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

functional determinants corresponding to specific Dirac-like operators on AdS space.
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I. INTRODUCTION

Totally antisymmetric tensor fields which are described
geometrically by p-forms attract much attention in classical
and quantum field theory due specific gauge structure and
diverse dualities. Such fields naturally arise and are very
broadly used in supergravity and string/brane theory (see
[1-3] and references therein). A remarkable feature of the
theory of totally antisymmetric tensor fields is that their
corresponding gauge transformations are defined up to
additional gauge transformations. The latter are defined up
to new gauge transformations, and so on up to some finite
order which is called the order of reducibility. In general,
the theories with reducible gauge transformations are called
reducible and, as we now understand, for their covariant
quantization simple Faddeev-Popov and DeWitt quantiza-
tion rules are not applicable.
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Dynamical model of free antisymmetric second rank
tensor field in four dimensions (notoph theory) has been
proposed for the first time by Ogievetsky and Polubarinov
[4] and then rediscovered in [5] in string context.! Tt was
shown that in d = 4 this theory is off shell dual to free scalar
field model in flat space. Non-Abelian generalization of the
notoph theory has been given in [7] and it was proved that
such a theory is dual to nonlinear sigma-model. The notoph
theory can also be formulated in curved space where it is
dual to d =4 free nonconformal scalar field theory. The
theory under consideration obviously admits the addition of
a mass term, which leads to duality with the massive vector
field theory (see [8] and references therein). Natural gener-
alization of the d = 4 notoph theory is a free p-form model
in arbitrary d dimensions, where it is dual to (d — p — 2)-
form model.”> By now, a large number of reducible gauge
models have been constructed, including specific super-
symmetric models containing p-forms, and their aspects of
quantum duality have been studied as well. A practically
complete list of relevant references is given in the work [9] to
which we refer the reader. All such models are the reducible
gauge theories as well as the d =4, p = 2 model.

'Various aspects of the pioneering paper [4] are discussed in [6].
“See [1-3] and references therein. Proof of duality between p-
and (d — p — 2)-form models is discussed in [3].
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A distinctive feature of all reducible gauge theories is that
the generators of gauge transformations are not indepen-
dent. For this reason, the standard Faddeev-Popov-DeWitt
rules of covariant quantization are not applicable to such
theories and for their quantization one should use more
general approaches. Quantization of d = 4, p = 2 Abelian
gauge model in curved space has been carried out for the
first time by A. S. Schwarz [10,11] using decomposition of
the p-form into irreducible components in the functional
integral. Note also the work by W. Siegel [12] where correct
ghost content for quantum 2- and 3-forms in curved space-
time was firstly found. Later, various methods were
developed for quantization of this theory and the other
reducible gauge models.’ Aspects of quantum equivalence
of classically dual theories were studied as well. The current
state of art in this area is presented in detail in [9]. As a
result, there are now consistent and well-developed proce-
dures for quantizing the p-form models. However all of the
above concerns mainly boson theories.

Recently a novel class of Lagrangian reducible gauge
theories has been proposed in the papers [14,15]. These
theories are described by totally antisymmetric rank p
tensor-spinors (fermionic p-forms) with reducible gauge
transformations depending on p and space-time dimension
d. Remarkable feature of these theories is that they are
consistently formulated only if 2p < d and a consistent
coupling to curved space is possible only for AdS, spalce.4
Note that the fermionic theories of a similar structure arise
in some exotic models of extended supergravity in six
dimensions (see [16,18-28] and references therein), which
recently attracted much attention.

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

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

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

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

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

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

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

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

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

{r.r}r==-2¢9*  w=y",
0

=) ") =, (2.1)

where an overbar denotes Dirac conjugation, y° is a
constant Hermitian matrix in a vielbein basis, and the
metric ¢** has the mostly plus signature. In what follows,
we work exclusively with gamma matrices in a coordinate
basis on a curved background manifold. Coordinate (tan-
gent and cotangent) indices are raised and lowered using
the metric g, and its inverse g".

We introduce a special notation for completely anti-
symmetrized products of gamma matrices,

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

045022-2



COVARIANT QUANTIZATION OF TOTALLY ANTISYMMETRIC ...

PHYS. REV. D 113, 045022 (2026)

y””:%[y”,}'”], prizettr =ylgie il - (r<d),

(2.2)

which are nontrivial only for degrees r not exceeding the
spacetime dimension d.

The covariant derivative acting on a spinor field y (with
no tensor indices) is defined as
Viw=ow+Lw, wV,=Vw)=(0w-pl,). (2.3)
where the spinor connection lA“,l is chosen such that the
gamma matrices are covariantly constant,’

Vo'l = o + Ty + [, 7] = 0, (2.4)
with I} denoting the Christoffel symbols of the Levi-
Civita connection. Throughout this article, the barred
covariant derivative denotes differentiation acting to the
left on Dirac-conjugated spinors.® Finally, the spinorial
curvature is related to the Riemann tensor via

1
V..V Jw =—==R 7. (2.5)

4

B. Compact notation for antisymmetric
multi-indices

In this article we study the gauge theory of spinor-valued
p-forms vy, uy = Win.py)- 1IN the Batalin-Vilkovisky

extension of the configuration space, one encounters also
spinor-valued forms of lower degrees. To streamline for-
mulas we use compact multi-index notation for antisym-
metrized groups of indices. A multi-index u[r| denotes r
indices to be antisymmetrized,

Tuid = Py (2.6)

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

f/,t[r]hﬂ[k] - fbll"~/4rhﬂr+l"'/4r+k]’

Vi = Vi, h (2.7)

Haeotirn]”

"The spinor connection is usually defined in terms of the
vielbein spin-connection o": I'; = —g @ [y,.7,].

For spinor-valued forms when using compact index notation,
this convention yields more symmetric formulas with fewer sign
factors arising from index permutations.

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

fﬂ[]]l/[k] = f/w[k]’ v;{[l] = v}{' (28)
These rules apply equally to lower and upper indices. Index
groups of the same kind in contravariant and covariant
positions are implicitly contracted,

fu[rlhﬂM = f[/"l”'ﬂr]h[ﬂl”.’ur]' (2.9)

The lower and upper indices of the same groups are always
assumed in the natural unidirectional index order.

For partial contractions f”[’]hﬂ[k] with r # k, one must
specify how the smaller group is embedded into the larger
one as a subgroup, which may affect an overall sign. By
default we use the convention,

f”[r]hﬂ[k] = f[/‘ln-ﬂr]h[ﬂlmﬂk] (r>k),

fﬂ[’]hﬂ[k] = f[/‘k—rJrl-'*.uk]h[M]“‘”k] (r < k), (2.10)
This ambiguity disappears when each group is fully
contracted, for example,

U gurghuy = £ Gy Py

Gl = G SH - (2.11)

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

ol = (31) = ol oo

(1]

Gutret) = (Gu)" = 311G s+ G,

gﬂ[r]l’[r] = (gl“/)r = g/‘l”lgﬂz}(z"'gﬂ"}{’éz[{j}, (2.12)

where g, is the spacetime metric and ¢*” its inverse.

C. Totally antisymmetric tensor-spinor gauge
field theory

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

Solw.w]= / dx i/ gl 72D )

— d . ; - ViUy...U 0, TN
—/d XN/ |Gy, 70220 Doy s

(2.13)

where and its Dirac conjugate are

Pl = V..,
totally antisymmetric spinor-valued tensor fields and the
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multigamma y#>7*!! denotes the completely antisymme-
trized product of (2p+1) gamma matrices
ylyhe | ypw bl (2.2).9 Operator D, is a massive covar-
iant operator of the form D, =V, + imy,,.

We restrict the theory to AdS, space, since its gauge
properties crucially relies on this background [14]. The
AdS,; curvature tensor is maximally symmetric with
positive parameter r,

RM ) = —ro(88y — 845), ro>0. (2.14)
For the special mass values m, = j:% \/To the operator D,
becomes nilpotent,

i
D# :V”:I:E\/%y”

DyDufu[k]:O =4 D[M]D 0, (215)

ol s ] =
implying that the action (2.13) possesses a (p — 1)-stage
reducible gauge symmetry. Introducing p levels of gauge
parameters—spinor-valued forms 4,(;—the reducible
gauge transformations take the form,

SWyip) = Dyudulp-1) 8Wyip) = Ayip-11Dy-

i
Oyp-1] = Dyyip-2)» 5’_1#[17—1] = Zﬂ[p—ZJDw
(2.16)
8, = D,A.. A, = A.D,,
o). =0, Sl =0,

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

_ = i

D. The key result

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

(p/2] [(p=1)/2]
Z(p) — H (Ap—Zn)znﬂ H (Ap—l—Zm)_zm_z
n=0 m=0
3 AS 2[p/2]+1
A, 2Bp-a By

: (2.18)

o 4 2[(p+1)/2]
Ay 183 A afp iy

9Throughout Sec. IV and partly in Sec. III we use the multi-
index notation reviewed in Sec. II B. Here, for clarity, we also
provide explicit index representations.

where [N /2] denotes the integer part of a number N/2, and,
with ¥ = Vo,

A, =Det|¥ F %m(d —25) (2.19)

is the functional determinant of the corresponding operator
acting on irreducible spinor-form fields A, of degrees s
constrained by conditions y*A, =0 y* Ay, ) =0.
As a byproduct, we derive intermediate representations of
the gauge-fixed action in terms of irreducible components
for two covariant gauges, valid for arbitrary rank p, with all
normalization factors determined explicitly.

E. Description of method

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

The BV procedure enlarges the original field content by
introducing ghost fields and associating each field with a
corresponding antifield. This extended field—antifield space
is Z,- and Z-graded space of even dimension, equipped
with an odd symplectic structure known as the antibracket.
The dynamics on this extended space is encoded in the BV
action'” Sgv[®, ®*], which extends the classical action
with antifield- and ghost-dependent terms [29,30]. The
master action satisfies the nilpotency condition in terms of
the antibracket: (Sgy, Sgy) = 0 with appropriate boundary
conditions on the action’s extension that encode the gauge
structure of the original theory. Nilpotency of the anti-
bracket ensures that the BV action possesses both extended
local BV symmetry and global BRST symmetry. The latter,
via cohomological methods, provides precise control over
the gauge structure, including possible quantum anomalies.

When moving to quantum theory, the local symmetry of
BV action should be broken. This is realized by gauge
fixing, which leads to a nondegenerate action without
residual local symmetry. In BV formalism, gauge fixing
is carried out by means of a universal prescription involving
the gauge fermion Y[®|, which specifies a gauge. This
fermion generates explicit conditions that eliminate anti-
fields in favor of the fields, @} = %. The BV construction
guarantees that the resulting gauge-fixed action yields a

OThis functional is referred to as the master action in the
original papers [29,30].

045022-4



COVARIANT QUANTIZATION OF TOTALLY ANTISYMMETRIC ...

PHYS. REV. D 113, 045022 (2026)

quantum generating functional and observables indepen-
dent of the specific choice of ¥.

A brief review of the BV formalism for (p — 1)-stage
reducible gauge theories is given in the Appendix. The
spinorial p-form gauge models, considered in Secs. III and
IV present explicit examples which demonstrate the use of
an alternative gauge prescriptions and compare them with
the original ones advocated in the seminal papers [29,30].

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

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

ﬁw@b/E%iM%wmmeW,@n

where y,,,c = |, 1s the spinor-valued 3-form field and"'

yorTent = yloymytyeyiyvyx]l - The  covariant  differential
operator D, =V, +1,/rgy,, (2.15), in AdS spacetime
with the curvature R*,; = —ro(8,84 — 848,), acquires
the nilpotence property DD, f,.  ; =0, which implies
the 2-stage reducible gauge structure of action (3.1).
Introducing three levels of gauge parameters—spinor-
valued forms 4, = 4y,,), 4, and 2 —the reducible sym-

metry of the theory takes the form

&lluwf = D[;M'u}{]v 6‘/_/;41/% = ZUUJDH]7

Sy = DAy, S

81y = D, &,

I
o

D).
D, (3.2)

I
o

where the Dirac-conjugated operator D, = vﬂ F LTV
(2.17), in which v,, acts fo the left on the Dirac-conjugated
fields or gauge parameters, is also nilpotent;
f ... ,D DA =0.

The transformations of fields in (3.2) define gauge
generators Rj7,, R,‘j,’jx, whereas the rest define reducibility
generators wa, , and Z,, Z,. Correspondence with the
general BV scheme of the Appendix implies '+~

Yy li/;wx and

Ry, = RiS, = Do, Ri, =opiDy,
ZZ; = Z/il/ - D[ﬂéi]’ Z/w = (Sﬁ[ﬂDl/]’
Z& — Z,=D,, Z,=D,. (3.3)

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

The gauge structure is Abelian since the gauge and
reducibility generators are field-independent.

Spinor-valued 3-form fields carry ;d(d—1)(d—2)
spinor components, so that the original fields describe ny =
td(d—-1)(d-2) spinors.'? Reducible gauge symmetry (3.2)
leaves td(d—1)(d—2)—=%(d—1)(d-2)=¢(d—1)x
(d —2)(d —3) nongauge spinor components for each
field, so that my= (d (d-2)(d-3) [3]
Analogously, each of the 2- form spinor gauge parameters
A Ay carry $d(d—1) spinors, so that n; = d(d —1).
But since not all of them actually contribute to gauge
transformation due to reducibility, the actual number of
spinor-valued parameters transforming the original fields is
m; = (d—1)(d —2). Each of spinorial gauge parameters
s /_1/4 carry d spinors, so that n, = 2d. But only d — 1 of
them lessen the number of actual components of 4,,, /_1,”,,
thus m, =2(d —1).

A. BV extension

The BV extension” (A13)—(A15) of the gauge model
(3.1) introduces a set of minimal ghosts C c®

u3=11°“uf3-1) ©
three levels 1 <1< 3; Cg,,,ng, C0.C and C°,CY, corre-

(AR

sponding to gauge parameters (3.2). For the gauge-fixing
purposes we also introduce the set of auxiliary fields—
pairs of the auxiliary ghost fields C 1]’ Ck[3—1] and so-
called Lagrange-multiplier fields B Bﬂp—z]- At each
level [ there are [ generations of these double pairs.
Generations of the auxiliary fields are indexed by integers
k: 1 < k <[ and in the field’s notation are denoted by the
upper numerical index. In particular, the auxiliary ghosts of
generation k = 1 are called antighosts and assigned with
negative ghost numbers —/. Ghosts with k > 2 are referred
to as extraghosts. All ghost fields of level [ are spinor forms
of degree r =3 — [.

The complete set of BV fields and antifields with
assigned ghost numbers is summarized in Table 1. To
the left of the table we put the corresponding fields and
antifields of the general BV method of the Appendix.
Grassmann parities of the fields are opposite to the parity of
their level and for this particular model coincide with the
parity of their degrees as forms. We do not specify
antifields to Lagrange-multiplier fields since they do not
appear in the BV master action. Each field of level [ =
3—r is a spinor-valued r-form and describes n; = (%)
independent spinor components.

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

The overview of the Batalin-Vilkovisky method is given in
the Appendix. In this section, we largely avoid discussion of the
BV structures and their properties, referring the reader to the
Appendix or standard reviews for details.
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TABLE 1. BV fields and antifields of the 2-stage reducible gauge theory of a 3-form spinor field.

General BV ! gh(d') L gh(®F)

Minimal sector: Original fields and minimal ghosts of levels 1 </ <3

l//i 5 l//,* = W l/_/uw{ 0 l//;(“{* Y *w{ -1
L % 0 70 0u3—1] H0u[3~1 S

COI : COa, > Cﬂ[3—l]’cﬂ[3—l] C*ﬂ[ ],C*ﬂ[ ] -1

Auxiliary sector:

Auxiliary ghosts and Lagrange multiplier fields of levels 1 </ < 3, generations k =1, ...,/

. Ok
Ck ’ Cka,

A . R*
Bk ’ Bka,

(=) =k+3) -
() (I =k+3)+

k k
Cﬂ[3—1] ’ CM[3—Z]

k 1k
By Byja-

1
2
1
2

s php-! —(F -k -}

The gauge algebra of generators (3.3) is Abelian, thus the
ghost part of the minimal master action has a simple form
bilinear in antighosts and differentiated ghosts [cf. (A13)].
So for the 3-form spinor field the nonminimal BV master
action is

[y ] + S

+ S(’iz{ [(paum ¢:UX:| ’

3 3
S](S\)/ {é’ ‘;D*] = S(() ) [¢minf qu’r(]in]

(3.4)
where the original action S(()3) is defined in (3.1), and ghost

part of the minimal action and action of auxiliary sector
fields take the form [cf. (A13)],

3 . 50 7 -

(DY~ CADCYL) +i(CE DL D, CY) }.

2
st = [ aea{ (Ch B+ BLE) + Y (B + BACY)
k=1
3 —_ -
+Z(C’;B¥‘+B?‘C’;')}, (3.5)
k=1

in which D, act to the right and D, act to the left. The sum
3 _ 3

of 5§ [y, ] and S [Dpin. P,

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

minimal set of BV fields, and S\ @y, Pyl is the pure
gauge contribution from the auxiliary-sector fields.

| form the minimal master

B. Gauge fixing and quantization

The BV action (3.4) possesses the extended local
symmetry (A17) which has to be gauge-fixed prior to
quantization. Standard BV gauge fixing (A18) implies
excluding antifields via @} = 2% with an appropriate

5@1 ’

choice of the gauge fermion ¥[®]. We choose linear
gauge-fixing functions for the original fields; y°"(w) =
Xlomlwwxdy, . and g% (@) = @, X", so that these and
other gauge-fixing operators are field-independent. The
gauge fermion for delta-function gauge fixing (A19) takes
the form,

5[ D]

/ dx {étlfﬂ'X lo Y + l/_//wxX lpwaclfon] Cg’ﬂ

[38)

+ ) (CEXAICKTT 4 CRT R IIACK)
k=1

w

- Z(E,’?‘Xﬂc,’;—l + ff,’j‘lX”C?‘)}, (3.6)

k=1

where we chose gauge-fixing operators X and X to be the
same (at each particular level) for all generations of ghosts
fields.

The structure of such gauge fermion, as well as
various structures of the BV action,"* may be illustrated
by the triangular diagram in Fig. 1, on which we
assume implicit presence of the Dirac-conjugated part-
ner for each field.

With each down-left edge (line) between vertices with
ghosts of degrees r — 1 and r one associates gauge-fixing
operators'> X+l Xullvlrt1] The gauge fermion (3.10)
is the sum over terms, in which these gauge-fixing matrices

couple ghost fields Cﬂ[r]’éﬂ[r] and C,,41), Cyfrs1) from the
incident vertices into combinations CXC and CXC by

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

Here we use compact index notation for antisymmetrized
groups of indices.
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level  degree

'(/};ux% ______________________ 0 3

Chuy Bl c, ! 2

/c/z,Bz /c/ B, /cz ------------ !
B B CLB o e 3 0

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

contracting corresponding groups of indices.'"® This rule includes the top vertex with the original
fields l//ym, l/_/v[S] <> CBB]’ 62[3]
For gauge fermion (3.6), the gauge fixing excludes antifields via

5¥5(P)]

of =222, (37)
so that in the minimal sector one gets substitutions,
V/j:l/}{ N é(lmx[m][yw], ‘/_/:W — X[ﬂl/}(][aﬂ]c}y”’ (l =0,k= 0);
Cgﬂv s C»}Xﬂ[ﬂv]’ Cl‘iﬂ” — X’[ﬂv]ic%’ (l =1,k= O); (3 8)
% s Clx, C¥ s XrC, (1=2k=0);
Y — 0, C% 0, (I=3,k=0);
whereas for the antifields in the auxiliary sector one gets,'’
Ciﬂy = l/_/()'ﬂfx[o-ﬂl'] [’ly] + C%Xﬂ[ﬂy]’ él*ﬂy = X[/“/] [o-ﬂr]w(fﬂ‘[ + X[”D]DCZZI’ (l = 1’ k = 1);
Ckt > CRAXIA 4 Gl x2, C¥ > XAICEt + XACEHT, (1=2,1<k<2); (3.9)

Ck (_f,’j‘l)_(”', Ck X#Ckt, (l=3,1<k<3).

Gauge fixing (3.8) and (3.9) leads to the new representation of the BV theory (3.4), defined on the space of BV fields &’
only. It is described by the gauge-fixed action,

$51@] = S w7 + S5 [@) + S5 @), (3.10)

J aux

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

!%The X#[7¥[=1] operators couple the lower-degree Dirac-conjugated ghost with a higher-degree ghost, whereas X#"“I™=1] operators
couple higher-degree conjugated ghosts with lower-degree ghosts. In what follows we will use particular gauges for which X#*I=1] ig
just an operator X*"~#l"l with transposed groups of indices.

"Gauge-fixing rules (3.8) and (3.9) prescribed by the gauge fermion (3.6) can be compactly encoded as

C’;ﬂB—/] . éf[zl_l])_(yH—l]ﬂ[S—l]+é’:?2—£l]xu[2—l]ﬂ[3—l]’

(_I'i"B‘” s X,,[s_z]y[z;_z]cllj[?_l] _'_)_(MD—I]I/[Q—I]C’;E{I]’

(0<k<1,0L1<3)

v

implying “boundary rules” that the ghosts of level 0: 60[3], ég[s]’ are the original fields y, (3], ,(3) and the ghosts C’If[r], @L‘M of levels r < 0,
r > 3 and generations k < 0, k > 3 — r are zeros.
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SE[@) = / e {i(CL XAl D €8, — 88, D, Kietelwich,)
+i(CIxHenD Y — CID XPekCl) +i(C' XD, C° — é!’DQX@'c_‘)}, (3.11)
becoming the functional of the minimal ghosts and antighosts only, and the auxiliary part reads

St(;')d)ux [¢] = / ddx{ (l/_/o'm)_([o—m] sl + éﬁ Xﬂ[ﬂy] )B;lw + B;lw (X[MV] loe] Yorr + ‘)_([ﬂy]ﬂcﬁ)

2
+> ((éﬁ;IXMﬂ LB 4 B0k | m%wl))
=1
3
k=1

+) (@,’;-IXWB?‘ + B!‘ch,'j—l) } (3.12)

The fields of the minimal and auxiliary sectors after gauge fixing become entangled. In particular, the original fields
W W €0ter the gauge-fixed auxiliary action.

The gauge fixing (3.6), (3.7) leads to the nondegenerate gauge-fixed action when certain rank conditions are satisfied.
First, the conditions of transversality of the gauge and reducibility generators (3.3) with respect to the gauge-fixing surface,
are equivalent to maximal-rank property of Faddeev-Popov operators X”[’]”[’“]Dﬂ and l_),,)_(”[r“]”[’], 2>r>0:

X beAllen] D, DQ Xlwvelld] Xxlon] D, DQ Xluelx, XD, DQ Xxe, (3.13)

on the space of residual nongauge fields. Second, gauge-fixing conditions should fix appropriate number of degrees of
freedom, which guarantee that all local gauge freedom of BV theory (3.4) are fixed. For the gauge fermion (3.6) this condition

constraints ranks of X*"“'+1 and X*I"+1kl"l | which may be read off the maximal rank property of the linear system,

3) _ _ (3) _
555,-3) N ék—l)_(bw]/l + ék—}—lxi =0 &? ~ X/l[m/]ck—l + X/1~Ck+l =0 (k -2 1) (3 14)
58’: uv . — Y, (SB’; 1174 . — Y, — 4y ) .

(3) _ _ (3)
O~ Tk 1X = 0, e ~ X1 = 0, (k=3,2,1).

implying the rank conditions,

_ Xwvx][on]
[on|[pvx] | Y lon]d | — _d(d-1)
rank(X X ) rank< seilon] > 7 s
B 2% 3.15
rank(X’”’“’] X’l‘) = rank( > =d, (3.15)
X~/1

rank X* = rank X# =1,

where rank (as before) counts the rank of an object with two groups of tensor indices, each component of which is an
endomorphism in the space of spinors.

Provided these rank conditions are satisfied, the gauge-fixed action (3.10) is nondegenerate and suitable for quantization;
quantum properties of the theory are described by the generating functional,

z0 = / D& exp{isy)[@]}. (3.16)

The BV quantization scheme guarantees the independence of the physical results of the particular choice of the gauge
fermion.

For the delta-function gauge fixing, fields Bﬁ[r] and B/Ij[r] play a role of Lagrange multipliers in the gauge-fixed action
(3.10), entering only its auxiliary part. They can be integrated out in (3.16) generating delta functions, encoding conditions
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(3.14), which are often referred to as gauge-fixing con-
ditions for ghosts and the original fields. Integrating out
Lagrange multiplier fields and resolving delta functions
effectively provide reduction,

s9e] - 39 (), (3.17)

generating a contribution to the measure, which is ultralocal
for algebraic, nondifferential gauge—ﬁxing.18 Alternatively,
for such gauge fixing when operators X¥"“I'+11 and
X!+l are purely algebraic matrices, the reduction
(3.17) could be performed at the classical level by exclu-
sion of this set of fields on the reduction surface ® = &(P)
in the action leading to equivalent reduced representation

5‘533) [@] = S?) [@(d)]. The constraint surface appears as the
solution of the subset of equations of motion with respect to
these auxiliary fields, allowing to algebraically express
them in terms of residual fields [32]. In this case, the
quantization prescription (3.16) can be applied after the

reduction in the classical action directly for :9(@ (D).
|

= lP/w}{ + y[}lqll/){] + Y
= lP/w}{ + lP[;wy}{]

Y ws

I/_//w;( -¥ (¥ vx]

We choose sign factors at the Dirac-conjugated irreducible fields to provide ‘i‘ﬂm

lP}{] + yuu}{lp-’ }/le;w%
- @-ywa’

In any case, to proceed with the reduction one needs to
resolve conditions (3.14), which implies specifying the
gauge-fixing matrices. Below we consider two gauges;
one defined by full-rank matrices rank X*r+1l =
rank X*I" 10 = (4) and another defined by matrices of
minimal possible ranks: rank X#"“r+1] = rank X*Ir+1klr =
(4-1), allowable by (3.15). To specify gauge-fixing matrices
in the latter case we need to decompose fields into their
algebraically irreducible components. Also, transition to
the basis of irreducible fields allows to solve (3.14) (for
both gauges) and to perform subsequent explicit reduction
in the gauge-fixed action.

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

1. Component decomposition of fields

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

=y¥, =r"Y¥,=0,

- (3.18)
Yy =0,

\Pm/}{yﬂ = \i‘ﬂbyﬂ =

= W,5 for @, = Y, In the basis of

irreducible components, the action (3.1) of the original model gets the form,

S [y (®), (P)] = 55

where the diagonal and off-diagonal contributions are

(d=5)!
(d=7)!

SPP I, 9] = / dixi |g|{6‘ifﬂ””>73‘l’,m—2

/WV*

SIOPy ) — / i |g|{ 61476 Gowy v +wvelym)-z(d D gy, — rvew, )

ot

(d=7)!
(d—2)!
REDI

(PeV, W, + ¥ Vew ﬁ

W, 9] + s$ P, ¥, (3.19)
(d—3)!— (d=1)! g .
W, (d_7)!qwlqlﬂ—(d_ )‘qlvoq{},
(d-7)!
(3.20)

where in the diagonal part, which aggregates bilinear terms with irreducible fields of the same degree, we introduced

shorthand notation for massive Dirac-like operators

v, :V$§ﬁ(d—2s),

where ¥ = y*V,,.
Analogously we decompose ghosts C* HEE Cﬂ[r
and generations k: 0 < k < [. For ghosts C¥ i) Cﬂ[r]

and Lagrange multiplier fields B/Ij[r]’ B/Ij[r]

V?zVi%ﬁ(d—Zs), (3.21)

oflevels [ =3—-r:0<r<2

decompositions read

"®For Abelian gauge theory and linear gauge-fixing this ultralocal contribution to the measure is field-independent.
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Ch = Ch +7,Chy +7uCh. G =Cf, +7,Cl. C*=Cf, (3.22)
ék = Clz(;w Clzctuyﬂ] - Clé-?’/w’ é/lj =Gt Cl Vs Ch = Cl(;-’

where irreducible components Ck rals ], M satisfy
yCIZ‘/w - yycléy = yyclfz/ =0, CZ/wy - C’;yyb = Cl{vyy =0. (323)

The new lower numerical subscript denotes the rank of the ~ describes (| d ) independent  spinor  components.
initial field, from which the component originates. Sign  Apalogously a ghost Cl:
factors in front of the components of degree s in decom-
position of the Dirac-conjugated field of degree r in (3.22)

~  _ k ok _ ok
are chosen so that C ruls] =C ruls] for Cﬂ[r] —Cﬂ[r].

Decomposition of the Lagrange multiplier fields B/Ij[r]’

g of degree r =0, 1, 2, contains

(4) spinor components, and its irreducible components

Cr Is] of degree s are the spinor-valued s-forms subject to
(.;—1) spinor-valued conditions y"C’r‘M[S] =0, (s>1), and

th tai dy _ (d ) —d=2stl(d} ipd dent 3
BkH of levels [=3-r:0<r<2, and generations us contain (5) —(,%) ot () independent spinor

components (assuming (“) =0). The same counting

k : —1
k:1 <k <1, into irreducible components B [ Ik Brﬂ[ ] applies to the Dirac-conjugated fields and their components
identical to (3.22), (3.23). _ as well as to the Lagrange multiplier fields.
Field y,,, of degree r =3 (corresponding to level 0) To draw a parallel with the general p case, which we

describes  (§) =+d(d —1)(d—2) spinor components  consider in the next Sec. IV, we introduce projectors onto
whereas each irreducible component W, of degree s  basis elements of decompositions (3.18), (3.22)

v[3] - vlr] ok
P, Wut3) = Vur—s] Yt 0<s<3) Poyis Coty) = Vulr—1Crugs

_ 53 s\ k v[r
P Ps ) = 0¥l u-s)s ConPs ) = B ChpgVutr-s)-

(r=1,20<s<r), (3.24)

where the sign factors &} = (—)%‘% at the Dirac-conjugated components are those from (3.18) and (3.22)." Explicit

forms of these projectors is in fact not needed, the defining properties would be enough. The Dirac bar over projectors just
reflects the appropriate adjustment of indices,

p Ul _ ] _ [r] Al p Al Bl _ prlrvl]
Py =Pyl = Py = VP g, PO = PO (3.25)
where ¢*B*Bl and i) are defined in (2.12) being covariant index raising and lowering operators on a space of
antisymmetric tensors. Though expressions for projectors are known, their explicit application can be avoided by relying on
the defining properties (3.24). Within covariant structures we deal with, it will be possible to express terms with projectors
so, that a projector directly acts on a field by picking up a corresponding irreducible basis component.

2. Minimal-rank gauge fixing and reduction

Projectors (3.24) allow to define the gauge-fixing operators X*/"/*l"+1] and Xvlr+1lul’]

’ Xlonlluvse] — G”A]U‘W] +7, P([)Mﬂ[ﬂw] _ P[;”Hﬂ”},}t] 4 P([)M”’wy”], ik <d _ 1) B (d=1)(d-2)

Klwaleo] — P[zﬂ‘f@][”m]yy | pldlinel, _prie] | prelee] 2 2
Xa[;m] _ P[MH/W] — P"[/’ ;{]’ X% — y, Phe — x
’ ST R e T e e A T S} (3.26)
X[/m]r _ P[lﬂ”][”"]},v — },[/4P)1‘]7’ XH = P0 v, = 7*,

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

U_/;w;{ = {_xglilﬂw{ + ag‘il[;U/Y;{] + (_1115‘?[;47/1/){] + (_lg‘il~7ﬂuuv ék = ZCk

2W+a;C2[ﬂyD]+a2C2 Y Ch=aCk +a}Cky,, C*=afCf.
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satisfying (3.15) with minimal possible ranks: rank X ol =y — ny + ny = my, rank X = p, — n3y = my,
rank X = ny = m3.”° Rank properties of gauge-fixing operators follow from the independence and rank properties of

projectors rank Ps:[[ ]] = rank Ps”}z]] (9)=(,%)), The rank condition (3.15) for minimal-rank type of gauges imply
complementarity of the neighboring gauge-fixing operators, and projector representation makes it straightforward to check.
For example, block matrix (X (o] fuvx] |X ["”M) obviously disentangles into three complementary blocks projecting onto s = 2,
s = 0, and s = 1 irreducible components, which span the whole space of spinor-forms of degree 2. This follows from right
representation for X lozllurx] and the left one for X[, (3.26).

For such choice of X#I"#"+1] and X*I"+1kl"] the gauge fermion (3.6) in terms of irreducible fields takes the form,

¥[d(P)] = / d’x { 3 4 (CY*W,, +PCL,) +d(d - 1)(d —2)(CI¥. + ¥C})

(d=2) 5~ - e mt
; Clct + Oyt + d;(CﬁC’{,1+C’{C’(§,1)}, (3.27)

and the ghost part of the gauge-fixed action (3.10) reads
3 3)D 3)0D
Syl P(@)] = S5 (@] + 85,0, (3.28)

in which the diagonal part is

Sior (@] = / d x {la23( Cy"N,CY,, — C3“N5Ch,,) — ia(d — 1)(d — 2)(C¥,CY. — C¥,C})

—ial = (C}'%,CY, — CY'¥,Cl,) + iad(CEV,CY — C Voc},_)}, (3.29)

[\

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

d_
ﬁﬁmz/ﬂ%i

d—2, . -
' (@l C1?V,CY. — alCyvect) } (3.30)

4 o - _
(@3Cy#V,CY, — adCy'VeC) ) +i(d — 2)(@3Cyvecy, — aiCyev,Cl)

—1

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

The auxiliary part (3.12) of the gauge-fixed action (3.10) is

d- d—
S((33a)ux [(I)] = - / ddX{ 3 (\P””B% ) + 3Blllqu ,,) +

2
(@Cy'B}, + BY'C},)
+wwnw—mv%+@@wﬁ
a-2 _ ] )
/ dde{ C B, + afBY'CE") + d(aCy By +B’;-c’5,+1)}

- / dd x Z d(Ck'BE + alBkCk1), (3.31)
k=1
“’The counting of independent spinor components in the p = 3 case was first addressed just before Sec. III A.
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where terms in the integral groups contributions from components of ghost and antighost from [ = 1, 2, 3 levels, sign
factors a1 = a5 /@’ .1 = (=)" originate from nontrivial factors in the decomposition of Dirac-conjugated fields.

Lagrange multiplier fields B,Ij[r] and B’; (] are present only in the auxiliary part (3.12) of the gauge-fixed action, and being
integrated out generate delta-functional constraints (3.14) on components of ghosts and the original fields. For minimal-
rank gauge-fixing (3.26), in terms of irreducible fields (3.18), (3.22) these constraints take the simple form

¥, =0, C} =0 ¥ =0 ¥, =0 G}, =0 ¥ =0,
C'=0. ¢t =0, Chkl=0, Ck=o. 22kx1), (3.32)
k1 =, it =0, Bzkz1).

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

Fixed Free (®)
v, =¥ =0, v, =¥ =0, (k=0;1=0;r=23), Wi ¥, ¥ ¥,
¢, =0, G, =0, (k=101=1r=2), ¢, &, &, G, (3.33)
ck =o, ck =o, (k=1,0;1=2;r=1), Cl Ch.
(k=1,0;1=3;r=0), ck, Ck,

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

Fixed
¢}, =C =0, % = =0, (k=21=2:r=1), (3.34)
ck=0  Ct=0 (k=3.2:1=3;r=0).

3. Full-rank gauge and reduction

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

XHAH) =y gl A1) ol ] — ety (3.35)

for which they appear of maximal possible rank (¢) 2"In (3.35), matrix operator ¢#" 111 (2.12), antisymmetrically raises
indices by inverse metric tensors. Gauge fermion (3.6) then acquires the simple form,

2 3
v, = / ddx{@“‘”y‘y/,wl g Cl + 3 (O Ok 4 By k) Sk OF V) } (3.36)
k=1

k=1

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

Sionl®] = / d"x{i(él"”y”D[MCB}{] = Dy, L) + i (Cy D, €Y = COW Dy, L) +i(ClyD, L —éO'Dﬂy”C_l)}, (3.37)

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

*'The rank of gauge-fixing operators X*IFr+11) X*Ir+1lrl equals (%) when r < [(d — 1)/2]. This is true due to initial assumption
p =3 <[(d—-1)/2] for which the theory exists.
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S, D(@)] = SR (@] + S5 (@], (3.38)

d—

1 v iV ~ % ~0u o
Siow [@] = / d?x {taz (G C3“N,CY,, — CY“X,CY,) — it} (c;ﬂvlcg,, - CY¥iC)
— ia(d —1)(d - 2)(CI¥yCY - CI¥,CL)

ml (C, "Vlc" —CO”VICI) ia‘l’(d—1)(c}~v;;c‘1’4—c‘l"voc}_)ﬂag(c},-vocg_—cg-voc},,)}, (3.39)

2 00 -4 -
S [@] = / d x {—lg(a%CI”VQCO — B3OV, CY) + i (BC3¥V,CY, - B CyVeCy,,)

§ d=2)(d-3), -
+i(d - 2)(aCy vy, — a3V, Ch ) — ()3# (@3C3°V,CY — &y vect)
d-2 - _ .
—i (@iCy*V,CY — &CYVect) +i(a)Chvecy, - alCiev,Cl) } (3.40)

As in (3.30), the off-diagonal part contains only sub and superdiagonal terms. However, for the full-rank gauge (3.35) all
types of nontrivial nondiagonal terms from ghosts of degrees 2 > r > 0 are present in the action.

We will not explicate the auxiliary part (3.12) of the gauge-fixed action (3.10) for the full-rank gauge here and rather
directly solve constraints (3.14) in terms of irreducible components. Since (3.12) structurally is the sum of constraints at
these Lagrange multipliers, it in any case vanishes on the reduction surface.

Constraints (3.14), imposed by the Lagrange multipliers on ghosts and the original fields for the gauge (3.35) take the
form,

l//u;wy + C[ﬂyy =0, y}{l//;w}{ + y[/tcf] =0
Cl're +Cy, =0, yCt 4y, O =0, 22k21), (3.41)
Cklye =0, yCl =0, B>k>1),
which being represented in irreducible components (3.18), (3.22) gives
%(d 4) - % (d - 3)7[}4‘Pv] - (d - 2)7}41/‘{’~ + y[;tci,] + }//wcf =0,
Hd- 2)c’;;1 +(d - 1y, C4t 4y, G =0, 2>k>1), (3.42)
—dCk-1 =0, B=k>1).

One can note that these constraints fit the gauge-fixing chains, depicted in Fig. 1 by left-downward lines. The first equation,
the second one for k = 2 and the third one for k = 3 originate from the longest, left / — k = 0 chain which starts from the
top. The second [ — k = 1 chain generate the second equation for k = 1 and the third one for & = 2. The shortest, right chain
gives C‘l), =0 for k = 1 from the third equation, forcing the subleading degree-0 component of the minimal ghost CB to
vanish. For Dirac-conjugated fields one gets analogous equations modulo additional sign factors for various components.
Equating to zero combinations of irreducible fields at independent matrices from antisymmetric gamma-matrix basis in the
first equation and expressing irreducible fields from bottom to top one finally gets

¥,=0 C],=3@-3)¥, ¥ =35C=0,
Chl=0, Cif'=—(d-1)CkT, 2>k>1), (3.43)
ck1 =0, B3>2k>1),

together with analogous relation for Dirac-conjugated fields.

045022-13



A.O. BARVINSKY et al.

PHYS. REV. D 113, 045022 (2026)

Only the original fields, ghosts, and antighosts (k = 0, 1) still have unfixed components,

Fixed Free (‘i’)
Y, =Y =0, v,=¥ =0, (k=0;1=0;r=3), L P ¥, Yo ¥,
c5, =0, Ck =0, (k=0,1;1=1;r=2), (TN ck, (G Ck, (344
ck =o, C’;, =0, (k=0,1;1=2r=1), Cl Cl,
(k=0,1;1=3;r=0), ck, Ck,

where in the table we also restored the level number / for more direct matching with triangular diagram in Fig. 1. All

extraghosts (k > 2) are fixed by constraints (3.41),

Fixed

C},=2d-3¥, =0
Co. =—(d—=1)C32

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

D. Reduced gauge-fixed action and effective action

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

lpﬂpﬁs lI‘”; Cgﬂyv Cg ) C(l)ll’ Cg; C%yya C; ) Ciﬂ’ C(l);
\Pﬂl/ﬂ’ lPﬂ; Cgﬂlz’ Cg ’ C(l)y’ Cg’ C;/w’ C% ’ Ciﬂ’ C(l)’
(3.46)

survive as independent fields on the reduction surface. As
seen from (3.33) and (3.43) this is true for both considered
gauges.

The reduced gauge-fixed action (3.10), which remains in
the exponent of the generating functional considerably
simplifies. The auxiliary part of the gauge-fixed action
(3.12) vanishes, being proportional to constraints (3.41).
The original action part (3.19) is the functional of the

ZFor a field Ay of degree r we refer its irreducible
components A, ,_p, of degrees r — 2n, n €N as leading-parity
components, whereas that of degrees r — 2n — 1 as leading-parity
ones.

=-2(d-3)¥, C}=0,
Ch = (d— )T

(k=21=2r=1),
(k=2,3,1=3;r=0).

(3.45)

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

Finally, the reduced gauge-fixed BV action 3((33) (D] =

Sf;) [@(®)] for p = 3 spin-form theory (3.1) in both gauges

takes the block—diagonal23 form,
3] = / ddx{i\/|g|6‘i‘”””v3‘11ﬂw
. d=3)!
vV Y,
+1 | | ( d 7) 1

_ COWVZ 2;w)

It
+ia 5 (CY*NC3,,

| _ -
@J%@mq—@mq>

+m@mqfq%q%, (3.47)

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

Y, =% i%ﬁ(a’— 2s),
(3.48)

Y, =¥ F é\/?a(d—Zs),

¥ acts to the right and ¥ acts to the left. The spectrum of
masses depends entirely on the degree of fields on which
¥, acts; relative coefficient at mass term is proportional to
d —2s, where s is the degree of irreducible fields in
the term.

After reduction,
becomes

the generating functional (3.16)

70 = / D exp{i5) @]} (3.49)
The reduced action (3.47) in the exponent is quadratic in
reduced set of fields and block diagonal, so integration over
the remaining set of fields yield the number of determinants
of the form,

A; = Det ¥, (3.50)
generated by pairs of degree s irreducible fields.”* There is
one determinant of ¥3, two determinants of ¥,, three
determinants of ¥ 1» and four determinants of VO
Irreducible components of (3, C, and their Dirac con-

jugates are Grassmann odd ﬁelds whereas components of
|

C ) C. and their Dirac conjugates are even. Thus finally,
the generating functional can be expressed in the form,
Ay (Ay)°
AS) RSt VAN (3.51)
(82)%(4)*

which fits the general result predicted in [34].

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

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

Soly, ] = / dx i/ gl PP D . (400)

where 1, and its Dirac conjugate are spinor-valued tensor
fields with p antisymmetrized cotangent indices, and the
multigamma  structure #2711 denotes the completely
antisymmetrized product of 2p+ 1 gamma matrices
(2.2). The operator D, =V, £, /Fy,. (2.15), with a
curvature-related mass (2.14) satisfies the nilpotency prop-
erty D,D,f i = 0, which gives rise to the (p — 1)-stage
reducible gauge structure (4.2),

Wyip) = Dyyip1s Wl = Aufp-11 Dy
Oyip—t) = Dydyip-i-1)s Shyfp = Ayppoi- Dy (1 <1< p=1), (4.2)
5. =0, 82.= 0, (I=p).
|
where the right-acting conjugate operator D =V, F = fol/lal, and reducibility gauge transformations

2\/_yﬂ, (2.17), is also nilpotent: fﬂ D D =0.
Reducible gauge symmetry (4.2) requires the intro-
duction of p levels of gauge parameters; spinor-valued

at level [ correspond to 6A% = Zg A%+ in the general
BV scheme of the Appendix. Th1s ylelds the following
gauge setup for applying the BV scheme:

forms 4,,_, 1 <1< p, of degrees p —[. Gauge trans-
format1ons of the original fields correspond to
|
i vip=1] _ vp=1] prir=1 _ op=1] 13
Ro = Ry =D R =0p-Dw
a vlp ) l] =l _ olp=ll
Zay' > Z” 1+1] Dby i) = Oufpi Do (2<l<p). (43)

*We do not additionally mark the degree of the fields which
generate a determinant because the parameter s of the mass
coincides with the degree of the fields.

where the Dirac-conjugated operator is defined in (2.17) as
the left-acting operator. This gauge structure is Abelian
because the gauge and reducibility generators are field-
independent.
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At level [, a spinor-form 4,(,_; of degree r=p—1
carries n; independent spinor components equal to the
binomial coefficient (4) = (p ,)- Recursively counting the
number m; = n; — m;, | of nongauge degrees of freedom in
Afp—] ylelds @D =00 -4 1) nongauge spinor com-
ponents, 5 which is the same for 1

gauge fields (] and

J[p—1)- For each of the

p]» the symmetry leaves

()G (2)-
-()-Go) =0 ) =

nongauge spinor components [3], which corresponds
to ng —ny +ny —--- 4 (=1)’n, = my,.

o (=D)P N+ (-1)P1

(4.4)

A. BV construction for arbitrary p

The BV extension (A13)-(Al5) implies introducing
the set of (minimal) ghosts Cg[p_[],@g[p_l] of p levels:
1 <1< p. For the gauge-fixing purposes we also
introduce the set of auxiliary fields—pairs of auxiliary
ghost fields C}’j[p_]],@k | and Lagrange-multiplier fields

ulp=1
Bllj (p—1]® Bﬁ [p—1- At each level [ there are [ generations of the

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

v W), o
Cy C o’ (_Zﬁ[p_,], 0<k<l,
a k Rk
B — Bﬂ[p_”, B,y 1<k<l. (4.5)

To each BV field the corresponding antifield is introduced.
Complete list of BV fields and antifields together with their
ghost numbers can be found in Table II.

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

SBV [‘157 ¢*] = SO [W7 l/_/] + Sgh [(pmin’ ‘p;ﬂn] + Saux [‘pdum (pdux]

(4.6)

“In the context of spin-form models, we systematically count
the degrees of freedom as independent tensor index combina-
tions, each of which is a spinor-valued function. Thus, for spin-
form fields, these numbers always represent the number of
independent spinor components.

() =

where Sy, w] is the original gauge action (4.1), minimal
ghost part is

Sgh[(pmlm(pmm] /dd { ( *[pD Cop 1] CO[/J 1] lll//*[ ])

Z( 0;4p l+1D Co O

=

>0 A AOulp—I+1]
% _\D,CY ) }

where D, act to the right while Dﬂ act to the left, and the
contribution from the auxiliary fields is

p 1
Saux [¢aux’ ¢;UX] = / dx Z Z (Cﬁﬂ[ﬁ_l]Bﬁ[P—l]

14
2

(4.7)

— _1]
+ By, ) (4.8)
The sum of the first two terms in (4.6),

Solw. W] + Sgh[Pumin. D], constitute the minimal BV
action Sy [Prin, Pi,], Which is the solution of master
equation on the minimal BV set of fields.

B. Gauge fixing and quantization

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

. _ 0Y[P]

QDI - W, (49)

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

g0 = [an{t, oo,

+ [v[plclpl

<

NS
-

ulp

]

+ <Ck —p[p-1+1] Ck 1

ulp—1+1]
[

k— I+1]p k
+Cpll]XM[p +1v[p-1 Cp 11)}

I|
)
~
Il

1

(4.10)

The first line with *P=1(y) = x¥p=1klp ]V/ﬂ[p] and

117,4[,,]5("[”]”[1’“], represents the / =1 case of
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level  degree
V) . 0 P
O | 1 p—1
/ o
c 7
lp— 2] l[p 2] IMIZ ____________ 2 p—2
// u[p 2] / \
CS
Hlp— s] Clir a Clip- 3] —
/ up 3] / ;Lp 3] / u[p 3] /Mp 4o T ’ p=3
e /N
cr, By crt Brt L NG ce D 0

FIG. 2. Triangular diagram for fermionic p-form model. At each vertex, Dirac-conjugated partners i, C, B of the depicted fields are
assumed. The degree r of a field corresponds to its level as »r = p — [. The gauge fermion (4.10) couples the fields along gauge-fixing
chains. Each chain originates from its own minimal-ghost vertex at the right slope and extends left-downward until the maximal level
[ = p, with spinor fields having no tensor indices. Edges in these chains are associated with operators X,':[p k=111 ang )_(Z[p panlanl
which, in the gauge fermion, couple ghosts from adjacent vertices.

the structure in the double sum upon identification
0 = 70
Yulp] <> Cu[p]’ Yilp] <> Cv[p]
For fixed / but different generation numbers &, the gauge-

fixing operators X vp=tikllp=11 gng X”[p FPY can be

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

Gauge fixing (4.9) for the gauge fermion (4.10) implies

chosen 1ndependently We choose these operator pairs to be
identical for all £ and omit the generation index in the
operators.

the following substitution for antifields:

C’;ﬂ[l’—l] s Ck
é’iﬂ[l’—l]

. ]Xv[p—l+1]ﬂ[p—1] T ék+1_1_1 xp=1=1lulp=1]
A= (0<k<I10<I<Dp). (4.11)

s Xﬂ[!’—l]u[p—l+l]ck[1 ]+X,4[p [p—1— ICk+1

v[p=I-1]

Boundary cases 1mply that the level O ghosts, C° V)" c? J[p]> Are the original fields y,(,], ,(,], and the ghosts Cf[p— it (_?’If[ 1] of
levels [ < 0, [ > p, and generations k < 0, k > [ are zero.
Reducing antifields via (4.11) leads to the gauge-fixed action (A21),
Sé[‘p] = SO[W? U_/] + Ségh[gb] =+ Séaux[gb]’ (412)
where the original action term Sy, (4.1), does not change, the gauge-fixed representation of the minimal ghost part,
26Boundary cases of (4.11),
- u[p] ulplv[p—1] 1 _ _
AP e T e 7" > X cl, (1=0,k=0)
0u[p—1] oulp—1vp—i-1] o1 _
C(‘lﬂ[p—l] N 81[ ] l]X vp—1-1lulp—1] C* s XxHlp=1lp ]Cu[p—/—l]’ (1 <lI<p-1l,k= 0)
v[p—-Il—- ’ _
Y 0, l=pk=0
Y — 0, * = (I=p )
Lu[p—1] - suiplulp 72 v[p=2)u[p-1]
Cy g ll/b[p]X + C X ) élll[P—l] — Xﬂ[p—l]u[p]l// + Xulp—1lvlp=2] 2 (l —1.k= 1)
k- k-1 * v[p] v[p-2)° ’
Cy ~ XY, _
ck > XvCk1, (I=p,1<k<p)
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p-1
S&gh [@] = / ddx i Z{étlz[r]Xy[r]ﬂ[H—l]Dllcg[r] - éoﬂ[’]Dl‘Xﬂ[r+l]v[r]cll/[r] }’
r=0

(4.13)

becomes a functional of only the minimal ghosts and antighosts, S;.n[®@] = Ssen [cY,C1,C°, CY), and the gauge-fixed

auxiliary action takes the form,

p=l p-r
Séaux / dx {Ck 1 Xyr+1;4[r

v[r+1]
r=0 k=1

We sum over the degree parameters r of spinor form fields,
which are uniquely related to level numbers /as r = p — /.
Gauge fixing entangles the minimal and auxiliary fields. In
particular, the original fields (), ¥, < Cb[p Cy[p])

enter the S5, via the r = p — 1 term, which breaks the
gauge symmetry of the original gauge action (4.1).

With proper gauge fixing, the gauge-fixed action (4.12)
is nondegenerate and is suitable for quantization with the
generating functional,

ZP) = /D(D exp{iS;[®]}. (4.15)

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

In what follows, we consider algebraic gauge fixing and
derive the reduced representation of the gauge-fixed action

Sép ) [®] — 3'((3” ) [@] by performing a reduction for two
gauges; one defined by minimal-rank gauge-fixing oper-

P — (@1 and another with fuu-|

ators with rank X}

Walp) = D=0 Vulp—s) Luts)s 7" Pogs) =0
k r k u k _
G = 2s=0Vutr-1Crugss 7°Crgy =0,
uck =0,

ru(s]

Biy = Lo Vutr-sBrgy:

Ck+1 Xy[r l]y[r])Bllj[r] +B}Iz[ (Xy[rv[r-H Ck 1 —i—XM rlv[r— lck[-&;ll )} (414)

rank operators having rank X}, = (). To define these
operators and solve the reduction constraints on the fields
we begin with the decomposition of the fields into
algebraically irreducible components.

[vlr+1]

C. Irreducible fields for arbitrary p

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

Aulr) = 20 Vulrs Anls) r"Angy =0, (4.16)
AMM - Zg:o aL;Ar”[S]yﬂ[r_s]’ Arv[s]yy =0,

where A, are y-irreducible components of degree s of the
field A, being the coefficients at independent matrix
basis elements of the Clifford algebra. Sign factors & are a
part of the deﬁnition of the conjugated components. To

ensure A for .A = A,,) one must choose

ruls] = Bruls]

r(r=1) s(s=1)

&= (=) 7. (4.17)

The transition of the configuration space of BV fields &’
to the basis of irreducible fields,

&> yy-VV¥ (CC-CC;, BB-B,B;
(4.18)
proceeds the same way,
= E0BYuatutp- Py’ =0,
k e v
C ulr] — Zs 0 r ry[ yﬂ[r s|» ny[y] =0, (419)

Bl = 250 @B i)

For mostly presentational reasons we keep the coefficients @ unspecified.”’

“'The presence of unspecified @) keeps signs in general formulas more symmetric. In any case, the field spectrum and the
corresponding masses in the irreducible basis do not depend on these coefficients due to the diagonalization of the reduced gauge-fixed

action in the basis of irreducible fields.
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TABLE II.

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

General BV ol

gh(@")

il gh(®F)

Minimal sector:

Original fields and minimal ghosts of levels /[ =1, ..., p

vyl > Yiulpl- Wl 0 yi” -1
L o% 0 70 Oulp—1] 70, —]—
Co' s Coy, — Cﬂ[p—l]’cﬂ[p—l] [ C*ﬂ[l ]7C*ﬂ[ ] -1
Auxiliary sector: Aucxiliary ghosts and Lagrange multiplier fields of levels / = 1, ..., p, generations k =1, ..., !
co; Clta/ [ Cz[p—l]’é/li[p—l] (=% —k+ %) _% C’iﬂ[p—l],(_:’;ll[[?—l] —(=)k(1 =k + %) _%
a1k Rk k 1 1
B By, - Blip-i+ Bip-i (D U-k+3) +3

The initial action Sy, ], (4.1), as the part of the BV
action (4.6), does not acquire dependence on the gauge
parameters during gauge fixing. Therefore, we can derive
the representation in irreducible fields for this term before
specifying a particular gauge. The result reads

P
So[‘ﬂ‘ﬂZ/d"xh/TgTZbSl?u[ﬂ
s=0
x (V_l’mo(—)p_s(d_Zs))lI]ﬂ[s]
p
+ [ a7y p(a-29
s=1

X (PHSIV W+ as TR IveY ) (4.20
p Epls—1] H[s)

where my = +1 3+/To- The structure of the original action
comprises a sum of diagonal terms with Dirac-like massive
operators, characterized by the degree-dependent masses,
and sub and superdiagonal kinetic contributions. The
overall coefficients on the right-hand side of (4.20) are

s(s—1) (d 2S - 1)
T el 4.21
RES T TR
where @, are sign factors (4.17), and the relative sign
factors a3~! originate from a3, '/a.
For a generic field A, of degree r, (4.16), we introduce
the corresponding projectors P U’EH] onto basis terms with

irreducible components A, of particular degrees s,
0<s<r,

sv[r] -A ulr] = Vulr— s]Ary[s]7 (422)

whose explicit representations is given by

oy ol (d=r=9)!I RPN
si(r—s)! (d—2s)! M:()( )=

s! (d—l—l—ZS) y[u]
S ul

W(s—u) (d+1—s—u)l TrO0ua”

r—u] )
(4.23)

For the Dirac-conjugated field A ] with decomposition

(4.16), the projectors Py /E[]r] onto the ba51s elements are

vl _ rlx|r lr]
Py ulr] = QUH HP Sxlr] DAlrlulr]- (4-24)

Each field of level [ has degree r = p — [ and describes

(49 = (p ;) independent spinor components Its irreducible

algebraic components are spinor-valued forms of degrees s

subject to (Sf ) conditions of the type y”Ak =0,(s > 1),
and thus contain (¢) — (4)) = 424 () = d_2;H (,9,) in-

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

[r/2]
P Zyﬂpn]Amr 2n)»

[r/2] g

'M[r ZP’_Z"H [r]

o (r-1)/2]

A/4[r Ck = Z Yul 2”+1 r;tr —2n—1]°
. [(r=1)/2] .
PA”[,] = Pr—2n—lﬂ[r] ) (4.25)

n=0

where square brackets in the sums’ upper limits denote the
integer part of a number. The first—/leading-parity projec-
tor—when acting on spinor forms of degree r preserves
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basis terms with irreducible components of degrees r —2n, n€0,1,2,...,[r/2], forcing irreducible contributions of
degrees r —2n —1,n€0, 1,2, ..., [(r — 1)/2] to vanish. The second—subleading-parity projector—makes the opposite: it

projects out basis terms with irreducible components of degrees r — 2n, while preserving irreducible contributions of
[r]

1]

degrees r —2n — 1. The projector Pv:[ selects (djl) elementary spinor components and has that rank, which coincides

with m,_,—the number of nongauge degrees of freedom at level / = p —r. Whereas the projector P, V[[rr]] selects
complementary ( ) elementary spinor components and has the corresponding rank, which coincides with m,,_,, —the
number of nongauge degrees of freedom at level [+ 1 = p — r 4 1.2

D. Minimal-rank gauge fixing and reduced space

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

Xy[r]b[rJrl] — yﬂpli[r+1]l/[r+ﬂ — Pl:[r]l/[r]yu,
XulrHulr] — PZ[HI]#[NH]}/” _ }/UPI;M”M, (426)

with lower indices raised by the inverse metric tensors.” These gauge-fixing matrices (4.26) are of minimal possible
rank, and which imply kernel complementarity conditions rker X"~ A rker XY+l = @ rker XIr-1kl] y
rker X*"+1krl = v where V" is the vector space of spin-forms of degree r and rker denotes the space of right zero
modes of an operator. Together, X¥"~1"l and X*I"+1¥l"] contain a complete set of projectors onto a field space of degree r
and form a full-rank block matrix.

It is informative to look at the structure of the gauge-fixed action in the basis of irreducible fields. In the gauge (4.26), the
gauge-fixed ghost part (4.13) of the minimal action,

S5 e @ / ddle{Cl pltip 0 20 D, P } (4.27)

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

p—1[r/2] _
S5on [P /ddx i Z Z o 2"< CHI2(7 — imy(d - 2r + 4n))C o — CHI=2 (7 4 imy(d — 2r + 4n))C}ﬂ[r_2n]>

r=0 n=
pL i (r—=2n+1)
. ror— 1u[r—2n] — Op[r—2n+1]
- dXmZZ(_) C; 2 (d— 2r +4n — 2) <C g V”C?ﬂr 2n4+1] a’ 2”+1C g o v Crl‘pr 2n]>
r=0 n=1
p=1[(r=1)/2] . ulr—20-1]
+ / dxi e (d = 2r +4n) (CHIO,CY, L — @O, L) (428)
r=0 n=0

where my = +1,/r;. The overall normalizing coefficients are given by

Cn+ D)(r=2n)!(d-2r+4n-1)!
(r+1)! (d=2r+2n-1)""

—2n __ a:—Zn(_)r—n (4.29)

where @} are the sign factors from definitions of the Dirac-conjugated irreducible fields (4.19). For the choice (4.17), &~ =
(=)" and the relative coefficient @~2"+! = +(—)". Similar to the irreducible representation of the original action (4.20), it

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

The possibility of two representations for the gauge-fixing matrices, which can be expressed in terms of both projectors (4.25),
directly follow from the defining properties (4.22).
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comprises a sum of diagonal terms with Dirac-like massive operators featuring a degree-dependent spectrum of masses, and

sub and superdiagonal kinetic contributions.

The auxiliary part of the gauge-fixed action (4.14) for the gauge (4.26),

Ssaux [P / dx Z Z{ (Ck r1+1

r=0 k=
+By[r(

in the basis of irreducible fields, is expressed as

p=1 p=r ([r/2] k—1ofr—20]
Séaux[q)] = /ddxz {Zcr+1 :+21n I:y[r 2n]

r=0 k=1
(/2] kwlr—2n] [(r=1)/2]
v[r-2n
+ ar"+1ar an Cf—‘r%ur 2n] + Z
n=0 n=0

For the choice (4.17), the relative sign factors are
a1 = (=)". All irreducible components B,B of all
Lagrange-multiplier fields B, B are present on the right-
hand side of (4.31) with nonvanishing numerical factors.
Moreover, each irreducible field in (4.31) appears once.

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

1. Reduced space

As noted in Sec. IV B, with proper algebraic gauge
fixing a large number of the fields which can be reduced in
the action at the classical level. This includes all Lagrange-
multiplier fields Bﬁ[r]’ B/’j[r], 1 <k<p-r,and an equiv-
alent number of degrees of freedom from ghosts and the
original fields, which are coupled to them in the gauge-
fixed action. Based on the specific structure of the auxiliary
part of the gauge-fixed action (4.31), this dual set is evident;
all irreducible components of ghosts Cm S],C’r‘”[s] of gen-
erations (2 < k < p — r) (referred to as extraghosts), and

the subleading-parity components of  antighosts
C:”M, (_Irlﬂm, and minimal fields CB#[S]’C o s y ]

Due to the simplicity of the gauge-fixed auxiliary action
in the irreducible representation (4.31), we can immediately
identify the residual fields; the leading-parity components
of antighosts Cm[] Crﬂ[] and minimal fields Cm[] Cm[]
LR p 4s)- The auxiliary action Ss, is evidently non-
degenerate on the set of fields being reduced. The proper-
ness of the minimal-rank gauge fixing (4.26), which ensure

D[r+1]ﬂ[r+1

u[r+l u r+l]ck 1
pulr+1]

k+1 v[rulr] 12k
+C, e )B#[r

71)—@(_)r—s

+Pu[r ulr] ”Cﬁr;ll])} (430)
[(r=1)/2] e lylr1—2
+ Z a_ya1=nC ) e n]ny[r 1-21)
n=0
Blra/[r—l —2n] ar1- Z"C’:+1lp[r | 2n]} (4.31)
—)!s! —2s5)!
(r—s)ls! (d—2s) (4.32)

r! (d—=r—s)!"

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

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

%: 0: C’;r-H] vlr+1]p(r+1] —I—C’;'H vlr— l]ﬂ[r—l]yﬂ: 0,

085 _ v\r r v[r—=1]p[r—

58"6 0 YyP[H]” ek ri—l Tr UP[ . lcﬁ[tll]_ 0.
(4.33)

We mixed the two representations (4.26) to enable projec-
tors to act on fields directly. The upper equations for the
Dirac-conjugated ghost fields decouple from the lower
subsystem for nonconjugated fields. As discussed in the
Appendix, these equations are solved chainwise, as only
ghosts from each chain r + k = const from Fig. 2 interact
in (4.33).
Consider a chain from the lower subsystem for non-
conjugated fields, Fig. 3, with the Cg as the root and C* at
the other end. The equations couple every other fields, such
that the chain splits into two subchains, which couple fields

*The residual properness condition can ble encoded
in rank conditions rank (X“[P~1A7] R/‘[[P] ]) _

rank (X*I" ]l[r+l]zf‘[[’] ) =m, O=<r<p-2), and

(vab[f;]]y drleslrlp P ‘[[P]]) m,

my_y,
rank
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Cg[n]
R1 1
Bv[n—l] ’ Cv[n—l]
22 2
Bl/ CU[T;,—Z]

[n;?’

; N

B Gy’
Byicpt
Br,Cr
FIG. 3.

endings depends on the parity of the chain’s length.

of the same ghost number (with degrees of the same
parity)

e, ol Ot

o w2l ué4l
CI'C -1 CI’D -3 CI‘ -5 (4'34)
woo b Gt

In each chain, the fields have unique generations k depend-
ing on their degrees r: k = r, — r, allowing us to omit the
generation index temporarily.
The iterative solution starts from the end (bottom) of
. . . . . r r, —1
each subchain, solving an equation involving C or C; ",
and finishes with solving equation involving the antighost

[(r+1)/2]
7 PV[T+2]M[T+2]C
2

1))

Vlrlplr] v pulr—2)pfr—2] _
wh CM[T] + 7L CM[T72] -

n=0

where  the numerical constants dj = (=) = x
(d—r+s+1). The lower equation forces all sublead-
ing-parity irreducible components of C,, to vanish,
whereas the upper equation forces to vanish the leading-
parity components of this field. Solving the subchain

equations iteratively from the lowest degrees till the

oy s e

(75 0dd) "7 (7 even)
Y.
Bro? Co’® Cra Bl

r—1 Rn—1 n—1 Orn—1
¢yt By Byt ey

X/ //XV X/V/ /Xv
B~ cr cr B

Splitting of a gauge-fixing chain. A gauge-fixing chain, which originates from the minimal ghost C (r] and ends at C™. The
chain splits into two subchains of equations relating ghosts within Cr ﬁ" and

c- 21 +21']' families. The conﬁguratlon of the subchains’

C,ll[ro—u or the minimal ghost Cg[ro], depending on the parity

of the chain’s length. Thus, in the upper subchain (4.34),
the first equation to solve is y, P H” 2 ]C | +7°C.=0,
which is equivalent to %C; + y”Co. =0. Slnce irreduc-
ible spinorial fields are coefficients of different matrix basis
elements, they both vanish. The first equation in the second
subchain is y,P 1]C = —dC; = 0, which force the
lower-degree fleld to vamsh.

Each field C,,y in either subchain, except those at the

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

[r/2]

v prriu(r] r+1—2n _V[2n] AV[r+1—2n] V[2n+1] oV[r—2n] __
Hr+2] + /4 P C [r] E : dr+2 14 CT+2 + § : 14 C'r' - 07

n=0
[(r—2)/2]

E d:—1—2n }/1/[277,] C:[T'7172n] + § yV[2n+1] C:[_T';272n] — 0 ,

n=0

(4.35)

equation for fields of degrees r and r + 2 (before solving
it), one gets that the C,|,_,, fields for n > 0 are forced to

vanish, whereas for C,|,) only the subleading-parity com-

ponents are constralned to zero; PuM r]C =0. By

resolving other equations from both subchalns, one gets
the analogous intermediate results.
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One subchain originates from the antighost C! i —1]> while the other subchain—from the minimal ghost CO , and these
fields enter only the final equation within each subchain,

v[in—1]p[r—1] 1 v pv[rn—=3]u[r—3],3
}’VPA C,u,[n—l] +7'R Cu[r 3]

=0,
(4.36)
y, BYTIHIICO v prin-uince = ()

Solutions of (4.36) complete the reduction within a chain, resulting in all extraghosts from both subchains being constrained
to zero, while the roots of the subchains—the minimal ghost or original field and the antighost—are constrained to zero only
in their subleading-parity irreducible components. Their leading-parity components— ]CO ol =1l 1] Cl -1
are not fixed by the reduction.

By aggregating the results from all gauge-fixing chains of fields, the solution of the reduction constraints (4.33) for the
minimal-rank gauge fixing (4.26),

Fixed and reduced Free (é’)
P ulp) =0 - P ulp] =0 k=0 r= P ulp] - P ulp]
Ap[p] Wulp) =0 Wy Pa ) =0, (k=0;r=p) vy[p] Yulp) Yulp P o)
sl ’]cﬂ =0, C%,P ”[’[]r] =0, (k=0;0<r<p-1) Py c" % CogP ,”y’r], (4.37)
l”] 1 _ 1 ulr] 1. ulr] ~1 1 ulr]
Pai Cﬂ[r =0, C gPa =0 (k=1;0<r<p-1) Py e R C”MP,UM,
Cy[r_ Cltj[r]:O’ (2<k<p-r;0<r<p-2)

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

E. Full-rank gauge fixing and reduced space

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

Xy[r]y[rJrl] — y”gy[rJrl]u[rJr]]’ Xp[rJrl]ﬂ[r] — gb[r+1];4[r+l]yﬂ’ (438)

where the matrix operator ¢ *'M+11 (2.12), covariantly raises indices of antisymmetrized groups, and the index u
of the gamma matrices contracts according to the convention (2.10). These are the full-rank matrices
with rank X*PU+1] = rank X+l = (4) 3!

The gauge fermion (4.10) is then expressed as

p=2 p-r
W) = / d'x {Cl"“"”r"wﬂm + Pyl + YD (CHICi ) + Ck_l”[””?’ucﬁ[rﬂ}’ (4.39)

r=0 k=1

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

S5n [P / ddle{CI” 7"D,CY, — C¥!Dry,Cl } (4.40)

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

3 As before, rank counts the tensorial rank of the objects, each component of which is an endomorphism in the space of spinors.
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p=1 r -
Ssen[®] = /d"x i Z a (C:”M (V — imo(=)"*(d — 2S)>C:')/4[s] - (V + img(=)"*(d - 2S))C:y[s]>
0

p—1 r
— 2)(d-2
ddxiz Ci(r s+ )(d S)( 1u(s] v/ Tel _as_l OQﬂerl]v cl )

ru[s+1] s Hruls)

dixi s(d—2s)(CHv 0 g IcHE gkt (4.41)
ruls)

K ruls—1]

where my = +1,/rg. The overall normalizing coefficients are

oo, L8 (r=s+ 1) (d=2s—-1)!
B (r+1)! (d=r—-s-1)"

)
|
pid
L
o
|
o
—
—

(4.42)

where & are the sign factors from the definitions of the Dirac-conjugated irreducible fields (4.19). For the choice (4.17), the
relative coefficients read &' = ai~1/as = a_| = (—)*L.

Similar to the irreducible representation of the original action (4.20), the ghost part of the minimal action comprises a sum
of diagonal terms with a Dirac-like massive operator and sub and superdiagonal kinetic contributions. Moreover, the
degree-dependent spectrum of masses coincides with that of the original fields—the absolute mass value has the same
degree-dependent coefficient d — 2s for degree-s irreducible fields.

The gauge-fixed auxiliary part (4.14) of the action for the full-rank gauge (4.38),

p=l p-r
S&aux _/ deZ{Ck 1/4r+1 Ck+1;4[r lyyBk Bkﬂ[r]yﬂ(z/ﬁ[_rl Bk/l 7/Mck-&-l }’ (443)

r= 1

when expressed in terms of irreducible fields, is given by

p—1 p—r r
Shant0] = [ @S- SN it ng 4 St

r=0 k=1
.
_ B Ky
+ @t Bk —i—ZasB Wkl S]} (4.44)
s=0
|
where the normalizing coefficients are pairs. Instead, the fields are systematically coupled within

gauge-fixing subchains. Determining the gauge-fixed set of

&S (_)%n_% (=) si(r—s)! (d—2s)! (4.45) fields and the fields parametrizing the reduction surface, is

r " r! (d—=r—s)!" ' more efficiently achieved by directly solving the reduction
equations.

and, for the choice (4.17), the relative sign coefficients
read ;! = a3/ay,, = (-)".

The structure of the decomposed auxiliary part, for the
full-rank gauge is more involved than that for the minimal- The algebraic delta-function gauge-fixing allows the
rank gauge. Fields do not decouple into noninteracting  Subsequent reduction of gauge-fixed fields by solving
|

1. Reduced space

85 _ (-
By, 0: Cﬂ[rﬂ 7+ Gl plr— ,]}’,, 0,
5 (1<k<r,0<r<p-1), (4.46)
25— (- - k-1 o
5B 0 Wcﬁ[rlﬂ] t 7”C;t[+r—1] =0
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where, in accordance with the convention (2.10), the
contracted gamma matrices carry the first (left) index of
v[r + 1] family in the upper equation and the last (right)
index of the u[r+ 1] family in the lower equation. The
explicit solution of (4.46) constructively determines the
reduced (nonfixed) subset of fields, which parametrizes the
reduction surface.

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

Consider an arbitrary chain of (nonconjugated) fields
with a root vertex associated with a minimal ghost of
degree r, (i.e., level p —r,). Within a chain, the fields’

r+1

where the numerical constants read dj = (—)"%5*x
(d-—r+s+1).

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

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

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

(i1)) Only the subleading-degree irreducible component
of the higher-degree field enters the equation at the
unit-matrix basis element due to a higher upper limit
in the left sum, which forces this component to
vanish; and

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

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

Cr -1 Cr ;]:;’Cr 5]5, | C u2n+1] +7”Cﬂ[2n =
r.—2 or.—4 .
Cr Cy[2 Cy[4 | C u2n+2] + yycﬂ[2n] =0.

(4.47)

The iterative solution starts from the bottom of each
subchain with a field C* or C,r;_l, and finishes at its root
vertex: either associated with the antighost C/ll[r iy or with
the minimal ghost Cg[r]’ depending on the parity of the

chain’s length.
Each ghost field C,,) in either subchain (except those at
the extreme C*, C}ll[r_l], u[r ) enters the subchain

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

Vucumz] + Vucmrl = Z A7 o Yutrsa-s) r+zu[s] + Z Yutr+1-9 Cropl

(4.48)

Y“C,M + 7ucu[r72] = Zdi Yutr—1-5Crpie Z Yutr—1-51Cr_apis) = 0
s=0 5=0

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

of C,, are fixed to zero: PAU[£]]C = 0, whereas

ulr]
components of the leading-parity degrees are free.
Allirreducible components of all lower-degree fields
from the subchain—C,,_,], (n > 0)—are fixed to
either zero or proportional to the yet unfixed leading-
parity components of C,

The first two properties are evident from the irreducible-

field representation (4.48). The third property relies on the

first two and can be proved by induction.

The iterative solution of the subchain with C™ (see Fig. 3)
starts with

(d=2)C5 72+ (d— 1)y, G572 + 7,0 =0, (4.49)

| —

which expresses C =Cy. in terms of the irreducible

(of C;’[;]z) and simultaneously forces
(of C;”[;]Z) to vanish.

The iterative solution of the subchain with the field Cj; !
starts with

)
component C5

the subleading component C;ﬂ—z
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—dC; ™' =0, (4.50)

which just forces the subleading component C;. ™" (of Cj; 1)
to vanish. These boundary cases confirm the validity of the
properties for the starting equations of each subchain and
provide base cases for the induction, enabling proof of the
third property for any level.

At the iteration step when solving the constraint relating
fields of degrees r and r—2, all unfixed irreducible
components (of leading-parity degrees) of the lower-degree
field C,(,_ are expressed in terms of the corresponding
leading-parity irreducible components of C,j, which

Crﬂ[r—Zn] ~ Cr+2;4[r—2n] ’
Cr+2;t[r+2] ’
Cr+2u[r—2n—1] ~ Crﬂ[r—Zn—l] =0,

Cr+2;¢[r+l] =0,

Before this step, all components of lower-degree fields
were either fixed to zero or expressed via proportion to the
components of C,(,) with leading-parity degrees. After this
step, the letter components are expressed via proportion to
the leading-parity degree components of C,., -

The iterative solution is completed when a leading-
degree field in the equation is either the root antighost
C;[ro _; or the root minimal ghost Cg[ro - By aggregating the
outcomes from both subchains, one gets that subleading-
parity components of all ghosts (r < r,) are fixed to zero,
whereas the leading-parity components of the extraghosts
(r £r,—?2) are fixed, being expressed in terms of free

Fixed and reduced

Py [[]]Wﬂlp] =0, l/_/ﬂ[P]PAﬂzEﬁl] =0, (k=0;r
Py =0, Y P”]—Q (k=0;0
PAfCl —0. Tupli—0. k=10
P'V}Ei]r]cﬁ[r]:f(v)’ Ck P”[]:f(é)a (2<k<
P, =0, CE P =0, 2<k<

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

these components of C,(.., are fixed to zero,

remain unfixed within this equation. The first property
ensures that the leading-degree component of C,,(,; does not
enter the equation and also remains unfixed. At the same
time, the basis gamma-matrix elements of the equation with
the subleading-parity irreducible components of C,(,_y,
which were fixed to zero at previous steps, now fix the
corresponding  subleading-parity components of C,,j to
zero. This is true for all components, except the subleading-
degree component itself, which, however, is also fixed to
zero due to the second property.

After the next iteration step, solving the equation relating
the components of C,, and C,|,, j—the upper equation in
(4.48)—one 31m11ar1y obtalns

these components of C,(,,, remain free,

highest-rank component is yet absent and so remains free,

(4.51)

these component is fixed to zero by the equation.

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

To summarize, the reduction in the case of full-rank
gauge (4.26) implies,

Free (&)
) P vﬁ Wulp)  WulpP vﬂu[ﬁ]z]
<p-1) vuﬂi]r CO ulr’ CO 'ﬂyEr]’
<p- 1) vaﬂ%’ cl 1 Cl Pvﬂ,, i (4-52)
r0<r<p-2)
r0<r<p-2)

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

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

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

minimal ghosts, and antighosts survive,

o: lpﬂ[p_zn] s c? c!

ru(r—=2n]’

<. ulp] alr] A0 Hlrl 1
Q. Pyl P Capr Py €
<>

ru[r—2n| ;

o pls / g
Pl Pl Gy
\P/’ [p—2n]» C?/l[r—bz] ’ Crlﬂ[r—Zn] (453)

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

terms of irreducible fields reads

(p/2]
5'5[&)} :Sﬁ[ ( /dd {l\/EZbI’_Z"LImp Zan 2n ulp—2n]

p—1[r/2]

r— Ou[r—2n]
—lZZc T, 20y

r=0 n=

—1 [r/2]

E E r—2n & 1p(r—2n]
+i Cr C V,_zn ru(r—2n|

r=0 n=

}, (4.54)

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

Y, :V:F%\/%(d—ZS),

¥, =¥+ é Jrold = 2s), (4.55)

assuming ¥ acts to the right and ¥ acts to the left. The normalizing coefficients b‘;’,_z", (4.21), and &=, (4.57), (4.42), are

(d=2p+4n—1)!

pp-2n — G L pen o) , 4.56
A ey (456)
_ 2n+ D)I(r—=2n)!(d-2r+4n—1)!
—2n _ pr-2n(_ r—n( 4.57
) (r+1)! (d=2r+2n-1)\" (4.57)
|
in which for sign conventions (4.17), agI’;‘Z" = For the algebraic gauge fixing of delta-function type one

ar—2n — (_)n

The original action (4.1), given in components by (4.20),
when reduced to the same reduced space remains identical
for both gauges: subleading parity diagonal components
and all nondiagonal contributions vanish. The latter couple
a leading-parity component with a subleading-parity
component and thus inevitably vanish on the reduction
surface. The ghost part of the minimal action (4.13), in
components—(4.28) and (4.41), being the functional of
only the original fields, minimal ghosts, and antighosts,
when reduced to (4.53) also coincide for both gauges.
The reduction wipes out subleading-parity diagonal terms
in the full-rank action (4.41), and all nondiagonal contri-
butions in (4.28) and (4.41). The auxiliary part of the (4.14)
for both gauges vanish since it is proportional to the
reductions constraints on the original fields and ghosts
generated by variations with respect to the Lagrange
multipliers.

Gauge fixings with both gauges are proper because the
resultant reduced gauge-fixed action is nondegenerate on
the reduced space.

can postulate the quantization directly in reduced repre-
sentation as

ZWP) = /D&) exp{iSs[®]}. (4.58)

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

A, = Det¥, = Det,V, (4.59)
set of fields and reduced gauge-fixed action. For the
algebraic gauge-fixing the quantization on the reduced
space of fields (4.53) is defined via the reduced gauge-fixed
action (4.54) where subscript at Det denotes the degree of
the irreducible field’s space over which the determinant is
defined. In this model, the parameter of the mass spectrum,
subscripted at ¥/, always coincides with the parameter of
the functional space. We do not distinguish determinants of
operator ¥/, and its Dirac conjugate.
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0Odd fields and components Even fields and components
level | 1=0 1=2 =4 . 1=2[E] level— =1 1=3 o l=2[2H 1
component 1/_] 1/] coct (Yt coct total # component coct (oot coct total #
1 degree s ) clco (1o C1,CO | of terms J degree s crco (Ci.co Ct co of terms
P 1 . 1
-1 2 e 2
p=2 b2 s 2—3 2 2 .. 4
p—4 1 2 2 5
pmod2 | 1 2 2 ... 2 |2[B]+1] | p—1mod2| 2 2 ... 2 2[4

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

bilinear terms producing Aq.

The leading-parity components s = p — 2n of the origi-
nal odd fields w,[,, %, via functional integration
generate determinants A,_», for 0 <2n < p. Each deter-
minant appears once. Integrating the leading-parity
components of the ghost fields CBM, CiM, (_fg[r], (_73[4
where0 <r<p-—1, ateach level [I=p—r: 1 <I<p
generate determinants A,_; 5, for each integer n;
0<2n<r=p-—1 For given [ and n each determinant
appears twice being generated by two (Dirac-conjugated)
pairs of ghosts with these quantum numbers. In total, there
are s + 1 different pairs of degree-s irreducible fields, thus
generating s + 1 determinants A,.

Tables in Fig. 4 illustrate the origin of terms of degree r
irreducible components in the reduced action and their total
number, which equals the multiplicity of determinants A,
after functional integration.

Thus, finally,

[p/2] [(p=1)/2]
Z(p) = H(Ap—2n>2n+l H (Ap—l—Zm)_zm_zs (460)
n=0 m=0

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

3 AS 2[p/2]+1

O o o N 0
‘ A2 A4 A2lp=1)/21+2 (4.61)

p—1=p-3" " “p-2[(p-1)/2]-1

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

effective action put forward in [34].

V. CONCLUSION

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

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

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

(1) The development of the canonical formulation of the

fermionic p-form model, the derivation of its first-

It can also be shown that contributions to the quantum
measure upon passing to the reduced representation, being
ultralocal in our examples, coincide.

045022-28



COVARIANT QUANTIZATION OF TOTALLY ANTISYMMETRIC ...

PHYS. REV. D 113, 045022 (2026)

class constraints, and the implementation of BFV-
BRST quantization;

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

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

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

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

We plan to address these issues in forthcoming works.
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APPENDIX: BATALIN-VILKOVISKY
FORMALISM FOR THEORIES WITH
REDUCIBLE GENERATORS

Consider a gauge theory of fields y' with action Sy[y],
invariant under the gauge transformations Sy’ = R}, A,

Solwl: Soly] ,jRél =0,

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

In a general gauge theory the generators R}, may depend
on the fields and must satisfy the consistency condition,

R R/

anj N T (_1)%,5#, RZI s]'R{l‘ :R;’I Tflll/jl _SoJEglﬁ] : (A2)

In general, the structure functions FZ'I 5, and Egl 5, may
depend on the fields y'.”
The gauge generators Rf),1 may be linear dependent,

admitting nontrivial zero-eigenvalue eigenvectors,

a; . i T ji
Zoy: Ry Zay = Sp V'

(i)az- (A3)

Here the reducibility generators Zg, and the structure

functions V7, may again depend on the fields. If Zg! are
full rank and have no nontrivial zero modes, the theory is
said to be first-stage reducible. Otherwise, there are non-
trivial eigenvectors of Z;’; with zero eigenvalue (at least on
shell) which are denoted by zgg. If these have no further
zero modes, then the theory is said to be a second-stage
reducible gauge theory. Otherwise this process continues
up to some (p — l)th stage of reducibility if the chain
terminates at ZZ;;", which has no nontrivial zero modes,

Rfll Za) = So’fvfl)az’

Ji
jV(p—l)ap .

Q) 70 __ Ji
Z,,ZZ{,3 = SO’J-V(2>03, e,

Apy yApoy
Zap—lzap - SO.

(A4)

On shell ranks of such gauge and reducibility generators
imply,
rank R, = m;, rank Zg ™' = my,

_ln

mp=n;—=nyy + 0=+ (=)P"n,  (AS)
where n is the range of index i, and n; for [ > 1 are ranges
of corresponding indices «;.

The theory of fermionic p-formfield in AdS space provides
a particular example of the gauge theory with p — 1 stages
of reducibility. This theory is Abelian and free (quadratic),
though such theories experience all features of BV

. . . . . . 34
formalism manifesting in one-loop approximation.

1. BV extended configuration space

To quantize a gauge theory with p —1 stages of
reducibility using the BV method, the field space is
extended from ' to @'. In addition to the original fields
w!, the minimal extension implies inclusion of ghost
fields Cy',

G, a=12,...n, (I=12,..p), (A6)

For the spinorial p-form field theory in AdS space
studied in Secs. Il and IV, the generators R'a; are field-
independent. The algebra is therefore Abelian and closed,
with F(yx:/ﬂ = O,E;{]ﬁl =0.

#For field-independent gauge generators R}, one may always
choose off shell, field independent null-vectors zg;. The
same holds for higher-stage reducibility generators leading to
R, Z3 = 0,223 =0,....Zd " Zo ™ = 0.

a
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TABLE III. BV-extended space of fields and antifields of a general (p — 1)-stage reducible gauge theory.
ol gh(®') @7 gh(®7)

Minimal sector

level 0 w! 0 vl -1

levels [=1,...,p Co' [ Cy —1-1

Auxiliary sector

levels [ =1,....p C
levels [ =1,...,p B!

Generations k: 1 <k </

G ~(HU-k+D -1

where by n; we denote the range of indices of these level /
ghosts, which characterize the number of components of
the latter. For proper gauge fixing, the configuration space
is also extended with the auxiliary fields of two types;
auxiliary ghosts C;' and fields B;', often referred to as
Lagrange-multiplier fields. At each level [, these auxiliary
fields have [ generations, labeled by £,

LB, (1=1,2,....pk=1,2,....1). (A7)
Fields belonging to the same level / share the same index
range a; = 1,2, ..., n;. The original fields, minimal ghosts,
and auxiliary fields together are called the nonminimal BV
fields, or BV fields for short.

gh(y') =0,

Finally, for each field @' an associated antifield ®F is
introduced, with gradings
e(DF) =e(®)+1.  gh(®F)=—gh(@)~1.  (AI0)
The resulting nonminimal set of BV fields and antifields
is summarized in Table IIL

2. BV master action

On the BV space of fields @' and antifields @, the odd
symplectic structure is defined via the antibracket,
__0,F0,G 0.F 0,G

(F.G) =2 22 _ & 2

= All
oD 00F 0D 0!’ (AL1)

where F and G are functionals of @' and ®}. The classical
action Sy[y] is then extended to the BV action Spy [®, ®*],
which by definition satisfies the following master equation:

(SBV»SBV) =0, (AlZ)

The BV configuration space carries two gradings.
Grassmann parity is the Z,-grading, e(FG) = ¢(F)+
€(G) mod 2,

e(Za") =€ +ey
(A8)

e(l//i) =€, G(Rfl] ) =€ + 6(11 ’
€(C)=€q+1,  eBy)=e4+1+1,

where ¢, are the parities of the gauge parameters A in the
original theory (Al). The second grading is the ghost
number, an additive Z-grading, gh(FG) = gh(F)+
gh(G), defined by

(keven). B — gh(c™) + 1 (A9)
(kodd), ") T IR

|

along with the correspondence condition Sgy[®,

@*]|p+_o = Soly], and additional boundary conditions
encoding the reducible gauge structure of the original
theory imposed through terms bilinear in the minimal
ghost fields and the antifields of the minimal sector. We do
not discuss the general solution for the BV action here and
refer to [30,32]. However, the structure sufficient for the
one-loop approximation and complete for Abelian gauge
theories is already present in the ansatz,

SBV[@’ ®*] = SO [l//] + Sgh [djmin’ ¢:ﬁn} + Saux [@aux’ ¢:ux]’

(A13)
where Sy[y] is the original action (A1), and
p—1
Sen[Punin: Pin] = WIRLC' + > Cor, Zat o™ + ..,
[
(A14)
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[
Suux[Paux Dol = D> i, By,

=1 k=1

(A15)

The minimal  action, Sy [Pmin, Prin] = Solw]+
Sen[Prmin» Pin)> is important as a consistent solution of
the master equation (A12) on the minimal set of BV fields
and antifields. Only the ghost part of the minimal action
extends to higher powers of antifields and compensating
ghosts. This extension is defined by solving (Al12)
iteratively on the minimal BV space starting from the
boundary conditions given by Soly] 4y R, Co'+

f;ll C(’,‘{llZngCZ’“, [30,32].35 As mentioned above, for
the purposes of this article the standard Abelian ansatz
(A13)—-(A15) is sufficient. The auxiliary action
Saux [Paux> Piix] 1s a functional of the fields and antifields
from the separate auxiliary sector. It has the simple
universal form (A15) and it also provides a consistent
solution of (A12).

The minimal and auxiliary actions, as well as their sum,
are solutions of the master equation. Each of them
possesses a global BRST symmetry and an extended BV
local symmetry [29,30,32,33]. In terms of the total set of
BV fields and antifields @4 = (&, ®}),A =1,...,2N,
I =1,...,N,the master equation (A12) for the BV action
reads

0 1
-1 0

arSBV
Rl

aZSBV A
p— 0’ B =
ods ¢

CAB

} (A16)

By differentiating (A16) one obtains the Noether identities,

arSBV

0,0,.S
RA =0 RA — gAC ZIZrPBY.
ot BT 5

0DCodpE’

(A17)

which involve 2N gauge generators R4 of the extended
local BV gauge symmetry Sgy®@*! = R3ZE. These gener-
ators, however, form a reducible set. Indeed, the second
variational derivative of (A16) shows their N-reducibility
on shell, {pERERE  0Sgy/0®* = 0. Thus, the master
action Sgy[®,®*| admits N on shell independent sym-
metries—half the dimension of the BV configuration
space (@', @F).*°

#The y-dependent coefficients at higher powers of antifields
and ghost fields are proportional to higher-order structure
functions of the original gauge algebra. The solution is unique
up to (anti)canonical transformations. Provided a basis of gen-
erators is chosen, the boundary conditions (A14) encode only
these gauge and reducibility generators, R{,,I s ZZ; .,» and not the
structure functions of the gauge algebra.

36Nilpotence of 2N x 2N matrix implies that its rank is at most
N. A proper solution requires the Hessian 0,0,Sgy/0®*0®" to
have rank N. Otherwise, the set of Noether identities (A17) is
incomplete, and there are more than N gauge generators, if the
Hessian admits more than N zero modes.

3. Gauge fixing

To fix the BV local gauge symmetry (A17) of the master
action Sgy|[®, @*], the universal gauge-fixing prescription
is traditionally applied. It implies the elimination of the
antifields according to

_ov[@)

o =21

. (AI8)

where ¥[®!] is a fermionic functional depending only on
the BV fields @', but not on the antifields.

A gauge-fixing fermion that implements a delta function-
type gauge fixing is independent of the Lagrange multi-
pliers /3" and has the form,

p 1

Vsl @) = Cf' za, () + )Y Ci'XE it

=2 k=1

(A19)

In general, the gauge-fixing operators X’;x 5., may depend
on the original fields y'. It is convenient to choose a linear
gauge, parametrized by field-independent operators X’;S b
with

Ko () = Xo ' (=y'X],,). (A20)
In this case, gauge fixing does not introduce higher vertices
into the theory, and the gauge fermion makes explicit that
fields y' act as the minimal ghosts of level 0, identify-
ing y' < C%,i < a.

It is convenient to illustrate various structures related to
gauge fixing by the triangular diagram in Fig. 5, which also
serves as an alternative visualization of the BV configu-
ration space.

The structure of the gauge fermion (A19) can be read off
the triangular diagram in Fig. 5 as follows. Each left-
downward line”” between vertices of levels [ and [ — 1
corresponds to a gauge-fixing operator Xﬁ[ﬁl_], including
the upper-left line with X}m = Yq4,i- The gauge fermion
(A19) is the sum of terms assigned to all such left-
downward lines, each involving an operator X’;]ﬂlil that

couples the ghosts C;-j and C;' from the two connected
vertices. For nonlinear y,, (w) the only modification arises
in the first term in (A19) associated with the upper line of
the left chain, which takes the nonlinear form C{'y,, ().

In general, gauge-fixing operators that connect the
vertices between neighboring levels in different chains
can be chosen independently. The combination of the index
types corresponding to the connected levels and the
generation index”® uniquely identifies the line, and hence

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

Fwe assign to each operator a generation index equal to that of
the lower vertex with the higher generation number.
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FIG. 5. Triangular diagram: BV fields and gauge fixing.

-~

generation (k)

BV fields are associated with the vertices of this triangular tree diagram. The slanted right-downward lines connect vertices of the
minimal sector fields with the original fields at the top. The remaining vertices extending left-downward correspond to fields of the
auxiliary sector, where each vertex denotes a pair consisting of a ghost and a Lagrange multiplier. The fields on each horizontal line
correspond to the same level, which in our notation is encoded by a unique index type and given by the index subscript. Within each
level, as well as along each chain proceeding left-downward, the vertices are distinguished by a generation number k. Chains of fields
with [ — k = const, originating from a minimal sector field and extending left-downward, correspond to subsets of fields linked by the

standard BV gauge-fixing procedure.

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

Applying the gauge-fixing prescription (A18) to the BV
action yields the gauge-fixed action in the form

Ss[®] = Spy[@, 6¥5/6@] = Solw] + Ssen[P] + Ssau[P],
(A21)

where the original action Sy[y] remains unchanged, while
the ghost and auxiliary parts take the form

P
. 5 o1 _
Sﬁgh[(p} = Citl)fauiR;hC{)] + ZC{IIX}WHZ}/;II ]Cgl T
=2
(A22)
S(S aux [é] = (Xﬁl +C;2X(212ﬁ] )B/ljl

p l
- A4 vk
+ Z Z(Ck’_in;l_]/j[ + Ck:rlel:}/fz )Bfl : (A23)

=2 k=1

1
iay®

For the linear gauge y, = y'X], ,the first terms in the
ghost and auxiliary actions can be absorbed into the sums
as the [ =k =1 contributions, by identifying ay <> i,
Co" < ', Xél o < Xay.i- Gauge fixing mixes the minimal
and auxiliary sectors, clarifying the role of the Ilatter:

introducing auxiliary ghosts with negative ghost numbers
enables the gauge fermion, which has ghost number —1, to
encode proper gauge conditions.

The triangular diagram from Fig. 5 again helps to trace
the structure of the ghost and auxiliary parts of the gauge-
fixed action; (A22) and (A23). The bilinear in ghosts part of

Ssgn 18 the sum of bilinear combination of the antighost C/I}’

and the minimal ghost ch, coupled by the operator
X},mle/’;’]‘l at each level [ (1 </ < p). Graphically, this
corresponds to connecting the upward lines from the
antighost and minimal ghost vertices as shown on the
right in Fig. 6.

The gauge-fixed auxiliary action is the sum of terms
associated with the edges of the left-downward chains in
Fig. 5, each of which splits into two subchains, as illustrated
on the left in Fig. 6. The S, is the sum of terms, in one-to-
one correspondence with edges of these subchains. For

example, the operator Xfl[_l 4 associated with upward arrow

in one of subchains couples the fields C;-; and Bf’ from
neighboring vertices. In the other subchain with downward
arrow, the coupling between C; and Bf’; 1 is carried out by the
transposed operator X’é, 5,_,- At the bottom, all chains termi-
nate at vertices of level p asdepicted in Fig. 5. On the top edge
of a chain originating from level /, there is a single upward
arrow. This edge corresponds to only one (longer) subchain

ending at vertex with the minimal ghost C;’° , and contributes
to the gauge-fixed action by the term Cy* X Bf’“‘“ . The

a, P
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FIG. 6. Structure of the gauge-fixed action.

other subchain is shorter and originates from the vertex of
level (I, + 1) associated with the antighost Cy""'.

The splitting—first into chains, then within the gauge-
fixed action into subchains—follows from grading proper-
ties with respect to the ghost number. The chains in Fig. 5
contain ghosts with nonoverlapping ghost numbers, and
each chain is uniquely labeled by the value of [ — k. Such
chain aggregates ghosts C; with ghost numbers / — k (for
even k) and —(/ — k) — 1 (for odd k), as can be inferred
from Table III. At the same time, the chain aggregates B}’
with ghost numbers [ — k + 1 (for even k) and —(/ — k) (for
odd k). Thus, bilinear combinations in the gauge fermion
(with ghost number —1) are possible for ghosts from adjacent
vertices within a chain, and in the gauge-fixed action (with
ghost number 0) bilinear combinations are possible for
ghosts and Lagrange multipliers from adjacent vertices.
The alternation of the two different ghost numbers within
each chain naturally leads to a split into two subchains.

4. Quantization
Provided the gauge-fixed action (A21) is nondegenerate,
the theory can be quantizes through the generating functional,
Z= / D® exp{iS;|P]}. (A24)
Nondegeneracy of Ss[@)] is related to complete proper gauge

fixing: the operators X’;I 5,., must be chosen so as to provide

complete and admissible fixing of the gauge freedom of the
BVaction (A13). This imposes certain rank restrictions on the
operators X él?’l—l ZJ[;/[" from the ghost part and Xﬁl 5,., from the
auxiliary part of the gauge-fixed action. These conditions will
be analyzed in the next subsection.

Depending on a particular choice of Xﬁl 4,_,> Some fields in
the gauge-fixed action may remain nondynamical and can be
integrated with an ultralocal contribution to the measure.”

*This occurs when some or all of the gauge-fixing operators
are algebraic matrices. For dynamical (differential) gauge-fixing
operators, the integration introduces determinants of differential
operators into the measure of (A25).

This implies reducing the space of fields @ — & and
constraining the gauge-fixed action in the exponent to the
corresponding reduction surface S[®] — S[®], so that the
generating functional takes the form,

Z— / Db expliS,[ @]}, S[d]=S,[d(d).  (A25)

Alternatively, algebraically gauge-fixed fields may be
eliminated already at the classical level, prior to quantization.
A subset of nondynamical variables which can be expressed
in terms of the remaining fields from their variational
equations, can be reduced directly by substituting solutions
of these equations into the gauge-fixed action (A21) [32].
This yields the reduced gauge-fixed action S[®], which
appear in (A25). For nondegenerate S;[®], classically
equivalent reduced action S5[®(®)] is also nondegenerate
and is suitable to quantizing the theory via (A25).

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

% _ 6S5 aux
s8B! sBy

=0: Conxk . +Cxk =0,

a1 afr

(1<I<p,1<k<]). (A26)
and substituting the general solution of these equations into
the gauge-fixed minimal action, S [y] + S;en[w. Co. Cy]. The
auxiliary part Sy, [®] vanishes on the reduction surface,
since for delta-function gauge fixing it is proportional to the
right-hand sides of (A26). Under proper gauge fixing, all
extraghosts k > 2 are fixed and eliminated by the reduction,
along with a portion of the antighosts, minimal ghosts, and
original fields. The part of the latter fields which remains
unfixed, constitute the residual space ®, often referred to as
reduced space.
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The above brief review summarizes the folklore of the
Batalin-Vilkovisky approach to quantizing gauge theories
with reducible sets of generators. However, the precise
criteria and scope of proper gauge fixing leading to a non-
degenerate gauge-fixed action are much less transparent. In
their seminal paper [30], Batalin and Vilkovisky proposed
the so-called redundant gauge-fixing scheme, which requires
rank X% =nj—npg+n, -4 (=) n, =m, fol-

lowing from the conditions that the kernels of X’;]al_l and

X’;WH , do not intersect and form the complementary linear

subspaces in n;-dimensional linear space. However, the latter
conditions is not necessary and the choice corresponds to the

minimal possible ranks of admissible gauge-fixing operators.
Alternative options, such as full-rank X’;Ial_ ,»arealso possible,
enabling simpler covariant formulations and offering specific
applications [38] % In the main part of the article we apply the
two extremal cases of gauges—defined by the full-rank and
minimal-rank gauge-fixing operators—to the theory of anti-
symmetric tensor-spinor field.

“For example, within the framework of restricted gauge
theories, the use of full-rank gauge fixing allows one to establish
a nontrivial relation between the one-loop effective actions of the
restricted and parent gauge theories [38].
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