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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
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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 (d — p —2)-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.' 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

"For example, in d dimensions, the massive p-form field
model is dual to (d — p — 1)-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 therein’). 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)* [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

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

We 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.

In [18], both massive and massless (gauge-invariant) fer-
mionic p-models on AdS,; 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].

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].°

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

3See also the discussion of this model in [35].
bSee 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.” 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 ¢/,
their action Sp[¢], infinitesimal gauge transformations
5¢' = R[] f*, and the condition of gauge invariance

Sold] iRe[¢] = 0. (2.1)

The functionals R’ [¢] are called the generators of gauge
transformations or gauge generators, and f* are the gauge
parameters.® The fields ¢/ can possess nonzero Grassmann

"To 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.

We use DeWitt condensed notations where the indices i and a
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;[p] = 5A[p]/S5¢' for any functional A[p)].

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 Z(1? [¢] enumerated by the indices a;
such that

R&[¢]Z(1)Zl - 01 a = 1, ...mo,

ay=1,...m; < my. (2.2)
In the opposite case, it is called irreducible. The relation
(2.2) means that, in reducible theories, the Z(% [¢)] are the
zero vectors of gauge generators. Here, m, and m; denote,
respectively, formal dimensionalities of the original gauge
algebra and the space of ngl, the latter being linearly
independent for stage-one reducible gauge theories. This
means that the actual number of local gauge symmetries is
my —m,; (the rank of the matrix R.[¢]) rather than m,.
Therefore, the actual number of independent gauge con-
ditions to fix these symmetries should also be my — m;.
They can be represented by the redundant (or reducible) set
of gauge conditions y* satisfying the condition of linear

. 5(1)b
dependence with some zero vectors Z(1)}!:

ZWbom —0, oy =1,...mg,

b] = 1, Lomyp < mg. (23)
If the matrix Z(‘)Zl has no zero vectors, the correspond-
ing theory is called the one of the first stage of reducibility.

If it has zero vectors Z(?)§! so that
AOLS Z(Z)Z; =0,

o a,=1,..my <m; (2.4)
and Z (Z)Z; 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

S[#] = Sold] + Si[¢]. (2.5)
where R.S; = R.S,; #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, we will call such a theory the deformed gauge
theory. As to the action S [¢], we will assume that it has the
following form:

1

o 1 o 1 o
Sil¢) = 5'«‘;’;‘/”45’ + gtijkfﬁ'(ﬁj(ﬁk + Zfiju(ﬁl(ﬁjfﬁkfﬁl 4

(2.6)
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with  7;;, tijx, tjji» .- 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

4 1 " m? u
SlA] = | d*x |g|(—ZF,wF -5 Ava,

A

-z (A4"A,).
Here, F, is the standard field strength tensor for a
vector field A, and m? and A are the deformation
parameters.

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

2

1
S[B] = / d*x\/]g] (—1—FW)F””/’ - '%BWBW

A
-1 (BWB””)Z).

Here, F,,, =V,B,, +V,B,, +V,B,, is the field
strength tensor for the second-rank antisymmetric
tensor field B,,, and the m? and A are the deforma-
tion parameters.

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

S[W’ [/_/] = /dpx1 / |g|(il/_]ﬂl}lz~~»Il,,y”]’u2“'ﬂp(wlyzmvh

x D

W, 2

7 L W MHpU Uy U
_ml/jlllllzuﬂpy}]ﬂz Hpl1V2 PWUIUZnJJ,;)'

Here, Wyu,..u, = Winip.n,) = Wylp) 18 @ fermionic
p-form and u[p] = [ p5...u,] implies the collec-
tion of p antisymmetric indices, D, =V, & % NG
V,, is the spinor covariant derivative, r is determined
from R* ., = r(8,8, — 5,64) and r > 0 for the AdS
space, and m is a deformation mass parameter. At
m = 0, the action is invariant under the transforma-
tions

Wulp) = PDudyjp-1);
Syip-1) = (P = 1)Dy4

ulp=2]> -+

where /1”[,(], k=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 Sy[¢]
and field-independent gauge generators R’,. Such gauge
generators are typical for antisymmetric field models. The
action Sy[¢] is deformed by the term S;[¢], where S;[¢]
describes deformation of the form (2.6). As a result, we
arrive at the theory with action S[g] = Sol¢] + S:[¢],
where the first term is the gauge-invariant initial action
and the second term breaks gauge invariance.

Let us introduce the field ¢’ by using the generic
Stueckelberg trick

¥ = ¢ = Ris* = §(p.5), (2.7)
where s are some new fields. It is evident that the field q;ﬁi
is invariant under the following gauge transformations:

54/ = Rf*.

55 = f. (2.8)

A

Consider a theory with the action S[¢, s] in the form

3(. 51 = Sol) + 1[B(b.s)]. (2.9)
It is easy to see that the action (2.9) is gauge invariant under
the transformations 8¢p' = R’ f%, 8s* = f*. Because of this
gauge invariance, we can impose gauge conditions number
of which coincides with a number of gauge parameters f*.
The simplest such gauge conditions are s* = 0. The
parameters f* 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
s” the general Stueckelberg fields.”

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 S[¢] 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 Sy[¢]. Therefore, in the context
of calculating effective action it is more appropriate to

*We 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.

065018-4



QUANTIZATION OF DEFORMED REDUCIBLE GAUGE THEORIES

PHYS. REV. D 114, 065018 (2026)

impose the gauge-fixing condition not on the fields s* but
on the initial fields ¢’ 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 R!, admits a set of linearly independent
zero vectors Z <1>gl . It follows that the field &i introduced in
(2.7) is invariant under the transformation 6s* = Z (')ZI qh,
where g”, a; = 1, ...m;, are additional gauge parameters.
As a result, the general gauge symmetry of the model is
characterized by the set of m independent parameters f,
the set of m; parameters g*, and takes the form

8¢ = R f°, (3.1)
It is also easy to see that this transformation law is itself
invariant under the transformation

= fo+zWg gu

ofe =Z0g fi. sgt == (32)
where f% is a set of m; 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

|
/ D eimad (@)

= Det(z(V)

— Det(Z )a ab / D e'max"((

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

1= [ 97 2ol @'+ Ry

X Sloa (s + f« + 2V g")]. (3.3)
are degenerate [here, y*(¢') and wy' s* are two gauge-fixing
conditions corresponding to the two symmetries (2.8), with
the rank of the gauge-fixing matrix wg' equal to m,]. Since
the gauge symmetry of the theory can be parametrized by
my — m, independent parameters f and m; independent
parameters g, one must impose m, independent gauge
conditions. Because the conditions @' s* are independent
by construction, the conditions y*(¢') must be linearly
dependent, which implies the existence of the matrix of
zero vectors Z(1§' such that Z(§ y*(¢') = 0. As a result,
the naive delta function

Sl (') / P e 19 (3.4)

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

= ¢, ZWg . In this sense, the matrix Z(Vg' becomes
the matrix of generators of second-stage gauge transforma—
tions. To lift this degeneracy, we fix the symmetry 6z, =
&, 23" by imposing on 7% the gauge condition o(r) =
m,04, = 0 and insert into the expression (3.4), according to
the Faddeev-Popov method, the functional unity

a)ee ] (33)

1_Det( aGb /-@55 ﬂa—’_fh]

Next, by changing the order of integration and using the
invariance of measure %z under the transformation
or, = 203G &4, one disentangles a (formally infinite)
volume of the gauge group [ 2¢ =V

/%55 (g + & Z00 )0 |

/95/.@71’6"["}( )5[71(,0‘;‘]]

=V x Det(Z(V 3. / DrDc e (@))rimeol, e

— Ve xDei(ZViiaf,) [ Fedy (@) + ot ).
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As a result, one obtains the expression for a modified delta  (3.2) (now playing the role of second-stage gauge trans-
function, which should be used in construction of the  formations) leads to the degeneracy of the integral. We fix

Faddeev-Popov functional unity: the symmetry (3.2) by imposing on integration variable f the
gauge condition w(f) = wy' f* =0 (the same condition
Sy ( &+ R 7] - Sb(a ( & +RL 7 used for fixing Stueckelberg gauge transformations) and

insert the functional unity into integral (3.3):
= Det(Zg 'of, / D dly* (@' + RLfY)
+ 05 c]. (3.7) 1 = Det(w' 2 /-@fl o« (f)], (3.8)

The delta function for the Stueckelberg field is well defined =~ where again the superscript f; denotes the gauge trans-
(since the rank of wg' equals m;) and does not require any ~ formation (3.2) with the parameter f;. Then we perform a
modification. chain of transformations analogous to (3.6) [denoting the
Next, the integration measure over gauge parameters must  integrand in (3.3) as ®[¢/, s/9] with s/*9 obviously denoting
be modified, Zf%g — Yy ,. The invariance of the inte- the transformation (3.1) of s under the action of f and g
grand in the functional unity (3.3) under the transformations  parameters]:
|

/@f@gd)[gbf s/9] - Det(ws' ZW /@f@gd)qbf /9] /@fl g (f*)1]
= De(i'2") [ 211 [ 2rgolat 105"
=V, x Det(wg 2§ /@f@gé (g ¥ D¢, s/9]. (3.9)

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

DfDg— Dy, = DfPgDet(wy 25 5 )8[wa' f4]. (3.10)

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:

A™'Det™! (@i Z2V§ )Det™ (ZW o ) = / DfD9Pc Sl fIS (@' + RLfP) + o8 c8lwg (s* + f*+ 25 g™)]

o pi ’
#Rﬁ o} 0
= Det! a);‘ 0 0
¢ L7 (1)
wy 0 o)z )dl
o’ Rl ]
= Det! | ¥ " Det! (@l 207 ). (3.11)
v d
a)/, 0
In [65], it was shown that
A
Det| 7 ") = Det(F), (3.12)
0 p
o

where Fy = Z}(’/,Rl + oalwﬁ Using this relation, one obtains the yet unknown expression for the Faddeev-Popov

determinant A:
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Det(F%)

Dm<ng

(3.13)

Now we insert into the functional integral the correct unity expression

V=8 [ g S+ RISt (s + £+ 2059,

(3.14)

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):

[ 2095503 < D) [ 2975580 [ Dy, [ Dol @+ Rug) + ot a5 4 57+ 205, )

=V x Det(F) / DdDsDc S5 (¢') + 6%, c)Swa' s*).

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

Z = Det(F) / DpDsDec S5 (¢)

+ 6% c“1]6]wq' ). (3.16)
Because of the choice of gauge-fixing conditions diagonal
with respect to the fields ¢ and s, the delta functions also
turn out to be diagonal (containing either only ¢ or only s
fields). However, this does not imply that fields ¢ and s are
completely decoupled, since their mixing remains

in S[g, 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 &g“ = Z()g! g, .
Therefore, the general second-stage gauge transformation
takes the form
sfr=zWg [, Sy =1 +ZP0g 2, (4.1)
where g;“ are additional second-stage gauge parameters.
By analogy with the first-stage reducibility, the trans-
formation law (4.1) is invariant under the transformation

5f 1 = ZPa fr, 891 = [, (4.2)
where f,* 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

(3.15)

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

1=A /@ﬂfg

+zM g

(¢ + RLf bl (s* + 1
(4.3)

Here, y* denotes gauge fixing for fields ¢, while the matrix
g fixes the gauge for Stueckelberg fields s.

First, we determine the modified integration measure
Duys 4 A naive integral

1=A / .@f@g5[)(a(¢z + szfa)]5[a)g‘ (Sa e

+205 4]

1

(4.4)

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

o(f) =wo' f*  o(g) = &'agn (4.5)

and insert into the integral (4.4) the functional unity

lela (g —f1
(4.6)

Gz

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 @ now
possesses m, independent null vectors, the exponential in
the expression
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Slaf) (4 25, 7)) = [ Fmeet A4

is invariant under the transformation 6z, = éaZZ(Z)Zf,

where Z( is the matrix (of rank m,) of null vectors of
the gauge condition w(f). This leads to the necessity of
defining the modified delta function. This symmetry is
fixed by the gauge condition ¢'(7) = 7, 6’5}, while sym-
metry (4.2) is fixed by the condition o'(f}) = &' f®
(rank of the matrices ¢’ and @' is equal to m,). Similarly to
the previous case, we insert into a naive integral

=4, / Df 1Dl (f+ 205 £,0)5l0' (g — f1

+22;1g,%2)] (4.8)
functional unities
1= DetwZ5) [ SpawE (e + 2V
(4.9)
1=Dei(Z¥0) [ Fé0l(m, + 6,200 %) (410)

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

AL Det™! (o222} )Det™! (Z 7@k g
/ 71,24, / D8l 193l (£ + 208 £,7)

— 1+ ZOp '9172)]. (4.11)
|

+ ol (g

/@f@g@(ﬁf s/9] — Det(F') /gf@9q>¢f s79) /gﬂfl m/gcl

)8l (g™ — 1 + Z )hzgl 2)]

a
+ 0o aéc

=V x Det(F') / Df DD, @@, s/9)6|we f* + 6’ ¢,2]8[' i g™].

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

Dusy = 2f29Det(F) / P¢,6|wa f*

+ 04l 6,28 ¢ g™]. (4.18)

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

A Det™! (0@ 225 )Det™ (ZPg20'4))
wzZ o 0
=Det!'| o 0 0
- 0 o'Z®
= Det™! (F')Det™ (/@2 Z197)), (4.12)
where
iy = w203 + a0y, (4.13)
Finally, one has
Det(F’
et(F) (4.14)

Det(z< Voagrany’

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

Dy, 4 = 2f129Det(w 'ZTZ( ) [@afi], (4.15)
Sluft (1+ 2005, 7))| =Dex(2? i) [ Fiolo
blfl ) +a'a e ®l.

(4.16)

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 ®[p/, s/9]]:

o (f*+ 205 f1)

(4.17)

B. Modified delta functions

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

(4.19)
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a5 = / 2 ¢ (4.20)
It is easy to see that their exponentials are invariant under the
transformations o7, = &, ZVg' and 86, = n,, ZY3:. We
fix their symmetries by the conditions 6( ) = 7,04, and
o' (0) = 6,,0’a}. The matrix Z (), similarly to Z("), possesses
m, independent null vectors. This means that the expression

&, AQN itself is invariant under the transformation
5§a1 = §1a Zz, where Z®) denotes null vectors of the
matrix Z(1), while the expression for the delta function

(4.21)

- /@ﬂlei”“"gl”‘al
. . . . 52
is mvarlant under the transformation oz;“ = A )a'/l“z

where Z% denotes left null vectors of gauge condition ¢

(ranks of matrices Z(2) and 7% are equal to m,). Therefore,
it is necessary to insert unities into expressions (4.19) and
(4.20):

|

1 = ADet(Z@% @8 Det (52 24

Det(F")

b
Ag= P

/ DEDC5[E,, @1)6](70 + £, 21

Z(1)b -b—a
=zZMy 0q, + @Wa,Ga; -

=4, / Dusdl(mg + 8, 20008 |, (422)

1 =Det(Z0k02) / Indl(604 15,2000, (4.23)

The measure Py, and the delta function 3[71(,0‘;‘]] are
defined similarly to the construction described above:

a? a)az ) [gal (Z)Zl]

Dus = PEDet(Z! (4.24)

Slma0l | = Det(22%4 /.@c’é 7,08 +c'4,6a1], (4.25)

where @ is gauge fixing the symmetry 6, = §1a2 @
and & is gauge fixing the symmetry 6z;% = UZ;/WZ,
while the fields ¢’ 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 A ;:

)GZ] + ¢ d?ﬁg?]

(4.26)

Det(Z?2ai)Det(52 251
Now we substitute the fully defined unity (4.22) into (4.19) and perform the following sequence of transformations:

Sy (") /Qﬂe”’aﬂf ¢") —>/@ﬂ§/9ﬂ9/ Det(};)
Det(Z?) 2 g

(1) ) [(ﬂa + gblzu)zl)agl + C/az(_ygﬂemaxa((ﬁi)

//
_ / 7 —Deti / DrDe G ety 4 TR s in )
Det( 2 @)

awa

Det(F")
—([2 —/@5& )+ o c]6[5% c].
(/ ﬂ)Det Vo e Jsl ]

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

(4.27)

obtains expressions for modified delta functions:

2 , , Det(F")
Sl (¢ + Rif)] = Dt(— / DS (@ + Rif) + o, ]85 ), (4.28)
(&
Slas (s* + f* + ZWg gh)] = Det(Z?¢: 'a‘)/@clé (s* 4+ fo+ ZWg gb) + oGl 2], (4.29)

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

nght 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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R
-
Z(1) 7(1)
o ,', w ,’,
2(25 7(2) ) 7
5- I/I (:}III \ O-/III \ w/,,l
0 0 0 0 0 0 0 0

FIG. 1. Diagram of reducibility.

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):

Al Det(Z@)Zfd)Z;) = / DfDgDé1 DD 8wy f¢ + o'at ¢1%)8[w'a g |8y (¢ + RLF?) + 6% c™]
Det(F")Det(F')Det(Z® 50’4 gzt el G
x 8loa;c]dlwy (s* + f* + 215 ¢") + 06 61]
ZR 6 0 0 0
wo 0 ¢ 0 0
=Det'[ 0 5 0 0 0
o 0 0 wz) &
0 0 0 o 0
(%R c 0
=Det’!'| o 0 ¢ |Det”'(F)
0 & O
= Det™! (H)Det™! (F). (4.30)
|
The determinant of the newly introduced matrix H can <0 5 ) G-! < 0/) - (4.33)
be transformed as follows. Consider the operator o

Therefore, multiplying the matrix H by a matrix with unit
%R & 0 %R & : : :
G= <6¢ ) + < > (0 5) _ <5¢ > . (4.31) determinant, constructed on the basis of relation (4.33), one

w 0 o’ obtains

w 06

It is straightforward to verify that it satisfies the properties % R

V(o 1) (o)
Det(H)=Det|| o 0 o 01 o'

o(z) = (o) (7)) L5

o
0
(0 Z@))G:(Z(%/) 0 5), (4.32) WR o 8
I

=Det| o o5 0|=Det(G). (4.34)

which immediately implies that 0 o
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An analogous procedure can be carried out for the operator
G. Consider the operator gauge-fixed by @ and ¢ matrices:

-
Fo =2 Rl 4 6% 0l

i =R (4.35)

By construction, it satisfies the properties ZVF = Z(Wsw
and FZ(Y) = 6wZ"), which lead to the relation wF ' = I.
It is then easy to see that

owo-ad (1 )(0 )

:Det( F O> = Det(F),

. (4.36)
w+ocow 1

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

A Det(Z@ 223 )Det(F)
Det(F")Det(Z?526'41)

(4.37)

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

/@d)@s eSlts] — </ @,uf.g)Det(F)

X / DPDsDcDc,

< Sy *(") + oG, c1]o[Ga; ]

x 8wy’ s* + 6’5 ;%] e, (4.38)
one arrives at the final expression for the functional integral
of a massive second-stage reducible gauge theory with
Stueckelberg fields:

Z = Det(F) / DYDsDeDE Sy (¢) + o 1]

x 8[54 ¢ |d[wh s* + o) ¢y %] etS9], (4.39)
Note that in the subsequent computation of the effective
action a complication may arise due to the presence of
nondiagonal terms in the action S[¢, s] mixing the fields ¢
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 ¢ 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 AdS,; space. The model is
described by the action (we use the notation as in [66])

S ti] = i / dx/[9 wD g,

—M/ddx v |g|l/_/ﬂ|ﬂzyﬂlﬂzylyzwylyz’

NG
D”:vﬂj:lT}/ﬂ, (51)
where v, = —y,, is an antisymmetric tensor spinor, ¥, is

the Dirac-conjugated tensor spinor, V, is a covariant
derivative, and r is determined from R*,, = r(6;6, —
8,84) and r > 0 for the AdS space. In order for the product
ylieovi”2 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
D, satisfies the property Dy, D, f,, ., = 0, where f,.
is an arbitrary antisymmetric tensor spinor. As a conse-
quence, the kinetic term of the action (5.1) is invariant
under gauge transformations &y, = D|,f,). In order to
restore gauge invariance of the mass term, we introduce
Stueckelberg fields 4, and /_1”:

Sly.w.2.2] = i/d"xv 9| W, 712> Dty
d - 1. 5
—m d'x |g| (Wﬂll‘Z + Z}“[ﬂlDﬂz])

I
——Dyy 4y ) (5.2)

Y7
X yﬂ]ﬂz 1V (Wplyz

The operator 5” here is defined as ]_”13,4 :fgﬂ ¥
i(1/2)y/rfy, (the covariant derivative acts to the left).
The resulting action is invariant under the transformation

51///41/ = D[ﬂfl/]’ 5/114 = mfﬂ + D”g (53)

and can be brought to the form
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_ = NV
St 2.7 = 50 % 1Y (A=) + Syp. (5.4)

where

(i) Sy denotes the action of the model prior to the
introduction of Stueckelberg fields:

Sy =i / d'x\/Tgl i, 7" Dy,

- m/ddx v |g| lpﬂlﬂzyﬂ]ﬂzylyzwvllfz;

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

Sg = /ddx\/ |g|’_1ﬂyﬂabDa/1u;

(iii) Syp represents the nondiagonal contributions:

SND = - / ddx |g| ZMID}Q]/#]”ZDI”ZWDIDZ

" / d'x v |g‘ wﬂlﬂzyﬂlﬂzylyzDv1’1vz'

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

Yoy OH1E = Oy — (d _ m)ym-uﬂm. (5.5)

The action (5.4) contains nondiagonal terms mixing

fields y,, and 4, (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:

i

Y = ¢;w - mﬂyﬂu] (56)
After this redefinition, the action takes the form
- - p(2> - -
Slp. .2, 4] = Sy — 7551 + pP8yp,
PP =(d-3)tvr-——), (5.7)
d—4

where
(1) Sy is the diagonal contribution of the field ¢:

S'O = i/ddx \% |g| &ﬂ]pzyﬂlﬂzwlyzl)a(py]yz
—m/ﬁ%vwwwwwwmﬁm;

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

Sg, = i/ddx\/|g|/_1”y”’“/’DD/1p
d-2 -
+mm/ddx |g|ﬂﬂ}/ﬂ ly;

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

SND = i/ddx |g| /_Iﬂy/w/)¢p/)

+i/ddx\/|g| v’ 2.

One observes that, in addition to the disappearance of
derivative cross terms, auxiliary fields A and A 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 ¢,, and 4,
into gamma-irreducible components:

d);w = (I)m/ + },btq)u] + yuuq)9
Yo, =0, Ay =N+

Yo, =0,

A, =0. (5.8)
Consider the operator P;, acting on antisymmetric fer-
mionic rank-2 fields as follows:

1
Plﬂ(/l{l/}) = }/Uﬂ;w - _}/ﬂyaﬂlaﬁ- (59)

d

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

(d-2),. (5.10)

| =

Plu(¢aﬂ) =

Thus, the operator P;, projects from rank-2 field ¢, its
gamma-irreducible rank-1 component. We express nonde-
rivative cross terms in terms of gamma-irreducible com-
ponents of fields ¢,, and 4,

d-2)! - d -
( )A DF - ———AD.

gNDE/_%}’mﬁff’aﬁ:m m (d—3)!

(5.11)

The conjugated counterterm £, 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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Py, () =5 (d=2)9, =0,

YA, =dA=0, (5.12)
which project out from the field ¢, its first-order compo-
nent and from field 4, the zeroth-order component (and
corresponding Dirac-conjugated conditions for fields qZM,,
and /,), then, after integration of the functional
F[%Lnp, ZLyp) with delta functions &[®,];5[®,]; 5[A];
S5[A], the nonderivative cross terms vanish.

In terms of the original fields prior to their redefinition,
the chosen gauge conditions take the form

Plﬂ(u/aﬂ—kd V) = 0. (5.13)

y*4, = 0.
We now proceed directly to the quantization procedure.
The symmetry (5.3) is invariant under the transformation
of, = D,f1, o6g = —mfy, (5.14)
and the operator P, introduced above satisfies the property
y"Py, = 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

[ 21996[Pru(bos-+ Dty + i 5" i +

the functional unity

(2))—1/@f15|:yy<fﬂ_ldl

) _ -t (17 _ =20
A’ = Det <1Y7P md_21>,

where ¥, = y*V, +i(1/2)\/r(d —2p). Performing the
transformations analogous to (3.9), we obtain the expres-
sion for the modified integration measure:

Dugy = 2£29 (85 (fu~ it n9)] (5:20)

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

O[P1,(bap)] = /@ﬁ '™ Pru(dap) (5.21)

is invariant under the transformation 67, = Eyﬂ. We fix this
symmetry by imposing on 7 the condition 7"y, = 0 and
insert into the expression (5.21) the functional unity of the

= / Dy Dy DAD A Sli-v-3- (5.15)

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

I=a" / Dhg 0 [P I (¢aﬂ + Diafp

.om 1
il + i rlag)|

x 8[y* (A, +mf, + D,g)]. (5.16)
Here, the power of the determinant factor A is chosen
negative in view of the Grassmann statistics of integration
variables.

We now define the modified integration measure Zu; ;.
The integrand in (5.16) is invariant under the transforma-
tion (5.14). We fix this symmetry by the condition

1
yﬂ(f,,—zd 4y,,g) —0 (5.17)
and insert into the naively defined integral
1
7 7eDp9) | 61" (b + mf, + D,g)] (5.18)
4yﬂg+Dyfl+l yﬂfl>:|
(5.19)
[
form
1= [ FEolm, + B (5.22)

where the determinant of the ultralocal operator y*y,d(x, y)
has been omitted. Performing transformations analogous to
(3.6), we obtain the expression for the modified delta
function:

5[P1/4(¢aﬂ)] = /@ﬁ- eiﬁ"Pl,,((lﬁa/f)g[ﬁﬂyﬂ]

2/905[P1M(¢aﬂ)+yﬂc]. (5.23)
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We now substitute the expressions (5.20) and (5.23) into the integral (5.16):
1 1
A: .@f@gé yﬂ<f;4_l 7/;4 905 Plﬂ(¢{lﬂ+D(lfﬂ af/} [aD/)’]g) +yu :|
1
[}/"(/1 +m(fﬂ—zd 4yﬂg> +Dﬂg+1d 4}/,49)} (5.24)

Note that, since the operator P, 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 y,43g. Using this property, we can
write

1
P1ﬂ<¢aﬂ+D[afﬂ]+’ g Vafp T 15— 1Dy )

o om
= Plu(¢aﬂ +D[(1F/}] + ld_4y[aF[i])v (525)

where

Fo=f—i——

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

— T (5.26)

.om .om
A= (A(<)2>)‘1/@F@gé[yﬂFﬂ]/905[P1ﬂ<¢aﬂ+D[aFﬂ] —l—lmy[aFﬁ]) +yﬂc} 5[y”(ﬂﬂ+Dﬂg+lmyﬂg>]

(5.27)
Here, we also took into account that the contribution of F, in the last delta function vanishes due to §[y*F,].
One can represent delta functions in (5.27) in the form of integrals over auxiliary variables 7 and 7:
2)\— - . . om -
A= (AP / DFDg8[y"F,) / P exp {mﬂplﬂ(%ﬁ + DiFy + lm}/[aFﬁ]) }5[nﬂy,,]
m
x/@r‘yexp{iﬁy"(/lﬂ+Dﬂg+imyﬂg)} (5.28)
and decompose the variables 7#, F* into gamma-irreducible components:
NGNS = o A L d=2
A= (A7) U, 9T %g | P11, PN exp |il13 Py, (dap) — ¥ 1T, — 1mﬂl"” +--
_ d
5[] / Dijexp [in Ay +¥og + lmﬂ )} (5.29)

Here ﬁ and IT are gamma-irreducible components of 7 » while I', and I are gamma-irreducible components of F'. Ellipsis

“. denotes the terms containing components IT and F which are annihilated by delta functions 5[I1] and §[I']. As a result,
shifting the integration variables

d—2\"! d \!
r,-r,- (Vl + zmﬂ> Py, (ap) g—dg - (VO + lmﬂ) am (5.30)

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:

@

A=a®xB0 _ D) (5.31)
@~ M
A0

065018-14



QUANTIZATION OF DEFORMED REDUCIBLE GAUGE THEORIES PHYS. REV. D 114, 065018 (2026)

Substituting the fully defined functional unity (5.16) (and the analogous unity for conjugated fields ¥, and /_IM) into the
integral (5.15), making the change of integration variables v, — ¢,, [¢,, is defined by (5.6)], and carrying out a sequence
of transformations analogous to (3.15), we obtain

2 2)\— 7 3 - iSlb.db . - — _ -
zy = (A7) / DPPYTADITED ¢ ISP, (o) + 1,18l (D) 1y + 1,0l A0y, ). (532)
where (&aﬁ)l(’_lﬂ = P ,(¢,p). Then we decompose integration variables into gamma-irreducible components
z% = (aP)2 / 99,,99,,9,9®,9DIOIN, DN, FATNDeDc 5@, + 1,¢)5®, + 7,)5[AIS[A]
X exp{iS[dJW,(I)W,d) <I> O, P, Ay, A A, A]} (5.33)
and integrate over the field components annihilated by delta functions. This leads to
Zy =(aP) / 9,99, 9D DOTN, TN, exp{iS[®,,,®,,.®,=0,8,=0,0,,A, A, A=0,A=0]}. (534)
Here, S is the action (5.7) expressed in terms of gamma-irreducible components of fields ¢,, and 4,:
S®,,.®,.®,=00,=030A,A, A=0A=0]
. = . d
= z/d4x |g|{—2‘1”‘”(V2 +im)®,, — Ed — 5% <V0 + zmﬂ>(b}
WON d=2
—ip d*x+/|g| A >Z71+lmﬂ A, (5.35)

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:

2) A (2) A2 2) (2
GGG,
TGO
o _ . d-2p
Ay = Det<lx7p —m— 21). (5.36)
Operators ¥/, are defined as before, ¥, ="V, &

i(1/2)\/r(d —2p), and their determinants are evaluated
on gamma-irreducible components of the corresponding
rank p.

Taking the limit m = 0 in the expression (5.36), one

finds that Z\) ) = A, AgAT!, where A, = Det(i¥,). It is
easy to see that the relation Z\) , = Z®Z(1) holds, where
ZP) 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
(log Z®)). 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 Z(), 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 AdS, space
is described by the action

S[l///wpa l/_//u/p] = i/ddx V |g‘ J’plﬂzﬂgyﬂlﬂzmgvlyzb3Dal//ulvzyg

- / ddx v |g| l/_/ﬂlﬂzllsyﬂmzmmDzySl//Vll/zlfz’
(5.37)
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whose kinetic term is invariant under the gauge trans-
formation 6y, = Dy.f,,. 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:

S[l//ﬂl_/’l’j“] = l/ ddx |g‘ li/ﬂlﬂzﬂ3yﬂlﬂ2ﬂ3o—y]D2D3D”W”ly2”3
d 7 L
-m [ dx |g| (V’mmm _Zl,{b’l/‘2D”3]>

D[Dlxym]). (5.38)

1
I21%2%
Xyﬂlﬂzm 11203 (WV,Z@@ _E

The resulting action is invariant under the transformation:

&lluz/p = D[}lfl//)]’ 52/41/ = mf;w + Dwgu] (539)
and can be brought to the form
_ = AT
S 72,7 = 50 % 1Y (d =55+ Syp. (540

where
(i) Sy denotes the action of the model prior to intro-
duction of Stueckelberg fields:

I d / - oV LUV
SO - l/d X |g‘ 1//”]”2”3}/!41#2/43 1 3D6W91u2u3
d - I2V%Y% .
— m/d XA /|g| wﬂlﬂzllzyﬂmzm 12 3ll’u1v2p37

(ii) Sg; is the diagonal contribution of Stueckelberg
fields:

_ d 3 .
Sst = /d * |g| ﬂﬂlﬂzyﬂlﬂzylyml)a’lﬁy’
1i) Syp represents nondiagonal contributions:
ND Tep g
_ d 7 N
SND N /d * |g| )“MMDMYM”ZMDIyzy}l’”"l”z%

+ /ddx \% |g| 1/7#1#2#37/”]#2/43”]”2”31)”1/11/2”3'

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

¢m//) = q),uy/) + y[y¢p/}} + },[;w(b/)} + },ﬂl//)(I)7
l/w = Am/ + y[uAu] + ypr’ yﬂA;w =0,

Wiy = Pup + d;_.6}’[;4/1yp]7 (5.41)
after which the action takes the form
B .
Slp. b, 2. 4] = So — 75& + P Syp.
p® =(d-5) <i\/?+#), (5.42)

where
(1) Sy is the diagonal contribution of the field ¢:

So = i/dd'x \Y |g| ¢/41/42/437M1M2M3UDID2U3DG¢UIL/21/3

—-m / dx+ /|g| ¢”]”2”3yﬂlﬂ2ﬂ3”1”2”3¢ylyzy3;

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

T d 7 7%
SSt - l/d x |g‘ /1/41/427#1”2 2 3Dplly2u3

d—4 —
+ mm/ ddx |g| j’”lﬂzyﬂlﬂzylbzlﬂlﬂz;

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

SND = i/ddx V |g| Zulﬂzymmulvzvzﬁbylyzw
. d 7
— l/d X /|g| ¢ﬂ]ﬂ2ﬂ3}/ﬂlﬂzﬂ3bll/zﬂply2'

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

- d—4)! - (d—2)!_
vpap; _ ( v
ﬂ,,py 7 7¢aﬂ}, = 2(d— 5)!A,,,,CD” + (d— 5)!A#<I>”
d! -
where
Y@, =0, Yo, =0, Yo, =0,
A, = 0. (5.44)
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Therefore, similarly to the previous case, one has to choose
gauge conditions that eliminate cross terms. Consider the
operators

1
P2,0”y(¢aﬂy) = 7p¢/wp + myw}/aﬂd)y]aﬁ? (545)

1
Plﬂ(/laﬂ) = yy/l;w - _}/ﬂyaﬁ/laﬁ' (546)

d

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

P () = 3 (d= By~ 7, @, (547
Prlhag) = 5 [d=2DA,. (5.48)
Thus, if one imposes gauge conditions
P20 (bapy) = Py (‘I/aﬂy - ﬁy[aﬂﬂr]) =0,
Pi,(Aep) = 0, (5.49)

which project out from the field ¢ its components of the
zeroth and second order and from the field A the component
|

2 . m .
1=A" / @ﬂf-ga[Plo/w (¢a/iy + D[afﬁ}’] - ld _ 6y[“fﬁ7] -1

and an analogous unity for conjugated fields.

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

5f/u/ = D[uflb]v 5.9/4 = _mflﬂ + Dﬂgl’ (550)
which, in its turn, is invariant under
5f1ﬂ:Dﬂf2’ 591 :mf2' (551)

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

PIM(PZ,O(lﬁ) = O7 yﬂPIﬂ =0. (552)

Following the general scheme, we insert into the integral
Z= / Dy Dy DAD ) & S17-v5-3] (5.53)

the functional unity

1 N
m}’[al)ﬁgy]ﬂ 0[P, (Aap +mfop + Diagy)]  (5.54)

We now define the modified integration measure. We fix the symmetry (5.50) by conditions

o1
Plu(faﬁ"'lm}'[agﬁ]) =0,

and insert into the naively defined integral

.om 1
/ DfPgo [Pz,o,w (¢aﬂy + Diofpy) — lmy[afﬁy] - lry[aDﬁgy])}é[Plﬂ(laﬁ +mfop+ Diagp)]

the functional unity

. A 1 m
1IAml/@ﬂf].gﬁ[”lu(faﬁ“m}’[agﬁ]+D[aflﬁ1—lﬂ

9, =0 (5.55)

: (5.56)

!
Y[aflﬁ] ‘Hﬂ}’[al)ﬁ]gl)}5[7”(9;4—mf1,4 +D;491)]- (5.57)

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

-2
d—=6

d ~
A, = Det(iVl + m—) = A(l3>

3[plﬂ(paﬂ)] :/gﬁe,-,—,ymFaﬂ)&[ﬁuyﬂ] :/@cla[Plﬂ(Faﬂ)erﬂcl],

(5.58)

0 . d=2p
A, =D
» et(sz—i—md_zl),

(5.59)
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where Fo3 = fop —1i ﬁy[agﬂ]. 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:

1
/.@Cl Ply(f{l/}+l 6 [(lgﬂ]>
(5.60)

Dy = Df Dg (A

+7,,C1}5[J/"g,4].

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

51P1, (hp)] = / TR Pn)  (5.61)

is invariant under the transformation 67, = jy,. We fix this

symmetry by the gauge condition 7y, = 0. Repeating the
steps analogous to those described above, we obtain

51P 1 ()] = / D8Py, (hap) + 7065]
- / D e Pul)§[70y,). (5.62)

Exponential in the expression for the delta function of the
field v,

8[P2.0,(Dap,)] = / P ™ Proubar) (5,63)

is invariant under the transformation

o _ 1
57[;41/ = ‘:EaPIZu = Ea (y[uéﬂ + Zyaym/> > (564)

which in its turn is invariant under ég_&ﬂ =
symmetry (5.64) by the gauge condition

517,4- We fix the

- [
(7_7'-(1/3) Pl u= Plu(ﬂ(lﬂ) =0 (565)

and the symmetry 54_:# = élyﬂ by the gauge condition
Eﬂy” = 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,

— - <P_ "
8[(Zap) P1 ) = /@9 e L (5.66)

is invariant under 66, = y,60,. This symmetry is fixed by
the gauge condition y#6, = 0. Furthermore, repeating the
steps analogous to (4.27) (omitting determinants of ultra-
local operators), we have

>

(P20, (Papy)] = / D3[P, (bapy) + viucn)olr'c,]

_/97—7’.657_’”})2»0140((#"”7)/96/5[(5‘)‘[{)(?/)
+77,). e

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

~ 1
A= (A(13))_1/@f-@g/9016 Ply(f{1ﬂ+ld_6 [ag/)’}> +7MCI:|6[Y”9M]

/ Dc 5 P2 Opy (¢a[}y + D[af/}y

o1
X / ‘@CZ 5 Plﬂ (l(z/} +m (fa/)’ +il— d— 6 [ag/)’]> + D[ag/i] d 67/[r1.g/3]) + yy02:| .

The delta function 6[y*g,| eliminates zeroth-order gamma-
irreducible component of g,, while the operator P,
annihilates first-order component of the field it acts upon.
This implies that under the action of P, one can freely add
terms of the form y(,439,], 79, = 0, and, thus, one can again
make the substitution

1
af/}}/ m y[aDﬁgy]) + }/[}lcu]:| 6[7/”6;4]

(5.68)

|
Fop :faﬁ+l—d_67[agﬁ], (5.69)

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 P, and first-
order contributions from the operator P; survive. As a result, one obtains

(5.70)

Now, in complete analogy with what was above, we substitute obtained expressions into the functional integral and

separate integration over first-stage gauge group:

1
z¥) = = / DD s|(d - 4)®,,

x 8[C8[CI8[A, + 7,c2l0[A, + Ey7,] expli]

1 -
= / 99,,,99,9A,, TANGD

Hvp

where

() Tu= gqnw,@@ DD, I9DIN,, IN,INDC,ICTc,,

- 37/wq) + J/MC»] + 7ﬂuc]5[(d - 4)&)/41/ + 3(1)7/41/ + CW}/D]

9®,9\,, 7\ expliS)],

- Cy/w]

(5.71)

(i) Zp= W,@@ 9®,909A,, 9N, IAIC,9CIc,, and

(iii)y S=5[®,,,.®,,=0,®, "®=0.A, A_OAd> ®,

274 @ uvs pHup»

_O¢> ,®=0,A A_OA]

Hy

Expressing Gau551an 1ntegrals in terms of determlnants of the correspondlng operators, one arrives at the final expression
for the effective action of the model of antisymmetric rank-3 fermionic field:

(5.72)

As in the previous case, in the massless limit the
resulting effective action decomposes into a sum of mass-
less effective actions correspondlng to the original and
Stueckelberg fields, Z( ) = 7 7@ One observes that in
both cases the contmbutlon 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,

(i1) 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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