8) and (3.9) leads to the new representation of the BV theory (3.4), defined on the space of BV fields ΦI

only. It is described by the gauge-fixed action,

Sð3Þδ ½Φ� ¼ Sð3Þ0 ½ψ ; ψ̄ � þ Sð3Þδ gh½Φ� þ Sð3Þδ aux½Φ�; ð3:10Þ

in which the original action term (3.1) does not change, the gauge-fixed ghost part of the minimal action takes the form,

FIG. 1. Triangular diagram for fermionic 3-form model.

16The Xμ½r�ν½r−1� operators couple the lower-degree Dirac-conjugated ghost with a higher-degree ghost, whereas X̄μ½r�ν½r−1� operators
couple higher-degree conjugated ghosts with lower-degree ghosts. In what follows we will use particular gauges for which X̄μ½r�ν½r−1� is
just an operator Xν½r−1�μ½r� with transposed groups of indices.

17Gauge-fixing rules (3.8) and (3.9) prescribed by the gauge fermion (3.6) can be compactly encoded as
������
Ckμ½3−l�⋆ ↦ C̄k−1ν½4−l�X̄

ν½4−l�μ½3−l� þ C̄kþ1
ν½2−l�X

ν½2−l�μ½3−l�;

C̄kμ½3−l�⋆ ↦ Xμ½3−l�ν½4−l�Ck−1ν½4−l� þ X̄μ½3−l�ν½2−l�Ckþ1
ν½2−l�;

ð0 ≤ k ≤ l; 0 ≤ l ≤ 3Þ

implying “boundary rules” that the ghosts of level 0: C0ν½3�; C̄
0
ν½3�, are the original fields ψν½3�; ψ̄ν½3�, and the ghosts Ckν½r�; C̄

k
ν½r� of levels r < 0,

r > 3 and generations k < 0, k > 3 − r are zeros.
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Sð3Þδ gh½Φ� ¼
Z

ddx
n
iðC̄1ϰλX½ϰλ�½ϱμν�DϱC0μν − C̄0ϰλD̄ϱX̄½ϰλϱ�½μν�C1μνÞ

þ iðC̄1λXλ½ϱμ�DϱC0μ − C̄0λD̄ϱX̄½λϱ�μC1μÞ þ iðC̄1· X·ϱDϱC0· − C̄0· D̄ϱX̄ϱ·C1· Þ
o
; ð3:11Þ

becoming the functional of the minimal ghosts and antighosts only, and the auxiliary part reads

Sð3Þδ aux½Φ� ¼
Z

ddx

�
ðψ̄σπτX̄½σπτ�½μν� þ C̄2λ X

λ½μν�ÞB1
μν þ B̄1

μνðX½μν�½σπτ�ψσπτ þ X̄½μν�λC2λÞ

þ
X2
k¼1

�
ðC̄k−1ϰλ X̄½ϰλ�μ þ C̄kþ1

· X·μÞBk
μ þ B̄k

μðXμ½ϰλ�Ck−1ϰλ þ X̄μ·Ckþ1
· Þ

	

þ
X3
k¼1

�
C̄k−1μ X̄μ·Bk

· þ B̄k
· X·μCk−1μ

	�
: ð3:12Þ

The fields of the minimal and auxiliary sectors after gauge fixing become entangled. In particular, the original fields
ψμνϰ; ψ̄μνϰ enter the gauge-fixed auxiliary action.
The gauge fixing (3.6), (3.7) leads to the nondegenerate gauge-fixed action when certain rank conditions are satisfied.

First, the conditions of transversality of the gauge and reducibility generators (3.3) with respect to the gauge-fixing surface,
are equivalent to maximal-rank property of Faddeev-Popov operators Xν½r�μ½rþ1�Dμ and D̄μX̄μ½rþ1�ν½r�, 2 ≥ r ≥ 0:

X½ϰλ�½ϱμν�Dϱ; D̄ϱX̄½μνϱ�½ϰλ�; Xϰ½ϱμ�Dϱ; D̄ϱX̄½μϱ�ϰ; X·ϱDϱ; D̄ϱX̄ϱ·; ð3:13Þ
on the space of residual nongauge fields. Second, gauge-fixing conditions should fix appropriate number of degrees of
freedom,which guarantee that all local gauge freedomofBV theory (3.4) are fixed. For the gauge fermion (3.6) this condition
constraints ranks of Xμ½r�ν½rþ1� and X̄ν½rþ1�μ½r�, which may be read off the maximal rank property of the linear system,

�����������

δSð3Þδ

δB1
μν
∼ ψ̄ ½σπτ�X̄½σπτ�½μν� þ C̄2λX

λ½μν� ¼ 0;

δSð3Þδ

δBk
λ
∼ C̄k−1μν X̄½μν�λ þ C̄kþ1

· X·λ ¼ 0;

δSð3Þδ

δBk
·
∼ C̄k−1μ X̄μ· ¼ 0;

�����������

δSð3Þδ

δB̄k
λ
∼ Xλ½μν�Ck−1μν þ X̄λ·Ckþ1

· ¼ 0; ðk ¼ 1Þ;
δSð3Þδ

δB̄k
λ
∼ Xλ½μν�Ck−1μν þ X̄λ·Ckþ1

· ¼ 0; ðk ¼ 2; 1Þ;
δSð3Þδ

δB̄k
·
∼ X·μCk−1μ ¼ 0; ðk ¼ 3; 2; 1Þ:

ð3:14Þ

implying the rank conditions,

�����������

rank


X½σπ�½μνϰ�

��� X̄½σπ�λ
�
¼ rank

�
X̄½μνϰ�½σπ�

Xλ½σπ�

	
¼ dðd−1Þ

2
;

rank


Xλ½μν�

��� X̄λ·
�
¼ rank

�
X̄½μν�λ

X·λ

	
¼ d ;

rankX·μ ¼ rank X̄μ· ¼ 1 ;

ð3:15Þ

where rank (as before) counts the rank of an object with two groups of tensor indices, each component of which is an
endomorphism in the space of spinors.
Provided these rank conditions are satisfied, the gauge-fixed action (3.10) is nondegenerate and suitable for quantization;

quantum properties of the theory are described by the generating functional,

Zð3Þ ¼
Z

DΦ expfiSð3Þδ ½Φ�g: ð3:16Þ

The BV quantization scheme guarantees the independence of the physical results of the particular choice of the gauge
fermion.
For the delta-function gauge fixing, fields Bk

μ½r� and B̄k
μ½r� play a role of Lagrange multipliers in the gauge-fixed action

(3.10), entering only its auxiliary part. They can be integrated out in (3.16) generating delta functions, encoding conditions
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(3.14), which are often referred to as gauge-fixing con-
ditions for ghosts and the original fields. Integrating out
Lagrange multiplier fields and resolving delta functions
effectively provide reduction,

Sð3Þδ ½Φ� → S̆ð3Þδ ½Φ̆�; ð3:17Þ
generating a contribution to the measure, which is ultralocal
for algebraic, nondifferential gauge-fixing.18 Alternatively,
for such gauge fixing when operators Xμ½r�ν½rþ1� and
X̄ν½rþ1�μ½r� are purely algebraic matrices, the reduction
(3.17) could be performed at the classical level by exclu-
sion of this set of fields on the reduction surface Φ ¼ ΦðΦ̆Þ
in the action leading to equivalent reduced representation

S̆ð3Þδ ½Φ̆� ¼ Sð3Þδ ½ΦðΦ̆Þ�. The constraint surface appears as the
solution of the subset of equations of motion with respect to
these auxiliary fields, allowing to algebraically express
them in terms of residual fields [32]. In this case, the
quantization prescription (3.16) can be applied after the

reduction in the classical action directly for S̆ð3Þδ ½Φ̆�.

In any case, to proceed with the reduction one needs to
resolve conditions (3.14), which implies specifying the
gauge-fixing matrices. Below we consider two gauges;
one defined by full-rank matrices rankXμ½r�ν½rþ1� ¼
rank X̄ν½rþ1�μ½r� ¼ ðdrÞ, and another defined by matrices of
minimal possible ranks: rank Xμ½r�ν½rþ1� ¼ rank X̄ν½rþ1�μ½r� ¼
ðd−1r Þ, allowable by (3.15). To specify gauge-fixing matrices
in the latter case we need to decompose fields into their
algebraically irreducible components. Also, transition to
the basis of irreducible fields allows to solve (3.14) (for
both gauges) and to perform subsequent explicit reduction
in the gauge-fixed action.

C. Basis of irreducible fields, two gauges,
and reduction

1. Component decomposition of fields

The original 3-form spinor field can be algebraically
decomposed into γ-irreducible components

����
ψμνϰ ¼ Ψμνϰ þ γ½μΨνϰ� þ γ½μνΨϰ� þ γμνϰΨ·; γϰΨμνϰ ¼ γνΨμν ¼ γμΨμ ¼ 0;

ψ̄μνϰ ¼ Ψ̄μνϰ þ Ψ̄½μνγϰ� − Ψ̄½μγνϰ� − Ψ̄·γμνϰ; Ψ̄μνϰγ
μ ¼ Ψ̄μνγ

μ ¼ Ψ̄μγ
μ ¼ 0;

ð3:18Þ

We choose sign factors at the Dirac-conjugated irreducible fields to provide Ψ̄μ½s� ¼ Ψμ½s� for ψ̄μνϰ ¼ ψμνϰ. In the basis of
irreducible components, the action (3.1) of the original model gets the form,

Sð3Þ0 ½ψðΨÞ; ψ̄ðΨ̄Þ� ¼ Sð3ÞD0 ½Ψ; Ψ̄� þ Sð3ÞOD0 ½Ψ; Ψ̄�; ð3:19Þ

where the diagonal and off-diagonal contributions are

Sð3ÞD0 ½Ψ; Ψ̄� ¼
Z

dd x i
ffiffiffiffiffi
jgj

p �
6Ψ̄μνϰ∇3Ψμνϰ − 2

ðd − 5Þ!
ðd − 7Þ! Ψ̄

μν∇�
2Ψμν þ

ðd − 3Þ!
ðd − 7Þ! Ψ̄

μ∇1Ψμ −
ðd − 1Þ!
ðd − 7Þ! Ψ̄

·∇�
0Ψ·

�
;

Sð3ÞOD0 ½Ψ; Ψ̄� ¼
Z

dd x i
ffiffiffiffiffi
jgj

p �
6
ðd − 6Þ!
ðd − 7Þ! ðΨ̄

ϱμν∇ϱΨμν þ Ψ̄μν∇ϱΨμνϱÞ − 2
ðd − 4Þ!
ðd − 7Þ! ðΨ̄

ϱμ∇ϱΨμ − Ψ̄μ∇ϱΨμϱÞ

þ ðd − 2Þ!
ðd − 7Þ! ðΨ̄

ϱ∇ϱΨ· þ Ψ̄·∇ϱΨϱÞ
�
; ð3:20Þ

where in the diagonal part, which aggregates bilinear terms with irreducible fields of the same degree, we introduced
shorthand notation for massive Dirac-like operators

∇s ¼ ∇ ∓ i
2

ffiffiffiffiffi
r0

p ðd − 2sÞ; ∇�
s ¼ ∇� i

2

ffiffiffiffiffi
r0

p ðd − 2sÞ; ð3:21Þ

where ∇≡ γμ∇μ.
Analogously we decompose ghosts Ckμ½r�, C̄

k
μ½r� and Lagrange multiplier fields Bk

μ½r�, B̄
k
μ½r� of levels l ¼ 3 − r∶ 0 ≤ r ≤ 2

and generations k∶ 0 ≤ k ≤ l. For ghosts Ckμ½r�, C̄
k
μ½r� decompositions read

18For Abelian gauge theory and linear gauge-fixing this ultralocal contribution to the measure is field-independent.
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������
Ckμν ¼ Ck

2μν þ γ½μCk
2ν� þ γμνCk

2·; Ckμ ¼ Ck
1μ þ γμCk

1·; Ck· ¼ Ck
0·;

C̄kμν ¼ C̄k
2μν − C̄k

2½μγμ� − C̄k
2·γμν; C̄kμ ¼ C̄k

1μ þ C̄k
1·γμ; C̄k· ¼ C̄k

0·;
ð3:22Þ

where irreducible components Ck
rμ½s�, C̄

k
rμ½s� satisfy

γνCk
2μν ¼ γνCk

2ν ¼ γνCk
1ν ¼ 0; C̄k

2μνγ
ν ¼ C̄k

2νγ
ν ¼ C̄k

1νγ
ν ¼ 0: ð3:23Þ

The new lower numerical subscript denotes the rank of the
initial field, from which the component originates. Sign
factors in front of the components of degree s in decom-
position of the Dirac-conjugated field of degree r in (3.22)

are chosen so that C̄k
rμ½s� ¼ Ck

rμ½s� for C̄kμ½r� ¼ Ckμ½r�.
Decomposition of the Lagrange multiplier fields Bk

μ½r�,

B̄k
μ½r� of levels l ¼ 3 − r∶0 ≤ r ≤ 2, and generations

k∶1 ≤ k ≤ l, into irreducible components Bk
rμ½s�, B̄

k
rμ½s� is

identical to (3.22), (3.23).
Field ψμνϰ of degree r ¼ 3 (corresponding to level 0)

describes ðd
3
Þ ¼ 1

6
dðd − 1Þðd − 2Þ spinor components

whereas each irreducible component Ψν½s� of degree s

describes ð d
s−1Þ independent spinor components.

Analogously a ghost Ckν½r� of degree r ¼ 0, 1, 2, contains

ðdrÞ spinor components, and its irreducible components
Ck
rν½s� of degree s are the spinor-valued s-forms subject to

ð d
s−1Þ spinor-valued conditions γμCk

rμ½s� ¼ 0, (s ≥ 1), and

thus contain ðdsÞ − ð d
s−1Þ ¼ d−2sþ1

d−sþ1
ðdsÞ independent spinor

components (assuming ð d
−1Þ ¼ 0). The same counting

applies to the Dirac-conjugated fields and their components
as well as to the Lagrange multiplier fields.
To draw a parallel with the general p case, which we

consider in the next Sec. IV, we introduce projectors onto
basis elements of decompositions (3.18), (3.22)

�������
Ps

ν½3�
μ½3� ψν½3� ¼ γμ½3−s�Ψμ½s�;

ψ̄ν½3�P̄s
ν½3�
μ½3� ¼ ᾱs3Ψ̄μ½s�γμ½3−s�;

ð0 ≤ s ≤ 3Þ;

�������
Ps

ν½r�
μ½r� C

k
ν½r� ¼ γμ½r−s�Ck

rμ½s�;

C̄kν½r�P̄s
ν½r�
μ½r� ¼ ᾱsrC̄k

rμ½s�γμ½r−s�;
ðr ¼ 1; 2; 0 ≤ s ≤ rÞ; ð3:24Þ

where the sign factors ᾱsr ¼ ð−Þrðr−1Þ2
−sðs−1Þ

2 at the Dirac-conjugated components are those from (3.18) and (3.22).19 Explicit
forms of these projectors is in fact not needed, the defining properties would be enough. The Dirac bar over projectors just
reflects the appropriate adjustment of indices,

P̄s
ν½r�
μ½r� ¼ Ps

ν½r�
μ½r� ¼ Ps

ν½r�
μ½r� ≡ gν½r�ϰ½r�Ps

λ½r�
ϰ½r� gλ½r�μ½r�; Pμ½r�ν½r�

s ¼ Pμ½r�ν½r�
s ; ð3:25Þ

where gν½3�ϰ½3� and gλ½3�ν½3� are defined in (2.12) being covariant index raising and lowering operators on a space of
antisymmetric tensors. Though expressions for projectors are known, their explicit application can be avoided by relying on
the defining properties (3.24). Within covariant structures we deal with, it will be possible to express terms with projectors
so, that a projector directly acts on a field by picking up a corresponding irreducible basis component.

2. Minimal-rank gauge fixing and reduction

Projectors (3.24) allow to define the gauge-fixing operators Xμ½r�ν½rþ1� and X̄ν½rþ1�μ½r�

����X
½σπ�½μνϰ� ¼ γλP

½σπλ�½μνϰ�
2 þ γλP

½σπλ�½μνϰ�
0 ¼ P½σπ�½μν

2 γϰ� þ P½σπ�½μν
0 γϰ�;

X̄½μϰϱ�½τσ� ¼ P½μϰϱ�½ντσ�
2 γν þ P½μϰϱ�½ντσ�

0 γν ¼ γ½μPϰϱ�½τσ�
2 þ γ½μPϰϱ�½τσ�

0 ;
rank∶

�
d − 1

2

	
¼ ðd − 1Þðd − 2Þ

2
;

����X
σ½μϰ� ¼ γλP

½σλ�½μϰ�
1 ¼ Pσ½μ

1 γϰ�;

X̄½μϰ�τ ¼ P½μϰ�½ντ�
1 γν ¼ γ½μPϰ�τ

1 ;
rank∶ d − 1;

����X
·ϰ ¼ γλPλϰ

0 ¼ γϰ;

X̄μ· ¼ Pμν
0 γν ¼ γμ;

rank∶ 1: ð3:26Þ

19Sign factors ᾱsr appear in decompositions of Dirac-conjugated fields (3.18) and (3.22) written in the form,

ψ̄μνϰ ¼ ᾱ33Ψ̄μνϰþ ᾱ23Ψ̄½μνγϰ� þ ᾱ13Ψ̄½μγνϰ� þ ᾱ03Ψ̄·γμνϰ; C̄kμν¼ ᾱ22C̄
k
2μνþ ᾱ12C̄

k
2½μγν� þ ᾱ02C̄

k
2·γμν; C̄kμ¼ ᾱ11C̄

k
1μþ ᾱ01C̄

k
1·γμ; C̄k· ¼ ᾱ00C̄

k
0·:
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satisfying (3.15) with minimal possible ranks: rankX½σπ�½μνϰ� ¼ n1 − n2 þ n3 ¼ m1, rankXσ½μϰ� ¼ n2 − n3 ¼ m2,
rankX·ϰ ¼ n3 ¼ m3.

20 Rank properties of gauge-fixing operators follow from the independence and rank properties of

projectors rankPs
ν½r�
μ½r� ¼ rank P̄s

ν½r�
μ½r� ¼ ðdsÞ − ð d

s−1Þ, The rank condition (3.15) for minimal-rank type of gauges imply

complementarity of the neighboring gauge-fixing operators, and projector representation makes it straightforward to check.
For example, block matrix ðX½σπ�½μνϰ�jX̄½σπ�λÞ obviously disentangles into three complementary blocks projecting onto s ¼ 2,
s ¼ 0, and s ¼ 1 irreducible components, which span the whole space of spinor-forms of degree 2. This follows from right
representation for X½σπ�½μνϰ� and the left one for X̄½σπ�λ, (3.26).
For such choice of Xμ½r�ν½rþ1� and X̄ν½rþ1�μ½r� the gauge fermion (3.6) in terms of irreducible fields takes the form,

Ψ ½ΦðΦÞ� ¼ −
Z

ddx

�
d − 4

3
ðC̄1μν

2 Ψμν þ Ψ̄μνC1
2μνÞ þ dðd − 1Þðd − 2ÞðC̄1·

2 Ψ· þ Ψ̄·C1
2·Þ

þ ðd − 2Þ
2

X2
k¼1

ð−C̄kμ
1 Ck−1

2μ þ C̄kμ
2 Ck−1

1μ Þ þ d
X3
k¼1

ðC̄k·
0 C

k−1
1· þ C̄k·

1 C
k−1
0· Þ

�
; ð3:27Þ

and the ghost part of the gauge-fixed action (3.10) reads

Sð3Þδ gh½ΦðΦÞ� ¼ Sð3ÞDδ gh ½Φ � þ Sð3ÞODδ gh ½Φ�; ð3:28Þ

in which the diagonal part is

Sð3ÞDδ gh ½Φ� ¼
Z

dd x

�
iᾱ22

1

3
ðC̄1μν

2 ∇2C0
2μν − C̄0μν

2 ∇̄2C1
2μνÞ − iᾱ02ðd − 1Þðd − 2ÞðC̄1·

2 ∇0C0
2· − C̄0·

2 ∇̄0C1
2·Þ

− iᾱ11
1

2
ðC̄1μ

1 ∇1C0
1μ − C̄0μ

1 ∇̄1C1
1μÞ þ iᾱ00ðC̄1·

0 ∇0C0
0·
− C̄0·

0 ∇̄0C1
0·
Þ
�
; ð3:29Þ

with operators ∇s defined in (3.21), and the off-diagonal part takes the form,

Sð3ÞODδ gh ½Φ� ¼
Z

ddx

�
i
d − 4

3
ðᾱ22C̄1ϱμ

2 ∇ϱC0
2μ − ᾱ12C̄

0μ
2 ∇̄ϱC1

2μϱÞ þ iðd − 2Þðᾱ02C̄1·
2 ∇ϱC0

2ϱ − ᾱ12C̄
0ϱ
2 ∇̄ϱC1

2·Þ

− i
d − 2

2
ðᾱ11C̄1ϱ

1 ∇ϱC0
1· − ᾱ01C̄

0·
1 ∇̄ϱC1

1ϱÞ
�
: ð3:30Þ

Off-diagonal part contains only sub and superdiagonal terms, in which the degree of irreducible fields differ by one. It is the
only nontrivial nondiagonal structure, which is constructed of antisymmetrized irreducible fields, multigammas and one
one-index extra factor (here it is ∇). If one of irreducible fields contains more then one extra indices compared to another
field, then one of its indices inevitably contracts with index of gamma matrix and the term vanishes, whereas one extra index
may nontrivially contract with the index of ∇ and generate an off-diagonal contribution.
The auxiliary part (3.12) of the gauge-fixed action (3.10) is

Sð3Þδ aux½Φ� ¼ −
Z

ddx

�
d − 4

3
ðΨ̄μνB1

2μν þ ᾱ32B̄
1μν
2 ΨμνÞ þ

d − 2

2
ðᾱ21C̄2μ

1 B1
2μ þ B̄kμ

2 C2
1μÞ

þ dðd − 1Þðd − 2ÞðΨ̄·Bk
2· þ ᾱ32B̄

k·
2 Ψ·Þ

�

−
Z

dd x
X2
k¼1

�
d − 2

2
ðC̄k−1μ

2 Bk
1μ þ ᾱ21B̄

kμ
1 Ck−1

2μ Þ þ dðᾱ10C̄kþ1·
0 Bk

1· þ B̄k·
1 C

kþ1
0· Þ

�

−
Z

dd x
X3
k¼1

dðC̄k−1·
1 Bk

0· þ ᾱ10B̄
k·
0 C

k−1
1· Þ; ð3:31Þ

20The counting of independent spinor components in the p ¼ 3 case was first addressed just before Sec. III A.
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where terms in the integral groups contributions from components of ghost and antighost from l ¼ 1, 2, 3 levels, sign
factors ᾱrþ1

r ¼ ᾱsr=ᾱsrþ1 ¼ ð−Þr originate from nontrivial factors in the decomposition of Dirac-conjugated fields.
Lagrange multiplier fields Bk

μ½r� and B̄
k
μ½r� are present only in the auxiliary part (3.12) of the gauge-fixed action, and being

integrated out generate delta-functional constraints (3.14) on components of ghosts and the original fields. For minimal-
rank gauge-fixing (3.26), in terms of irreducible fields (3.18), (3.22) these constraints take the simple form

��������

Ψμν ¼ 0; C2
1μ ¼ 0; Ψ· ¼ 0;

Ck−1
2μ ¼ 0; Ckþ1

0· ¼ 0;

Ck−1
1· ¼ 0;

��������

Ψ̄μν ¼ 0; C̄2
1μ ¼ 0; Ψ̄· ¼ 0;

C̄k−1
2μ ¼ 0; C̄kþ1

0· ¼ 0;

C̄k−1
1· ¼ 0;

ð2 ≥ k ≥ 1Þ;
ð3 ≥ k ≥ 1Þ;

ð3:32Þ

Only the original fields, ghosts, and antighosts (k ¼ 0; 1) though partially constrained on the reduction surface still have
unfixed components,

Fixed
Ψμν ¼ Ψ· ¼ 0; Ψ̄μν ¼ Ψ̄· ¼ 0;

Ck
2μ ¼ 0; C̄k

2μ ¼ 0;

Ck
1· ¼ 0; C̄k

1· ¼ 0;

ðk ¼ 0; l ¼ 0; r ¼ 3Þ;
ðk ¼ 1; 0; l ¼ 1; r ¼ 2Þ;
ðk ¼ 1; 0; l ¼ 2; r ¼ 1Þ;
ðk ¼ 1; 0; l ¼ 3; r ¼ 0Þ;

Free ðΦ̆Þ
Ψμνλ; Ψμ; Ψ̄μνλ; Ψ̄μ;

Ck
2μν; Ck

2·; C̄k
2μν; C̄k

2·;

Ck
1μ; C̄k

1μ;

Ck
0·; C̄k

0·;

ð3:33Þ

where in the table we also restored the level number l for more transparent matching with triangular diagram in Fig. 1, on
which this subset of fields correspond to the two upper-right rows. The leading-degree irreducible components of these
fields and components with degrees of the same parity remain unfixed by the constraints (3.14). For the field of degree r
these are the components of degrees r − 2n, n∈N0. At the same time, complementary components with degrees r − 1 − 2n
are fixed to zero. All extraghosts (k ≥ 2) are completely fixed to zero,

Fixed
C2
1μ ¼ C2

1· ¼ 0; C̄2
1μ ¼ C̄2

1· ¼ 0;

Ck
0· ¼ 0; C̄k

0· ¼ 0;
ðk ¼ 2; l ¼ 2; r ¼ 1Þ;
ðk ¼ 3; 2; l ¼ 3; r ¼ 0Þ:

ð3:34Þ

3. Full-rank gauge and reduction

Gauge-fixing operators of the gauge fermion (3.6) can alternatively be chosen in another covariant form

Xμ½r�ν½rþ1� ¼ γλg½μ½r�λ�ν½rþ1�; X̄ν½rþ1�μ½r� ¼ gν½rþ1�½λμ½r��γλ ð3:35Þ

for which they appear of maximal possible rank ðdrÞ.21 In (3.35), matrix operator gμ½rþ1�ν½rþ1�, (2.12), antisymmetrically raises
indices by inverse metric tensors. Gauge fermion (3.6) then acquires the simple form,

Ψδ½Φ� ¼
Z

ddx
�
C̄1μνγλψμνλ þ ψ̄ λμνγλC1μν þ

X2
k¼1

ðC̄kμγλCk−1μλ þ C̄k−1λμγλCkμÞ þ
X3
k¼1

ðC̄k·γλCk−1λ þ C̄k−1λγλCk· Þ
�
: ð3:36Þ

For the full-rank gauge fixing (3.10) in the gauge-fixed action (4.12) besides the original action term (3.1) does not
change being independent of gauge-fixing operators. The ghost part (3.11) now takes the form

Sð3Þδgh½Φ�¼
Z

ddx
n
iðC̄1μνγϰD½μC0νϰ�− C̄0½μνD̄ϰ�γμC1νϰÞþ iðC̄1μγνD½μC0ν�− C̄0½μD̄ν�γμC1νÞþ iðC̄1·γμDμC0· − C̄0·D̄μγ

μC1· Þ
o
; ð3:37Þ

whose representation in components may be separated into diagonal and off-diagonal contributions

21The rank of gauge-fixing operators Xμ½r�ν½rþ1�, X̄ν½rþ1�μ½r� equals ðdrÞ when r ≤ ½ðd − 1Þ=2�. This is true due to initial assumption
p ¼ 3 ≤ ½ðd − 1Þ=2� for which the theory exists.
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Sð3Þδ gh½ΦðΦÞ� ¼ Sð3ÞDδ gh ½Φ� þ Sð3ÞODδ gh ½Φ�; ð3:38Þ

Sð3ÞDδ gh ½Φ� ¼
Z

dd x

�
iᾱ22

1

3
ðC̄1 μν

2 ∇2C0
2μν − C̄0μν

2 ∇̄2C1
2μνÞ − iᾱ12

d − 3

3
ðC̄1μ

2 ∇�
1C

0
2μ − C̄0μ

2 ∇̄�
1C1

2μÞ

− iᾱ02ðd − 1Þðd − 2ÞðC̄1·
2 ∇0C0

2· − C̄0·
2 ∇̄0C1

2·Þ

− iᾱ11
1

2
ðC̄1μ

1 ∇1C0
1μ − C̄0μ

1 ∇̄1C1
1μÞ − iᾱ01ðd − 1ÞðC̄1·

1 ∇�
0C

0
1· − C̄0·

1 ∇̄�
0C1

1·Þ þ iᾱ00ðC̄1·
0 ∇0C0

0· − C̄0·
0 ∇̄0C1

0·Þ
�
; ð3:39Þ

Sð3ÞODδ gh ½Φ� ¼
Z

dd x

�
−i

2

3
ðᾱ12C̄1μ

2 ∇ϱC0
2μϱ − ᾱ22C̄

0ϱμ
2 ∇̄ϱC1

2μÞ þ i
d − 4

3
ðᾱ22C̄1ϱμ

2 ∇ϱC0
2μ − ᾱ12C̄

0μ
2 ∇̄ϱC1

2μϱÞ

þ iðd − 2Þðᾱ02C̄1·
2 ∇ϱC0

2ϱ − ᾱ12C̄
0ϱ
2 ∇̄ϱC1

2·Þ − i
ðd − 2Þðd − 3Þ

3
ðᾱ12C̄1ϱ

2 ∇ϱC0
2· − ᾱ02C̄

0·
2 ∇̄ϱC1

2ϱÞ

− i
d − 2

2
ðᾱ11C̄1ϱ

1 ∇ϱC0
1· − ᾱ01C̄

0·
1 ∇̄ϱC1

1ϱÞ þ iðᾱ01C̄1·
1 ∇ϱC0

1ϱ − ᾱ11C̄
0ϱ
1 ∇̄ϱC1

1·Þ
�
: ð3:40Þ

As in (3.30), the off-diagonal part contains only sub and superdiagonal terms. However, for the full-rank gauge (3.35) all
types of nontrivial nondiagonal terms from ghosts of degrees 2 ≥ r ≥ 0 are present in the action.
We will not explicate the auxiliary part (3.12) of the gauge-fixed action (3.10) for the full-rank gauge here and rather

directly solve constraints (3.14) in terms of irreducible components. Since (3.12) structurally is the sum of constraints at
these Lagrange multipliers, it in any case vanishes on the reduction surface.
Constraints (3.14), imposed by the Lagrange multipliers on ghosts and the original fields for the gauge (3.35) take the

form,

��������

ψ̄ϰμνγ
ϰ þ C̄2½μγν� ¼ 0;

C̄k−1ϰμ γϰ þ C̄kþ1
· γμ ¼ 0;

C̄k−1ϰ γϰ ¼ 0;

��������

γϰψμνϰ þ γ½μC2ν� ¼ 0;

γϰCk−1μϰ þ γμCkþ1
· ¼ 0; ð2 ≥ k ≥ 1Þ;

γϰCk−1ϰ ¼ 0; ð3 ≥ k ≥ 1Þ;
ð3:41Þ

which being represented in irreducible components (3.18), (3.22) gives

��������

− 1
3
ðd − 4ÞΨμν − 2

3
ðd − 3Þγ½μΨν� − ðd − 2ÞγμνΨ· þ γ½μC2

1ν� þ γμνC2
1· ¼ 0;

1
2
ðd − 2ÞCk−1

2μ þ ðd − 1ÞγμCk−1
2· þ γμC

kþ1
0· ¼ 0; ð2 ≥ k ≥ 1Þ;

−dCk−1
1· ¼ 0; ð3 ≥ k ≥ 1Þ:

ð3:42Þ

One can note that these constraints fit the gauge-fixing chains, depicted in Fig. 1 by left-downward lines. The first equation,
the second one for k ¼ 2 and the third one for k ¼ 3 originate from the longest, left l − k ¼ 0 chain which starts from the
top. The second l − k ¼ 1 chain generate the second equation for k ¼ 1 and the third one for k ¼ 2. The shortest, right chain
gives C0

1· ¼ 0 for k ¼ 1 from the third equation, forcing the subleading degree-0 component of the minimal ghost C0μ to
vanish. For Dirac-conjugated fields one gets analogous equations modulo additional sign factors for various components.
Equating to zero combinations of irreducible fields at independent matrices from antisymmetric gamma-matrix basis in the
first equation and expressing irreducible fields from bottom to top one finally gets

��������

Ψμν ¼ 0; C2
1μ ¼ 2

3
ðd − 3ÞΨμ; Ψ· ¼ 1

ðd−2ÞC
2
1· ¼ 0;

Ck−1
2μ ¼ 0; Ckþ1

0· ¼ −ðd − 1ÞCk−1
2· ;

Ck−1
1· ¼ 0;

ð2 ≥ k ≥ 1Þ ;
ð3 ≥ k ≥ 1Þ ;

ð3:43Þ

together with analogous relation for Dirac-conjugated fields.
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Only the original fields, ghosts, and antighosts (k ¼ 0, 1) still have unfixed components,

Fixed
Ψμν ¼ Ψ· ¼ 0; Ψ̄μν ¼ Ψ̄· ¼ 0;

Ck
2μ ¼ 0; C̄k

2μ ¼ 0;

Ck
1· ¼ 0; C̄k

1· ¼ 0;

ðk ¼ 0; l ¼ 0; r ¼ 3Þ;
ðk ¼ 0; 1; l ¼ 1; r ¼ 2Þ;
ðk ¼ 0; 1; l ¼ 2; r ¼ 1Þ;
ðk ¼ 0; 1; l ¼ 3; r ¼ 0Þ;

Free ðΦ̆Þ
Ψμνλ; Ψμ; Ψ̄μνλ; Ψ̄μ;

Ck
2μν; Ck

2·; C̄k
2μν; C̄k

2·;

Ck
1μ; C̄k

1μ;

Ck
0·; C̄k

0·;

ð3:44Þ

where in the table we also restored the level number l for more direct matching with triangular diagram in Fig. 1. All
extraghosts (k ≥ 2) are fixed by constraints (3.41),

Fixed
C2
1 μ ¼ 2

3
ðd − 3ÞΨμ; C2

1· ¼ 0; C̄2
1μ ¼ − 2

3
ðd − 3ÞΨ̄μ; C̄2

1· ¼ 0;

Ck
0· ¼ −ðd − 1ÞCk−2

2· ; C̄k
0· ¼ ðd − 1ÞC̄k−2

2·

ðk ¼ 2; l ¼ 2; r ¼ 1Þ;
ðk ¼ 2; 3; l ¼ 3; r ¼ 0Þ:

ð3:45Þ

For the original fields, minimal ghosts, and antighosts,
their leading-degree irreducible component (denote it by r)
and components with degrees of the same parity; r − 2n,
n∈N0, remain unfixed by the constraints (3.41). At the
same time, the complementary components with degrees
r − 1 − 2n (subleading-parity components) are fixed to
zero. Moreover, for extraghosts (k ≥ 2), who are all fixed
by (3.41), leading-degree components are expressed in
terms of unfixed (free) fields, whereas the subleading
component (for degree-1 extraghost) vanish. In Sec. IV
for general p case we show that these facts are not
accidental for the considered type of gauges.

D. Reduced gauge-fixed action and effective action

After integrating out Lagrange multiplier fields and
resolving delta-functions, only the leading-parity22 compo-
nents of the original fields, minimal ghosts, and antighosts,

Φ̆∶

�����
Ψμνλ;Ψμ; C0

2μν;C
0
2·;C

0
1μ;C

0
0·; C1

2μν;C
1
2·;C

1
1μ;C

1
0·;

Ψ̄μνλ; Ψ̄μ; C̄0
2μν; C̄

0
2·; C̄

0
1μ; C̄

0
0·; C̄1

2μν; C̄
1
2·; C̄

1
1μ; C̄

1
0·;

ð3:46Þ
survive as independent fields on the reduction surface. As
seen from (3.33) and (3.43) this is true for both considered
gauges.
The reduced gauge-fixed action (3.10), which remains in

the exponent of the generating functional considerably
simplifies. The auxiliary part of the gauge-fixed action
(3.12) vanishes, being proportional to constraints (3.41).
The original action part (3.19) is the functional of the

original fields and the ghost part (3.11) is the functional of
only minimal ghosts and antighosts. The resolution of
constraints (3.14) for minimal-rank gauge, (3.33), is iden-
tical to resolution (3.44) for the full-rank gauge in these
sectors, consisting in zeroing terms with subleading-parity
components. Moreover, though ghost actions (3.28) and
(3.38) depend on gauge-fixing matrices and initially differ,
restricting onto the reduction surface make them identical.
Also note, that in the original and ghost actions (3.19),
(3.28), (3.38), off-diagonal contributions completely van-
ish, because their terms are from sub and superdiagonals
and couple an irreducible field of neighboring degrees. One
of these is a subleading-parity degree and the field vanishes
in course of reduction.
Finally, the reduced gauge-fixed BV action S̆ð3Þδ ½Φ̆� ¼

Sð3Þδ ½ΦðΦ̆Þ� for p ¼ 3 spin-form theory (3.1) in both gauges
takes the block-diagonal23 form,

S̆ð3Þδ ½Φ̆� ¼
Z

ddx

�
i

ffiffiffiffiffi
jgj

p
6Ψ̄μνϰ∇3Ψμνϰ

þ i
ffiffiffiffiffi
jgj

p ðd − 3Þ!
ðd − 7Þ! Ψ̄

μ∇1Ψμ

þ iᾱ22
1

3
ðC̄1μν

2 ∇2C0
2μν − C̄0μν

2 ∇̄2C1
2μνÞ

− iᾱ02
ðd − 1Þ!
ðd − 3Þ! ðC̄

1·
2 ∇0C0

2· − C̄0·
2 ∇̄0C1

2·Þ

− iᾱ11
1

2
ðC̄1μ

1 ∇1C0
1μ − C̄0μ

1 ∇̄1C1
1μÞ

þ iᾱ00ðC̄1·
0 ∇0C0

0· − C̄0·
0 ∇̄0C1

0·Þ
�
; ð3:47Þ

22For a field Aμ½r� of degree r we refer its irreducible
components Ar μ½r−2n� of degrees r − 2n, n∈N0 as leading-parity
components, whereas that of degrees r − 2n − 1 as leading-parity
ones.

23The reduced gauge-fixed action is the sum of terms, bilinear
in irreducible fields of the same ranks. So its Hessian is the block-
diagonal quadratic form.
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where in Dirac-like massive operators

∇s ¼ ∇ ∓ i
2

ffiffiffiffiffi
r0

p ðd − 2sÞ; ∇̄s ¼ ∇̄� i
2

ffiffiffiffiffi
r0

p ðd − 2sÞ;
ð3:48Þ

∇ acts to the right and ∇̄ acts to the left. The spectrum of
masses depends entirely on the degree of fields on which
∇s acts; relative coefficient at mass term is proportional to
d − 2s, where s is the degree of irreducible fields in
the term.
After reduction, the generating functional (3.16)

becomes

Zð3Þ ¼
Z

DΦ̆ expfiS̆ð3Þδ ½Φ̆�g: ð3:49Þ

The reduced action (3.47) in the exponent is quadratic in
reduced set of fields and block diagonal, so integration over
the remaining set of fields yield the number of determinants
of the form,

Δs ¼ Det∇s; ð3:50Þ

generated by pairs of degree s irreducible fields.24 There is
one determinant of ∇3, two determinants of ∇2, three
determinants of ∇1, and four determinants of ∇0.
Irreducible components of ψμ½3�, Cμ and their Dirac con-
jugates are Grassmann odd fields, whereas components of

Cμ½2�, C· and their Dirac conjugates are even. Thus finally,

the generating functional can be expressed in the form,

Zð3Þ ¼ Δ3 ðΔ1Þ3
ðΔ2Þ2ðΔ0Þ4

; ð3:51Þ

which fits the general result predicted in [34].

IV. QUANTUM EFFECTIVE ACTION OF A
FERMIONIC p-FORM FIELD OF ARBITRARY

DEGREE

In this section, we generalize the BV quantization
procedure to the totally antisymmetric tensor-spinor
p-form gauge theory of arbitrary degree p. The initial
classical theory is defined on AdSd space by the action
(2.13)

S0½ψ ; ψ̄ � ¼
Z

ddx i
ffiffiffiffiffi
jgj

p
ψ̄μ½p�γμ½2pþ1�Dμψμ½p�; ð4:1Þ

where ψμ½p� and its Dirac conjugate are spinor-valued tensor
fields with p antisymmetrized cotangent indices, and the
multigamma structure γμ½2pþ1� denotes the completely
antisymmetrized product of 2pþ 1 gamma matrices
(2.2). The operator Dμ ¼ ∇μ � i

2

ffiffiffiffiffi
r0

p
γμ, (2.15), with a

curvature-related mass (2.14) satisfies the nilpotency prop-
erty DμDμfμ½k� ¼ 0, which gives rise to the (p − 1)-stage
reducible gauge structure (4.2),

δψμ½p� ¼ Dμλμ½p−1�; δψ̄μ½p� ¼ λ̄μ½p−1�D̄μ;

δλμ½p−l� ¼ Dμλμ½p−l−1�; δλ̄μ½p−l� ¼ λ̄μ½p−l−1�D̄μ; ð1 ≤ l ≤ p − 1Þ;
δλ· ¼ 0; δλ̄· ¼ 0; ðl ¼ pÞ;

ð4:2Þ

where the right-acting conjugate operator D̄μ ¼ ∇̄μ ∓
i
2

ffiffiffiffiffi
r0

p
γμ, (2.17), is also nilpotent: f̄μ½k�D̄μD̄μ ¼ 0.

Reducible gauge symmetry (4.2) requires the intro-
duction of p levels of gauge parameters; spinor-valued
forms λν½p−l�, 1 ≤ l ≤ p, of degrees p − l. Gauge trans-
formations of the original fields correspond to

δψ i ¼ Ri
α1λ

α1 , and reducibility gauge transformations
at level l correspond to δλαl ¼ Zαl

αlþ1
λαlþ1 in the general

BV scheme of the Appendix. This yields the following
gauge setup for applying the BV scheme:

Ri
α1 ↦ Rν½p−1�

μ½p� ¼ Dμδ
ν½p−1�
μ½p−1�; R̄ν½p−1�

μ½p� ¼ δν½p−1�μ½p−1�D̄μ;

Zαl−1
αl ↦ Zν½p−l�

μ½p−lþ1� ¼ Dμδ
ν½p−l�
μ½p−l�; Z̄ν½p−l�

μ½p−lþ1� ¼ δν½p−l�μ½p−l�D̄μ; ð2 ≤ l ≤ pÞ; ð4:3Þ

where the Dirac-conjugated operator is defined in (2.17) as
the left-acting operator. This gauge structure is Abelian
because the gauge and reducibility generators are field-
independent.

24We do not additionally mark the degree of the fields which
generate a determinant because the parameter s of the mass
coincides with the degree of the fields.
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At level l, a spinor-form λν½p−l� of degree r ¼ p − l
carries nl independent spinor components, equal to the
binomial coefficient ðdrÞ≡ ð d

p−lÞ. Recursively counting the
numberml ¼ nl −mlþ1 of nongauge degrees of freedom in
λν½p−l� yields ðd−1p−lÞ ¼ ð d

p−lÞ − ð d−1
p−l−1Þ nongauge spinor com-

ponents,25 which is the same for λ̄ν½p−l�. For each of the
gauge fields ψμ½p� and ψ̄μ½p�, the symmetry leaves

�
d
p

	
−
�

d
p− 1

	
þ
�

d
p− 2

	
− � � � þ ð−1Þp−1dþð−1Þp1

¼
�
d
p

	
−
�
d− 1

p− 1

	
¼
�
d− 1

p

	
≡ ðd− 1Þ!
ðd− 1−pÞ!p! ð4:4Þ

nongauge spinor components [3], which corresponds
to n0 − n1 þ n2 − � � � þ ð−1Þpnp ¼ m0.

A. BV construction for arbitrary p

The BV extension (A13)–(A15) implies introducing
the set of (minimal) ghosts C0ν½p−l�; C̄

0
μ½p−l� of p levels:

1 ≤ l ≤ p. For the gauge-fixing purposes we also
introduce the set of auxiliary fields—pairs of auxiliary
ghost fields Ckμ½p−l�; C̄

k
μ½p−l� and Lagrange-multiplier fields

Bk
μ½p−l�; B̄

k
μ½p−l�. At each level l there are l generations of the

auxiliary ghost pairs; 1 ≤ k ≤ l. All level-l ghost fields are
spinor-valued forms of degree r ¼ p − l. Grassmann par-
ities of the fields in this theory are opposite to the numerical
parities of their levels l. Field correspondence with the BV
method of the Appendix is given by

ψ i ↦ ψμ½p�; ψ̄μ½p�;

Cαlk ↦ Ckμ½p−l�; C̄kμ½p−l�; 0 ≤ k ≤ l;

Bαl
k ↦ Bk

μ½p−l�; B̄k
μ½p−l�; 1 ≤ k ≤ l: ð4:5Þ

To each BV field the corresponding antifield is introduced.
Complete list of BV fields and antifields together with their
ghost numbers can be found in Table II.
Since the gauge group is Abelian, the minimal master

sector extends the original action with a simple bilinear
structure of antighosts and differentiated ghosts. Thus the
nonminimal BV master action for the p-form spinor field
theory has the form (A13),

SBV½Φ;Φ⋆�¼S0½ψ ;ψ̄ �þSgh½Φmin;Φ⋆
min�þSaux½Φaux;Φ⋆

aux�;
ð4:6Þ

where S0½ψ ; ψ̄ � is the original gauge action (4.1), minimal
ghost part is

Sgh½Φmin;Φ⋆
min�¼

Z
ddx

�
iðψμ½p�

⋆ DμC0μ½p−1�− C̄0μ½p−1�D̄μψ̄
μ½p�
⋆ Þ

þi
Xp
l¼2



C0μ½p−lþ1�
⋆ DμC0μ½p−1�

− C̄0μ½p−1�D̄μC̄
0μ½p−lþ1�
⋆

��
; ð4:7Þ

where Dμ act to the right while D̄μ act to the left, and the
contribution from the auxiliary fields is

Saux½Φaux;Φ⋆
aux� ¼

Z
ddx

Xp
l¼1

Xl

k¼1



Ckμ½p−1�⋆ Bk

μ½p−1�

þ B̄k
μ½p−1�C̄

kμ½p−1�
⋆

�
: ð4:8Þ

The sum of the first two terms in (4.6),
S0½ψ ; ψ̄ � þ Sgh½Φmin;Φ⋆

min�, constitute the minimal BV
action Smin½Φmin;Φ⋆

min�, which is the solution of master
equation on the minimal BV set of fields.

B. Gauge fixing and quantization

The BV master action possesses an extended local
symmetry (A17), which must be gauge-fixed before quan-
tization. The standard gauge fixing (A18) excludes anti-
fields via

Φ⋆
I ¼ δΨ ½Φ�

δΦI ; ð4:9Þ

with an appropriate choice of the gauge fermion Ψ ½Φ�—a
function of only the BV fields ΦI . We consider a gauge
fermion (A19) independent of the Lagrange-multiplier
fields, which imposes a delta-function type of gauge fixing.
We impose the linear gauge conditions, parametrized by
field-independent operators so that the gauge fermion takes
the form,

Ψδ½Φ� ¼
Z
ddx

�
C̄1ν½p−1�X

ν½p−1�μ½p�ψμ½p�

þ ψ̄μ½p�X̄μ½p�ν½p−1�C1ν½p−1�

þ
Xp
l¼2

Xl

k¼1



C̄kν½p−1�X

ν½p−1�μ½p−lþ1�Ck−1μ½p−lþ1�

þ C̄k−1μ½p−lþ1�X̄
μ½p−lþ1�ν½p−1�Ckν½p−1�

��
: ð4:10Þ

The first line with χν½p−1�ðψÞ ¼ Xν½p−1�μ½p�ψμ½p� and
χ̄ν½p−1�ðψ̄Þ ¼ ψ̄μ½p�X̄μ½p�ν½p−1�, represents the l ¼ 1 case of

25In the context of spin-form models, we systematically count
the degrees of freedom as independent tensor index combina-
tions, each of which is a spinor-valued function. Thus, for spin-
form fields, these numbers always represent the number of
independent spinor components.
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the structure in the double sum upon identification
ψν½p� ↔ C0ν½p�; ψ̄ν½p� ↔ C̄0ν½p�.
For fixed l but different generation numbers k, the gauge-

fixing operators Xν½p−1�μ½½p−lþ1�
k and X̄μ½p−lþ1�ν½p−1�

k can be
chosen independently. We choose these operator pairs to be
identical for all k and omit the generation index in the
operators.

The gauge fixing and related structures are often illus-
trated by a triangular diagram. In Fig. 2 for each spinor
form field depicted, the presence of a Dirac conjugate
partner is also assumed.
Gauge fixing (4.9) for the gauge fermion (4.10) implies

the following substitution for antifields:

������
Ckμ½p−1�⋆ ↦ C̄k−1ν½p−lþ1�X̄

ν½p−lþ1�μ½p−1� þ C̄kþ1
ν½p−l−1�X

ν½p−l−1�μ½p−1�;

C̄kμ½p−1�⋆ ↦ Xμ½p−1�ν½p−lþ1�Ck−1ν½p−lþ1� þ X̄μ½p−1�ν½p−l−1�Ckþ1
ν½p−l−1�;

ð0 ≤ k ≤ l; 0 ≤ l ≤ pÞ: ð4:11Þ

Boundary cases26 imply that the level 0 ghosts, C0ν½p�; C̄
0
ν½p�, are the original fields ψν½p�; ψ̄ν½p�, and the ghosts Ckν½p−1�; C̄

k
ν½p−1� of

levels l < 0, l > p, and generations k < 0, k > l are zero.
Reducing antifields via (4.11) leads to the gauge-fixed action (A21),

Sδ½Φ� ¼ S0½ψ ; ψ̄ � þ Sδ gh½Φ� þ Sδ aux½Φ�; ð4:12Þ

where the original action term S0, (4.1), does not change, the gauge-fixed representation of the minimal ghost part,

FIG. 2. Triangular diagram for fermionic p-form model. At each vertex, Dirac-conjugated partners ψ̄ ; C̄;B of the depicted fields are
assumed. The degree r of a field corresponds to its level as r ¼ p − l. The gauge fermion (4.10) couples the fields along gauge-fixing
chains. Each chain originates from its own minimal-ghost vertex at the right slope and extends left-downward until the maximal level

l ¼ p, with spinor fields having no tensor indices. Edges in these chains are associated with operators Xν½p−1�μ½p−lþ1�
k and X̄μ½p−lþ1�ν½p−1�

k ,
which, in the gauge fermion, couple ghosts from adjacent vertices.

26Boundary cases of (4.11),

ψμ½p�
⋆ ↦ C̄1ν½p−1�X

ν½p−1�μ½p�;

C0μ½p−1�⋆ ↦ C̄1ν½p−l−1�X
ν½p−l−1�μ½p−1�;

C0·⋆ ↦ 0;

C1μ½p−1�⋆ ↦ ψ̄ ν½p�X̄ν½p�μ½p−1� þ C̄2ν½p−2�X
ν½p−2�μ½p−1�;

Ck·⋆ ↦ C̄k−1ν X̄ν;

ψ̄μ½p�
⋆ ↦ X̄μ½p�ν½p−1�C1ν½p−1�; ðl ¼ 0; k ¼ 0Þ

C̄0μ½p−1�⋆ ↦ X̄μ½p−1�ν½p−l−1�C1ν½p−l−1�; ð1 ≤ l ≤ p − 1; k ¼ 0Þ
C̄0·⋆ ↦ 0; ðl ¼ p; k ¼ 0Þ

C̄1μ½p−1�⋆ ↦ Xμ½p−1�ν½p�ψν½p� þ X̄μ½p−1�ν½p−2�C2ν½p−2�; ðl ¼ 1; k ¼ 1Þ
C̄k·⋆ ↦ XνCk−1ν ; ðl ¼ p; 1 ≤ k ≤ pÞ
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Sδ gh½Φ� ¼
Z

ddx i
Xp−1
r¼0

�
C̄1ν½r�X

ν½r�μ½rþ1�DμC0μ½r� − C̄0μ½r�D̄μX̄μ½rþ1�ν½r�C1ν½r�

�
; ð4:13Þ

becomes a functional of only the minimal ghosts and antighosts, Sδ gh½Φ� ¼ Sδ gh½C0; C1; C̄0; C̄1�, and the gauge-fixed
auxiliary action takes the form,

Sδ aux½Φ� ¼
Z

ddx
Xp−1
r¼0

Xp−r
k¼1

n
ðC̄k−1ν½rþ1�X̄

ν½rþ1�μ½r� þ C̄kþ1
ν½r−1�X

ν½r−1�μ½r�ÞBk
μ½r� þ B̄k

μ½r�ðXμ½r�ν½rþ1�Ck−1ν½rþ1� þ X̄μ½r�ν½r−1�Ckþ1
ν½r−1�Þ

o
: ð4:14Þ

We sum over the degree parameters r of spinor form fields,
which are uniquely related to level numbers l as r ¼ p − l.
Gauge fixing entangles the minimal and auxiliary fields. In
particular, the original fields (ψν½p�; ψ̄ν½p� ↔ C0ν½p�; C̄

0
ν½p�)

enter the Sδ aux via the r ¼ p − 1 term, which breaks the
gauge symmetry of the original gauge action (4.1).
With proper gauge fixing, the gauge-fixed action (4.12)

is nondegenerate and is suitable for quantization with the
generating functional,

ZðpÞ ¼
Z

DΦ expfiSδ½Φ�g: ð4:15Þ

The model under consideration is a free theory, for which
the part or all fields can be integrated out producing the
effective action. A gauge fixing with algebraic gauge-
fixing operators gives rise to a huge subset of nondynam-
ical fields, which can be eliminated directly in the classical
gauge-fixed action before quantization. Or, equivalently,
can be integrated out in (4.15) with the ultralocal contri-
bution to the measure. The reduced representation of the
generating functional is often more convenient to describe
the quantum properties of the theory and calculating the
effective action.
In what follows, we consider algebraic gauge fixing and

derive the reduced representation of the gauge-fixed action

SðpÞδ ½Φ� → S̆ðpÞδ ½Φ̆� by performing a reduction for two
gauges; one defined by minimal-rank gauge-fixing oper-

ators with rankXμ½r�ν½rþ1�
k ¼ ðd−1r Þ, and another with full-

rank operators having rankXμ½r�ν½rþ1�
k ¼ ðdrÞ. To define these

operators and solve the reduction constraints on the fields
we begin with the decomposition of the fields into
algebraically irreducible components.

C. Irreducible fields for arbitrary p

The spinor-valued form of degree r and its Dirac
conjugate can be algebraically decomposed into γ-irreduc-
ible fields of degrees s (0 ≤ s ≤ r) as

�����
Aμ½r� ¼

P
r
s¼0 γμ½r−s�Arμ½s�; γνArν½s� ¼ 0;

Āμ½r� ¼
P

r
s¼0 ᾱ

s
rĀrμ½s�γμ½r−s�; Ārν½s�γν ¼ 0;

ð4:16Þ

where Arμ½s� are γ-irreducible components of degree s of the
field Aμ½r�, being the coefficients at independent matrix
basis elements of the Clifford algebra. Sign factors ᾱsr are a
part of the definition of the conjugated components. To
ensure Ārμ½s� ¼ Arμ½s� for Ārμ½s� ¼ Aμ½r� one must choose

ᾱsr ¼ ð−Þrðr−1Þ2
−sðs−1Þ

2 : ð4:17Þ

The transition of the configuration space of BV fields ΦI

to the basis of irreducible fields,

Φ → Φ∶ ψ ; ψ̄ → Ψ; Ψ̄; C; C̄ → C; C̄; B; B̄ → B; B̄;

ð4:18Þ

proceeds the same way,

��������

ψμ½p� ¼
Pp

s¼0 γμ½p−s�Ψμ½s�; γνΨν½s� ¼ 0;

Ckμ½r� ¼
P

r
s¼0 γμ½r−s�C

k
rμ½s�; γνCk

rν½s� ¼ 0;

Bk
μ½r� ¼

P
r
s¼0 γμ½r−s�B

k
rμ½s�; γνCk

rν½s� ¼ 0;

��������

ψ̄μ½p� ¼
Pp

s¼0 ᾱ
s
pΨ̄μ½s�γμ½p−s�; Ψ̄ν½s�γν ¼ 0;

C̄kμ½r� ¼
P

r
s¼0 ᾱ

s
rC̄k

rμ½s�γμ½r−s�; C̄k
rν½s�γ

ν ¼ 0;

B̄k
μ½r� ¼

P
r
s¼0 ᾱ

s
rB̄k

rμ½s�γμ½r−s�; B̄k
rν½s�γ

ν ¼ 0;

ð4:19Þ

For mostly presentational reasons we keep the coefficients ᾱsr unspecified.
27

27The presence of unspecified ᾱsr keeps signs in general formulas more symmetric. In any case, the field spectrum and the
corresponding masses in the irreducible basis do not depend on these coefficients due to the diagonalization of the reduced gauge-fixed
action in the basis of irreducible fields.
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The initial action S0½ψ ; ψ̄ �, (4.1), as the part of the BV
action (4.6), does not acquire dependence on the gauge
parameters during gauge fixing. Therefore, we can derive
the representation in irreducible fields for this term before
specifying a particular gauge. The result reads

S0½Ψ;Ψ̄�¼
Z

ddxi
ffiffiffiffiffi
jgj

p Xp
s¼0

bsΨ̄μ½s�

×
�∇−im0ð−Þp−sðd−2sÞ
Ψμ½s�

þ
Z

ddxi
ffiffiffiffiffi
jgj

p Xp
s¼1

bsðd−2sÞ

×


Ψ̄μ½s�∇μΨμ½s−1�þ ᾱs−1s Ψ̄μ½s−1�∇μΨμ½s�

�
; ð4:20Þ

where m0 ≡� 1
2

ffiffiffiffiffi
r0

p
. The structure of the original action

comprises a sum of diagonal terms with Dirac-like massive
operators, characterized by the degree-dependent masses,
and sub and superdiagonal kinetic contributions. The
overall coefficients on the right-hand side of (4.20) are

bs ¼ ð−Þsðs−1Þ2
−sᾱsps!

ðd − 2s − 1Þ!
ðd − 2p − 1Þ! ; ð4:21Þ

where ᾱsp are sign factors (4.17), and the relative sign
factors ᾱs−1s originate from ᾱs−1p =ᾱsp.
For a generic fieldAμ½r� of degree r, (4.16), we introduce

the corresponding projectors Ps
μ½r�
ν½r� onto basis terms with

irreducible components Arν½s� of particular degrees s,
0 ≤ s ≤ r,

Ps
μ½r�
ν½r� Aμ½r� ¼ γν½r−s�Arν½s�; ð4:22Þ

whose explicit representations is given by

Ps
μ½r�
ν½r� ¼ ð−Þrðr−1Þ2

r!
s!ðr − sÞ!

ðd − r − sÞ!
ðd − 2sÞ!

Xs

u¼0

ð−Þr−sð−Þuðu−1Þ2

×
s!

u!ðs − uÞ!
ðdþ 1 − 2sÞ!

ðdþ 1 − s − uÞ! · γν½r−u�δ
μ½u�
ν½u�γ

μ½r−u�:

ð4:23Þ

For the Dirac-conjugated field Āμ½r� with decomposition

(4.16), the projectors Ps
ν½r�
μ½r� onto the basis elements are

Ps
ν½r�
μ½r� ≡ gν½r�ϰ½r�Ps

λ½r�
ϰ½r� gλ½r�μ½r�: ð4:24Þ

Each field of level l has degree r ¼ p − l and describes
ðdrÞ≡ ð d

p−lÞ independent spinor components. Its irreducible
algebraic components are spinor-valued forms of degrees s
subject to ð d

s−1Þ conditions of the type γμAk
rμ½s� ¼ 0, (s ≥ 1),

and thus contain ðdsÞ − ð d
s−1Þ ¼ d−2sþ1

d−sþ1
ðdsÞ ¼ d−2sþ1

s ð d
s−1Þ in-

dependent spinor components.
It is convenient to introduce two complementary pro-

jectors,

P
▾

ν½r�
μ½r� Aν½r� ¼

X½r=2�
n¼0

γμ½2n�Arμ½r−2n�;

P
▾

ν½r�
μ½r� ≡X½r=2�

n¼0

Pr−2n
ν½r�
μ½r� ;

P▵
ν½r�
μ½r� C

k
ν½r� ¼

X½ðr−1Þ=2�

n¼0

γμ½2nþ1�Ck
rμ½r−2n−1�;

P▵
ν½r�
μ½r� ≡ X½ðr−1Þ=2�

n¼0

Pr−2n−1
ν½r�
μ½r� ; ð4:25Þ

where square brackets in the sums’ upper limits denote the
integer part of a number. The first—leading-parity projec-
tor—when acting on spinor forms of degree r preserves

TABLE II. BV-extended field set of the (p − 1)-stage reducible gauge theory of a p-form spinor field.

General BV ΦI ghðΦIÞ Φ⋆
I ghðΦ⋆

I Þ
Minimal sector: Original fields and minimal ghosts of levels l ¼ 1; :::; p

ψ i ; ψ⋆
i ↦ ψμ½p�; ψ̄μ½p� 0 ψμ½p�

⋆ ; ψ̄μ½p�
⋆

−1
Cαl0 ; C⋆0αl ↦ C0μ½p−l�; C̄

0
μ½p−l� l C0μ½p−l�⋆ ; C̄0μ½p−l�⋆

−l − 1

Auxiliary sector: Auxiliary ghosts and Lagrange multiplier fields of levels l ¼ 1; :::; p, generations k ¼ 1;…; l

Cαlk ; C⋆kαl ↦ Ckμ½p−l�; C̄
k
μ½p−l� ð−Þkðl − kþ 1

2
Þ − 1

2 Ckμ½p−l�⋆ ; C̄kμ½p−l�⋆ −ð−Þkðl − kþ 1
2
Þ − 1

2

Bαl
k ; B⋆

kαl
↦ Bk

μ½p−l�; B̄
k
μ½p−l� ð−Þkðl − kþ 1

2
Þ þ 1

2
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basis terms with irreducible components of degrees r − 2n, n∈ 0; 1; 2;…; ½r=2�, forcing irreducible contributions of
degrees r − 2n − 1, n∈ 0; 1; 2;…; ½ðr − 1Þ=2� to vanish. The second—subleading-parity projector—makes the opposite: it
projects out basis terms with irreducible components of degrees r − 2n, while preserving irreducible contributions of

degrees r − 2n − 1. The projector P
▾

ν½r�
μ½r� selects ðd−1r Þ elementary spinor components and has that rank, which coincides

with mp−r—the number of nongauge degrees of freedom at level l ¼ p − r. Whereas the projector P▵
ν½r�
μ½r� selects

complementary ðd−1r−1Þ elementary spinor components and has the corresponding rank, which coincides with mp−rþ1—the
number of nongauge degrees of freedom at level lþ 1 ¼ p − rþ 1.28

D. Minimal-rank gauge fixing and reduced space

The rank properties of projectors (4.25) suggest that an algebraic gauge fixing, along the lines of the original prescription
[30], can be defined by

Xμ½r�ν½rþ1� ¼ γμP
μ½rþ1�ν½rþ1�
▵ ¼ Pμ½r�ν½r�

▾ γν;

X̄ν½rþ1�μ½r� ¼ Pν½rþ1�μ½rþ1�
▵ γμ ¼ γνPν½r�μ½r�

▾ ; ð4:26Þ

with lower indices raised by the inverse metric tensors.29 These gauge-fixing matrices (4.26) are of minimal possible
rank, and which imply kernel complementarity conditions rkerXν½r−1�μ½r� ∩ rker X̄ν½rþ1�μ½r� ¼ ∅, rkerXν½r−1�μ½r� ∪
rker X̄ν½rþ1�μ½r� ¼ Vr, where Vr is the vector space of spin-forms of degree r and rker denotes the space of right zero
modes of an operator. Together, Xμ½r−1�ν½r� and X̄ν½rþ1�μ½r� contain a complete set of projectors onto a field space of degree r
and form a full-rank block matrix.
It is informative to look at the structure of the gauge-fixed action in the basis of irreducible fields. In the gauge (4.26), the

gauge-fixed ghost part (4.13) of the minimal action,

Sδ gh½Φ� ¼
Z

ddx i
Xp−1
r¼0

�
C̄1ν½r�γνP

ν½rþ1�μ½rþ1�
▵ DμC0μ½r� − C̄0ν½r�D̄νP

ν½rþ1�μ½rþ1�
▵ γμC1μ½r�

�
; ð4:27Þ

is a sum of terms bilinear in minimal ghosts and antighosts of the same degree, and, in the basis of irreducible fields, reads

Sδ gh½Φ� ¼
Z

ddx i
Xp−1
r¼0

X½r=2�
n¼0

cr−2nr

�
C̄1μ½r−2n�
r ð∇ − im0ðd − 2rþ 4nÞÞC0

rμ½r−2n� − C̄0μ½r−2n�
r ð∇̄þ im0ðd − 2rþ 4nÞÞC1

rμ½r−2n�

	

−
Z

ddx i
Xp−1
r¼0

X½r=2�
n¼1

ð−Þrcr−2nr
ðr − 2nþ 1Þ

ðd − 2rþ 4n − 2Þ


C̄1μ½r−2n�
r ∇μC0

rμ½r−2nþ1� − ᾱr−2nþ1
r−2n C̄0μ½r−2nþ1�

r ∇̄μC1
rμ½r−2n�

�

þ
Z

ddx i
Xp−1
r¼0

X½ðr−1Þ=2�

n¼0

cr−2nr ðd − 2rþ 4nÞ


C̄1μ½r−2n�
r ∇μC0

rμ½r−2n−1� − ᾱr−2n−1r−2n C̄0μ½r−2n−1�
r ∇̄μC1

rμ½r−2n�
�
; ð4:28Þ

where m0 ≡� 1
2

ffiffiffiffiffi
r0

p
. The overall normalizing coefficients are given by

cr−2nr ¼ ᾱr−2nr ð−Þr−n ð2nþ 1Þ!ðr − 2nÞ!
ðrþ 1Þ!

ðd − 2rþ 4n − 1Þ!
ðd − 2rþ 2n − 1Þ! ; ð4:29Þ

where ᾱsr are the sign factors from definitions of the Dirac-conjugated irreducible fields (4.19). For the choice (4.17), ᾱr−2nr ¼
ð−Þn and the relative coefficient ᾱr−2n�1

r−2n ¼ �ð−Þr. Similar to the irreducible representation of the original action (4.20), it

28Recall that the degrees of freedom of spinor-valued form fields (or ranks of spin-tensor operators) we count as the number of
elementary spinors (or, correspondingly, the rank of a matrix operator, whose elements are spinorial endomorphisms). In other words,
this counting reflects the tensor properties of the spin-tensor objects.

29The possibility of two representations for the gauge-fixing matrices, which can be expressed in terms of both projectors (4.25),
directly follow from the defining properties (4.22).

A. O. BARVINSKY et al. PHYS. REV. D 113, 045022 (2026)

045022-20



comprises a sum of diagonal terms with Dirac-like massive operators featuring a degree-dependent spectrum of masses, and
sub and superdiagonal kinetic contributions.
The auxiliary part of the gauge-fixed action (4.14) for the gauge (4.26),

Sδ aux½Φ� ¼
Z

ddx
Xp−1
r¼0

Xp−r
k¼1

n

C̄k−1ν½rþ1�P

ν½rþ1�μ½rþ1�
▵ γμ þ C̄kþ1

ν½r−1�γνP
ν½r�μ½r�
▵

�
Bk
μ½r�

þ B̄k
ν½r�



γνP

ν½rþ1�μ½rþ1�
▵ Ck−1μ½rþ1� þ Pν½r�μ½r�

▵ γμC
kþ1
μ½r−1�

�o
; ð4:30Þ

in the basis of irreducible fields, is expressed as

Sδ aux½Φ� ¼
Z

ddx
Xp−1
r¼0

Xp−r
k¼1

�X½r=2�
n¼0

C̄k−1ν½r−2n�
rþ1 ar−2nrþ1 Bk

rν½r−2n� þ
X½ðr−1Þ=2�

n¼0

ᾱrr−1a
r−1−2n
r C̄kþ1ν½r−1−2n�

r−1 Bk
rν½r−1−2n�

þ
X½r=2�
n¼0

ᾱrþ1
r ar−2nrþ1 B̄kν½r−2n�

r Ck−1
rþ1ν½r−2n� þ

X½ðr−1Þ=2�

n¼0

B̄kν½r−1−2n�
r ar−1−2nr Ckþ1

r−1ν½r−1−2n�

�
; ð4:31Þ

where the normalizing coefficients are

asr ¼ ᾱsrð−Þ
rðr−1Þ

2
−sðs−1Þ

2 ð−Þr−s ðr − sÞ!s!
r!

ðd − 2sÞ!
ðd − r − sÞ! : ð4:32Þ

For the choice (4.17), the relative sign factors are
ᾱrþ1
r ¼ ð−Þr. All irreducible components B; B̄ of all

Lagrange-multiplier fields B; B̄ are present on the right-
hand side of (4.31) with nonvanishing numerical factors.
Moreover, each irreducible field in (4.31) appears once.
Together with the decomposed representation of the

original action (4.20), the expressions (4.28) and (4.31)
constitute the representation of the BV gauge-fixed action
(4.12) in the basis or the irreducible fields.

1. Reduced space

As noted in Sec. IV B, with proper algebraic gauge
fixing a large number of the fields which can be reduced in
the action at the classical level. This includes all Lagrange-
multiplier fields Bk

μ½r�; B̄
k
μ½r�, 1 ≤ k ≤ p − r, and an equiv-

alent number of degrees of freedom from ghosts and the
original fields, which are coupled to them in the gauge-
fixed action. Based on the specific structure of the auxiliary
part of the gauge-fixed action (4.31), this dual set is evident;
all irreducible components of ghosts Ck

rμ½s�; C̄
k
rμ½s� of gen-

erations (2 ≤ k ≤ p − r) (referred to as extraghosts), and
the subleading-parity components of antighosts
C1
rμ½s�; C̄

1
rμ½s�, and minimal fields C0

rμ½s�; C̄
0
rμ½s�, Ψμ½s�; Ψ̄μ½s�.

Due to the simplicity of the gauge-fixed auxiliary action
in the irreducible representation (4.31), we can immediately
identify the residual fields; the leading-parity components
of antighosts C1

rμ½s�; C̄
1
rμ½s� and minimal fields C0

rμ½s�; C̄
0
rμ½s�,

Ψμ½s�; Ψ̄μ½s�. The auxiliary action Sδaux is evidently non-
degenerate on the set of fields being reduced. The proper-
ness of the minimal-rank gauge fixing (4.26), which ensure

nondegeneracy of the gauge-fixed action, thus reduce to the
nondegeneracy of the action at the reduction surface, which
can be checked directly after reduction.30

For further comparison with the alternative full-rank
gauge case, it is instructive to validate these conclusions
from a perspective of solving the reduction equations
[cf. (A26)],

δSδ
δBk

μ½r�
¼ 0∶

δSδ
δB̄k

μ½r�
¼ 0∶

8<
:
C̄k−1ν½rþ1�P

ν½rþ1�μ½rþ1�
▵ γμþC̄kþ1

ν½r−1�P
ν½r−1�μ½r−1�
▾ γμ¼ 0;

γνP
ν½rþ1�μ½rþ1�
▵ Ck−1μ½rþ1�þγνPν½r−1�μ½r−1�

▾ Ckþ1
μ½r−1� ¼ 0:

ð4:33Þ

We mixed the two representations (4.26) to enable projec-
tors to act on fields directly. The upper equations for the
Dirac-conjugated ghost fields decouple from the lower
subsystem for nonconjugated fields. As discussed in the
Appendix, these equations are solved chainwise, as only
ghosts from each chain rþ k ¼ const from Fig. 2 interact
in (4.33).
Consider a chain from the lower subsystem for non-

conjugated fields, Fig. 3, with the C0μ½r∘ � as the root and C
r∘
· at

the other end. The equations couple every other fields, such
that the chain splits into two subchains, which couple fields

30The residual properness condition can be encoded
in rank conditions rank ðX̄ν½p−1�λ½p�Rμ½p−1�

λ½p� Þ ¼ mp−1,
rank ðX̄ν½r�λ½rþ1�Zμ½r�

λ½rþ1�Þ ¼ mr, (0 ≤ r ≤ p − 2), and rank

ðP
▾

ϰ½p�
ν½p�γ

ν½p�ϱμ½p�DϱP▾

λ½p�
μ½p� Þ ¼ mp.
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of the same ghost number (with degrees of the same
parity)

Cr∘· ; Cr∘−2μ½2� ; Cr∘−4μ½4� ;…;

Cr∘−1μ ; Cr∘−3μ½3� ; Cr∘−5μ½5� ;…:
ð4:34Þ

In each chain, the fields have unique generations k depend-
ing on their degrees r: k ¼ r ∘ − r, allowing us to omit the
generation index temporarily.
The iterative solution starts from the end (bottom) of

each subchain, solving an equation involving Cr∘· or Cr∘−1μ ,
and finishes with solving equation involving the antighost

C1μ½r∘−1� or the minimal ghost C0μ½r∘ �, depending on the parity

of the chain’s length. Thus, in the upper subchain (4.34),

the first equation to solve is γνP
ν½2�μ½2�
▵ Cμ½2� þ γνC· ¼ 0,

which is equivalent to d−2
2
Cν
2 þ γνC0· ¼ 0. Since irreduc-

ible spinorial fields are coefficients of different matrix basis
elements, they both vanish. The first equation in the second

subchain is γνP
ν½1�μ½1�
▵ Cμ½1� ≡ −dC·

1 ¼ 0, which force the
lower-degree field to vanish.
Each field Cμ½r� in either subchain, except those at the

extremes, enters the subchain’s subsystem of equations
twice; as a lower-degree field and as a higher-degree field,

ð4:35Þ

where the numerical constants dsr ¼ ð−Þr r−sr ×
ðd − rþ sþ 1Þ. The lower equation forces all sublead-
ing-parity irreducible components of Cμ½r� to vanish,
whereas the upper equation forces to vanish the leading-
parity components of this field. Solving the subchain
equations iteratively from the lowest degrees till the

equation for fields of degrees r and rþ 2 (before solving
it), one gets that the Cμ½r−2n� fields for n > 0 are forced to
vanish, whereas for Cμ½r� only the subleading-parity com-

ponents are constrained to zero; Pν½r�μ½r�
▵ Cμ½r� ¼ 0. By

resolving other equations from both subchains, one gets
the analogous intermediate results.

FIG. 3. Splitting of a gauge-fixing chain. A gauge-fixing chain, which originates from the minimal ghost C0ν½r∘� and ends at Cr∘· . The
chain splits into two subchains of equations relating ghosts within Cr∘−2nν½2n� and Cr∘−1−2nν½2nþ1� families. The configuration of the subchains’

endings depends on the parity of the chain’s length.
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One subchain originates from the antighost C1μ½r∘−1�, while the other subchain—from the minimal ghost C0μ½r∘ �, and these
fields enter only the final equation within each subchain,

ð4:36Þ

Solutions of (4.36) complete the reduction within a chain, resulting in all extraghosts from both subchains being constrained
to zero, while the roots of the subchains—the minimal ghost or original field and the antighost—are constrained to zero only

in their subleading-parity irreducible components. Their leading-parity components—Pν½r∘ �μ½r∘ �
▾ C0μ½r∘ �, P

ν½r∘−1�μ½r∘−1�
▾ C1μ½r∘−1�—

are not fixed by the reduction.
By aggregating the results from all gauge-fixing chains of fields, the solution of the reduction constraints (4.33) for the

minimal-rank gauge fixing (4.26),

Fixed and reduced

P▵
μ½p�
ν½p� ψμ½p� ¼0; ψ̄μ½p�P▵

μ½p�
ν½p� ¼0;

P▵
μ½r�
ν½r� C

0
μ½r� ¼0; C̄0μ½r�P▵

μ½r�
ν½r� ¼0;

P▵
μ½r�
ν½r� C

1
μ½r� ¼0; C̄1μ½r�P▵

μ½r�
ν½r� ¼0;

Ckν½r� ¼0; C̄kν½r� ¼0;

ðk¼0; r¼pÞ
ðk¼0; 0≤ r≤p−1Þ
ðk¼1; 0≤ r≤p−1Þ
ð2≤k<p−r; 0≤ r≤p−2Þ

Free ðΦ̆Þ
P
▾

μ½p�
ν½p� ψμ½p�; ψ̄μ½p�P▾

μ½p�
ν½p�;

P
▾

μ½r�
ν½r� C

0
μ½r�; C̄0μ½r�P▾

μ½r�
ν½r�;

P
▾

μ½r�
ν½r� C

1
μ½r�; C̄1μ½r�P▾

μ½r�
ν½r�;

ð4:37Þ

confirms the result observed from the action structure: all irreducible components of the original fields and ghosts from the
column vanish. Ultimately, the reduction surface is parametrized by the irreducible components of the original fields,
minimal ghosts, and antighosts, with leading-parity degrees.

E. Full-rank gauge fixing and reduced space

A natural covariant choice for the algebraic full-rank gauge fixing is

Xμ½r�ν½rþ1� ¼ γμgμ½rþ1�ν½rþ1�; X̄ν½rþ1�μ½r� ¼ gν½rþ1�μ½rþ1�γμ; ð4:38Þ

where the matrix operator gμ½rþ1�ν½rþ1� (2.12), covariantly raises indices of antisymmetrized groups, and the index μ
of the gamma matrices contracts according to the convention (2.10). These are the full-rank matrices
with rankXμ½r�ν½rþ1� ¼ rank X̄ν½rþ1�μ½r� ¼ ðdrÞ.31
The gauge fermion (4.10) is then expressed as

Ψδ½Φ� ¼
Z

ddx

�
C̄1μ½p−1�γμψμ½p� þ ψ̄μ½p�γμC1μ½p−1� þ

Xp−2
r¼0

Xp−r
k¼1

ðC̄kμ½r�γμCk−1μ½rþ1� þ C̄k−1μ½rþ1�γμCkμ½r�Þ
�
; ð4:39Þ

where the indices of Dirac-conjugated fields are raised by the spacetime metric.
The ghost part (4.13) of the gauge-fixed minimal action for the full-rank gauge (4.38),

Sδ gh½Φ� ¼
Z

ddx i
Xp−1
r¼0

�
C̄1μ½r�γμDμC0μ½r� − C̄0μ½r�D̄μγμC1μ½r�

�
; ð4:40Þ

when expressed in the basis of irreducible fields (4.19), is given by

31As before, rank counts the tensorial rank of the objects, each component of which is an endomorphism in the space of spinors.
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Sδ gh½Φ� ¼
Z

ddx i
Xp−1
r¼0

Xr
s¼0

csr

�
C̄1μ½s�
r



∇ − im0ð−Þr−sðd − 2sÞ

�
C0
rμ½s� − C̄0μ½s�

r



∇̄þ im0ð−Þr−sðd − 2sÞ

�
C1
rμ½s�

	

−
Z

ddx i
Xp−1
r¼0

Xr

s¼1

csr
ðr − sþ 2Þðd − 2sÞ

ðd − r − sÞ


C̄1μ½s�
r ∇μC0

rμ½sþ1� − ᾱss−1C̄
0ϱμ½sþ1�
r ∇̄μC1

rμ½s�
�

þ
Z

ddx i
Xp−1
r¼0

Xr

s¼1

csrðd − 2sÞ


C̄1μ½s�
r ∇μC0

rμ½s−1� − ᾱs−1s C̄0μ½s−1�
r ∇̄μC1

rμ½s�
�
; ð4:41Þ

where m0 ≡� 1
2

ffiffiffiffiffi
r0

p
. The overall normalizing coefficients are

csr ¼ ᾱsrð−Þ
rðr−1Þ

2
−sðs−1Þ

2 ð−Þr s!ðr − sþ 1Þ!
ðrþ 1Þ!

ðd − 2s − 1Þ!
ðd − r − s − 1Þ! ; ð4:42Þ

where ᾱsr are the sign factors from the definitions of the Dirac-conjugated irreducible fields (4.19). For the choice (4.17), the
relative coefficients read ᾱs−1s ¼ ᾱs−1r =ᾱsr ¼ ᾱss−1 ¼ ð−Þs−1.
Similar to the irreducible representation of the original action (4.20), the ghost part of the minimal action comprises a sum

of diagonal terms with a Dirac-like massive operator and sub and superdiagonal kinetic contributions. Moreover, the
degree-dependent spectrum of masses coincides with that of the original fields—the absolute mass value has the same
degree-dependent coefficient d − 2s for degree-s irreducible fields.
The gauge-fixed auxiliary part (4.14) of the action for the full-rank gauge (4.38),

Sδ aux½Φ� ¼
Z

ddx
Xp−1
r¼0

Xp−r
k¼1

�
C̄k−1μ½rþ1�γμBk

μ½r� þ C̄kþ1μ½r−1�γμBk
μ½r� þ B̄kμ½r�γμCk−1μ½rþ1� þ B̄kμ½r�γμCkþ1

μ½r−1�

�
; ð4:43Þ

when expressed in terms of irreducible fields, is given by

Sδ aux½Φ� ¼
Z

ddx
Xp−1
r¼0

Xp−r
k¼1

�Xr

s¼0

asrþ1C̄
k−1μ½s�
rþ1 Bk

rμ½s� þ
Xr−1
s¼0

ᾱrr−1a
s
rC̄

kþ1μ½s�
r−1 Bk

rμ½s�

þ
Xr

s¼0

ᾱrþ1
r asrþ1B̄

kμ½s�
r Ck−1

rþ1μ½s� þ
Xr−1
s¼0

asrB̄
kμ½s�
r Ckþ1

r−1μ½s�

�
; ð4:44Þ

where the normalizing coefficients are

asr ¼ ᾱsrð−Þ
rðr−1Þ

2
−sðs−1Þ

2 ð−Þr−s s!ðr − sÞ!
r!

ðd − 2sÞ!
ðd − r − sÞ! ; ð4:45Þ

and, for the choice (4.17), the relative sign coefficients
read ᾱrþ1

r ¼ ᾱsr=ᾱsrþ1 ¼ ð−Þr.
The structure of the decomposed auxiliary part, for the

full-rank gauge is more involved than that for the minimal-
rank gauge. Fields do not decouple into noninteracting

pairs. Instead, the fields are systematically coupled within
gauge-fixing subchains. Determining the gauge-fixed set of
fields and the fields parametrizing the reduction surface, is
more efficiently achieved by directly solving the reduction
equations.

1. Reduced space

The algebraic delta-function gauge-fixing allows the
subsequent reduction of gauge-fixed fields by solving

δSδ
δBk

μ½r�
¼ 0∶

δSδ
δB̄k

μ½r�
¼ 0∶

8<
:

C̄k−1μ½rþ1�γ
μ þ C̄kþ1

μ½r−1�γμ ¼ 0;

γμCk−1μ½rþ1� þ γμC
kþ1
μ½r−1� ¼ 0;

ð1 ≤ k ≤ r; 0 ≤ r ≤ p − 1Þ; ð4:46Þ
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where, in accordance with the convention (2.10), the
contracted gamma matrices carry the first (left) index of
ν½rþ 1� family in the upper equation and the last (right)
index of the μ½rþ 1� family in the lower equation. The
explicit solution of (4.46) constructively determines the
reduced (nonfixed) subset of fields, which parametrizes the
reduction surface.
As before, the gauge-fixing couples ghosts with Dirac-

conjugated Lagrange multipliers and vice versa, resulting in
the decoupling of subsets of the upper and lower equa-
tions (4.46). Based on the general properties of the BV
gauge-fixing discussed in the Appendix, it follows that
within each subfamily, the set of coupled fields splits into
chains, depicted in Fig. 2. Moreover, each chain decouples
into two subchains, which connect fields of the same ghost
number (as well as the same Grassmann parity, and the
same parity of tensor rank), as shown in Fig. 3.
Consider an arbitrary chain of (nonconjugated) fields

with a root vertex associated with a minimal ghost of
degree r∘ (i.e., level p − r∘). Within a chain, the fields’

generation indices k are uniquely determined by their
degrees r as k ¼ r∘− r, allowing us to omit the generation
index while analyzing the chain. The set of Eq. (4.46) splits
into subchains,

Cr∘−1μ ; Cr∘−3μ½3� ; C
r∘−5
μ½5� ;…∶

Cr∘· ; C
r∘−2
μ½2� ; C

r∘−4
μ½4� ;…∶

j
j

γμCμ½2nþ1� þ γμCμ½2n−1� ¼ 0;

γμCμ½2nþ2� þ γμCμ½2n� ¼ 0:

ð4:47Þ

The iterative solution starts from the bottom of each
subchain with a field Cr∘· or Cr∘−1μ , and finishes at its root
vertex: either associated with the antighost C1μ½r∘−1� or with
the minimal ghost C0μ½r∘�, depending on the parity of the

chain’s length.
Each ghost field Cμ½r� in either subchain (except those at

the extreme Cr∘· , C1μ½r∘−1�, C0μ½r∘ �) enters the subchain

twice—as a lower-degree and as a higher-degree field,

ð4:48Þ

where the numerical constants read dsr ¼ ð−Þr r−sr ×
ðd − rþ sþ 1Þ.

We iteratively solve equations one by one by comparing
the irreducible fields at identical matrix basis elements. If an
irreducible component of the lower-degree field is yet
unfixed, the equation fixes it in terms of either the corre-
sponding component of the higher-degree field, or, if the
latter is absent, it is set to zero. If a component of a certain
basis elementof the lower-degree field is already fixed tozero
at theprevious step, then the correspondingcomponentof the
higher-degree field is fixed (to zero) at the current step.

The crucial properties of the constraints for any subchain
at any level are:

(i) The left sum for the decomposed higher-degree field
does not contain the leading-degree irreducible
component, which is eliminated by a contracting
gamma matrix;

(ii) Only the subleading-degree irreducible component
of the higher-degree field enters the equation at the
unit-matrix basis element due to a higher upper limit
in the left sum, which forces this component to
vanish; and

(iii) When resolving subchain equations for fields from
the lowest-degree to highest-degree ones, after

solving the equation with fields of degrees r − 2
and r, the subleading-parity irreducible components

of Cμ½r� are fixed to zero: P▵
μ½r�
ν½r� Cμ½r� ¼ 0, whereas

components of the leading-parity degrees are free.
All irreducible components of all lower-degree fields
from the subchain—Cμ½r−2n�, ðn > 0Þ—are fixed to
either zero or proportional to the yet unfixed leading-
parity components of Cμ½r�.

The first two properties are evident from the irreducible-
field representation (4.48). The third property relies on the
first two and can be proved by induction.

The iterative solution of the subchain with Cr∘· (see Fig. 3)
starts with

1

2
ðd − 2ÞCr∘−2

2μ þ ðd − 1ÞγμCr∘−2
2· þ γμC

r∘
0· ¼ 0; ð4:49Þ

which expresses Cr∘· ≡ Cr∘
0· in terms of the irreducible

component Cr∘−2
2· (of Cr∘−2μ½2� ) and simultaneously forces

the subleading component Cr∘−2
2μ (of Cr∘−2μ½2� ) to vanish.

The iterative solution of the subchain with the field Cr∘−1μ

starts with

COVARIANT QUANTIZATION OF TOTALLY ANTISYMMETRIC … PHYS. REV. D 113, 045022 (2026)

045022-25



−dCr∘−1
1· ¼ 0; ð4:50Þ

which just forces the subleading component Cr∘−1
1· (of Cr∘−1μ )

to vanish. These boundary cases confirm the validity of the
properties for the starting equations of each subchain and
provide base cases for the induction, enabling proof of the
third property for any level.
At the iteration step when solving the constraint relating

fields of degrees r and r − 2, all unfixed irreducible
components (of leading-parity degrees) of the lower-degree
field Cμ½r−2� are expressed in terms of the corresponding
leading-parity irreducible components of Cμ½r�, which

remain unfixed within this equation. The first property
ensures that the leading-degree component of Cμ½r� does not
enter the equation and also remains unfixed. At the same
time, the basis gamma-matrix elements of the equation with
the subleading-parity irreducible components of Cμ½r−2�,
which were fixed to zero at previous steps, now fix the
corresponding subleading-parity components of Cμ½r� to
zero. This is true for all components, except the subleading-
degree component itself, which, however, is also fixed to
zero due to the second property.
After the next iteration step, solving the equation relating

the components of Cμ½r� and Cμ½rþ1�—the upper equation in
(4.48)—one similarly obtains,

����������

Crμ½r−2n� ∼ Crþ2μ½r−2n�; these components of Cμ½rþ2� remain free;

Crþ2μ½rþ2�; highest-rank component is yet absent and so remains free;

Crþ2μ½r−2n−1� ∼ Crμ½r−2n−1� ¼ 0; these components of Cμ½rþ2� are fixed to zero;

Crþ2μ½rþ1� ¼ 0; these component is fixed to zero by the equation:

ð4:51Þ

Before this step, all components of lower-degree fields
were either fixed to zero or expressed via proportion to the
components of Cμ½r� with leading-parity degrees. After this
step, the letter components are expressed via proportion to
the leading-parity degree components of Cμ½rþ2�.
The iterative solution is completed when a leading-

degree field in the equation is either the root antighost
C1μ½r∘−1� or the root minimal ghost C0μ½r∘ �. By aggregating the
outcomes from both subchains, one gets that subleading-
parity components of all ghosts (r ≤ r∘) are fixed to zero,
whereas the leading-parity components of the extraghosts
(r ≤ r∘ − 2) are fixed, being expressed in terms of free

leading-parity components of the antighost and the minimal
ghost. The procedure is analogous for all chains of the
fields and Dirac-conjugated fields. This also applies to the
longest gauge-fixing chain (the leftmost on the triangular
diagram in Fig. 2), which starts from the original fields,
playing the role of the minimal ghosts of the 0-th level.
Similar to genuine minimal ghosts of levels l ≥ 1, the
reduction eliminates gauge-fixed subleading-parity compo-
nents os the field, leaving irreducible components of degrees
p; p − 2; p − 4;… as nongauge degrees of freedom.
To summarize, the reduction in the case of full-rank

gauge (4.26) implies,

Fixed and reduced

P▵
μ½p�
ν½p� ψμ½p� ¼ 0; ψ̄μ½p�P▵

μ½p�
ν½p� ¼ 0;

P▵
μ½r�
ν½r� C

0
μ½r� ¼ 0; C̄0μ½r�P▵

μ½r�
ν½r� ¼ 0;

P▵
μ½r�
ν½r� C

1
μ½r� ¼ 0; C̄1μ½r�P▵

μ½r�
ν½r� ¼ 0;

P
▾

μ½r�
ν½r� C

k
μ½r� ¼ fðΦ̆Þ; C̄kμ½r�P▾

μ½r�
ν½r� ¼ fðΦ̆Þ;

P▵
μ½r�
ν½r� C

k
μ½r� ¼ 0; C̄kμ½r�P▵

μ½r�
ν½r� ¼ 0;

ðk¼ 0; r¼ pÞ
ðk¼ 0; 0 ≤ r ≤ p− 1Þ
ðk¼ 1; 0 ≤ r ≤ p− 1Þ
ð2 ≤ k < p− r; 0 ≤ r ≤ p− 2Þ
ð2 ≤ k < p− r; 0 ≤ r ≤ p− 2Þ

Free ðΦ̆Þ
P
▾

μ½p�
ν½p� ψμ½p�; ψ̄μ½p�P▾

μ½p�
ν½p�;

P
▾

μ½r�
ν½r� C

0
μ½r�; C̄0μ½r�P▾

μ½r�
ν½r�;

P
▾

μ½r�
ν½r� C

1
μ½r�; C̄1μ½r�P▾

μ½r�
ν½r�;

ð4:52Þ

The subleading-parity components of all ghosts and the
original fields are fixed to zero, the leading-parity compo-
nents of extraghosts (k ≥ 2) are fixed being expressed in
terms of free fields—the leading-parity components of the
antighosts, minimal ghosts, and the original fields. Similar
to the minimal-rank gauge fixing, the reduction surface is
parametrized by the irreducible components of the original

fields, minimal ghosts, and antighosts, with leading-parity
degrees.

F. Reduced gauge-fixed action and effective
action for arbitrary p

The explicit reduction of the gauge-fixed fields led for
both the minimal-rank and full-rank gauges to the same
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reduced subspace. After the reduction in the gauge-fixed action only the leading-parity components of the original fields,
minimal ghosts, and antighosts survive,

Φ̆∶ P
▾

μ½p�
ν½p� ψμ½p�; P

▾

μ½r�
ν½r� C

0
μ½r�; P

▾

μ½r�
ν½r� C

1
μ½r�; ψ̄μ½p�P▾

μ½p�
ν½p�; C̄0μ½r�P▾

μ½r�
ν½r�; C̄1μ½r�P▾

μ½r�
ν½r�

↔ Φ̆∶ Ψμ½p−2n�; C0
rμ½r−2n�; C1

rμ½r−2n�; Ψ̄μ½p−2n�; C̄0
rμ½r−2n�; C̄1

rμ½r−2n�; ð4:53Þ

where degrees r of the ghost fields run 0 ≤ r ≤ p − 1. The gauge-fixed actions being reduced on the reduction surface
considerably simplify, and the results of the reduction for both cases coincide. This unique reduced gauge-fixed action in
terms of irreducible fields reads

S̆δ½Φ̆� ¼ Sδ½ΦðΦ̆Þ� ¼
Z

ddx

�
i

ffiffiffiffiffi
jgj

p X½p=2�
n¼0

bp−2np Ψ̄μ½p−2n�∇p−2nΨμ½p−2n� þ i
Xp−1
r¼0

X½r=2�
n¼0

cr−2nr C̄1μ½r−2n�
r ∇r−2nC0

rμ½r−2n�

− i
Xp−1
r¼0

X½r=2�
n¼0

cr−2nr C̄0μ½r−2n�
r ∇̄r−2nC1

rμ½r−2n�

�
; ð4:54Þ

where we use the short-hand notation for the Dirac-like massive operators introduced in (3.48)

∇s ¼ ∇ ∓ i
2

ffiffiffiffiffi
r0

p ðd − 2sÞ; ∇̄s ¼ ∇̄� i
2

ffiffiffiffiffi
r0

p ðd − 2sÞ; ð4:55Þ

assuming ∇ acts to the right and ∇̄ acts to the left. The normalizing coefficients bp−2np , (4.21), and cr−2nr , (4.57), (4.42), are

bp−2n ¼ ᾱp−2np ð−Þpðp−1Þ2 ð−Þp−nðp − 2nÞ! ðd − 2pþ 4n − 1Þ!
ðd − 2p − 1Þ! ; ð4:56Þ

cr−2nr ¼ ᾱr−2nr ð−Þr−n ð2nþ 1Þ!ðr − 2nÞ!
ðrþ 1Þ!

ðd − 2rþ 4n − 1Þ!
ðd − 2rþ 2n − 1Þ! ; ð4:57Þ

in which for sign conventions (4.17), ᾱp−2np ¼
ᾱr−2nr ¼ ð−Þn.
The original action (4.1), given in components by (4.20),

when reduced to the same reduced space remains identical
for both gauges: subleading parity diagonal components
and all nondiagonal contributions vanish. The latter couple
a leading-parity component with a subleading-parity
component and thus inevitably vanish on the reduction
surface. The ghost part of the minimal action (4.13), in
components—(4.28) and (4.41), being the functional of
only the original fields, minimal ghosts, and antighosts,
when reduced to (4.53) also coincide for both gauges.
The reduction wipes out subleading-parity diagonal terms
in the full-rank action (4.41), and all nondiagonal contri-
butions in (4.28) and (4.41). The auxiliary part of the (4.14)
for both gauges vanish since it is proportional to the
reductions constraints on the original fields and ghosts
generated by variations with respect to the Lagrange
multipliers.
Gauge fixings with both gauges are proper because the

resultant reduced gauge-fixed action is nondegenerate on
the reduced space.

For the algebraic gauge fixing of delta-function type one
can postulate the quantization directly in reduced repre-
sentation as

ZðpÞ ¼
Z

DΦ̆ expfiS̆δ½Φ̆�g: ð4:58Þ

The action is quadratic in fields and block-diagonal.
Further integration over the reduced space generate deter-
minants

Δs ¼ Dets∇s ¼ Dets∇̄s; ð4:59Þ

set of fields and reduced gauge-fixed action. For the
algebraic gauge-fixing the quantization on the reduced
space of fields (4.53) is defined via the reduced gauge-fixed
action (4.54) where subscript at Det denotes the degree of
the irreducible field’s space over which the determinant is
defined. In this model, the parameter of the mass spectrum,
subscripted at ∇, always coincides with the parameter of
the functional space. We do not distinguish determinants of
operator ∇s and its Dirac conjugate.
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The leading-parity components s ¼ p − 2n of the origi-
nal odd fields ψν½p�, ψ̄ν½p� via functional integration
generate determinants Δp−2n for 0 ≤ 2n ≤ p. Each deter-
minant appears once. Integrating the leading-parity
components of the ghost fields C0ν½r�; C

1
ν½r�; C̄

0
ν½r�; C̄

1
ν½r�

where 0 ≤ r ≤ p − 1, at each level l ¼ p − r: 1 ≤ l ≤ p
generate determinants Δp−l−2n for each integer n;
0 ≤ 2n ≤ r ¼ p − l. For given l and n each determinant
appears twice being generated by two (Dirac-conjugated)
pairs of ghosts with these quantum numbers. In total, there
are sþ 1 different pairs of degree-s irreducible fields, thus
generating sþ 1 determinants Δs.
Tables in Fig. 4 illustrate the origin of terms of degree r

irreducible components in the reduced action and their total
number, which equals the multiplicity of determinants Δr
after functional integration.
Thus, finally,

ZðpÞ ¼
Y½p=2�
n¼0

ðΔp−2nÞ2nþ1
Y½ðp−1Þ=2�

m¼0

ðΔp−1−2mÞ−2m−2; ð4:60Þ

where ½N=2� in the upper limits mean the integer part of a
number N=2. The relation (4.60) can be transformed to the
form,

ZðpÞ ¼
ΔpΔ3

p−2Δ
5
p−4 � � �Δ2½p=2�þ1

p−2½p=2�
Δ2

p−1Δ4
p−3 � � �Δ2½ðp−1Þ=2�þ2

p−2½ðp−1Þ=2�−1
; ð4:61Þ

This is our final result for the generating functional, from
which one can express the effective action for the fermionic
p-form theory with arbitrary stage of reducibility. The
functional determinants Δp are given by (4.59). Relation
(4.61) confirms a conjecture about general structure of the
effective action put forward in [34].

V. CONCLUSION

Let us summarize our results. We have studied the
quantization of the totally antisymmetric rank-p tensor-
spinor field theory (fermionic p-form model). This theory,
recently proposed in [14], provides a novel example of a
(p − 1)-stage-reducible gauge theory, which is consistently
defined in AdSd for 2p < d and is dual to fermionic
ðd − p − 2Þ-form model. We performed the quantization
for arbitrary p in the framework of the field-antifield
Batalin-Vilkovisky method, suitably adapted to this model.
This enabled us to derive the functional integral for the
partition function with the correct ghost structure. Since the
theory is free in quantum fields, the quantum effective
action follows directly and is expressed as the sequence of
functional determinants of specific Dirac-type differential
operators acting on p-forms in AdS space. The final result
is given by relation (4.61).
As a byproduct, the fermionic p-form models serve as

examples demonstrating the validity of a broader class of
gauge fermions. We show that a unique, nondegenerate
gauge-fixed action can be achieved under relaxed rank
conditions on the gauge-fixing coefficients of the gauge
fermion—extending beyond those in the seminal works
[30,33]. Two distinct covariant gauges are considered: one
satisfying the minimal rank conditions, and another using
full-rank gauge-fixing coefficients. The reduction proce-
dures are analyzed in detail, proving equivalence of the
gauge-fixed actions on the reduction surface.32

The obtained results raise several interesting questions
for future study related to the fermionic p-form models.
Below we list some of them:

(i) The development of the canonical formulation of the
fermionic p-form model, the derivation of its first-

FIG. 4. Table of determinants in effective action. The table visualizes determinant contributions from different irreducible fields from
the reduced configuration space (4.53). We separate fields by their Grassmann parity into two tables. In each table rows list degrees s of
nonfixed components, the columns organize fields by levels l. The numbers in cells of particular row and column denotes the number of
different pairs of fields in the gauge-fixed action (4.54), empty cells imply 0. The numbers in right cells is the total number of different
bilinear terms producing Δs.

32It can also be shown that contributions to the quantum
measure upon passing to the reduced representation, being
ultralocal in our examples, coincide.
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class constraints, and the implementation of BFV-
BRST quantization;

(ii) The calculation of the functional determinants de-
fining the effective action (4.61). We expect this to
be achievable using the general technique of [36] for
analyzing spectra of operators in AdS space. This
would allow the effective action to be expressed in
explicit form. Notably, (4.61) takes the form of a
ratio of products of functional determinants, sug-
gesting possible cancellations that could simplify a
final expression;

(iii) The investigation of quantum equivalence between
dual fermionic p-form theories;

(iv) The construction of a supersymmetric extension of
the fermionic p-form theory and its quantiza-
tion; and

(v) The study of the massive fermionic p-form theory
proposed in [14]. Although this theory is not gauge-
invariant, we expect reformulated as a gauge theory
by introducing appropriate Stueckelberg fields,
which would themselves be spinor-valued differ-
ential forms. The resulting reducible gauge system
could then be quantized along lines similar to the
present case.

We plan to address these issues in forthcoming works.

ACKNOWLEDGMENTS

The research of A. O. Barvinsky and D. V. Nesterov was
supported by the Russian Science Foundation Grant
No. 23-12-00051 [37].

DATA AVAILABILITY

No data were created or analyzed in this study.

APPENDIX: BATALIN-VILKOVISKY
FORMALISM FOR THEORIES WITH

REDUCIBLE GENERATORS

Consider a gauge theory of fields ψ i with action S0½ψ �,
invariant under the gauge transformations δψ i ¼ Rj

α1λ
α1 ,

S0½ψ �∶ S0½ψ �;jRj
α1 ¼ 0; ðA1Þ

where a field index after comma in subscripts denote the
variational derivative with respect to this field. In (A1) and
throughout we use the condensed DeWitt notation, where
field indices such as i and α1 combine discrete labels with
spacetime coordinates. Repeated (contracted) indices imply
both summation over discrete values and integration over
spacetime.
In a general gauge theory the generators Ri

α0 may depend
on the fields and must satisfy the consistency condition,

Ri
α1;j

Rj
β1
−ð−1Þεα1 εβ1Ri

β1;j
Rj
α1 ¼Ri

γ1T
γ1
α1β1

−S0;jE
ij
α1β1

: ðA2Þ

In general, the structure functions Fγ1
α1β1

and Eij
α1β1

may
depend on the fields ψ i.33

The gauge generators Ri
α1 may be linear dependent,

admitting nontrivial zero-eigenvalue eigenvectors,

Zα1
α2∶ Ri

α1Z
α1
α2 ¼ S0;jV

ji
ð1Þα2 : ðA3Þ

Here the reducibility generators Zα1
α2 and the structure

functions Vji
α2 may again depend on the fields. If Zα1

α2 are
full rank and have no nontrivial zero modes, the theory is
said to be first-stage reducible. Otherwise, there are non-
trivial eigenvectors of Zα1

α2 with zero eigenvalue (at least on
shell) which are denoted by Zα2

α3. If these have no further
zero modes, then the theory is said to be a second-stage
reducible gauge theory. Otherwise this process continues
up to some (p − 1)th stage of reducibility if the chain
terminates at Z

αp−1
αp , which has no nontrivial zero modes,

Ri
α1Z

α1
α2 ¼ S0;jV

ji
ð1Þα2 ; Zα1

α2Z
α2
α3 ¼ S0;jV

ji
ð2Þα3 ;…;

Z
αp−2
αp−1Z

αp−1
αp ¼ S0;jV

ji
ðp−1Þαp : ðA4Þ

On shell ranks of such gauge and reducibility generators
imply,

rank Ri
α1 ¼ m1; rank Zαl−1

αl ¼ ml;

ml ¼ nl − nlþ1 þ nlþ2 − � � � þ ð−Þp−lnp; ðA5Þ

where n0 is the range of index i, and nl for l ≥ 1 are ranges
of corresponding indices αl.
The theoryoffermionicp-formfield inAdSspaceprovides

a particular example of the gauge theory with p − 1 stages
of reducibility. This theory is Abelian and free (quadratic),
though such theories experience all features of BV
formalism manifesting in one-loop approximation.34

1. BV extended configuration space

To quantize a gauge theory with p − 1 stages of
reducibility using the BV method, the field space is
extended from ψ i to ΦI . In addition to the original fields
ψ i, the minimal extension implies inclusion of ghost
fields Cαl0 ,

C
α½l�
0 ; αl ¼ 1; 2;…; nl; ðl ¼ 1; 2;…; pÞ; ðA6Þ

33For the spinorial p-form field theory in AdS space
studied in Secs. III and IV, the generators Riα1 are field-
independent. The algebra is therefore Abelian and closed,
with Fγ1

α1β1
¼ 0; Eij

α1β1
¼ 0.

34For field-independent gauge generators Ri
α1 , one may always

choose off shell, field independent null-vectors Zα1
α2 . The

same holds for higher-stage reducibility generators leading to
Ri
α1Z

α1
α2 ¼ 0; Zα1

α2Z
α2
α3 ¼ 0;…; Z

αp−2
αp−1Z

αp−1
αp ¼ 0.
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where by nl we denote the range of indices of these level l
ghosts, which characterize the number of components of
the latter. For proper gauge fixing, the configuration space
is also extended with the auxiliary fields of two types;
auxiliary ghosts Cαlk and fields Bαl

k , often referred to as
Lagrange-multiplier fields. At each level l, these auxiliary
fields have l generations, labeled by k,

Cαlk ;B
αl
k ; ðl ¼ 1; 2;…; p; k ¼ 1; 2;…; lÞ: ðA7Þ

Fields belonging to the same level l share the same index
range αl ¼ 1; 2;…; nl. The original fields, minimal ghosts,
and auxiliary fields together are called the nonminimal BV
fields, or BV fields for short.

The BV configuration space carries two gradings.
Grassmann parity is the Z2-grading, ϵðFGÞ ¼ ϵðFÞþ
ϵðGÞ mod 2,

ϵðψ iÞ≡ ϵi; ϵðRi
α1Þ ¼ ϵiþ ϵα1 ; ϵðZαl−1

αl Þ ¼ ϵl−1þ ϵl;

ϵðCαlk Þ ¼ ϵαl þ l; ϵðBαl
k Þ ¼ ϵαl þ lþ 1; ðA8Þ

where ϵl are the parities of the gauge parameters λαl in the
original theory (A1). The second grading is the ghost
number, an additive Z-grading, ghðFGÞ ¼ ghðFÞþ
ghðGÞ, defined by

ghðψ iÞ ¼ 0; ghðCαlk Þ ¼
�
l − k; ðk evenÞ;
k − l − 1; ðk oddÞ; ghðBαl

k Þ ¼ ghðCαlk Þ þ 1: ðA9Þ

Finally, for each field ΦI an associated antifield Φ⋆
I is

introduced, with gradings

ϵðΦ⋆
I Þ¼ ϵðΦIÞþ1; ghðΦ⋆

I Þ¼−ghðΦIÞ−1: ðA10Þ

The resulting nonminimal set of BV fields and antifields
is summarized in Table III.

2. BV master action

On the BV space of fields ΦI and antifields Φ⋆
I , the odd

symplectic structure is defined via the antibracket,

ðF;GÞ≡ ∂rF
∂ΦI

∂lG
∂Φ⋆

I
−

∂rF
∂Φ⋆

I

∂lG
∂ΦI ; ðA11Þ

where F and G are functionals of ΦI and Φ⋆
I . The classical

action S0½ψ � is then extended to the BVaction SBV½Φ;Φ⋆�,
which by definition satisfies the following master equation:

ðSBV; SBVÞ ¼ 0; ðA12Þ

along with the correspondence condition SBV½Φ;
Φ⋆�jΦ⋆¼0 ¼ S0½ψ �, and additional boundary conditions
encoding the reducible gauge structure of the original
theory imposed through terms bilinear in the minimal
ghost fields and the antifields of the minimal sector. We do
not discuss the general solution for the BVaction here and
refer to [30,32]. However, the structure sufficient for the
one-loop approximation and complete for Abelian gauge
theories is already present in the ansatz,

SBV½Φ;Φ⋆� ¼ S0½ψ � þ Sgh½Φmin;Φ⋆
min� þ Saux½Φaux;Φ⋆

aux�;
ðA13Þ

where S0½ψ � is the original action (A1), and

Sgh½Φmin;Φ⋆
min� ¼ ψ⋆

i R
i
α1C

α1
0 þ

Xp−1
l¼1

C⋆0αlZ
αl
αlþ1

Cαlþ1

0 þ…;

ðA14Þ

TABLE III. BV-extended space of fields and antifields of a general (p − 1)-stage reducible gauge theory.

ΦI ghðΦIÞ Φ⋆
I ghðΦ⋆

I Þ
Minimal sector

level 0 ψ i 0 ψ⋆
i −1

levels l ¼ 1;…; p Cαl0 l C⋆0 αl −l − 1

Auxiliary sector Generations k: 1 ≤ k ≤ l

levels l ¼ 1;…; p Cαlk ð−Þkðl − kþ 1
2
Þ − 1

2
C⋆k αl −ð−Þkðl − kþ 1

2
Þ − 1

2

levels l ¼ 1;…; p Bαl
k ð−Þkðl − kþ 1

2
Þ þ 1

2
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Saux½Φaux;Φ⋆
aux� ¼

Xp
l¼1

Xl

k¼1

C⋆kαlB
αl
k : ðA15Þ

The minimal action, Smin½Φmin;Φ⋆
min� ¼ S0½ψ �þ

Sgh½Φmin;Φ⋆
min�, is important as a consistent solution of

the master equation (A12) on the minimal set of BV fields
and antifields. Only the ghost part of the minimal action
extends to higher powers of antifields and compensating
ghosts. This extension is defined by solving (A12)
iteratively on the minimal BV space starting from the
boundary conditions given by S0½ψ � þ ψ⋆

i R
i
α1C

α1
0 þPp−1

l¼1 C
⋆
0αl
Zαl
αlþ1

Cαlþ1

0 , [30,32].35 As mentioned above, for
the purposes of this article the standard Abelian ansatz
(A13)–(A15) is sufficient. The auxiliary action
Saux½Φaux;Φ⋆

aux� is a functional of the fields and antifields
from the separate auxiliary sector. It has the simple
universal form (A15) and it also provides a consistent
solution of (A12).
The minimal and auxiliary actions, as well as their sum,

are solutions of the master equation. Each of them
possesses a global BRST symmetry and an extended BV
local symmetry [29,30,32,33]. In terms of the total set of
BV fields and antifields ΦA ¼ ðΦI;Φ⋆

I Þ, A ¼ 1;…; 2N,
I ¼ 1;…; N, the master equation (A12) for the BV action
reads

∂rSBV
∂ΦA ζAB

∂lSBV
∂ΦB ¼ 0; ζAB ¼

�
0 1

−1 0

�
: ðA16Þ

By differentiating (A16) one obtains the Noether identities,

∂rSBV
∂ΦA RA

B ¼ 0; RA
B ¼ ζAC

∂l∂rSBV
∂ΦC

∂ΦB ; ðA17Þ

which involve 2N gauge generators RA
C of the extended

local BV gauge symmetry δBVΦ
A ¼ RA

BΣB. These gener-
ators, however, form a reducible set. Indeed, the second
variational derivative of (A16) shows their N-reducibility
on shell, ζ−1DBR

B
AR

A
C ∝ ∂SBV=∂ΦA ¼ 0. Thus, the master

action SBV½Φ;Φ⋆� admits N on shell independent sym-
metries—half the dimension of the BV configuration
space ðΦI;Φ⋆

I Þ.36

3. Gauge fixing

To fix the BV local gauge symmetry (A17) of the master
action SBV½Φ;Φ⋆�, the universal gauge-fixing prescription
is traditionally applied. It implies the elimination of the
antifields according to

Φ⋆
I ¼ δΨ ½Φ�

δΦI ; ðA18Þ

where Ψ ½ΦI� is a fermionic functional depending only on
the BV fields ΦI, but not on the antifields.
A gauge-fixing fermion that implements a delta function-

type gauge fixing is independent of the Lagrange multi-
pliers Bαs

k and has the form,

Ψδ½Φ� ¼ Cα11 χα1ðψÞ þ
Xp
l¼2

Xl

k¼1

Cαlk X
k
αlβl−1

Cβl−1k−1: ðA19Þ

In general, the gauge-fixing operators Xk
αsβs−1

may depend
on the original fields ψ i. It is convenient to choose a linear
gauge, parametrized by field-independent operators Xk

αsβs−1
,

with

χα1ðψÞ ¼ X1
α1i
ψ i ð≡ψ iX1

iα1
Þ: ðA20Þ

In this case, gauge fixing does not introduce higher vertices
into the theory, and the gauge fermion makes explicit that
fields ψ i act as the minimal ghosts of level 0, identify-
ing ψ i ↔ Cα0 , i ↔ α0.
It is convenient to illustrate various structures related to

gauge fixing by the triangular diagram in Fig. 5, which also
serves as an alternative visualization of the BV configu-
ration space.
The structure of the gauge fermion (A19) can be read off

the triangular diagram in Fig. 5 as follows. Each left-
downward line37 between vertices of levels l and l − 1

corresponds to a gauge-fixing operator Xk
αlβl−1

, including

the upper-left line with X1
α1i

≡ χα1;i. The gauge fermion
(A19) is the sum of terms assigned to all such left-
downward lines, each involving an operator Xk

αlβl−1
that

couples the ghosts Cαl−1k−1 and Cαlk from the two connected
vertices. For nonlinear χα1ðψÞ the only modification arises
in the first term in (A19) associated with the upper line of
the left chain, which takes the nonlinear form Cα11 χα1ðψÞ.
In general, gauge-fixing operators that connect the

vertices between neighboring levels in different chains
can be chosen independently. The combination of the index
types corresponding to the connected levels and the
generation index38 uniquely identifies the line, and hence

35The ψ -dependent coefficients at higher powers of antifields
and ghost fields are proportional to higher-order structure
functions of the original gauge algebra. The solution is unique
up to (anti)canonical transformations. Provided a basis of gen-
erators is chosen, the boundary conditions (A14) encode only
these gauge and reducibility generators, Rj

α1 , Z
αl
αlþ1

, and not the
structure functions of the gauge algebra.

36Nilpotence of 2N × 2N matrix implies that its rank is at most
N. A proper solution requires the Hessian ∂l∂rSBV=∂ΦA

∂ΦB to
have rank N. Otherwise, the set of Noether identities (A17) is
incomplete, and there are more than N gauge generators, if the
Hessian admits more than N zero modes.

37We reserve arrows on these lines to differ operator and its
transposed version, which are distinguished later in the gauge-
fixed action.

38We assign to each operator a generation index equal to that of
the lower vertex with the higher generation number.
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the corresponding operator Xk
αlβl−1

, in the triangular diagram
(5). Nevertheless, it is often possible to choose gauge-fixing
operators identical at each level and omit the generation
index in the operator notation.
Applying the gauge-fixing prescription (A18) to the BV

action yields the gauge-fixed action in the form

Sδ½Φ� ¼ SBV½Φ; δΨδ=δΦ� ¼ S0½ψ � þ Sδ gh½Φ� þ Sδ aux½Φ�;
ðA21Þ

where the original action S0½ψ � remains unchanged, while
the ghost and auxiliary parts take the form

Sδ gh½Φ� ¼ Cα11 χα1;iR
i
β1
Cβ10 þ

Xp
l¼2

Cαl1 X
1
αlγl−1Z

γl−1
βl

Cβl0 þ…;

ðA22Þ

Sδ aux½Φ�¼ ðχβ1 þCα22 X2
α2β1

ÞBβ1
1

þ
Xp
l¼2

Xl

k¼1

ðCαl−1k−1X
k
αl−1βl

þCαlþ1

kþ1X
kþ1
αlþ1βl

ÞBβl
k : ðA23Þ

For the linear gauge χα1 ¼ ψ iX1
iα1
, the first terms in the

ghost and auxiliary actions can be absorbed into the sums
as the l ¼ k ¼ 1 contributions, by identifying α0 ↔ i,
Cα00 ↔ ψ i, X1

α1β0
↔ χα1;i. Gauge fixing mixes the minimal

and auxiliary sectors, clarifying the role of the latter:

introducing auxiliary ghosts with negative ghost numbers
enables the gauge fermion, which has ghost number −1, to
encode proper gauge conditions.
The triangular diagram from Fig. 5 again helps to trace

the structure of the ghost and auxiliary parts of the gauge-
fixed action; (A22) and (A23). The bilinear in ghosts part of
Sδ gh is the sum of bilinear combination of the antighost Cβl1
and the minimal ghost Cβl0 , coupled by the operator
X1
αlγl−1Z

γl−1
βl

at each level l (1 ≤ l ≤ p). Graphically, this
corresponds to connecting the upward lines from the
antighost and minimal ghost vertices as shown on the
right in Fig. 6.
The gauge-fixed auxiliary action is the sum of terms

associated with the edges of the left-downward chains in
Fig. 5, each of which splits into two subchains, as illustrated
on the left in Fig. 6. The Sδ aux is the sum of terms, in one-to-
one correspondence with edges of these subchains. For
example, the operator Xk

αl−1βl
associated with upward arrow

in one of subchains couples the fields Cαl−1k−1 and Bβl
k from

neighboring vertices. In the other subchain with downward
arrow, the couplingbetweenCαlk andBβl−1

k−1 is carried out by the
transposed operator Xk

αlβl−1
. At the bottom, all chains termi-

nate atverticesof levelpasdepicted inFig. 5.On the topedge
of a chain originating from level l∘ there is a single upward
arrow. This edge corresponds to only one (longer) subchain
ending at vertexwith theminimal ghost C

αl∘
0 , and contributes

to the gauge-fixed action by the term C
αl∘
0 X1

αl∘ βl∘þ1
B
βl∘þ1

1 . The

FIG. 5. Triangular diagram: BV fields and gauge fixing.
BV fields are associated with the vertices of this triangular tree diagram. The slanted right-downward lines connect vertices of the
minimal sector fields with the original fields at the top. The remaining vertices extending left-downward correspond to fields of the
auxiliary sector, where each vertex denotes a pair consisting of a ghost and a Lagrange multiplier. The fields on each horizontal line
correspond to the same level, which in our notation is encoded by a unique index type and given by the index subscript. Within each
level, as well as along each chain proceeding left-downward, the vertices are distinguished by a generation number k. Chains of fields
with l − k ¼ const, originating from a minimal sector field and extending left-downward, correspond to subsets of fields linked by the
standard BV gauge-fixing procedure.
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other subchain is shorter and originates from the vertex of
level ðl∘þ 1Þ associated with the antighost C

αl∘þ1

1 .
The splitting—first into chains, then within the gauge-

fixed action into subchains—follows from grading proper-
ties with respect to the ghost number. The chains in Fig. 5
contain ghosts with nonoverlapping ghost numbers, and
each chain is uniquely labeled by the value of l − k. Such
chain aggregates ghosts Cαlk with ghost numbers l − k (for
even k) and −ðl − kÞ − 1 (for odd k), as can be inferred
from Table III. At the same time, the chain aggregates Bαl

k
with ghost numbers l − kþ 1 (for even k) and −ðl − kÞ (for
odd k). Thus, bilinear combinations in the gauge fermion
(with ghost number−1) are possible forghosts fromadjacent
vertices within a chain, and in the gauge-fixed action (with
ghost number 0) bilinear combinations are possible for
ghosts and Lagrange multipliers from adjacent vertices.
The alternation of the two different ghost numbers within
each chain naturally leads to a split into two subchains.

4. Quantization

Provided the gauge-fixed action (A21) is nondegenerate,
the theory can be quantizes through the generating functional,

Z ¼
Z

DΦ expfiSδ½Φ�g: ðA24Þ

Nondegeneracy of Sδ½Φ� is related to complete proper gauge
fixing: the operators Xk

αlβl−1
must be chosen so as to provide

complete and admissible fixing of the gauge freedom of the
BVaction (A13). This imposes certain rank restrictions on the
operators X1

αlγl−1Z
γl−1
βl

from the ghost part and Xk
αlβl−1

from the
auxiliary part of the gauge-fixed action. These conditionswill
be analyzed in the next subsection.
Depending on a particular choice ofXk

αlβl−1
, some fields in

the gauge-fixed actionmay remain nondynamical and can be
integrated with an ultralocal contribution to the measure.39

This implies reducing the space of fields Φ → Φ̆ and
constraining the gauge-fixed action in the exponent to the
corresponding reduction surface S½Φ� → S̆½Φ̆�, so that the
generating functional takes the form,

Z¼
Z

DΦ̆ expfiS̆δ½Φ̆�g; S̆δ½Φ̆�¼Sδ½ΦðΦ̆Þ�: ðA25Þ

Alternatively, algebraically gauge-fixed fields may be
eliminated alreadyat the classical level, prior toquantization.
A subset of nondynamical variables which can be expressed
in terms of the remaining fields from their variational
equations, can be reduced directly by substituting solutions
of these equations into the gauge-fixed action (A21) [32].
This yields the reduced gauge-fixed action S̆½Φ̆�, which
appear in (A25). For nondegenerate Sδ½Φ�, classically
equivalent reduced action Sδ½ΦðΦ̆Þ� is also nondegenerate
and is suitable to quantizing the theory via (A25).
The reduction is typically performed for the nondynam-

ical subset consisting of certain Lagrange multipliers
together with the corresponding original fields and ghosts.
Together, these form the classically reducible set of fields.
For purely algebraic gauge-fixing operators, the reduction
in the action amounts to solving the variational equations
with respect to the Lagrange multiplier fields,

δSδ
δBβl

k

≡ δSδ aux
δBβl

k

¼ 0∶
���� Cαl−1k−1X

k
αl−1βl

þ Cαlþ1

kþ1X
kþ1
αlþ1βl

¼ 0;

ð1 ≤ l ≤ p; 1 ≤ k ≤ lÞ: ðA26Þ

and substituting the general solution of these equations into
thegauge-fixedminimal action,S0½ψ � þ Sδ gh½ψ ; C0; C1�.The
auxiliary part Sδ aux½Φ� vanishes on the reduction surface,
since for delta-function gauge fixing it is proportional to the
right-hand sides of (A26). Under proper gauge fixing, all
extraghosts k ≥ 2 are fixed and eliminated by the reduction,
along with a portion of the antighosts, minimal ghosts, and
original fields. The part of the latter fields which remains
unfixed, constitute the residual space Φ̆, often referred to as
reduced space.

FIG. 6. Structure of the gauge-fixed action.

39This occurs when some or all of the gauge-fixing operators
are algebraic matrices. For dynamical (differential) gauge-fixing
operators, the integration introduces determinants of differential
operators into the measure of (A25).
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The above brief review summarizes the folklore of the
Batalin-Vilkovisky approach to quantizing gauge theories
with reducible sets of generators. However, the precise
criteria and scope of proper gauge fixing leading to a non-
degenerate gauge-fixed action are much less transparent. In
their seminal paper [30], Batalin and Vilkovisky proposed
the so-called redundant gauge-fixing scheme, which requires
rankXk

αlαl−1 ¼ nl − nlþ1 þ nlþ2 − � � � þ ð−Þp−lnp ¼ml, fol-
lowing from the conditions that the kernels of Xk

αlαl−1 and
Xk
αlαlþ1

do not intersect and form the complementary linear
subspaces in nl-dimensional linear space. However, the latter
conditions is not necessary and the choice corresponds to the

minimal possible ranks of admissible gauge-fixing operators.
Alternativeoptions, suchas full-rankXk

αlαl−1 , are alsopossible,
enabling simpler covariant formulations and offering specific
applications [38].40 In themain part of the articlewe apply the
two extremal cases of gauges—defined by the full-rank and
minimal-rank gauge-fixing operators—to the theory of anti-
symmetric tensor-spinor field.
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