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We consider a general reducible gauge theory deformed by mass or/and interaction terms violating gauge
invariance. It is shown that in the Abelian case, by using the Stueckelberg-type procedure, this theory with
broken gauge symmetry can be converted into exactly gauge-invariant theory which under a suitable choice
of gauge conditions can be treated within the formalism of minimal wave operators manageable by the
covariant Schwinger-DeWitt technique. We carry out quantization of such a theory in general terms when
the initial generators of gauge transformations are of the first and second stages of reducibility and derive its
partition function in terms of the functional integral with all corresponding ghost fields. This method is
applied to quantization of massive fermionic totally antisymmetric tensor field models in anti–de Sitter
space. One-loop quantum effective action for these models is derived in the form of the functional
determinants of special Dirac-type differential operators in various dimensions.
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I. INTRODUCTION

Gauge fields are the basic ingredients of all known
approaches to unifying fundamental interactions.
Therefore, studying various aspects related to quantization
of gauge theories deserves special attention. The emergence
of new gauge field models naturally leads to the problem of
extending the quantization methods.
Discovery of supergravity in diverse dimensions and

string and brane models inspired interest in the study of
field theories containing antisymmetric tensor fields geo-
metrically described by p-forms (see, e.g., [1–8]). A
distinctive feature of all such fields is that the correspond-
ing gauge transformations are significantly different from

the ones in Yang-Mills theory. It is known that massless
p-form field models are the reducible gauge theories
related by a net of dualities. To be more precise, in d
dimensions, the p-form models and ðd − p − 2Þ-form
models are classically equivalent (see, e.g., [9] and
references therein). This gives rise to a natural question
about the quantum equivalence of such models, which, in
turn, requires their quantization. Since p-form field
models are reducible gauge theories, the quantization
cannot be carried on the basis of generally accepted
Faddeev-Popov and DeWitt quantization rules applicable
to Yang-Mills-type fields.
In the context of duality between different gauge

theories, there is some interest in studying deformed
p-form models, where a gauge-invariant theory is deformed
by mass terms or interaction terms that violate gauge
invariance.1 Such theories arise within the context of
cosmological applications mainly due to the fact that they
allow one to formulate new models with nonminimal
couplings to gravity (see, e.g., recent papers [11,12], and

*Contact author: averianov.aa@phystech.edu
†Contact author: barvin@lpi.ru
‡Contact author: buchbinder@theor.jinr.ru
§Contact author: krykhin@tpu.ru
∥Contact author: nesterov@lpi.ru

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1For example, in d dimensions, the massive p-form field
model is dual to ðd − p − 1Þ-form field model (see, e.g., [10] and
references therein).
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references therein). In this context, there arises the problem
of calculating quantum effective action in curved space-
time. As is well known, the one-loop effective action is
given by the functional determinant of the wave operator in
the quadratic part of the classical action. In deformed gauge
theories, the kinetic part of the action is gauge invariant but
the mass or interaction terms are not, so that the corre-
sponding differential operator becomes nonminimal. For
such operators the manifestly covariant Schwinger-DeWitt
method of calculating the effective action becomes not
directly applicable.2 Therefore, it seems useful to develop a
quantization scheme for deformed theories that would
allow one to circumvent the origin of nonminimal operators
and difficulties associated with them.
In principle, a simple and natural way to avoid a problem

of nonminimal operators in deformed gauge theories can be
based on a generalization of the Stueckelberg trick (see
various applications and uses of the Stueckelberg trick in
massive Yang-Mills theories in the review [14]). The
conventional Stueckelberg trick allows one to convert a
nongauge massive vector field model into a classically
equivalent gauge model with initial gauge symmetry. This
is achieved by introducing an auxiliary scalar field whose
gauge transformation does not contain derivatives. Because
of gauge invariance, we can now impose the same gauge-
fixing conditions as in the massless vector field model and
get a minimal differential operator in the quadratic part of
action. The price to be paid for that is the necessity to use an
additional auxiliary scalar field. Generalization of such a
trick for general deformed gauge theories would open the
possibility to apply the covariant methods to calculate the
effective action in these theories. Such a procedure was
generalized for quantizing various bosonic (super) p-form
field models in curved spacetime and for studying the
quantum duality aspects (see, e.g., [10,15–17], and refer-
ences therein3). In this paper, we formulate the
Stueckelberg trick for a generic deformed Abelian gauge
theory and then apply it for quantization of the recently
proposed massive totally antisymmetric tensor spinor field
model (fermionic p-form field model)4 [18] along with the
derivation of its effective actions.
Antisymmetric tensor field theories possess remarkable

properties in both classical and quantum domains, so the
study of such theories has attracted considerable attention.
Here, we focus only on quantum aspects. The first model of

antisymmetric tensor field in four dimensions has been
discovered by Ogievetsky and Polubarinov in 1967 [31]
and then rediscovered in the context of string theory in
[32–34].5 The four-dimensional massive antisymmetric
tensor field model has been proposed some earlier [36],
where a duality of this model to massive vector field model
was noted as well. Later, a large number of bosonic and
supersymmetric p-form field models in various dimensions
were proposed (see a complete enough list of correspond-
ing references in [10,37]).
Quantization of the bosonic p-form field models was

discussed by many authors using various methods (see the
pioneering papers [38–43]). Non-Abelian p-forms and
their quantum structure were considered in [44–52] (see
also the review [53]). The construction and the analysis of
quantum structure of superfield models containing p-forms
among their field components were discussed, e.g., in
[10,37,54–59].6
All the p-form field theories considered above are

reducible gauge theories, which means that their generators
of gauge transformations are linearly dependent. Currently,
there exist general methods for quantizing almost every
possible gauge theory—the canonical Batalin-Fradkin-
Vilkovisky method [60,61] (see also the book [62] and
the references therein) and the covariant Batalin-Vilkovisky
(BV) method [63,64] (see also the review [53], the book
[62], and references therein). However, application of
general methods for quantizing fairly simple and mostly
Abelian p-form gauge theories is unnecessarily cumber-
some. General methods require the use of a large number of
auxiliary ghost fields, the exclusion of which in fairly
simple theories for the sake of obtaining the final result may
be requiring a lot of effort. This was especially pointed out
in the pioneering BV paper [64]. However, quite a long
time ago, in the work of [57] (see also [58]) in the context of
studying quantum effective actions for dual superfield
theories on a supergravity background, a simple quantiza-
tion procedure was proposed. Recently, this procedure was
generalized for quantization of general reducible gauge
theories [65]. Such a procedure is ideally acceptable for
quantization of p-form gauge theories that was demon-
strated in [65] on the example of quantizing the fermionic
p-form theory on anti–de Sitter (AdS) background. It was
also shown that the BV quantization method leads to the
same results [66]. BV quantization of the fermionic p-form
theory on a flat background was carried out in [67].
Quantization of deformed p-form field theories is not so

well developed as for the massless p-form field theories. As
far as we know, there are only a few papers on this subject
(see, e.g., [10,16], and references therein). In this paper, we
formulate the generic Stueckelberg trick for arbitrary
deformed Abelian reducible gauge theories, which converts

2Problems of calculating effective action associated with
nonminimal operators are discussed, e.g., in [13].

3We especially want to emphasize the paper [10], which
presents a large number of new results and provides a detailed
list of publications concerning the quantization of various
massive bosonic and superfield p-form models.

4In [18], both massive and massless (gauge-invariant) fer-
mionic p-models on AdSd space were constructed. Massless
fermionic p-models were also constructed in [19,20]. Some
examples of fermionic p-form field models were proposed in
the context of six-dimensional exotic supergravity [21–30].

5See also the discussion of this model in [35].
6See a complete list of references on this issue in [10,37].
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them into equivalent purely gauge theories with
Stueckelberg fields of a generic type, their gauge trans-
formations being reducible. Quantization of these theories
is then carried out on the basis of the procedure of [65]
adjusting simple Faddeev-Popov method to the case of
reducible gauge symmetries. As an application of this
approach, we derive the effective action for massive
fermionic p-form theories of first and second stages of
reducibility on the AdS background. Thus, new features
of this work compared to [65] are (a) the presence of
Stueckelberg fields with reducible gauge symmetry; and
(b) this is the first example of quantizing a comparatively
new massive and fully antisymmetric fermionic theory in
curved AdS spacetime.
The paper is organized as follows. In Sec. II, we describe

the deformation of a general bosonic gauge theory and
show how this theory can be converted into purely gauge
theory on the basis of the Stueckelberg trick formulated for
an Abelian general gauge theory. Section III is devoted to
the quantization of a deformed gauge theory in the case of
the first stage of reducibility by using the procedure of [65].
In Sec. IV, we apply the results of Sec. III to the deformed
theories of the second stage of reducibility again by using
the quantization procedure of [65]. Here, we show that in
this case the gauge transformations of the Stueckelberg
fields are themselves of the first stage of reducibility.
Section V is devoted to the quantization of massive
antisymmetric tensor spinor theories for the first and
second stages of reducibility.7 The results are the effective
actions written in terms of functional determinants of
special differential operators acting on fermionic p-forms.
In Sec. VI, we give our concluding remarks.

II. DEFORMED GAUGE THEORIES

A. Deformation of general gauge theory

General gauge theory is given by the set of fields ϕi,
their action S0½ϕ�, infinitesimal gauge transformations
δϕi ¼ Ri

α½ϕ�fα, and the condition of gauge invariance

S0½ϕ�;iRi
α½ϕ� ¼ 0: ð2:1Þ

The functionals Ri
α½ϕ� are called the generators of gauge

transformations or gauge generators, and fα are the gauge
parameters.8 The fields ϕi can possess nonzero Grassmann

parity; however, for simplicity, here we will consider only
bosonic fields and call the corresponding theory a general
bosonic gauge theory.
The gauge theory is called reducible if the gauge

generators are linearly dependent, which means that there
exist the functionals Zð1Þαa1 ½ϕ� enumerated by the indices a1
such that

Ri
α½ϕ�Zð1Þαa1 ¼ 0; α ¼ 1;…m0;

a1 ¼ 1;…m1 < m0: ð2:2Þ

In the opposite case, it is called irreducible. The relation
(2.2) means that, in reducible theories, the Zð1Þαa1 ½ϕ� are the
zero vectors of gauge generators. Here, m0 and m1 denote,
respectively, formal dimensionalities of the original gauge
algebra and the space of Zð1Þαa1 , the latter being linearly
independent for stage-one reducible gauge theories. This
means that the actual number of local gauge symmetries is
m0 −m1 (the rank of the matrix Ri

α½ϕ�) rather than m0.
Therefore, the actual number of independent gauge con-
ditions to fix these symmetries should also be m0 −m1.
They can be represented by the redundant (or reducible) set
of gauge conditions χμ1 satisfying the condition of linear
dependence with some zero vectors Z̄ð1Þb1μ1 :

Z̄ð1Þb1μ1χμ1 ¼ 0; μ1 ¼ 1;…m0;

b1 ¼ 1;…m1 < m0: ð2:3Þ

If the matrix Zð1Þαa1 has no zero vectors, the correspond-
ing theory is called the one of the first stage of reducibility.
If it has zero vectors Zð2Þa1a2 so that

Zð1Þαa1Z
ð2Þa1

a2 ¼ 0; a2 ¼ 1;…m2 < m1 ð2:4Þ

and Zð2Þa1a2 has no zero vectors, the corresponding theory is
called the gauge theory of the second stage of reducibility.
The theories of higher stages of reducibility are defined
analogously.
Consider a theory with action

S½ϕ� ¼ S0½ϕ� þ S1½ϕ�; ð2:5Þ

where Ri
αS;i ¼ Ri

αS1;i ≠ 0. This relation shows that the
theory under consideration is nongauge. Since the theory
with the action (2.5) is obtained by deforming the initial
gauge theory, wewill call such a theory the deformed gauge
theory. As to the action S1½ϕ�, we will assume that it has the
following form:

S1½ϕ� ¼
1

2
tijϕiϕj þ 1

3!
tijkϕiϕjϕk þ 1

4!
tijklϕiϕjϕkϕl þ � � �

ð2:6Þ

7To quantize these models, we use the results of the previous
sections obtained for bosonic fields. Since the fermionic p-form
models are described by anticommuting fields, we apply the
quantization procedure described above, but unlike the previous
sections, we employ here the functional integrals over anticom-
muting variables.

8We use DeWitt condensed notations where the indices i and α
contain all continuous and discrete labels of fields and param-
eters. For contracted indices, the integration (their continuous
part) and summation (over their discrete part) is assumed.
A;i½ϕ� ¼ δA½ϕ�=δϕi for any functional A½ϕ�.
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with tij; tijk; tijkl;… being its deformation parameters.
Since the initial theory can be either irreducible or
reducible, we will use for the corresponding deformed
theory the name of irreducible or reducible gauge theory.
Examples of deformed gauge theories are as follows.
(i) Nonreducible deformed vector field model with the

action

S½A� ¼
Z

d4x
ffiffiffiffiffi
jgj

p �
−
1

4
FμνFμν −

m2

2
AμAμ

−
λ

4!
ðAμAμÞ2

�
:

Here, Fμν is the standard field strength tensor for a
vector field Aμ and m2 and λ are the deformation
parameters.

(ii) Deformed second-rank antisymmetric tensor field
theory with the action (the first-stage deformed
gauge theory)

S½B� ¼
Z

d4x
ffiffiffiffiffi
jgj

p �
−

1

12
FμνρFμνρ −

m2

2
BμνBμν

−
λ

4!
ðBμνBμνÞ2

�
:

Here, Fμνρ ¼ ∇μBνρ þ∇ρBμν þ∇νBρμ is the field
strength tensor for the second-rank antisymmetric
tensor field Bμν, and the m2 and λ are the deforma-
tion parameters.

(iii) Deformed totally antisymmetric tensor spinor field
model (higher stage deformed gauge theory). This
theory is defined only on AdSd space and is
described by the action

S½ψ ; ψ̄ � ¼
Z

dpx
ffiffiffiffiffi
jgj

p
ðiψ̄μ1μ2…μpγ

μ1μ2…μpσν1ν2…νp

×Dσψν1ν2…νp

−mψ̄μ1μ2…μpγ
μ1μ2…μpν1ν2…νpψν1ν2…νpÞ:

Here, ψμ1μ2…μp ¼ ψ ½μ1μ2…μp� ¼ ψμ½p� is a fermionic
p-form and μ½p� ¼ ½μ1μ2…μp� implies the collec-
tion of p antisymmetric indices, Dμ ¼ ∇μ � i

2

ffiffiffi
r
p

γμ,
∇μ is the spinor covariant derivative, r is determined
from Rμν

ρσ ¼ rðδμσδνρ − δμρδνσÞ and r > 0 for the AdS
space, and m is a deformation mass parameter. At
m ¼ 0, the action is invariant under the transforma-
tions

δψμ½p� ¼ pDμλμ½p−1�;

δλμ½p−1� ¼ ðp − 1ÞDμλμ½p−2�;…;

where λμ½k�, k ¼ 0; 1;…p − 1, are totally anticom-
muting rank k tensor spinor gauge parameters. In the

massless case, the theory under consideration pos-
sesses p − 1 stages of reducibility.

B. Conversion of a deformed abelian gauge theory into
a complete gauge-invariant theory

Consider the Abelian gauge theory with the action S0½ϕ�
and field-independent gauge generators Ri

α. Such gauge
generators are typical for antisymmetric field models. The
action S0½ϕ� is deformed by the term S1½ϕ�, where S1½ϕ�
describes deformation of the form (2.6). As a result, we
arrive at the theory with action S½ϕ� ¼ S0½ϕ� þ S1½ϕ�,
where the first term is the gauge-invariant initial action
and the second term breaks gauge invariance.
Let us introduce the field ϕ̂i by using the generic

Stueckelberg trick

ϕ̂i ¼ ϕi − Ri
αsα ¼ ϕ̂iðϕ; sÞ; ð2:7Þ

where sα are some new fields. It is evident that the field ϕ̂i

is invariant under the following gauge transformations:

δϕi ¼ Ri
αfα; δsα ¼ fα: ð2:8Þ

Consider a theory with the action ˆS½ϕ; s� in the form

Ŝ½ϕ; s� ¼ S0½ϕ� þ S1½ϕ̂ðϕ; sÞ�: ð2:9Þ

It is easy to see that the action (2.9) is gauge invariant under
the transformations δϕi ¼ Ri

αfα; δsα ¼ fα. Because of this
gauge invariance, we can impose gauge conditions number
of which coincides with a number of gauge parameters fα.
The simplest such gauge conditions are sα ¼ 0. The
parameters fα are completely fixed, and the gauge-invariant
action (2.9) reduces to deformed action (2.5). These
consideration show that the theories with actions (2.9)
and (2.5) are equivalent as the classical field models.
Taking into account all above, it is natural to call the fields
sα the general Stueckelberg fields.9

Now, taking into account the invariance of the action
(2.9), we can use gauge conditions which will fix the gauge
structure of the initial gauge-invariant part S0½ϕ� of the full
deformed action. In the case under consideration, the
kinetic terms in the deformed action (2.5) are related only
to this gauge-invariant part S0½ϕ�. Therefore, in the context
of calculating effective action it is more appropriate to

9We note that the Stueckelberg construction presented here is
strictly valid only for Abelian gauge symmetries, where the
generators of gauge transformations are field independent. For a
general deformed gauge theory, introducing Stueckelberg fields
requires a significantly more involved procedure. However, since
this work focuses exclusively on deformed reducible gauge
models based on bosonic and fermionic p-forms—whose gauge
transformations remain Abelian—the proposed approach is
adequate and sufficient.
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impose the gauge-fixing condition not on the fields sα but
on the initial fields ϕi to simplify their kinetic terms. As a
result, this can allow one to avoid nonminimal operators,
which is exactly what we will do when quantizing the
massive totally antisymmetric tensor spinor theory
in Sec. V.

III. QUANTIZATION OF FIRST-STAGE
REDUCIBLE DEFORMED GAUGE THEORIES

A. Modified delta functions and group integration
measure

Now consider the first-stage reducible Abelian theory
with the action (2.9). As noted above, in this case the matrix
of gauge generators Ri

α admits a set of linearly independent
zero vectors Zð1Þαa1 . It follows that the field ϕ̂

i introduced in
(2.7) is invariant under the transformation δsα ¼ Zð1Þαa1g

a1 ,
where ga1 , a1 ¼ 1;…m1, are additional gauge parameters.
As a result, the general gauge symmetry of the model is
characterized by the set of m0 independent parameters fα,
the set of m1 parameters ga1 , and takes the form

δϕi ¼ Ri
αfα; δsα ¼ fα þ Zð1Þαa1g

a1 : ð3:1Þ

It is also easy to see that this transformation law is itself
invariant under the transformation

δfα ¼ Zð1Þαa1f1
a1 ; δga1 ¼ −f1a1 ; ð3:2Þ

where f1a1 is a set of m1 second-stage gauge parameters.
The standard Faddeev-Popov procedure becomes inap-

plicable for quantization of theories with linearly dependent
gauge generators. In [65], the proper functional integral for
a massless theory with first-stage reducibility is constructed
by introducing according to the Faddeev-Popov trick [68]
the additional unity into the expressions for the delta
function of gauge conditions and group integration measure
and by separating integration over the second-stage gauge
group. We apply this method to the quantization of massive
theory with first-stage reducibility by using the
Stueckelberg fields. The main difficulty in applying the

Faddeev-Popov method to reducible gauge theories is that
the factors in the integrand of the functional representation
of the Faddeev-Popov unity,

1 ¼ Δ
Z

DfDg δ½χαðϕi þ Ri
βf

βÞ�

× δ½ωa1
α ðsα þ fα þ Zð1Þαb1g

b1Þ�; ð3:3Þ

are degenerate [here, χαðϕiÞ andωa1
α sα are two gauge-fixing

conditions corresponding to the two symmetries (2.8), with
the rank of the gauge-fixing matrix ωa1

α equal to m1]. Since
the gauge symmetry of the theory can be parametrized by
m0 −m1 independent parameters f and m1 independent
parameters g, one must impose m0 independent gauge
conditions. Because the conditions ωa1

α sα are independent
by construction, the conditions χαðϕiÞ must be linearly
dependent, which implies the existence of the matrix of
zero vectors Z̄ð1Þa1α such that Z̄ð1Þa1α χαðϕiÞ ¼ 0. As a result,
the naive delta function

δ½χαðϕiÞf� ¼
Z

Dπ eiπαχ
α½ðϕiÞf �; ð3:4Þ

where the superscript f denotes the gauge transformation
with the gauge parameter f, is degenerate due to invariance
of the exponential under the transformation
δπα ¼ ξa1Z̄

ð1Þa1
α . In this sense, the matrix Z̄ð1Þa1α becomes

the matrix of generators of second-stage gauge transforma-
tions. To lift this degeneracy, we fix the symmetry δπα ¼
ξa1Z̄

ð1Þa1
α by imposing on πα the gauge condition σðπÞ ¼

πασ
α
a1 ¼ 0 and insert into the expression (3.4), according to

the Faddeev-Popov method, the functional unity

1 ¼ DetðZ̄ð1Þa1α σαb1Þ
Z

Dξ δ½ðπα þ ξb1Z̄
ð1Þb1

α Þσαa1 �: ð3:5Þ

Next, by changing the order of integration and using the
invariance of measure Dπ under the transformation
δπα ¼ Z̄ð1Þa1α ξa1 , one disentangles a (formally infinite)
volume of the gauge group

R
Dξ ¼ Vξ:

Z
Dπ eiπαχ

αððϕiÞfÞ → DetðZ̄ð1Þa1α σαb1Þ
Z

Dπ eiπαχ
αððϕiÞfÞ

Z
Dξ δ½ðπα þ ξb1 Z̄

ð1Þb1
α Þσαa1 �

¼ DetðZ̄ð1Þa1α σαb1Þ
Z

Dξ

Z
Dπ eiπαχ

αððϕiÞfÞδ½πασαa1 �

¼ Vξ × DetðZ̄ð1Þa1α σαb1Þ
Z

DπDc eiπαχ
αððϕiÞfÞþiπασαa1ca1

¼ Vξ × DetðZ̄ð1Þa1α σαb1Þ
Z

Dc δ½χαððϕiÞfÞ þ σαa1c
a1 �: ð3:6Þ
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As a result, one obtains the expression for a modified delta
function, which should be used in construction of the
Faddeev-Popov functional unity:

δ½χαðϕi þ Ri
αfαÞ� → δ̂½χαðϕi þ Ri

αfαÞ�

¼ DetðZ̄ð1Þa1α σαb1Þ
Z

Dc δ½χαðϕi þ Ri
αfαÞ

þ σαa1c
a1 �: ð3:7Þ

The delta function for the Stueckelberg field is well defined
(since the rank of ωa1

α equals m1) and does not require any
modification.
Next, the integration measure over gauge parameters must

be modified, DfDg → Dμf;g. The invariance of the inte-
grand in the functional unity (3.3) under the transformations

(3.2) (now playing the role of second-stage gauge trans-
formations) leads to the degeneracy of the integral. We fix
the symmetry (3.2) by imposing on integration variable f the
gauge condition ωðfÞ ¼ ωa1

α fα ¼ 0 (the same condition
used for fixing Stueckelberg gauge transformations) and
insert the functional unity into integral (3.3):

1 ¼ Detðωa1
α Z̄ð1Þαb1Þ

Z
Df1δ½ωa1

α ðfαÞf1 �; ð3:8Þ

where again the superscript f1 denotes the gauge trans-
formation (3.2) with the parameter f1. Then we perform a
chain of transformations analogous to (3.6) [denoting the
integrand in (3.3) asΦ½ϕf; sf;g� with sf;g obviously denoting
the transformation (3.1) of s under the action of f and g
parameters]:

Z
DfDgΦ½ϕf; sf;g� → Detðωa1

α Z̄ð1Þαb1Þ
Z

DfDgΦ½ϕf; sf;g�
Z

Df1δ½ωa1
α ðfαÞf1 �

¼ Detðωa1
α Zð1Þαb1Þ

Z
Df1

Z
DfDg δ½ωa1

α fα�Φ½ϕf; sf;g�

¼ Vf1 × Detðωa1
α Zð1Þαb1Þ

Z
DfDg δ½ωa1

α fα�Φ½ϕf; sf;g�: ð3:9Þ

As a result, one obtains the expression for the modified integration measure:

DfDg→Dμf;g¼DfDgDetðωa1
α Zð1Þαb1Þδ½ω

a1
α fα�: ð3:10Þ

B. Faddeev-Popov determinant and functional integral

In order to compute the Faddeev-Popov determinant, we substitute expressions (3.7) and (3.10) in the integral (3.3) and
transfer all the determinant factors to the left-hand side of (3.3), raised to the power −1:

Δ−1Det−1ðωa1
α Zð1Þαb1ÞDet−1ðZ̄ð1Þ

a1
α σαb1Þ ¼

Z
DfDgDc δ½ωa1

α fα�δ½χαðϕi þ Ri
βf

βÞ þ σαa1c
a1 �δ½ωa1

α ðsα þ fα þ Zð1Þαb1g
b1Þ�

¼ Det−1

0BBB@
δχα

δϕi Ri
β σαb1 0

ωa1
β 0 0

ωc1
β 0 ωc1

γ Zð1Þγd1

1CCCA
¼ Det−1

0@ δχα

δϕi Ri
β σαb1

ωa1
β 0

1ADet−1ðωc1
γ Zð1Þγd1Þ: ð3:11Þ

In [65], it was shown that

Det

 δχα

δϕi Ri
β σαb1

ωa1
β 0

!
¼ DetðFα

βÞ; ð3:12Þ

where Fα
β ¼ δχα

δϕi Ri
β þ σαa1ω

a1
β . Using this relation, one obtains the yet unknown expression for the Faddeev-Popov

determinant Δ:
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Δ ¼ DetðFα
βÞ

DetðZ̄ð1Þa1α σαb1Þ
: ð3:13Þ

Now we insert into the functional integral the correct unity expression

1 ¼ Δ
Z

Dμf;gδ̂½χαðϕi þ Ri
βf

βÞ�δ½ωa1
α ðsα þ fα þ Zð1Þαb1g

b1Þ�; ð3:14Þ

where the first (hatted) delta function is given by the functional integral representation (3.7), and perform the same sequence
of transformations as in (3.6) and (3.9):Z

DϕDs eiS½ϕ;s� → DetðFÞ
Z

DϕDs eiS½ϕ;s�
Z

Dμf;g

Z
Dc δ½χαðϕi þ Ri

αfαÞ þ σαa1c
a1 �δ½ωa1

α ðsα þ fα þ Zð1Þαb1g
b1Þ�

¼ V × DetðFÞ
Z

DϕDsDc eiS½ϕ;s�δ½χαðϕiÞ þ σαa1c
a1 �δ½ωa1

α sα�: ð3:15Þ

As a result, one arrives at the following final expression for
the functional integral of a massive first-stage reducible
gauge theory with Stueckelberg fields:

Z ¼ DetðFÞ
Z

DϕDsDc eiS½ϕ;s�δ½χαðϕiÞ

þ σαa1c
a1 �δ½ωa1

α sα�: ð3:16Þ

Because of the choice of gauge-fixing conditions diagonal
with respect to the fields ϕ and s, the delta functions also
turn out to be diagonal (containing either only ϕ or only s
fields). However, this does not imply that fields ϕ and s are
completely decoupled, since their mixing remains
in S½ϕ; s�.

IV. QUANTIZATION OF DEFORMED SECOND-
STAGE REDUCIBLE GAUGE THEORY

A. Modified group integration measure

In the case of second-stage reducibility expressions, the
transformations (3.1) are themselves invariant under
the additional gauge transformation δga1 ¼ Zð2Þa1a2g1

a2 .
Therefore, the general second-stage gauge transformation
takes the form

δfα ¼ Zð1Þαa1f1
a1 ; δga1 ¼ −f1a1 þ Zð2Þa1a2g1

a2 ; ð4:1Þ

where g1a2 are additional second-stage gauge parameters.
By analogy with the first-stage reducibility, the trans-
formation law (4.1) is invariant under the transformation

δf1a1 ¼ Zð2Þa1a2f2
a2 ; δg1a2 ¼ f2a2 ; ð4:2Þ

where f2a2 are third-stage gauge parameters.
In order to consistently construct the functional integral

of a second-stage reducible gauge theory, it is necessary,
similarly to the previous case, to define modified delta

functions and integration measure and to insert into the
functional integral the following unity expression:

1 ¼ Δ
Z

Dμf;g
ˆ̂δ
�
χαðϕi þ Ri

αfαÞ�δ̂½ωa1
α ðsα þ fα

þ Zð1Þαb1g
b1Þ�: ð4:3Þ

Here, χα denotes gauge fixing for fields ϕ, while the matrix
ωa1
α fixes the gauge for Stueckelberg fields s.
First, we determine the modified integration measure

Dμf;g. A naive integral

1 ¼ Δ
Z

DfDg δ
�
χαðϕi þ Ri

αfαÞ�δ½ωa1
α ðsα þ fα

þ Zð1Þαb1g
b1Þ� ð4:4Þ

turns out to be degenerate due to the invariance of the
expressions inside delta functions with respect to trans-
formation (4.1). To fix this symmetry, we choose gauge
conditions

ωðfÞ ¼ ωa1
α fα; ω0ðgÞ ¼ ω0a2a1g

a1 ð4:5Þ

and insert into the integral (4.4) the functional unity

1¼Δm

Z
Dμf1;g1 δ̂½ωa1

α ðfαþZð1Þαb1f1
b1Þ�δ½ω0a2a1ðga1 −f1a1

þZð2Þa1b2g1
b2Þ�: ð4:6Þ

In this expression, the symmetry (4.2) plays the role of
third-stage gauge transformations, so that in complete
analogy with the previous case one has to define the
modified measure. In addition, since the matrix ω now
possesses m2 independent null vectors, the exponential in
the expression
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δ½ωa1
α ðfαþZð1Þαb1f1

b1Þ�¼
Z

Dπeiπa1ω
a1
α ðfαþZð1Þαb1f1

b1 Þ ð4:7Þ

is invariant under the transformation δπa1 ¼ ξa2Z̃
ð2Þa2

a1 ,
where Z̃ð2Þ is the matrix (of rank m2) of null vectors of
the gauge condition ωðfÞ. This leads to the necessity of
defining the modified delta function. This symmetry is
fixed by the gauge condition σ0ðπÞ ¼ πa1σ

0a1
a2 , while sym-

metry (4.2) is fixed by the condition ω0ðf1Þ ¼ ω0a2a1f1
a1

(rank of the matrices σ0 and ω0 is equal to m2). Similarly to
the previous case, we insert into a naive integral

1¼Δm

Z
Df1Dg1δ½ωa1

α ðfαþZð1Þαb1f1
b1Þ�δ½ω0a2a1ðga1 −f1a1

þZð2Þa1b2g1
b2Þ� ð4:8Þ

functional unities

1 ¼ Detðω0a2a1Zð2Þa1b2Þ
Z

Df2δ½ω0a2a1ðf1a1 þ Zð2Þa1b2f2
b2Þ�;

ð4:9Þ

1¼DetðZ̃ð2Þb2a1σ0a1a2Þ
Z

Dξδ½ðπa1þξb2 Z̃
ð2Þb2

a1Þσ0a1a2 �: ð4:10Þ

After that, similarly to (3.6) and (3.9), one can separate the
integration over the third-stage gauge group and represent
the modified delta function as the integral over extra ghosts,
which leads to the expression of the form

Δ−1
m Det−1ðω0a2a1Zð2Þa1b2ÞDet−1ðZ̃ð2Þ

b2
a1σ
0a1
a2Þ

¼
Z

Df1Dg1

Z
D c̄1δ½ω0a2a1f1a1 �δ½ωa1

α ðfα þ Zð1Þαb1f1
b1Þ

þ σ0a1a2 c̄1
a2 �δ½ω0a2a1ðga1 − f1a1 þ Zð2Þa1b2g1

b2Þ�: ð4:11Þ

Repeating the steps analogous to (3.11) and using the
property (3.12), one obtains

Δ−1
m Det−1ðω0a2a1Zð2Þa1b2ÞDet−1ðZ̃ð2Þ

b2
a1σ
0a1
a2Þ

¼ Det−1

0B@ωZð1Þ σ0 0

ω0 0 0

−ω0 0 ω0Zð2Þ

1CA
¼ Det−1ðF0ÞDet−1ðω0a2a1Zð2Þa1b2Þ; ð4:12Þ

where

F0a1b1 ¼ ωa1
α Zð1Þαb1 þ σ0a1a2ω

0a2
b1
: ð4:13Þ

Finally, one has

Δm ¼
DetðF0Þ

DetðZ̃ð2Þb2a1σ0a1a2Þ
; ð4:14Þ

and the modified measure and the modified delta function
for second-stage gauge parameters both take the form

Dμf1;g1 ¼ Df1Dg1Detðω0a2a1Zð2Þa1b2Þδ½ω0
a2
a1f1

a1 �; ð4:15Þ

δ̂½ωa1
α ðfαþZð1Þαb1f1

b1ÞÞ�¼DetðZ̃ð2Þb2a1σ0a1a2Þ
Z

D c̄1δ½ωa1
α ðfα

þZð1Þαb1f1
b1Þþσ0a1a2 c̄1

a2 �:
ð4:16Þ

Now we substitute the fully defined functional unity
(4.6) into the integral (4.4) and perform the sequence of
transformations analogous to (3.9) [denoting the integrand
in (4.4) by Φ½ϕf; sf;g�]:

Z
DfDgΦ½ϕf; sf;g� → DetðF0Þ

Z
DfDgΦ½ϕf; sf;g�

Z
Dμf1;g1

Z
D c̄1δ½ωa1

α ðfα þ Zð1Þαb1f1
b1Þ

þ σ0a1a2 c̄1
a2 �δ½ω0a2a1ðga1 − f1a1 þ Zð2Þa1b2g1

b2Þ�

¼ V × DetðF0Þ
Z

DfDgD c̄1Φ½ϕf; sf;g�δ½ωa1
α fα þ σ0a1a2 c̄1

a2 �δ½ω0a2a1ga1 �: ð4:17Þ

As a result, one obtains the expression for the modified
integration measure over first-stage gauge parameters:

Dμf;g ¼ DfDgDetðF0Þ
Z

D c̄1δ½ωa1
α fα

þ σ0a1a2 c̄1
a2 �δ½ω0a2a1ga1 �: ð4:18Þ

B. Modified delta functions

Now we define modified delta functions in the expres-
sion (4.3). The expressions for ordinary delta functions are

δ½χαðϕiÞ� ¼
Z

Dπ eiπαχ
αðϕiÞ; ð4:19Þ
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δ½ωa1
α sα� ¼

Z
Dθ eiθa1ω

a1
α sα : ð4:20Þ

It is easy to see that their exponentials are invariant under the
transformations δπα ¼ ξa1Z̄

ð1Þa1
α and δθa1 ¼ ηa2Z̃

ð2Þa2
a1 . We

fix their symmetries by the conditions σðπÞ ¼ πασ
α
a1 and

σ0ðθÞ ¼ θa1σ
0a1
a2 . The matrix Z̄ð1Þ, similarly to Zð1Þ, possesses

m2 independent null vectors. This means that the expression
ξa1Z̄

ð1Þa1
α itself is invariant under the transformation

δξa1 ¼ ξ1a2 Z̄
ð2Þa2

a1 , where Z̄ð2Þ denotes null vectors of the
matrix Z̄ð1Þ, while the expression for the delta function

δ½πασαa1 � ¼
Z

Dπ1e
iπασαa1π1

a1 ð4:21Þ

is invariant under the transformation δπ1
a1 ¼ ˜̄Zð2Þa1a2λ

a2 ,

where ˜̄Zð2Þ denotes left null vectors of gauge condition σ

(ranks of matrices Z̄ð2Þ and ˜̄Zð2Þ are equal to m2). Therefore,
it is necessary to insert unities into expressions (4.19) and
(4.20):

1 ¼ Δd

Z
Dμξδ̂½ðπα þ ξb1 Z̄

ð1Þb1
α Þσαa1 �; ð4:22Þ

1¼DetðZ̃ð2Þb2a1σ0a1a2Þ
Z

Dηδ½ðθa1þηb2Z̃
ð2Þb2

a1Þσ0a1a2 �: ð4:23Þ

The measure Dμξ and the delta function δ̂½πασαa1 � are
defined similarly to the construction described above:

Dμξ ¼ DξDetðZ̄ð2Þb2a1ω̄a1
a2Þδ½ξa1ω̄a1

a2 �; ð4:24Þ

δ̂½πασαa1 �¼Detðσ̄a2a1 ˜̄Zð2Þa1b2Þ
Z

Dc0δ½πασαa1þc0a2 σ̄
a2
a1 �; ð4:25Þ

where ω̄ is gauge fixing the symmetry δξa1 ¼ ξ1a2 Z̄
ð2Þa2

a1

and σ̄ is gauge fixing the symmetry δπ1
a1 ¼ ˜̄Zð2Þa1a2λ

a2,
while the fields c0 play the role of second-stage extra
ghosts. Substituting these expressions into (4.22) and
proceeding in analogy with the previous steps, one obtains
the expression for the determinant Δd:

1 ¼ ΔdDetðZ̄ð2Þb2a1ω̄a1
a2ÞDetðσ̄a2a1 ˜̄Zð2Þa1b2Þ

Z
DξDc0δ½ξa1ω̄a1

a2 �δ½ðπα þ ξb1Z̄
ð1Þb1

α Þσαa1 þ c0a2 σ̄
a2
a1 �;

Δd ¼
DetðF00Þ

DetðZ̄ð2Þb2a1ω̄a1
a2ÞDetðσ̄a2a1 ˜̄Zð2Þa1b2Þ

; F00b1a1 ¼ Z̄ð1Þb1α σαa1 þ ω̄b1
a2 σ̄

a2
a1 : ð4:26Þ

Now we substitute the fully defined unity (4.22) into (4.19) and perform the following sequence of transformations:

δ½χαðϕiÞ� ¼
Z

Dπ eiπαχ
αðϕiÞ →

Z
Dμξ

Z
DπDc0

DetðF00Þ
DetðZ̄ð2Þb2a1ω̄a1

a2Þ
δ½ðπα þ ξb1 Z̄

ð1Þb1
α Þσαa1 þ c0a2 σ̄

a2
a1 �eiπαχαðϕiÞ

¼
Z

Dμξ
DetðF00Þ

DetðZ̄ð2Þb2a1ω̄a1
a2Þ

Z
DπDcDc0eiπασ

α
a1
ca1þic0a2 σ̄

a2
a1
ca1þiπαχαðϕiÞ

¼
�Z

Dμξ

�
DetðF00Þ

DetðZ̄ð2Þb2a1ω̄a1
a2Þ

Z
Dc δ½χαðϕiÞ þ σαa1c

a1 �δ½σ̄a2a1ca1 �: ð4:27Þ

Here, the integration over the second-stage gauge group has been disentangled, the delta function has been represented as an
integral over first-stage extra ghosts, and the integration over second-stage extra ghosts has been carried out. Also, we
substitute the unity (4.23) into the expression (4.20) and perform the transformations analogous to (3.6). As a result, one
obtains expressions for modified delta functions:

ˆ̂δ½χαðϕi þ Ri
αfαÞ� ¼

DetðF00Þ
DetðZ̄ð2Þb2a1ω̄a1

a2Þ

Z
Dc δ½χαðϕi þ Ri

αfαÞ þ σαa1c
a1 �δ½σ̄a2a1ca1 �; ð4:28Þ

δ̂½ωa1
α ðsα þ fα þ Zð1Þαb1g

b1Þ� ¼ DetðZ̃ð2Þb2a1σ0a1a2Þ
Z

D ec1δ½ωa1
α ðsα þ fα þ Zð1Þαb1g

b1Þ þ σ0a1a2 ec1a2 �: ð4:29Þ

Relationships between gauge generators and gauge
fixing conditions are shown in Fig. 1. The following
notation is used: A node represents matrix of generators
of gauge transformation at the corresponding level. An
arrow goes from a generator matrix to the matrix of its

right zero vectors. A dashed line goes from a generator
matrix to the matrix of left zero vectors of the gauge-
fixing condition used to fix the symmetry associated with
those generators (the gauge condition is indicated above
the dashed line).
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C. Faddeev-Popov determinant and the functional integral

In order to compute the Faddeev-Popov determinant, we substitute expressions (4.18), (4.28), and (4.29) into the integral
(4.3) and perform the transformation analogous to (3.11):

Δ−1 DetðZ̄ð2Þb2a1ω̄a1
a2Þ

DetðF00ÞDetðF0ÞDetðZ̃ð2Þb2a1σ0a1a2Þ
¼
Z

DfDgD c̄1DcD ec1δ½ωa1
α fα þ σ0a1a2 c̄1

a2 �δ½ω0a2a1ga1 �δ½χαðϕi þ Ri
αfαÞ þ σαa1c

a1 �

× δ½σ̄a2a1ca1 �δ½ωa1
α ðsα þ fα þ Zð1Þαb1g

b1Þ þ σ0a1a2 ec1a2 �

¼ Det−1

0BBBBBB@

δχ
δϕR σ 0 0 0

ω 0 σ0 0 0

0 σ̄ 0 0 0

ω 0 0 ωZð1Þ σ0

0 0 0 ω0 0

1CCCCCCA

¼ Det−1

0B@
δχ
δϕR σ 0

ω 0 σ0

0 σ̄ 0

1CADet−1ðF0Þ

≡ Det−1ðHÞDet−1ðF0Þ: ð4:30Þ

The determinant of the newly introduced matrix H can
be transformed as follows. Consider the operator

G¼
� δχ

δϕR σ

ω 0

�
þ
�
0

σ0

��
0 σ̄

�
¼
� δχ

δϕR σ

ω σ0σ̄

�
: ð4:31Þ

It is straightforward to verify that it satisfies the properties

G

�
0
˜̄Zð2Þ

�
¼
�

0

σ0

��
σ̄ ˜̄Zð2Þ

�
;�

0 Z̃ð2Þ
�
G ¼

�
Z̃ð2Þσ0

��
0 σ̄

�
; ð4:32Þ

which immediately implies that

�
0 σ̄

�
G−1

�
0

σ0

�
¼ I: ð4:33Þ

Therefore, multiplying the matrix H by a matrix with unit
determinant, constructed on the basis of relation (4.33), one
obtains

DetðHÞ ¼Det

264
0B@

δχ
δϕR σ 0

ω 0 σ0

0 σ̄ 0

1CA
0B@
�
I 0

0 I

�
G−1

�
0

σ0

�
�
0 σ̄

�
0

1CA
375

¼Det

0B@
δχ
δϕR σ 0

ω σ0σ̄ 0

0 σ̄ I

1CA¼DetðGÞ: ð4:34Þ

FIG. 1. Diagram of reducibility.
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An analogous procedure can be carried out for the operator
G. Consider the operator gauge-fixed by ω and σ matrices:

F̄α
β ¼

δχα

δϕi R
i
β þ σαa1ω

a1
β : ð4:35Þ

By construction, it satisfies the properties Z̄ð1ÞF̄ ¼ Z̄ð1Þσω
and F̄Zð1Þ ¼ σωZð1Þ, which lead to the relation ωF̄−1σ ¼ I.
It is then easy to see that

DetðGÞ ¼ Det

	� δχ
δϕR σ

ω σ0σ̄

��
I F̄−1σ

ω 0

�


¼ Det

�
F̄ 0

ωþ σ0σ̄ω I

�
¼ DetðF̄Þ; ð4:36Þ

where the matrix G has been multiplied by a matrix with
unit determinant. As a result, one obtains the expression for
the Faddeev-Popov determinant

Δ ¼ DetðZ̄ð2Þb2a1ω̄a1
a2ÞDetðF̄Þ

DetðF00ÞDetðZ̃ð2Þb2a1σ0a1a2Þ
: ð4:37Þ

Furthermore, performing the sequence of transformations
analogous to (3.15),Z

DϕDs eiS½ϕ;s� →
�Z

Dμf;g

�
DetðF̄Þ

×
Z

DϕDsDcD ec1
× δ½χαðϕiÞ þ σαa1c

a1 �δ½σ̄a2a1ca1 �
× δ½ωa1

α sα þ σ0a1a2 ec1a2 �eiS½ϕ;s�; ð4:38Þ

one arrives at the final expression for the functional integral
of a massive second-stage reducible gauge theory with
Stueckelberg fields:

Z ¼ DetðF̄Þ
Z

DϕDsDcD ec1δ½χαðϕiÞ þ σαa1c
a1 �

× δ½σ̄a2a1ca1 �δ½ωa1
α sα þ σ0a1a2 ec1a2 �eiS½ϕ;s�: ð4:39Þ

Note that in the subsequent computation of the effective
action a complication may arise due to the presence of
nondiagonal terms in the action S½ϕ; s� mixing the fields ϕ
and s. However, recall that chosen gauge conditions are not
the only possible ones. At each stage of the quantization,
gauge invariance of corresponding stage ensures independ-
ence of the result from a particular gauge choice. In order to
eliminate mixed terms in the action, one should impose
gauge conditions canceling nondiagonal bilinear combina-
tions of fields ϕ and s. A specific choice of such linear
combinations depends on the model under consideration.
Bearing in mind a quadratic nature of the action, which

serves as a starting point of any perturbation theory, and the
relevant actually Abelian nature of gauge generators,
generic pattern of this procedure might be formulated
not as a search for a special gauge but rather a diagonal-
ization of the original nondegenerate quadratic action.

V. QUANTIZATION OF MASSIVE TOTALLY
ANTISYMMETRIC TENSOR SPINOR THEORY

A. Quantization of the first-stage reducible theory with
mass deformation

We consider the model of rank-2 massive totally anti-
symmetric tensor spinor field in AdSd space. The model is
described by the action (we use the notation as in [66])

S½ψμν; ψ̄μν� ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2γ

μ1μ2σν1ν2Dσψν1ν2

−m
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2γ

μ1μ2ν1ν2ψν1ν2 ;

Dμ ¼ ∇μ � i
ffiffiffi
r
p
2

γμ; ð5:1Þ

where ψμν ¼ −ψνμ is an antisymmetric tensor spinor, ψ̄μν is
the Dirac-conjugated tensor spinor, ∇μ is a covariant
derivative, and r is determined from Rμν

ρσ ¼ rðδμσδνρ −
δμρδνσÞ and r > 0 for the AdS space. In order for the product
γμ1μ2σν1ν2 to be well defined, the spacetime dimension d
must satisfy the lower bound condition d > 4. This
inequality is always fulfilled in this subsection. Operator
Dμ satisfies the property D½μ1Dμ2fμ3…μn� ¼ 0, where fμ3…μn

is an arbitrary antisymmetric tensor spinor. As a conse-
quence, the kinetic term of the action (5.1) is invariant
under gauge transformations δψμν ¼ D½μfν�. In order to
restore gauge invariance of the mass term, we introduce
Stueckelberg fields λμ and λ̄μ:

S½ψ ; ψ̄ ; λ; λ̄� ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2γ

μ1μ2σν1ν2Dσψν1ν2

−m
Z

ddx
ffiffiffiffiffi
jgj

p �
ψ̄μ1μ2 þ

1

m
λ̄½μ1D⃖μ2�

�
× γμ1μ2ν1ν2

�
ψν1ν2 −

1

m
D½ν1λν2�

�
: ð5:2Þ

The operator D⃖μ here is defined as f̄D⃖μ ¼ f̄∇ μ ∓
ið1=2Þ ffiffiffirp f̄γμ (the covariant derivative acts to the left).
The resulting action is invariant under the transformation

δψμν ¼ D½μfν�; δλμ ¼ mfμ þDμg ð5:3Þ

and can be brought to the form
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S½ψ ; ψ̄ ; λ; λ̄� ¼ S0 ∓ i
ffiffiffi
r
p
m
ðd − 3ÞSSt þ SND; ð5:4Þ

where
(i) S0 denotes the action of the model prior to the

introduction of Stueckelberg fields:

S0 ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2γ

μ1μ2σν1ν2Dσψν1ν2

−m
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2γ

μ1μ2ν1ν2ψν1ν2 ;

(ii) SSt is the diagonal contribution of Stueckelberg
fields:

SSt ¼
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μγ

μσνDσλν;

(iii) SND represents the nondiagonal contributions:

SND ¼ −
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μ1D⃖μ2γ

μ1μ2ν1ν2ψν1ν2

þ
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2γ

μ1μ2ν1ν2Dν1λν2 :

Here and below, the following property of antisymmetrized
products of gamma matrices is used:

γσγ
σμ1…μm ¼ γμ1…μmσγσ ¼ ðd −mÞγμ1…μm: ð5:5Þ

The action (5.4) contains nondiagonal terms mixing
fields ψμν and λμ (the last two terms). Diagonalization of
the action is performed in two steps. First, one can
eliminate derivative cross terms by means of the linear
field redefinition:

ψμν ¼ ϕμν −
i

d − 4
γ½μλν�: ð5:6Þ

After this redefinition, the action takes the form

S½ϕ; ϕ̄; λ; λ̄� ¼ S̃0 −
pð2Þ

m
S̃St þ pð2ÞS̃ND;

pð2Þ ≡ ðd − 3Þ
�
� ffiffiffi

r
p

−
m

d − 4

�
; ð5:7Þ

where
(i) S̃0 is the diagonal contribution of the field ϕ:

S̃0 ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ϕ̄μ1μ2γ

μ1μ2σν1ν2Dσϕν1ν2

−m
Z

ddx
ffiffiffiffiffi
jgj

p
ϕ̄μ1μ2γ

μ1μ2ν1ν2ϕν1ν2 ;

(ii) S̃St is the diagonal contribution of Stueckelberg
fields including the additional term arising after
the substitution (5.6):

S̃St ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μγ

μνρDνλρ

þm
d − 2

d − 4

Z
ddx

ffiffiffiffiffi
jgj

p
λ̄μγ

μνλν;

(iii) S̃ND denotes nondiagonal contributions after the
substitution (5.6):

S̃ND ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μγ

μνρϕνρ

þ i
Z

ddx
ffiffiffiffiffi
jgj

p
ϕ̄μνγ

μνρλρ:

One observes that, in addition to the disappearance of
derivative cross terms, auxiliary fields λ and λ̄ acquire the
mass and new nonderivative cross terms appear.
We now choose gauge conditions fixing the symmetry

(5.3). The goal is to find such conditions which, upon
integration with the corresponding delta functions, ensure
cancellation of nonderivative cross terms. To this end, we
employ the following decomposition of fields ϕμν and λμ
into gamma-irreducible components:

ϕμν ¼ Φμν þ γ½μΦν� þ γμνΦ; γμΦμν ¼ 0;

γμΦμ ¼ 0; λμ ¼ Λμ þ γμΛ; γμΛμ ¼ 0: ð5:8Þ

Consider the operator P1μ acting on antisymmetric fer-
mionic rank-2 fields as follows:

P1μðλαβÞ ¼ γνλμν −
1

d
γμγ

αβλαβ: ð5:9Þ

Substituting the decomposition (5.8) into (5.9), one readily
obtains

P1μðϕαβÞ ¼
1

2
ðd − 2ÞΦμ: ð5:10Þ

Thus, the operator P1μ projects from rank-2 field ϕμν its
gamma-irreducible rank-1 component. We express nonde-
rivative cross terms in terms of gamma-irreducible com-
ponents of fields ϕμν and λμ:

L ND≡ λ̄νγ
ναβϕαβ¼

ðd−2Þ!
ðd−3Þ!Λ̄μΦμþ d!

ðd−3Þ!Λ̄Φ: ð5:11Þ

The conjugated counterterm L̄ ND is obtained analogously.
One can see that only the components of the same order are
mixed. Therefore, if one chooses gauge conditions
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P1μðϕαβÞ¼
1

2
ðd−2ÞΦμ¼0; γμλμ¼dΛ¼0; ð5:12Þ

which project out from the field ϕμν its first-order compo-
nent and from field λμ the zeroth-order component (and
corresponding Dirac-conjugated conditions for fields ϕ̄μν

and λμ), then, after integration of the functional
F½L ND; L̄ ND� with delta functions δ½Φμ�; δ½Φ̄μ�; δ½Λ�;
δ½Λ̄�, the nonderivative cross terms vanish.
In terms of the original fields prior to their redefinition,

the chosen gauge conditions take the form

P1μ

�
ψαβ þ

i
d − 4

γ½αλβ�
�
¼ 0; γμλμ ¼ 0: ð5:13Þ

We now proceed directly to the quantization procedure.
The symmetry (5.3) is invariant under the transformation

δfμ ¼ Dμf1; δg ¼ −mf1; ð5:14Þ

and the operator P1μ introduced above satisfies the property
γμP1μ ¼ 0. Therefore, the model under consideration is a
first-stage reducible gauge theory.
Following the scheme described in Sec. III, we insert into

the integral

Z ¼
Z

Dψ̄DψD λ̄Dλ eiS½ψ̄ ;ψ ;λ̄;λ� ð5:15Þ

the functional unity constructed out of modified delta
function and modified integration measure (and the analo-
gous unity for Dirac-conjugated fields):

1 ¼ Δ−1
Z

Dμf;gδ̂
h
P1μ

�
ϕαβ þD½αfβ�

þ i
m

d − 4
γ½αfβ� þ i

1

d − 4
γ½αDβ�g

�i
× δ½γμðλμ þmfμ þDμgÞ�: ð5:16Þ

Here, the power of the determinant factor Δ is chosen
negative in view of the Grassmann statistics of integration
variables.
We now define the modified integration measure Dμf;g.

The integrand in (5.16) is invariant under the transforma-
tion (5.14). We fix this symmetry by the condition

γμ
�
fμ − i

1

d − 4
γμg
�
¼ 0 ð5:17Þ

and insert into the naively defined integral

Z
DfDg δ

h
P1μ

�
ϕαβ þD½αfβ� þ i

m
d − 4

γ½αfβ� þ i
1

d − 4
γ½αDβ�g

�i
δ½γμðλμ þmfμ þDμgÞ� ð5:18Þ

the functional unity

1 ¼ ðΔð2Þ0 Þ−1
Z

Df1δ

	
γμ
�
fμ − i

1

d − 4
γμgþDμf1 þ i

m
d − 4

γμf1

�

;

ΔðlÞp ¼ Det−1
�
i=∇p −m

d − 2p
d − 2l

�
; ð5:19Þ

where =∇p ¼ γμ∇μ � ið1=2Þ ffiffiffirp ðd − 2pÞ. Performing the
transformations analogous to (3.9), we obtain the expres-
sion for the modified integration measure:

Dμf;g ¼ DfDg ðΔð2Þ0 Þ−1δ
h
γμ
�
fμ − i

1

d − 4
γμg
�i

: ð5:20Þ

Then we determine the modified delta function. The
exponential in the expression

δ½P1μðϕαβÞ� ¼
Z

D π̄ eiπ̄
μP1μðϕαβÞ ð5:21Þ

is invariant under the transformation δπ̄μ ¼ ξ̄γμ. We fix this
symmetry by imposing on π̄ the condition π̄μγμ ¼ 0 and
insert into the expression (5.21) the functional unity of the

form

1 ¼
Z

D ξ̄ δ½ðπ̄μ þ ξ̄γμÞγμ�; ð5:22Þ

where the determinant of the ultralocal operator γμγμδðx; yÞ
has been omitted. Performing transformations analogous to
(3.6), we obtain the expression for the modified delta
function:

δ½P1μðϕαβÞ� ¼
Z

D π̄ eiπ̄
μP1μðϕαβÞδ½π̄μγμ�

¼
Z

Dc δ½P1μðϕαβÞ þ γμc�: ð5:23Þ
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We now substitute the expressions (5.20) and (5.23) into the integral (5.16):

Δ ¼ ðΔð2Þ0 Þ−1
Z

DfDg δ
h
γμ
�
fμ − i

1

d − 4
γμg
�i Z

Dc δ
h
P1μ

�
ϕαβ þD½αfβ� þ i

m
d − 4

γ½αfβ� þ i
1

d − 4
γ½αDβ�g

�
þ γμc

i
× δ
h
γμ
�
λμ þm

�
fμ − i

1

d − 4
γμg
�
þDμgþ i

m
d − 4

γμg
�


: ð5:24Þ

Note that, since the operator P1μ annihilates the zeroth gamma-irreducible component of the field it acts upon, the
expression inside the second delta function does not depend on contributions of the form γαβg. Using this property, we can
write

P1μ

�
ϕαβ þD½αfβ� þ i

m
d − 4

γ½αfβ� þ i
1

d − 4
γ½αDβ�g

�
¼ P1μ

�
ϕαβ þD½αFβ� þ i

m
d − 4

γ½αFβ�
�
; ð5:25Þ

where

Fμ ¼ fμ − i
1

d − 4
γμg: ð5:26Þ

Then we substitute (5.26) into the integral (5.24):

Δ ¼ ðΔð2Þ0 Þ−1
Z

DFDg δ½γμFμ�
Z

Dc δ
h
P1μ

�
ϕαβ þD½αFβ� þ i

m
d − 4

γ½αFβ�
�
þ γμc

i
δ
h
γμ
�
λμ þDμgþ i

m
d − 4

γμg
�i

:

ð5:27Þ
Here, we also took into account that the contribution of Fμ in the last delta function vanishes due to δ½γμFμ�.
One can represent delta functions in (5.27) in the form of integrals over auxiliary variables π̄ and η̄:

Δ ¼ ðΔð2Þ0 Þ−1
Z

DFDg δ½γμFμ�
Z

D π̄ exp
n
iπ̄μP1μ

�
ϕαβ þD½αFβ� þ i

m
d − 4

γ½αFβ�
�o

δ½π̄μγμ�

×
Z

D η̄ exp
n
iη̄γμ

�
λμ þDμgþ i

m
d − 4

γμg
�o

ð5:28Þ

and decompose the variables π̄μ, Fμ into gamma-irreducible components:

Δ ¼ ðΔð2Þ0 Þ−1
Z

DΓμDΓDg
Z

DΠ̄μDΠ̄ exp
h
iΠ̄μ
n
P1μðϕαβÞ −∇1Γμ − im

d − 2

d − 4
Γμ

o
þ � � �

i
× δ½Γ�δ½Π̄�

Z
D η̄ exp

h
iη̄
�
γμλμ þ∇0gþ im

d
d − 4

g
�i

: ð5:29Þ

Here Π̄μ and Π̄ are gamma-irreducible components of π̄μ, while Γμ and Γ are gamma-irreducible components of F. Ellipsis
“� � �” denotes the terms containing components Π̄ and Γ, which are annihilated by delta functions δ½Π̄� and δ½Γ�. As a result,
shifting the integration variables

Γμ → Γ0μ −
�
∇1 þ im

d − 2

d − 4

�
−1
P1μðϕαβÞ; g → g0 −

�
∇0 þ im

d
d − 4

�
−1
γμλμ ð5:30Þ

and expressing Gaussian integrals over irreducible components in terms of the determinants of the corresponding operators,
one can obtain the expression for the sought for Faddeev-Popov determinant:

Δ ¼ Δð2Þ1 ×
Δð2Þ0

Δð2Þ0

¼ Δð2Þ1 : ð5:31Þ
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Substituting the fully defined functional unity (5.16) (and the analogous unity for conjugated fields ψ̄μν and λ̄μ) into the
integral (5.15), making the change of integration variables ψμν → ϕμν [ϕμν is defined by (5.6)], and carrying out a sequence
of transformations analogous to (3.15), we obtain

Zð2Þm ¼ ðΔð2Þ1 Þ−2
Z

Dϕ̄DϕD λ̄DλD c̄Dc eiS½ϕ̄;ϕ;λ̄;λ�δ½P1μðϕαβÞ þ γμc�δ½ðϕ̄αβÞP1μ
 � þ c̄γμ�δ½γμλμ�δ½λ̄μγμ�; ð5:32Þ

where ðϕ̄αβÞP1μ
 � ≡ P1μðϕαβÞ. Then we decompose integration variables into gamma-irreducible components

Zð2Þm ¼ ðΔð2Þ1 Þ−2
Z

DΦ̄μνDΦμνDΦ̄μDΦμDΦ̄DΦDΛ̄μDΛμDΛ̄DΛD c̄Dc δ½Φμ þ γμc�δ½Φ̄μ þ c̄γμ�δ½Λ�δ½Λ̄�

× exp fiS½Φμν; Φ̄μν;Φμ; Φ̄μ;Φ; Φ̄;Λμ; Λ̄μ;Λ; Λ̄�g ð5:33Þ

and integrate over the field components annihilated by delta functions. This leads to

Zð2Þm ¼ðΔð2Þ1 Þ−2
Z

DΦ̄μνDΦμνDΦ̄DΦDΛ̄μDΛμ expfiS½Φμν;Φ̄μν;Φμ¼0;Φ̄μ¼0;Φ;Φ̄;Λμ;Λ̄μ;Λ¼0;Λ̄¼0�g: ð5:34Þ

Here, S is the action (5.7) expressed in terms of gamma-irreducible components of fields ϕμν and λμ:

S½Φμν; Φ̄μν;Φμ ¼ 0; Φ̄μ ¼ 0;Φ; Φ̄;Λμ; Λ̄μ;Λ ¼ 0; Λ̄ ¼ 0�

¼ i
Z

d4x
ffiffiffiffiffi
jgj

p n
−2Ψ̄μνð∇2 þ imÞΦμν −

ðd − 1Þ!
ðd − 5Þ! Ψ̄

�
∇0 þ im

d
d − 4

�
Φ
o

− ipð2Þ
Z

d4x
ffiffiffiffiffi
jgj

p
Λ̄μ

�
∇1 þ im

d − 2

d − 4

�
Λμ: ð5:35Þ

One can observe that the action becomes completely
diagonal in gamma-irreducible components of different
order. Finally, expressing remaining integrals in terms of
determinants of the corresponding operators, we arrive at
the final expression for the one-loop contribution to the
functional integral of the model of antisymmetric rank-2
tensor spinor fields:

Zð2Þm ¼ Δð2Þ2 Δð2Þ0 Δð2Þ1

ðΔð2Þ1 Þ2
¼ Δð2Þ2 Δð2Þ0

Δð2Þ1

;

ΔðlÞp ¼ Det

�
i∇p −m

d − 2p
d − 2l

�
: ð5:36Þ

Operators =∇p are defined as before, =∇p ¼ γμ∇μ�
ið1=2Þ ffiffiffirp ðd − 2pÞ, and their determinants are evaluated
on gamma-irreducible components of the corresponding
rank p.
Taking the limit m ¼ 0 in the expression (5.36), one

finds that Zð2Þm¼0 ¼ Δ2Δ0Δ−1
1 , where Δp ¼ Detði∇pÞ. It is

easy to see that the relation Zð2Þm¼0 ¼ Zð2ÞZð1Þ holds, where
ZðpÞ is a one-loop contribution of massless rank-p theory,
obtained in [66]. Thus, in the massless limit, the effective
action (the logarithm of the partition function Z) of the
originally massive rank-2 theory with Stueckelberg fields

decomposes into the sum of effective actions of massless
rank-2 and massless rank-1 theories and does not coincide
with effective action of the originally massless theory
(logZð2Þ). The difference is due to the fact that introduction
of Stueckelberg fields adds new degrees of freedom
affecting the dynamics of the model. The contribution
of Stueckelberg fields can be explicitly identified
with Zð1Þ, since the corresponding part of the action
(5.7) coincides with the action of rank-1 antisymmetric
tensor spinor field.

B. Quantization of the second-stage reducible theory
with mass deformation

We now turn to the example of the second-stage
reducible gauge theory. The model of rank-3 massive
totally antisymmetric tensor spinor field in AdSd space
is described by the action

S½ψμνρ; ψ̄μνρ� ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2μ3γ

μ1μ2μ3σν1ν2ν3Dσψν1ν2ν3

−m
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2μ3γ

μ1μ2μ3ν1ν2ν3ψν1ν2ν3 ;

ð5:37Þ
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whose kinetic term is invariant under the gauge trans-
formation δψμμμ ¼ D½μfνρ�. Here, the same notation as in
Sec. V.1 is used, but now spacetime dimension satisfies
inequality d > 6. As in the previous case, in order to restore
gauge invariance of the mass term, we introduce
Stueckelberg fields:

S½ψ ;ψ̄ ;λ; λ̄�¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2μ3γ

μ1μ2μ3σν1ν2ν3Dσψν1ν2ν3

−m
Z

ddx
ffiffiffiffiffi
jgj

p �
ψ̄μ1μ2μ3 −

1

m
λ̄½μ1μ2D⃖μ3�

�
×γμ1μ2μ3ν1ν2ν3

�
ψν1ν2ν3 −

1

m
D½ν1λν2ν3�

�
: ð5:38Þ

The resulting action is invariant under the transformation:

δψμνρ ¼ D½μfνρ�; δλμν ¼ mfμν þD½μgν� ð5:39Þ

and can be brought to the form

S½ψ ; ψ̄ ; λ; λ̄� ¼ S0 ∓ i
ffiffiffi
r
p
m
ðd − 5ÞSSt þ SND; ð5:40Þ

where
(i) S0 denotes the action of the model prior to intro-

duction of Stueckelberg fields:

S0 ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2μ3γ

μ1μ2μ3σν1ν2ν3Dσψν1ν2ν3

−m
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2μ3γ

μ1μ2μ3ν1ν2ν3ψν1ν2ν3 ;

(ii) SSt is the diagonal contribution of Stueckelberg
fields:

SSt ¼
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μ1μ2γ

μ1μ2ν1ν2ν3Dαλβγ;

(iii) SND represents nondiagonal contributions:

SND ¼
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μ1μ2D⃖μ3γ

μ1μ2μ3ν1ν2ν3ψν1ν2ν3

þ
Z

ddx
ffiffiffiffiffi
jgj

p
ψ̄μ1μ2μ3γ

μ1μ2μ3ν1ν2ν3Dν1λν2ν3 :

In order to eliminate derivative cross terms, we perform the
field redefinition

ψμνρ ¼ ϕμνρ þ
i

d − 6
γ½μλνρ�; ð5:41Þ

after which the action takes the form

S½ϕ; ϕ̄; λ; λ̄� ¼ S̃0 −
pð3Þ

m
S̃St þ pð3ÞS̃ND;

pð3Þ ≡ ðd − 5Þ
�
� ffiffiffi

r
p þ m

d − 6

�
; ð5:42Þ

where
(i) S̃0 is the diagonal contribution of the field ϕ:

S̃0 ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
ϕ̄μ1μ2μ3γ

μ1μ2μ3σν1ν2ν3Dσϕν1ν2ν3

−m
Z

ddx
ffiffiffiffiffi
jgj

p
ϕ̄μ1μ2μ3γ

μ1μ2μ3ν1ν2ν3ϕν1ν2ν3 ;

(ii) S̃St is the diagonal contribution of Stueckelberg
fields including the additional term arising after
substitution:

S̃St ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μ1μ2γ

μ1μ2ν1ν2ν3Dν1λν2ν3

þm
d − 4

d − 6

Z
ddx

ffiffiffiffiffi
jgj

p
λ̄μ1μ2γ

μ1μ2ν1ν2λμ1μ2 ;

(iii) S̃ND denotes nondiagonal contributions after sub-
stitution:

S̃ND ¼ i
Z

ddx
ffiffiffiffiffi
jgj

p
λ̄μ1μ2γ

μ1μ2ν1ν2ν3ϕν1ν2ν3

− i
Z

ddx
ffiffiffiffiffi
jgj

p
ϕ̄μ1μ2μ3γ

μ1μ2μ3ν1ν2λν1ν2 :

Nonderivative cross terms can be expressed in terms of
gamma-irreducible components of fields as follows:

λ̄νργ
νραβγϕαβγ ¼ 2

ðd − 4Þ!
ðd − 5Þ! Λ̄μνΦμν þ ðd − 2Þ!

ðd − 5Þ! Λ̄μΦμ

þ d!
ðd − 5Þ! Λ̄Φ; ð5:43Þ

where

ϕμνρ ¼ Φμνρ þ γ½μΦνρ� þ γ½μνΦρ� þ γμνρΦ; γμΦμνρ ¼ 0; γμΦμν ¼ 0; γμΦμ ¼ 0;

λμν ¼ Λμν þ γ½μΛν� þ γμνΛ; γμΛμν ¼ 0; γμΛμ ¼ 0: ð5:44Þ
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Therefore, similarly to the previous case, one has to choose
gauge conditions that eliminate cross terms. Consider the
operators

P2;0μνðϕαβγÞ ¼ γρϕμνρ þ
1

d − 2
γ½μγαβϕν�αβ; ð5:45Þ

P1μðλαβÞ ¼ γνλμν −
1

d
γμγ

αβλαβ: ð5:46Þ

In terms of gamma-irreducible components, these operators
act as follows:

P2;0μνðϕαβγÞ ¼
1

3
ðd − 4ÞΦμν − γμνΦ; ð5:47Þ

P1μðλαβÞ ¼
1

2
ðd − 2ÞΛμ: ð5:48Þ

Thus, if one imposes gauge conditions

P2;0μνðϕαβγÞ ¼ P2;0μν

�
ψαβγ −

i
d − 6

γ½αλβγ�
�
¼ 0;

P1μðλαβÞ ¼ 0; ð5:49Þ

which project out from the field ϕ its components of the
zeroth and second order and from the field λ the component

of the first order, then after integration with the corre-
sponding delta functions, the nonderivative cross terms
vanish.
In contrast to the previous case, the model under

consideration is a second-stage reducible gauge theory,
since the symmetry (5.39) is now invariant under the
transformation

δfμν ¼ D½μf1ν�; δgμ ¼ −mf1μ þDμg1; ð5:50Þ

which, in its turn, is invariant under

δf1μ ¼ Dμf2; δg1 ¼ mf2: ð5:51Þ

At the same time, the operators introduced above satisfy the
properties

P1μðP2;0αβÞ ¼ 0; γμP1μ ¼ 0: ð5:52Þ

Following the general scheme, we insert into the integral

Z ¼
Z

Dψ̄DψD λ̄Dλ eiS½ψ̄ ;ψ ;s̄;s� ð5:53Þ

the functional unity

1 ¼ Δ−1
Z

Dμf;g
ˆ̂δ
h
P2;0μν

�
ϕαβγ þD½αfβγ� − i

m
d − 6

γ½αfβγ� − i
1

d − 6
γ½αDβgγ�

�i
δ̂½P1μðλαβ þmfαβ þD½αgβ�Þ� ð5:54Þ

and an analogous unity for conjugated fields.
We now define the modified integration measure. We fix the symmetry (5.50) by conditions

P1μ

�
fαβ þ i

1

d − 6
γ½αgβ�

�
¼ 0; γμgμ ¼ 0 ð5:55Þ

and insert into the naively defined integralZ
DfDg δ

h
P2;0μν

�
ϕαβγ þD½αfβγ� − i

m
d − 6

γ½αfβγ� − i
1

d − 6
γ½αDβgγ�

�i
δ½P1μðλαβ þmfαβ þD½αgβ�Þ� ð5:56Þ

the functional unity

1¼Δ−1
m

Z
Dμf1;g1 δ̂

h
P1μ

�
fαβþ i

1

d−6
γ½αgβ� þD½αf1β�− i

m
d−6

γ½αf1β� þ i
1

d−6
γ½αDβ�g1

�i
δ½γμðgμ−mf1μþDμg1Þ�: ð5:57Þ

It is straightforward to see that this expression is completely analogous to (5.16). Therefore, proceeding in the same way
as in the previous case, we obtain

Δm ¼ Det

�
i∇1 þm

d − 2

d − 6

�
≡ Δ̃ð3Þ1 ; Δ̃ðlÞp ¼ Det

�
i∇p þm

d − 2p
d − 2l

�
; ð5:58Þ

δ̂½P1μðFαβÞ� ¼
Z

D π̄ eiπ̄
μP1μðFαβÞδ½π̄μγμ� ¼

Z
Dc1δ½P1μðFαβÞ þ γμc1�; ð5:59Þ
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where Fαβ ¼ fαβ − i 1
d−6 γ½αgβ�. Now, substituting the fully

defined unity (5.57) into the integral (5.56) and making the
transformations analogous to (4.17), we obtain the expres-
sion for the modified integration measure:

Dμf;g ¼DfDgðΔ̃ð3Þ1 Þ−1
Z

Dc1δ
h
P1μ

�
fαβþ i

1

d− 6
γ½αgβ�

�
þ γμc1

i
δ½γμgμ�: ð5:60Þ

Modified delta functions in the integral (5.54) are
defined in complete analogy with a general case, since
no mixing of integration parameters occurs. In addition, no
determinants of differential operators arise in the compu-
tation, so that all such factors can be omitted. Exponential
in the expression for the delta function of auxiliary fields

δ½P1μðλαβÞ� ¼
Z

D η̄ eiη̄
μP1μðλαβÞ ð5:61Þ

is invariant under the transformation δη̄μ ¼ χ̄γμ. We fix this
symmetry by the gauge condition η̄μγμ ¼ 0. Repeating the
steps analogous to those described above, we obtain

δ̂½P1μðλαβÞ� ¼
Z

Dc2δ½P1μðλαβÞ þ γμc2�

¼
Z

D π̄ eiπ̄
μP1μðλαβÞδ½π̄νγν�: ð5:62Þ

Exponential in the expression for the delta function of the
field ψμνρ

δ½P2;0μνðϕαβγÞ� ¼
Z

D π̄ eiπ̄
μνP2;0μνðϕαβγÞ ð5:63Þ

is invariant under the transformation

δπ̄μν ¼ ξ̄αP1
α
μν ≡ ξ̄α

�
γ½νδαμ� þ

1

d
γαγμν

�
; ð5:64Þ

which in its turn is invariant under δξ̄μ ¼ ξ̄1γμ. We fix the
symmetry (5.64) by the gauge condition

ðπ̄αβÞ P1

 �
μ ≡ P1μðπαβÞ ¼ 0 ð5:65Þ

and the symmetry δξ̄μ ¼ ξ̄1γμ by the gauge condition
ξ̄μγ

μ ¼ 0. In doing so, when fixing the symmetry (5.64),
one should take into account that the exponential in the
expression for corresponding delta function,

δ½ðπ̄αβÞ P1

 �
μ� ¼

Z
Dθ eiðπαβÞ P1

 �
μθ

μ
; ð5:66Þ

is invariant under δθμ ¼ γμθ1. This symmetry is fixed by
the gauge condition γμθμ ¼ 0. Furthermore, repeating the
steps analogous to (4.27) (omitting determinants of ultra-
local operators), we have

ˆ̂δ½P2;0μνðϕαβγÞ� ¼
Z

Dc δ½P2;0μνðϕαβγÞ þ γ½μcν��δ½γμcμ�

¼
Z

D π̄ eiπ̄
μνP2;0μνðϕαβγÞ

Z
D c̄0δ½ðπ̄αβÞ P1

 �
ρ

þ c0γρ�: ð5:67Þ

We now substitute expressions (5.60), (5.62), and (5.67)
into the integral (5.54):

Δ ¼ ðΔ̃ð3Þ1 Þ−1
Z

DfDg
Z

Dc1 δ
h
P1μ

�
fαβ þ i

1

d − 6
γ½αgβ�

�
þ γμc1

i
δ½γμgμ

�
×
Z

Dc δ
h
P2;0μν

�
ϕαβγ þD½αfβγ� − i

m
d − 6

γ½αfβγ� − i
1

d − 6
γ½αDβgγ�

�
þ γ½μcν�

i
δ½γμcμ�

×
Z

Dc2 δ
h
P1μ

�
λαβ þm

�
fαβ þ i

1

d − 6
γ½αgβ�

�
þD½αgβ� − i

m
d − 6

γ½αgβ�

�
þ γμc2

i
: ð5:68Þ

The delta function δ½γμgμ� eliminates zeroth-order gamma-
irreducible component of gμ, while the operator P2;0

annihilates first-order component of the field it acts upon.
This implies that under the action of P2;0 one can freely add
terms of the form γ½αβgγ�; γαgα ¼ 0, and, thus, one can again
make the substitution

Fαβ ¼ fαβ þ i
1

d − 6
γ½αgβ�; ð5:69Þ

which removes mixing the integration variables. Next,
as in the previous case, we represent delta functions
as integrals and decompose integration variables into
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gamma-irreducible components. Only diagonal contributions of second and zeroth order from the operator P2;0 and first-
order contributions from the operator P1 survive. As a result, one obtains

Δ ¼ Δ̃ð3Þ2 Δ̃ð3Þ0 Δ̃ð3Þ1

Δ̃ð3Þ1

¼ Δ̃ð3Þ2 Δ̃ð3Þ0 : ð5:70Þ

Now, in complete analogy with what was above, we substitute obtained expressions into the functional integral and
separate integration over first-stage gauge group:

Zð3Þm ¼ 1

Δ2

Z
DμD μ̄ δ½ðd − 4ÞΦμν − 3γμνΦþ γ½μCν� þ γμνC�δ½ðd − 4ÞΦ̄μν þ 3Φ̄γμν þ C̄½μγν� − C̄γμν�

× δ½C�δ½C̄�δ½Λμ þ γμc2�δ½Λ̄μ þ c̄2γμ� exp½iS�

¼ 1

Δ2

Z
DΦμνρDΦμDΛμνDΛDΦ̄μνρDΦ̄μDΛ̄μνDΛ̄ exp½iS̃�; ð5:71Þ

where
(i) Dμ≡DΦμνρDΦμνDΦμDΦDΛμνDΛμDΛDCμDCDc2,
(ii) Dμ̄¼DΦ̄μνρDΦ̄μνDΦ̄μDΦ̄DΛ̄μνDΛ̄μDΛ̄DC̄μDC̄D c̄2, and
(iii) S̃¼S½Φμνρ;Φμν¼0;Φμ;Φ¼0;Λμν;Λμ¼0;Λ;Φ̄μνρ;Φ̄μν¼0;Φ̄μ;Φ̄¼0;Λ̄μν;Λ̄μ¼0;Λ̄�.

Expressing Gaussian integrals in terms of determinants of the corresponding operators, one arrives at the final expression
for the effective action of the model of antisymmetric rank-3 fermionic field:

Zð3Þm ¼ Δ̃ð3Þ3 Δ̃ð3Þ1 Δ̃ð3Þ2 Δ̃ð3Þ0

ðΔ̃ð3Þ2 Þ2ðΔ̃ð3Þ0 Þ2
¼ Δ̃ð3Þ3 Δ̃ð3Þ1

Δ̃ð3Þ2 Δ̃ð3Þ0

: ð5:72Þ

As in the previous case, in the massless limit the
resulting effective action decomposes into a sum of mass-
less effective actions corresponding to the original and
Stueckelberg fields, Zð3Þm¼0 ¼ Zð3ÞZð2Þ. One observes that in
both cases the contribution of Stueckelberg fields corre-
sponds to the effective action of a theory with the rank
lower by one as compared to the rank of the original field.
In contrast to the general scheme, in this section non-

diagonal gauge-fixing conditions were employed, which
allowed us to explicitly separate contributions of the original
and Stueckelberg fields and to obtain the final expression for
the effective action.

VI. CONCLUSIONS

We considered a general gauge theory with linearly
dependent generators and deformed it by mass or/and
interaction terms that violate its gauge invariance and
studied quantization of this theory. The peculiarity of such
a theory is that its kinetic term in the action is gauge
invariant, but the terms causing deformation are not. This
circumstance may lead to certain problems in constructing
quantum effective action, in particular, manifestly covariant
Schwinger-DeWitt technique for its calculation might turn
out to be not directly applicable.
In case of Abelian nondeformed theory, we developed a

generic Stueckelberg-type procedure that allowed us to
convert the theory with broken symmetry into a gauge-

invariant theory subject to quantization in terms of the
original fields and Stueckelberg gauge fields within the
procedure recently proposed in [65]. As a result, we derived
the functional integrals for partition functions, equipped
with the necessary set of ghost fields. This was done for the
class of theories whose original nondeformed version
belonged to the first and second stages of reducibility.
As an application of this general approach, we consid-

ered quantization of a recently proposed massive fermionic
totally antisymmetric tensor field theory in AdS space
(fermionic p-form gauge theory) [18]. In this case, the
massless part of the action is gauge invariant, and the
massive part is a deformation. At arbitrary p, the original
massless theory is the one of p − 1 stages of reducibility.
We have analyzed two classes of the deformed theory
corresponding to the first and second stages and derived the
corresponding functional integral representations for their
effective actions. In both cases, all fields including the
Stueckelberg ones can be integrated out and the one-loop
effective actions can be explicitly reduced to the contri-
butions of functional determinants of special Dirac-type
differential operators acting on p-forms in AdS space.
It is interesting to compare our consideration with the

approach of the work [10], where a large number of
different concrete bosonic deformed gauge models were
investigated also using the Stueckelberg trick. In that work,
the gauge transformations were taken to be irreducible,
while in our paper they are considered as reducible. To
clarify this point, we briefly discuss the aspects of quan-
tization of bosonic and fermionic massive p-forms, in
general. The main difference is that bosonic theories can be
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described consistently in arbitrary curved spacetime, while
fermions can be described only in AdS; in other respects,
they are similar. Both bosonic and fermionic massive p-
forms are formulated as the Stueckelberg gauge theories with
p − 1 stages of reducibilities (see, e.g., [69] for the bosonic
case). Then we can partially fix the symmetry and reduce the
symmetry reducibility by stopping at any intermediate stage.
This will lead to formally different but obvious equivalent
formulations of massive p-forms both in bosonic and in
fermionic cases. After such partial gauge fixing, we can
quantize any of these formally different formulations, but it
is clear that we obtain equivalent quantum theories for both
these formulations. In Ref. [10], theories were considered
where partial gauge fixing has been performed in such a way
that the remaining gauge symmetry for massive bosonic
p-forms turned out to be irreducible. In the present paper, we
have studied quantization of massive fermionic 2-form and
3-form with a full number of reducibility stages. The use of
one or another of the equivalent formulations is a matter of
convenience when applied. In our paper, when computing
effective action of deformed fermionic p-forms, we find it
convenient to retain reducibility of undeformed theory and
choose reducible form of gauge transformation and reducible
gauge-fixing conditions. The reason is that additional delta
functions appearing in construction of modified delta func-
tions and modified integration measures make it possible to
express the Faddeev-Popov determinants in terms of oper-
ators acting in space of gamma-irreducible fermionic fields.
The results obtained here open up the possibilities for

studying various aspects of quantization of deformed gauge

theories and the construction of their effective action. In
particular, it seems interesting to explore the following issues:

(i) constructing the Stueckelberg-type trick for general
non-Abelian deformed gauge theories and develop-
ing the quantization procedure for these cases,

(ii) deriving the effective action for arbitrary deformed
fermionic p-form gauge theory with any stage of
reducibility,

(iii) carrying out canonical quantization of deformed
fermionic p-form gauge theory,

(iv) calculating the functional determinants in the effec-
tive action of these deformed fermionic p-form
gauge theories, and

(v) supersymmetrization of the deformed fermionic
p-form gauge theory and studying their effective
action.

We plan to explore these issues in forthcoming works.
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