Eur. Phys. J. C (2018) 78:452
https://doi.org/10.1140/epjc/s10052-018-5933-7

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

(3 + 1)-Dimensional topologically massive 2-form gauge theory:

geometrical superfield approach

R. Kumar!?@®, Debmalya Mukhopadhyay?--"

! Department of Physics and Astrophysics, University of Delhi, New Delhi 110007, India
2 Department of Theoretical Physics, Indian Association for the Cultivation of Science, 2A and B Raja S.C. Mullick Road, Jadavpur,

Kolkata 700032, India

3 Present address: Variable Energy Cyclotron Centre (VECC), 1/AF, Bidhannagar, Kolkata, West Bengal 700064, India

Received: 17 October 2017 / Accepted: 27 May 2018 / Published online: 5 June 2018

© The Author(s) 2018

Abstract We derive the complete set of off-shell nilpotent
and absolutely anticommuting Becchi—-Rouet—Stora—Tyutin
(BRST) and anti-BRST symmetry transformations corre-
sponding to the combined “scalar” and “vector” gauge sym-
metry transformations for the (34 1)-dimensional (4D) topo-
logically massive non-Abelian (B A F') theory with the help
of geometrical superfield formalism. For this purpose, we use
three horizontality conditions (HCs). The first HC produces
the (anti-)BRST transformations for the 1-form gauge field
and corresponding (anti-)ghost fields whereas the second HC
yields the (anti-)BRST transformations for 2-form field and
associated (anti-)ghost fields. The integrability of second HC
produces third HC. The latter HC produces the (anti-)BRST
symmetry transformations for the compensating auxiliary
vector field and corresponding ghosts. We obtain five (anti-
)BRST invariant Curci—Ferrari (CF)-type conditions which
emerge very naturally as the off-shoots of superfield formal-
ism. Out of five CF-type conditions, two are fermionic in
nature. These CF-type conditions play a decisive role in pro-
viding the absolute anticommutativity of the (anti-) BRST
transformations and also responsible for the derivation of
coupled but equivalent (anti-)BRST invariant Lagrangian
densities. Furthermore, we capture the (anti-) BRST invari-
ance of the coupled Lagrangian densities in terms of the
superfields and translation generators along the Grassman-
nian directions 6 and 6.

1 Introduction

Every p-form (p = 1, 2, 3, ...) gauge theory remains invari-
antunder a global symmetry known as BRST symmetry when
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we include the gauge-fixing term and Faddeev—Popov ghosts
in the theory [1-5]. The physical significance of the BRST
symmetry is to provide the unitarity in various interactions
under consideration [6]. The BRST symmetry transforma-
tion of the fields is generated by the BRST charge Qj; which
is nilpotent (Q7 = 0). The nilpotency leads to the forma-
tion of BRST cohomology where the physical state |phys),
defined by Qp|phys) = 0, is equivalent to another physical
state | phys) if |phys) = |phys) + Qp|phys). From this
equivalence, we can identify the unphysical modes of a state
(in the total quantum Hilbert space of states) whose con-
tributions are mutually cancelled in a physical process [6].
Consequently, the unitarity is achieved in a given physical
process.

The BRST formalism is one of the most elegant and math-
ematically rich methods to covariantly quantize any arbitrary
p-form (non-)Abelian gauge theory. For a given classical
gauge symmetry, we have two linearly independent global
supersymmetric type quantum BRST and anti-BRST sym-
metries. The latter symmetries are nilpotent of order two
(ie. sg = 0, 5211 = 0) and absolutely anticommuting
(i.e. spSap + Sapsp = 0) in nature [7,8]. The absolute anti-
commutativity property of the (anti-) BRST transformations
for the non-Abelian 1-form gauge theory and higher form
(p = 2) (non-)Abelian gauge theories is satisfied due to
the existence of Curci—Ferrari (CF)-type conditions [7,9—11].
Furthermore, the CF-type conditions also play an important
role in the derivation of coupled (but equivalent) Lagrangian
densities. These CF-type conditions emerge automatically
within the framework of superfield formalism [11-13]. The
emergence of CF-type of condition(s) is one of the character-
istic features of a p-form (non-)Abelian gauge theory within
the framework of superfield approach to BRST formalism.

Bonora—Tonin superfield approach to BRST formalism is
a geometrical method to derive the proper off-shell nilpo-
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tent and absolutely anticommuting (anti-) BRST symmetry
transformations for a given gauge theory [12,14,15]. In
this formalism, we generalize an ordinary D-dimensional
Minkowskian space to the (D, 2)-dimensional superspace
with the help of a pair of Grassmannian coordinates (6, 6)
(with #2 = 62 = 0, 00 + 66 = 0) in addition to the ordi-
nary bosonic coordinates x* (u = 0,1,2,3,...,D — 1).
Further, we generalize the dynamical fields to their corre-
sponding superfields onto the (D, 2)-dimensional superman-
ifold. By exploiting the power and strength of celebrated hor-
izontality condition (HC) [12,14-23], we obtain the desired
(anti-)BRST symmetry transformations. The HC implies that
the components of super curvature along the Grassmannian
directions are zero. Physically, the HC condition demands
that the gauge-invariant quantities should be independent of
the Grassmannian coordinates. In other words, the gauge-
invariant quantities should not be affected by the presence
of Grassmannian variables when they are generalized on the
supermanifold.

The HC carries a very important physical significance
in the gauge theories. Since, Faddeev—Popov-DeWitt ghost
fields belongs to L(G), where L(G) is a set of left-invariant
one-forms being always isomorphic to tangent space at iden-
tity on group manifold 7,(G) [24], then HC implies that
the equivalent representation of gauge field is always con-
nected to the identity i.e. there is no anomaly due to BRST
transformation in gauge theory without the matter fields [24].
This conclusion can be similarly drawn from HC for Kalb—
Ramond field. As a consequence, there is no anomaly of
color current if the topologically massive model is applied in
QCD without matter fields. Anomaly may be present when
the model contains massless fermions with suitable action. In
that case, Wess and Zumino found a consistent condition to
be obeyed if quantum action of matter content gauge theory
is not gauge invariant [1,24-26]. In that case, HC leads to
provide Wess—Zumino consistency condition for anomaly or
Stora—Zumino chain of descent equations [22].

In recent years, the “augmented” superfield formalism
(which is an extended version of Bonora—Tonin superfield
approach) has been extensively used for the interacting gauge
theories such as 1-form gauge theory interacts with Dirac’s
fields and complex scalar fields [27], gauge-invariant Proca
theory [28], gauge-invariant massive 2-form theory [29] and
references therein. In this approach, in addition to the HC, the
conserved currents and/or gauge-invariant restrictions play
very important role in the derivation of the complete set of
(anti-)BRST transformations.

During last few decades, the antisymmetric Kalb—-Ramond
field B,,(= —B,,) of rank two became quite popular
because of its relevance in the context of (super-)string the-
ories [30,31], (super-)gravity theories [32], dual description
of a massless scalar field [33,34] and noncommutative theo-
ries [35]. It has been shown, within the framework of BRST

@ Springer

formalism, that the 4D free Abelian 2-form gauge theory
provides a tractable field-theoretic model for Hodge the-
ory where de Rham cohomological operators of differential
geometry and Hodge duality operation find their physical
realizations in terms of the continuous and discrete symme-
tries, respectively [36]. Furthermore, it has also shown to be a
quasi-topological field theory (q-TFT) which captures some
features of Witten-type TFT and some aspects of Schwartz-
type TFT [37].

The 2-form antisymmetric gauge field also plays an impor-
tant role in the mass generation of the vector gauge bosons
through a well-known topological (B A F) term [38—44]. In
this model, the mass of gauge bosons and gauge-invariance
co-exist together. The phenomenological aspects of this
model have been discussed in [47] which shed light on the
various kind of physical processes that are allowed by the
standard model of particle physics. We have also studied the
4D (non-)Abelian topologically massive theory within the
framework of BRST formalism [48,49]. In earlier work [10],
the 4D non-Abelian topologically massive gauge theory has
been studied in the context of superfield formalism where the
“scalar” and “vector” gauge symmetries have been treated
separately. As a consequence, the (anti-) BRST symmetry
transformations corresponding to the above gauge symme-
tries are found to be off-shell nilpotent and absolutely anti-
commuting. We point out that when we combine the (anti-
)BRST transformations corresponding to the scalar and vec-
tor gauge transformations, the resulting (anti-)BRST trans-
formations are found to be off-shell nilpotent but they do not
obey the absolute anticommutativity property. In our present
investigation, we shall investigate this issue and derive the
proper (anti-) BRST symmetries for the combined scalar and
vector gauge transformations.

We know that pure Yang—Mills (YM) theory [50] obeys
unitarity where the 1-form gauge field is taken to be mass-
less. Due to having mass, the 1-form gauge field has a phys-
ical longitudinal mode. But the scattering among the longi-
tudinal modes shows the violation of unitarity in tree level
scattering processes [51,52]. We know this happens when
we consider the tree level 2 — 2 scatterings of longitu-
dinally polarized massive gauge bosons (W* and Z°) in
electroweak sector of the standard model excluding the pro-
cess mediated by Higgs particle [53,54]. These are the Higgs
mediated processes which save the unitarity of the scatter-
ing process among the longitudinally polarized electroweak
bosons. In the Higgs mechanism [55,56], global symmetry
SUQ2)r x U(l)y is spontaneously broken to the electro-
magnetic U (1) group [57-60]. But we will consider the 4D
dynamical (B A F) theory where mass of gauge boson is gen-
erated and keeping the global SU (N) symmetry unbroken.

Using the geometric features of a gauge theory [16,61—
63], we obtain proper (anti-)BRST transformations for all
the fields. But it is not guaranteed whether the BRST charge
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keeps its nilpotency after quantum corrections. The assur-
ance of unitarity at every order of quantum correction comes
from the renormalizability of model. Pure YM theory con-
taining massless 1-form gauge field is an example where the
BRST symmetry and renormalizibility are maintained simul-
taneously. The mass generation of YM field (keeping global
symmetry unbroken) shows unsatisfactory characteristics in
quantum field theory. For example, non-Abelian Stiickelberg
model is found to be non-renormalizable [64—68] but it obeys
unitarity. On the other hand, Curci—Ferrari model [69] con-
taining Proca massive non-Abelian YM field shows renor-
malizibility but it fails unitary in (3 + 1)-dimensions [70,71].
There is a possibility of the mass generation by dynamical
symmetry breaking in non-perturbative regime, but the mass
tends to zero at the high energy limit of non-Abelian gauge
theory [72]. The BRST symmetry plays an important part in
the analysis of the various interactions according to a model
under consideration. We should need the unitarity of the scat-
tering matrix (S-matrix) in a renormalizable model.

Our present investigation is essential on the following
grounds. First, to derive the proper off-shell nilpotent and
absolutely anticommuting (anti-)BRST transformations for
combined scalar and vector gauge transformations. Because
in earlier work [10], the off-shell nilpotent (anti-) BRST trans-
formations are found to be non-anticommuting. Second,
to obtain the coupled and equivalent Lagrangian densities
which respect both BRST and anti-BRST transformations.
Third, to establish the CF-type of conditions because these
conditions play an important role within the framework of
BRST formalism.

The contents of our present endeavour are organized as
follows. In Sect. 2, we briefly discuss about the mathemati-
cal aspects and geometrical significance of the BRST sym-
metries in the realm of differential geometry. In Sect. 3, we
discuss about the 4D topologically massive (non)-Abelian
(B A F) theories and associated local gauge symmetries.
Section 4 deals with the derivation of the proper off-shell
nilpotent and absolutely anticommuting (anti-)BRST sym-
metry transformations of the Yang—Mills field, antisymmet-
ric gauge field and compensating auxiliary vector field and
their corresponding (anti-)ghost fields within the framework
of geometrical superfield approach to BRST formalism. Sec-
tion 5 is devoted to the derivation of the coupled (but equiva-
lent) Lagrangian densities by using the basic tenets of BRST
formalism. We capture, in Sect. 6, the (anti-) BRST invariance
of the coupled Lagrangian densities, nilpotency and absolute
anticommutativity properties of the (anti-) BRST symmetries
within the framework of superfield formalism. Finally, in
Sect. 7, we provide some concluding remarks.

In our Appendix A, we show the precise values of the
various secondary field that are presented in the superfield
expansions in terms of the dynamical and auxiliary fields
of the (anti-)BRST invariant theory. Appendix B deals with

the proof of the absolute anticommutativity of the (anti-
)BRST transformations where the CF-type of conditions play
decisive role. The (anti-) BRST invariance of the coupled
Lagrangian densities is shown in Appendix C.

2 Geometrical significance of BRST symmetries:
mathematical aspects

In this section, we consider the geometrical significance of
the BRST symmetry (see, e.g. [16,61-63] for details). We
need to consider the principal G-bundle (P, r, M) in pure
YM theory where F = G is the fibre in the total space P and
G is the structural Lie group over the base manifold which is
spacetime (see Fig. 1). Here 7 is the projection of F on the
M. We define a section o : M — F such that

n(o(y)) =idu, ye€G, ey

and Lie algebra valued connection 1-form w on the bundle.
The pull-back w on M i.e. 0 *w represents YM field locally
(or local trivialization). Here idj in the Eq. (1) represents
an identity map of M. Let us consider the coordinates y’ in
the fibre and a point x* on G which is lifted in o from M.
The vector 9y is tangent to the fibre and vertical whereas the
vector dy 1S tangent to the section but neither horizontal nor
vertical. The 1-forms dy’ and dx* span the cotangent space
P*. Thus, 1-form w can be decomposed as

= xidy' + ¢ dx", (2)

where x = xidy' is the Maurer—Cartan form, which is
Faddeev—Popov ghost field on the bundle and ¢,, is the 1-
form gauge field. The ghost field yx is vertical and defined
as

Xi (Oxn) =0, 3)

whereas the gauge field is horizontal:

Fig. 1 Fibres G in the principal fibre bundle with base manifold M
and section o

@ Springer
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$u () = 0. 4)

We can also decompose the exterior derivative d of a 0O-
form according to the Eq. (2) as

df =sf+bf, ®)
where s and b are defined in the following fashion:
sf =0y fdy', b=0dwfdx". (6)

Using the cohomology with respect to exterior derivative, we
obtain

s2=0, b*=0, sb+bs=0, @)

In the above, s defines the exterior differential normal to
the sections and it is nilpotent of order two whereas b is
horizontal operator. We shall identify s as the BRST operator.

Due to the construction of the fibre bundle, we can clearly
see

o*(df) = a*(bf), 3
because
o*(sf) =0. 9)

Then the 2-form curvature with respect to the section o is
given by

T = Qdy' ndy)) + 27, (dy' Adx")

im

+023 (dx" A dx?), (10)

where 2! = sx+1[x, x1and 22 = s¢+bx +[¢, x]. Here
[, ] defines the Lie bracket. The Maurer—Cartan structural
theorem states that the curvature X' is pure horizontal i.e.

R'=0, 2°2=0, (11)

which provide the BRST transformations of fields in the the-
ory. In this paper we will use this horizontality conditions
to get the BRST and anti-BRST transformations of fields in
non-Abelian topologically massive (B A F') model.

3 4D topologically massive (B A F) theory

We first consider the topologically massive Abelian model
in (3 4+ 1)-dimensions of spacetime [38—40] which con-
tains a massive gauge field but keeping the gauge symme-
try unbroken. In this model, the Abelian 1-form AD =
dx"A, gauge field A, and antisymmetric 2-form B® =
N (dx* A dx")B,, field are coupled, in a physically mean-
ingful manner, through a well-known topological B A F =
%8’“”7" By, Fyc term. Here B, is the Kalb-Ramond field

and F,, = 9, A, — d,A is the field strength tensor corre-
sponding to the Abelian gauge field A . The mass of gauge
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field is put by hand in the model as a (constant) coupling
parameter m of the topological term. The topologically mas-
sive Abelian model has the Lagrangian density! [38—40]:

1 1
Lo = _ZFIWFILV + EHMVKHMUK
+%SHVnKF/LUBnK’ (12)

where Hy,c = 0, By, + 0y Biey, + 0, By is the field strength
of the Kalb—Ramond field. The Abelian model is invariant
under the following gauge transformations of the fields:

Ay — Ay +0,2, By — B, (13)

and,

By — Byy — (0,82, — 0,82,,), Ay — Ay, (14)

where §2(x) and £2,,(x) are the local gauge transformation
parameters which vanish at infinity. The Euler—Lagrange
equations of motion for A, and B,,,, fields are give by, respec-
tively

m
nwo_ vunK
0P = = e Hye,

8 HM = %s"”“’FKp. (15)

After decoupling the above equations of motion for the fields,
we get either

(0+m?) Fu =0, (16)
or,
(04 m2) Hys =0, (17)

which are clearly the gauge-invariant Klein—Gordon equa-
tions for massive A, and B, fields. The counting of the
degrees of freedom shows that massive By, field has three
degrees of freedom as same as massive vector field A, in
physical (3 4 1)-dimensions of spacetime.

We now discuss the non-Abelian generalization of the
above model. This theory is described by the following
Lagrangian density? [41-44]

1 1
L= =g Fuy- F" 4 o Hypy - HP

+ % ghvix B;w . Fr]/ca (18)

1 'We adopt the conventions and notations such that the 4D flat
Minkowski metric has mostly negative signatures: 7, = n"' =
diga (+1, —1, —1, —1). The Greek indices x, v, k, ... =0, 1,2, 3 cor-
respond to spacetime directions whereas the Latin indices i, j, k, ... =
1, 2, 3 stand for space directions only.

2 The dot and cross products in the SU(N) algebraic space between
two non-null vectors X and Y are defined as: X - Y = X9Y%, X xY =
fabexaybTe Here the structure constants ¢4 are chosen to be totally
antisymmetric in their indices @, b, ¢ and T“ are the generators of the
gauge group SU(N).
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where F[jv T = Fup = A, — A, — 8(A, X A)) s
the field strength tensor for the non- Abehan 1-form gauge
field A, = Aj, T“. The totally antisymmetric compensated
curvature tensor Hy,,,, = H?, T for the non-Abelian gauge

mn
field By, = By, T is defined as

Hyoy T = Hyvy = DyuBuy + Dy Byy + Dy By
+8 (Fuy x Kp) + g (Fyy x Ky)

+g (Fyu x Ky), (19)

where 1-form K () = dx*K,, - T is the compensating auxil-
iary vector field K, = K7 and g is a dimensionless cou-
pling constant. The gauge bosons A, acquire mass through
the topological term (B A F') without taking any help of Higgs
mechanism. The presence of topological term 5 £#"7° By,,, -
Fys also ensures us the CP-invariance of the model. It is
because of the parity transformation of Kalb—Ramond field:
Bo; — —Bo;, Bij — Bjj [45]. The topological term does
not break Lorentz invariance in (34 1)-dimensions unlike the
topological term present in [46]. The compensating auxiliary
vector field is required for the invariance of kinetic term for
tensor field B, under the non-Abelian vector gauge trans-
formation: B,, — By, — (D,A, — D, A,) (see below).
The absence of propagator of the auxiliary vector field in
Eq. (18) implies the absence of its role in the physical pro-
cesses. We will see from the BRST transformation of K,
that its all modes are unphysical. This model is shown to be
renormalizable algebraically in [44] and unitary at tree level.
The non-Abelian generalization must keep all the sym-
metries that were present in the Abelian model. The above
Lagrangian density respects two kinds of gauge symmetry
transformations: (i) scalar gauge symmetry (61), and (ii) vec-
tor gauge symmetry (87). These symmetry transformations
are listed as follows:

814, =Dyt =0,8 —g(A, x©),
(SIB,uv = _g(B/w x ), (SIK/L = —g(Ku x &),

W Fu =—g(Fu X&), S1Huy = —g(Hyuvy X ¢),
823;1.11 = _(D;LAV - DVA}L)7 SZK# = _A;u
52A, =0, 8,Fu, =0, 8yHyuuy =0. (20)

where { = ¢ -T and A, = A, - T are the SU(N)-valued
local “scalar” and “vector” gauge transformation parame-
ters. Under these local gauge transformations, the Lagrangian
density transforms as

8IL=0, 6L =—0, [2 A, - Fye ] @1)
Thus, the action integral (S = f d*x L) remains invariant
under the gauge transformations for the physically well-
defined fields which vanish rapidly at infinity due to Gauss
divergence theorem. Also, the combined gauge transforma-
tions § = (81 4 J2) leaves the action integral invariant.

4 Off-shell nilpotent and absolutely anticommuting
(anti-) BRST symmetries: geometrical superfield
formalism

In this section, we derive the complete set of off-shell nilpo-
tent and absolutely anticommuting (anti-)BRST symmetries
with the help of Bonora—Tonin superfield approach to BRST
formalism. For this purpose, we generalize our ordinary 4D
spacetime to the (4, 2)D superspace. The latter is charac-
terized by a pair of Grassmannian variables® (9, 6) (with
0> = 6> = 0, 06 + 60 = 0) in addition to the bosonic
spacetime variables x** (with u = 0, 1, 2, 3) as [12,14,15]

s ZM = (x1,0,0), 8, — Iy = By, d, 93),  (22)

where the super-coordinates ZM parametrlzed the (4,2)D
supermanifold. The partial derivatives dg = ae and 9 ada
(with 32 = 392 = 0, 3d; + 3509 = 0) are the transla-
tional generators along the Grassmannian directions 6 and 6,
respectively. We shall see later on that these translational gen-
erators provide the geometrical meaning of the anti-BRST
and BRST symmetry transformations, respectively.

In our upcoming subsections, we shall exploit the horizon-
tality conditions and integrability condition for the derivation
of proper (anti-)BRST transformations.

4.1 Derivation of the (anti-)BRST transformations of YM
field and corresponding ghost fields

For the derivation of (anti-)BRST symmetry transformations
of the YM gauge field, we generalize the exterior deriva-
tive d = dx"9, (with d*> = 0) and 1-form connection
AD = dx"Aj T to the super-exterior derivative d (with

d? = 0) and super 1-form AV = dx“leT“ on the (4,2)D
supermanifold in the following fashion:
d=dzMdy = dx" 3, +dé 3y + db 3,
AV = azM Ay = dx A, (x,0.0) +d6 F(x, 0., 0)
+db F(x,0,0), (23)

where the superfields A, (x, 6, 8), F(x, 8, §) and F (x, 6, 9),
as the super-multiplets of super 1-form, are the generalization
of 1-form gauge field A, (x), ghost field C (x) and anti-ghost
field C(x), respectively, on the (4, 2)D supermanifold. One
can expand these superfields along the Grassmannian direc-
tions (0, 0) as

AL (x,0,0) = Ay(x) + R, (x) + OR, (x) +60S,(x),
F(x,0,0) = C(x) + 0B (x) + 0B (x) + 00s(x),
F(x.0.0) = C(x) +0Br(x) + OBy(x) + 005(x), (24)

3 The Grassmannian variables obey the following Hermiticity proper-
ties: 07 = 6 and 67 = —6.

@ Springer
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where the secondary fields R w> Ry, s, 5 are fermionic and the
remaining secondary fields S, By, B\, B>, B, are bosonic in
nature.

To determine the values of these secondary fields, we
invoke the following HC

JAD %g [A(”, /{m] — A 4 %g [A(1)7 A(l)]
— F® = F®@, (25)

where the super 2-form F@ = % dZM ndZN) Fuy is the
generalization of F® = zl!(dx“ A dx")F,, on the super-
manifold. The HC in the literature is also known as soul-
flatness condition which states that the r.h.s. is independent
of the Grassmannian variables when it is generalized onto
(4, 2)D supermanifold. To be more precise, the HC demands
that all the Grassmannian components of the super 2-form
curvature }N"MN are equal to zero (i.e., .7}“9 = .7-15 = fge
= Fs5 = Fpg = 0). As we already know that the kinetic
term (—‘—1‘ Fy,, - F*V) for the gauge field A, remains invari-
ant under the combined gauge transformations (§). Thus, the
kinetic term would also remain invariant under (anti-)BRST
transformations. Physically, the HC implies that the gauge-
invariant quantity must be independent of the Grassmannian
variables (6, 0) (i.e. —% Fun-FMN = —% Fy, - F*V) when
itis generalized on the (4, 2) supermanifold. It is worthwhile
to point out that the Grassmannian variables are just a mathe-
matical artifact and they cannot be physically realized in our
physical 4D spacetime. In fact, they are used to construct the
(4, 2)-dimensional superspace.

By exploiting the above HC, we obtain the values of the
secondary fields [cf. (A.1)]. The substitution of the values of
secondary fields in the super-expansions of the superfields,
we obtain*

AP (x,0,0) = A, +6D,C +60D,C

+66 (DB — g(D,.C x (),
F0(x,0,0)=C+0B+0 %(c x C) —00g(B x C),
FO(x,0,0) = c‘:+e§(é x C)+0B

+99_g(B X C_') (26)
where the superscript (k) on the superfields denotes the
super-expansions obtained after the application of HC (29).
We have made the identifications: B; = B a£1d B, = B for
the Nakanishi—Lautrup (NL) fields B and B. These fields

are required for the off-shell nilpotency of the (anti-) BRST
. . = (h
transformations. Similarly, the super-curvature F,, corre-

sponding to the superfield .Affl) can be written as

4 The Nakanishi—Lautrup fields B, B are real and the anticommuting
ghost fields satisfy the following Hermiticity properties: C =, and
C'=-C.

@ Springer

ﬁ:‘(j\l))(xve’ 9_) = FMV _Og(FHV x é) - ég(Fl‘w X C)
+600(g*(Fuy x C) x C
—g(Fuy x B)). 27)

From the above super-expansions, one can easily read-off
all the (anti-)BRST transformations for the YM field and
corresponding (anti-)ghost fields. These are listed as follows

SbA;L = D,u.C7 SbC = %(C X C), Sbé = B,

spB =0, SbB = —g(B x C),
st;w = _g(Fp.v x C),
SabAp = D;Léa Sahé = %(é X C), sapC = B,

SabB = 07 SabB &5 _g(B X C)s
Sab Fv = —g(Fpy x C). (28)

Geometrically, the BRST transformation (s3) for any generic
field ¥ (x) is equivalent to the translational of correspond-
ing superfield X" (x, 6, 6) along #-direction while keeping
@-direction fixed. In a similar fashion, the anti-BRST trans-
formation (s,5) can be obtained by taking the translational
of the superfield along 6-direction while §-direction remains
intact. As a consequence, the following mappings are valid
between the Grassmannian translational generators (dg, d5)
and the (anti-)BRST symmetry transformations, namely;

9 . _
L5t 0.6 ‘ = 55 T (x).
5 (x )0:0 sp 2 (x)

3 sy g é)‘ = 5up Z(x)
89 9 E) é:O a E)

9 iE”’)u 0,0) = spsap 2 (x) (29)
30 96 VT bRab A
The (anti-)BRST transformations of the NL auxiliary fields B
and B have been derived from the requirements of the nilpo-
tency and absolute anticommutativity of the (anti-)BRST
transformations.
We point out that the absolute anticommutativity property
of the BRST and anti-BRST transformations is satisfied due
to the validity of the following CF condition [7] [cf. (A.1)]:

B+B—g(CxC)=0. (30)

It is a physical condition on the theory in the sense that
it is BRST as well as anti-BRST invariant quantity (i.e.
S@plB + B — g(C X C)] = 0). This is an original CF con-
dition which was emerged automatically first time for the
non-Abelian 1-form gauge theory within the framework of
superfield approach to BRST formalism [12]. For the sake
of brevity, the restriction ﬁeé = 0 leads to the above CF
condition.
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4.2 (Anti-)BRST symmetries of antisymmetric gauge field
and associated ghost fields

In this subsection, we focus on the derivation of the BRST
and anti-BRST transformations for B, and corresponding
(anti-)ghost fields. For this purpose, we use another HC as
given below

H® — 7:((3)’ (31)

which again implies that the kinetic term for the 2-form field
By, is a gauge-invariant quantity. Here HO = % dz" A
dZM N dZNYH N defines the 3-form super-curvature on
the (4, 2)D supermanifold corresponding to the 3-form cur-
vature H®) = % (dx"* A dxV A dx")H,,,. These (super-
)eurvature are defined in the following fashion:

O = GBD 4 ig [ﬂﬁ}f) ga)] tig [,g(l)’ ﬁ((,f))]
H® = dB? 4 ig [A(n’ B(z)]+l~g [Ku), F<2>], (32)

where Ag,ll)) is the super 1-form obtained after the application

of first HC (25) and .7?(%) defines the corresponding super-

curvature. It is straightforward to check that H produces
the curvature tensor (19). The super 1-form K" and super
2-form B can be written as follows:

KD = axt K, (x,0,0) +doE(x,0,0) + dGE(x,0.0),

~ 1 ~ _
B® = o dZM NdZN) By (x, 0, 0)

1 ~ —
3 (dx" ANdxV) Buy(x,0,0)

+(dx™ A dO) Fu(x,0,0) + (dx" A df) Fpu(x,0,8)

+(dO A dB) B (x,0,0) + (d6 A dB) B(x,6,8)
+(df A db) B(x, 6, 0), (33)

where K and B are the generalizations of K" and
B®, respectively on the supermanifold. Again, the super-
multiples, as the components of the above super 1-form and
super 2-form, can be expanded along the directions of Grass-
mannian variables (6, 0) as

Buv(x,0.,0) = By (x) + ORuy(x) + O Ry (x) + 008, (x),
Ku(x,0,0) = Ku(x) +6 Pu(x) +6 Py(x) + 60 Qu(x),
Fu(x,0,0) = Cou(x) + 655 (x) + 6 b3 (x) + 00 g, (x),
Fux, 0,0) = Cux) + 052 () + 85 (x) + 08 G (x),

B(x,0.0) = p(x) +0 f1(x) +6 f1(x) + 00 b (x),
B(x,0.0) = B(x)+06 fox) +0 fo(x) + 00 by(x),
B(x,0.8) = B(x)+0 f300) +0 f300) + 68 b3(x).
E(x,0,0) =&(x)+60 Ri(x)+0 Ri(x)+ 00 51(x),

E(x,0,0) = E(x) + 0 Ra(x) + 0 Ry(x) + 600 S»(x), (34)

where the secondary fields Ry, Ryivs Py P Guus Gu» f15 11,
£, fa. f3, f3, S1, Sa are fermionic in nature and S, Q,,
b,(}), Ef}), bf), I;Lz), b1, by, b3, R, R1, Ry, Ry are the bosonic
secondary fields.

By using the second HC (31) together with (26) and (27),
we obtain the values of the above secondary fields except
Py, Py and Q, [cf. (A.2)]. As a result, we get the desired
super-expressions of the above superfields (34):

B (x,6,0) = Buy +6 [—(DuCy — DyCp)
+8(C x Buw) + 8¢ x Fu)]
+0 [—(DuCy — DyCp) + 8(C x Byy)
+8(5 x Fu)]
+606[—(DuBy — DyBy) + g(DuC x Cy)
—g(DyC x Cp) + g(B x Buy)
+82(E X (Fuy x ©)) — g%(C x (C x Bpwy))
+8(C x (DuCy — DyCp))
+8(R x Fuy) — g2(C x (6 x Fu)].
F(x,6,6) = Cou+6 By +6[ = Dup +g(C x Cp)]
+600[Dyur — g(DuC x B)
—8(B x Cy) —g(By x 0],
ffff)(x,e,é) =Cu+6[—DuB+(CxCu)]+6By,
+600[— Duk+g(DuC x P)
+8(B x Cp) + g(By x O)],
B (x,0.6) = p+01+6g(C xB)
+600[g(C x 1) —g(Bx B
BN (x,0,6) = p+6g(CxB)+67
+09_[—g(c_’><5»)+g(B x,é)],
&M (x,0,6) =¢p+6p5+6p
+00[g(B x¢)—g(C xp)
—8(C x 3) +*(C x (C x B))],
EW(x,0,0) =& +0R+0[—p+(Cx8)]
+600[»—g(RxC)—g(Bx§)].
EW(x,0,0) =E+0[— B+ (CxH]+0R
+600[—x—g(RxC)—g(Bx8]. (35)

In the above, we have chosen bff) = BM,E/(}) = By, R, = R,
R; = R for the bosonic NL-type auxiliary fields B, B/u
R,Rand fi = p, fi = p, o = A, f3 = A for the
additional fermionic NL-type fields p, p, A, x. Again, these
(bosonic) fermionic auxiliary fields are required for the off-
shell nilpotency of the (anti-)BRST transformations. One can
also express the 3-form super-curvature in terms of the Grass-
mannian variables as

@ Springer
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M

MVU(x’ 0, 9_) = Hyyy — eg(H/wr) X C)

— 0g(Hyvy x C) + 00[ — g(Hyvy x B)
+ g% (Hyy x C) x C]. (36)
As a consequence of the above super-expansions, we obtain

the following BRST and anti-BRST symmetry transforma-
tions, namely;

spBuv = —(DpCy — DyCpy) + g(C x Byy)

+g(& x Fuy),
spCp = —Dyup +8(C x Cp), spCyu = By,
spB=8(C xB), spB=*r, spdp=p,
spE = —B+8(C x &), spE =R,

spR =% —g(R x C) — g(B x &),
sph = g x C) — g(B x ),
spHuvy = —g(Hyuoy x C), splBu, R, p, A1 =0,
spp = g(B x ¢) +g(p x C) — g(p x C)
—g%(C x (C x ¢)).
spBu = —Dy(p — g(C x ¢)) — g*((C x C) x Cp)
+g(B x Cy) — g(By x C) + g(C x Dyp).
SabBuv = —(DuCy — DyCp) + g(C x Bpy)
+g(& X Fu),
5apCp = —DuP + 8(C x C),  s4pCpu = By,
sabB = 8(C x B), sapB = A,
Sab® = P, Sap€ = —B +g(C x &),
sapé = R, sqpR =21 —g(Rx C) — g(B x &),
Sabh = g0 x C) — g(B x B),
SapHuvy = —g(Hyvy x C),  sqp[Bu, R, p, A] =0,
sabp = 8(B x ¢) — g(p x C) + g(p x C)
—g%(C x (C x ¢)).
SabBy = —Dyu(p — g(C x ¢)) — g2((C x C) x Cy)
+8(B x Cy) — g(By x C) +g(C x Duf).  (37)

These transformations are also off-shell nilpotent and abso-
lutely anticommuting in nature.

4.3 (Anti-)BRST transformations of K, and associated
ghosts

We have, so far, determined the BRST and anti-BRST trans-
formations for the YM, Kalb—Ramond and their associated
(anti-)ghost fields. But the proper (anti-)BRST transforma-
tions of the compensating auxiliary vector field are still
unknown. This is because of the fact that the second HC
is incapable to determine the precise value of the secondary
fields Py, ISM and Q.

It is to be noted that the field strength tensors trans-
form covariantly (i.e. §F,, = —g(Fyy x ¢) and §Hy,y =
—g(Hyvy x ¢)) under the combined gauge transformations

@ Springer

8. In a similar manner, it is interesting to point out that the
following quantity
6[(D,LLKV - DUKM) - Buv]
=—[(DuKy — DyK,) — Byl X ¢, (38)
transforms covariantly under the combined gauge transfor-

mations, too.
In the language of differential forms, one can write

dKD +ig [Am’ K(n)] _ g®
1
= 5, (@x"" A dx")[(Dp K, = DyK,) = By, (39)

which is clearly a 2-form quantity. Generalizing this 2-form
quantity on the (4, 2)D superspace which in turn produces
the third HC
) | i =M 5@
ak" +ig| Al RV - BY)
—dkD +ig [A(l), K(l)] — B®. (40)
It is worthwhile to mention that the above HC can also be
obtained from the integrability of the second HC (31) [41].
Exploiting the above HC and setting all the Grassmannian
differential equal to zero, we obtain the precise values of
the renaming secondary ﬁelds~[cf. (A.3)] and we have the
following super-expansion of /C,, as given below
KP(x,0.0) = K, + 0 [Dy& — Cp — g(Ky x O)]
+0[Dué —Cu — g(Ky x O)]
+06[DuR — B,
_g(D/LC X é) - g(K[L x B)
—g(Dué — Cp— g(K, x €)) x C]. (41)
Thus, we obtain the following BRST and anti-BRST trans-
formations for the compensating auxiliary field:
spKyy =Dy —Cy — g(Ky x €),
sabKy = Dyp§ — Cy — g(Ky x C). (42)
The above transformations as listed in (37) and (42) are off-
shell nilpotent and absolutely anticommuting. However, the
absolute anticommutativity property is satisfied on the con-
strained hypersurface defined by the CF-type condition (30)
and the following additional CF-type conditions [cf. (B.5)]:
B, + B, + Dygp—g(CxCy)—g(CxCpy =0,
R+R+¢—g(Cx§)—g(Cx§)=0,
p+1i—g(Cxp)—g(Cxp)=0,
p+2r—g(Cx¢)—g(Cxp)=0. (43)
These CF-type conditions emerge from the second and third
HCs [cf. (A.2) and (A.3)]. Furthermore, it is to be noted that

the first two CF-type conditions are bosonic whereas last two
are fermionic in nature.
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5 Coupled but equivalent Lagrangian densities

Using the basic principles and ingredients of BRST formal-
ism, the most appropriate (anti-)BRST invariant Lagrangian
densities which incorporate the gauge-fixing and Faddeev—
Popov ghosts terms can be written as

1 - 1
L(B)=£+5bsab|:§AM~A“+C~C+§¢.¢

_ - 1
+25~/3+CM~C”—ZB’”~BW , (44)

1 - 1
»C(l}):E—Sabsb[zAu'AM"‘C'C"‘z(p'(p

+2B-ﬂ+éM-CM—%BW-Bw. (45)
It is worthwhile to mention that all terms in the square brack-
ets are Lorentz scalar and they are chosen in such a way
that each term carries zero ghost number and mass dimen-
sion equal to two (in natural units: 7 = ¢ = 1) for the
4D theory. Furthermore, the (anti-)BRST symmetry trans-
formations (decrease) increase the ghost number by one unit
when they operate on any generic field. Also, the operation
of nilpotent transformations raises mass dimension by one
when they act on any field. One can see these observations
directly from the expressions of the (anti-)BRST symmetry
transformations given in (28), (37) and (42). The Lagrangian
densities in its full blaze of glory (in the Feynman-t* Hooft
gauge) can written as

1 1
Ly = =7 F* - Fuo+ 5 - Hyy

1 - -
+%8MVW<BMU'FnK‘f‘E[B’B‘f‘B'B]

—B - (3,A") 4+ [B" — g(C x C")] - [By + Dy
—g(C x Cy) + D'By,]

+ % [(D*CY — D'C*) — g(¢ x F")] - [(DLC,

- DVCIJ.) - 8(5 X FMV)]

—9*C-D,C+D"B-D,p

+ % [R—g(C x&)] (B x Fu)

—[r—gC xPB)] [p—g(C x¢)—D,CH]

—[p—8(C x )] D.CH, (46)
1

1
F'* - Fuy + EHwn " Hyn

1 _
+ 5 eunBY - F' 4 S[B - B+ B - 5]

+ B (3,A") + [B* — g(C x C*)] - [B. + D¢
—g(C x Cy) — DBy, |

1

+ % [(D*CY — D'C*) — g(¢ x F")] - [(DuC,

-D,Cy,) — g x F;w)]
—D"C-9,C+D"B-D,p

—S[R—g(C x§]- (B x Fu)

—[p—8(C xp)]-[»—g(C x B)+ D,C"]
+[r—g(C xB)]-D.C". (47)

These are the coupled Lagrangian densities because the pairs
of the NL-type auxiliary fields (B, B), (B, B,), (R, R),
(A, p), (A, p) are related to each other through CF-type con-
ditions (cf. (30) and (43)). Further, the couple Lagrangian
densities are equivalent because they respect (anti-) BRST
symmetry transformations on constrained surface defined by
CF-type conditions (see Appendix C below).

6 (Anti-)BRST invariance of the Lagrangian densities,
nilpotency and absolute anticommutativity of the
(anti-)BRST symmetries: superfield approach

It is evident from the expressions of the Lagrangian densi-
ties (44) and (45) that the (anti-) BRST invariance can now be
proven in a rather simpler way. This is because of the fact that
under the operation of (anti-)BRST transformations, £ trans-
forms to a total spacetime derivative and rest part in (44) and
(45) turns out to be zero due to the nilpotency and anticom-
mutativity properties of the (anti-) BRST transformations.

The above BRST and anti-BRST invariances of the cou-
pled Lagrangian densities can also be discussed in the con-
text of superfield formalism. Thus, for the sake of brevity,
we generalize the Lagrangian densities on the (4, 2)D super-
manifold as

~ ~ Jd a1 - ~ ~(h) .
ﬁ(B)ZE-Fﬁ%[EAI(f)'AM(h)-F}— 'f(h)

L gm gm g gm . g
2

~(h) . 1 ~ ~
+F, R ,B&)} 48)
~ = d a1l -~ - =(h) .
L‘(B) =L - %ﬁ[z Ag‘) . Aﬂ(h) +F . ]:(h)
1 - - = -
+ 5 M . HWm + 2/3(h) . ,B(h)
2 zum Lz | gm
—i-]:M . F -3 B 'B/w , (49)

where the super-Lagrangian density Lis given by
5 I - ~ 1 - -
_ __ 7 uwvh) o~ 44 gpvn(h)
L= 4]:uv F +12H/wn HA
n 3h) | F(h
+ e B F (50)

By virtue of the HCs [cf. (25) and~(31)], the first two terms
in the super-Lagrangian density (£) are independent of the

@ Springer



452 Page 10 of 14

Eur. Phys. J. C (2018) 78:452

Grassmannian variables (6, 6). The key reason behind this
is that these terms are gauge-invariant (and obviously (anti-
)BRST invariant). The super-topological term in (50) can be
expressed, in terms of Grassmannian variables, as

m m

Z SMUHKBLhJ . fr(/ﬁ) — Z 811«1)'7’( BMV . Fr’K

_8 aul:%EMUUKFI"” . C/(:|
— m

—0 aﬂ[zgﬂunk F;w . CK1|

+6d0, [%e“”'ik Fuy - BK]. (51)

The (anti-)BRST invariance of the super-topological term
can be captured in the context of superfield formalism as

- sb[% ALY P Fﬁk},
) W Ty
833t ] ol ]

= ShSab [% SMWKBMU : F’IK1|-
(52)

Thus, under the operation of Grassmannian translational gen-
erators d3, dg, the super-topological term remains quasi-
invariant (i.e. transforms to a total spacetime derivative). This
implies that the topological term remains invariant modulo a
total spacetime derivative term under the operations of BRST
and/or anti-BRST transformations. Consequently, the super-
Lagrangian densities (48) and (49) remain invariant (up to
a total spacetime derivative) under the action of Grassman-
nian derivatives due to the nilpotency (i.e. 85 =0, 8(3 =0)
and anticommutativity (i.e. 9509 + d9dz = 0) of the Grass-
mannian translation generators. This implies the (anti-) BRST
invariance of the coupled Lagrangian densities within the
framework of superfield formalism.

We can also capture the nilpotency and absolute anticom-
mutativity properties of the (anti-) BRST symmetry transfor-
mations in the language of Grassmannian translational gen-
erators. Mathematically, to corroborate this statement, the
following relations are true, namely;

99 S (x,0,0) =0 = s?X(x) =0

36 96 o b ’

39 = -

530 M (x,0,0) =0 < 52,3 (x) =0, (53)

@ Springer

90 9 9N gt 0.5y =0
—_— —_— X, U0, =
060 00 90 90

<> (b Sab + Sab 5p) X (x) = 0, (54)

where X' (x) is any generic field present in the 4D (anti-
)BRST invariant theory and £ (x, 6, ) is the correspond-
ing superfield defined on the (4, 2)D supermanifold.

7 Conclusions

In our present investigation, we have exploited the superfield
formalism to derive the off-shell nilpotent and absolutely
anticommuting BRST as well as anti-BRST symmetry trans-
formations corresponding to the combined “scalar’” and “vec-
tor” gauge transformations for the 4D topologically massive
non-Abelian gauge theory. In this approach, we have invoked
the power and strength of three horizontality conditions in
order to derive the complete set of the (anti-) BRST trans-
formations. By using the basic tenets of BRST formalism,
we have obtained the most general BRST and anti-BRST
invariant Lagrangian densities (in the Feynman gauge) for
the topologically massive model (cf. (46) and (47)), respec-
tively, where the ghost number and mass dimension of the
dynamical fields are taken into account.

The BRST and anti-BRST invariant Lagrangian densities
are coupled but equivalent due to the very existence of five
constrained field equations defined by CF-type conditions
(cf. (30) and (43)). Tivo of them are fermionic in nature (cf.
(43)). These CF conditions provide us the relations between
the pairs of NL-type auxiliary fields. All CF-type conditions
play very important role:

1. in the proof of anticommutativity (i.e. linear indepen-
dence) of the BRST and anti-BRST transformations (cf.
(A.4) and (B.5)), and

2. in the derivation of coupled (but equivalent) Lagrangian
densities.

These CF conditions are (anti-)BRST invariant and, thus,
they are physical restrictions on the (anti-)BRST invariant
theory.

We have provided the geometrical origin of the BRST
and anti-BRST symmetry transformations in the language
of Grassmannian translational generators d; and 9y, respec-
tively. The properties of the (anti-)BRST transformations are
also captured in terms of the Grassmannian translational gen-
erators. Further, by exploiting the key properties of Grass-
mannian translation generators, we have also captured the
(anti-)BRST invariance of the coupled Lagrangian densities
within the framework of superfield formalism in a simple and
straightforward manner.

We have observed that the vector gauge symmetry of the
Kalb-Ramond field By, in the non-Abelian generalization
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of the topologically model exists due to the introduction of
an auxiliary vector field K in the Lagrangian density (18)
with the expression of the field strength given in Eq. (19).
From the (anti-)BRST transformations of K, as given in Eq.
(42):

SbKZ = (Duf)a - CZ, —g(K, x o),
sabKj, = (D, )" = Cy, — g(Ky x €)°,

we observe that all the modes of the auxiliary field are
unphysical.

We have not included matter fields in this gauge the-
ory. Fermions can be introduced in the model via the cou-

pling Yo"’y B,,,, where oV = %[y“, y"]. This coupling

is invariant under C P transformation and remains invariant
under the gauge transformations

A, — UALUT + 20 0)UT,
g

By — UBLU', v — Uy, ¢ —yU", (55
but the interaction term does not obey the vector gauge
symmetry of By, field. It will be interesting to see how
the interaction 1/30’“’1//B,w contribute to the chromomag-
netic moment and mass renormalization of quarks in QCD.
We can also think of modification of the interaction as
1}0’“’1&[3,“, - (DK, —D, Ku)] to get an interaction term
remained invariant under the vector gauge symmetry of B*¥
field. In the both cases, we should see how those interactions
contribute to the beta function in the non-Abelian gauge the-
ory because the interaction terms are new with respect to
existing literature . We do not know from our present knowl-
edge how the chiral symmetry of fermion field can be broken
in this model. It should also be part in the investigation how
mass of gluon is renormalized in this topologically massive
model.

Acknowledgements RK would like to thank UGC, Government of
India, New Delhi, for financial support under the PDFSS scheme.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix A: Determination of various secondary fields

Exploiting the first HC (25) for the superfields (24), we obtain
the values of secondary fields in terms of the dynamical and
auxiliary fields of the 4D (anti-)BRST invariant theory. The-

ses are listed as follows:
R, = D,C. R,=D,C. B = % (€ % ©),
§=g(By x C),

Bi+ By —g(CxC)=0,

s =—g(B) x O,
B, :%(é x ),

S, = D,By — g(D,C x C)

=—D,B) +g(C x D,C). (A.1)

The second relation in the third line of the above equation is
nothing but the well-known CF condition. It is the hallmark
of non-Abelian 1-form gauge theory and emerged very nat-
urally within the framework of superfield approach to BRST
formalism.

Using the second HC (31) together with (26) and (27), we
obtain the values for the secondary fields for the expansions
of superfields (34), namely;

f3=gCxp). R =-B-gCxEf),
Ry=—-B+g(CxE&), fr=g(Cxp),
fi+f3—8(Cx¢)—g(Cxp)=0,
fi+ f2—8(C x¢)—g(C xB)=0,
S1 =8(C x Ry) — g(B x &)+ fo,
S» =g(C x Ryp) — g(B x &) — f3,
b + b2 + Dugp — (€ x Cp) — g(C x Cp) =0,
by =g(C x f1) — g(B x ¢) + g(C x f2)
—8%(C x (C x B))
= —g(C x f1) + 8(B x ¢) — g(C x f3)
+8%(C x (C x B)),
by = g(C x fr) — g(B x B)
=g(B x B) —g(C x f1) —g(C x f2)
+8%(C x (C x ¢)),
by = g(B x f) — g(C x f3)
=g(C x f1) +g(C x f3) — g(B x B)
—g%(C x (C x ¢)),
b = —DuB+g(C x Cp),
5,(3) =—Duf+g(CxCp),
G =Dufa—g(DuC x B) +g(C x b)) — g(B x Cp),
Gu=—Dyufs+8(DuC x B) — g(C x b)) + g(B x Cp),
Ryy = —(DuCy — DyCp) + g(C x Byy) + g€ X Fuy),
Ié;w = _(Dp,éu - Dvéu) —l—g(é X Buy) + g(g x Fuy),
Suv = g(B x B,w) — (D,LBV — DUB,L) + g(Ry x Fy)
+8(DyC x Cp) — g(DyC x Cp)
+82(E X (Fuy x ©)) + gC x ((DuCy — DyCpy)
—g(C x B;w) —gE x F/w))
= (DyBy — DyBy) — g(B x Byuy) — g(Ry x Fpy)
+8(DyC x Cp) — g(DyC x Cy)
—82(& X (Fuy x ©)) — gC x ((DuCy — DyCp)
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—8(C x Byy) — g(§ x F;w))~ (A.2)

It is to be noted that the third and seventh equations in the
above are the CF-type conditions. These constrained field
equations emerge naturally when we set the coefficients of
the wedge products (d6 A dO A dB), (dO A dO A df) and
(dx* A dO A dB) equal to zero due to the HC (31).

Similarly, the third HC (40) produces the precise values
of the remaining secondary fields as

Py=D,§ —Cy—g(K, xO),
P, =D,é—C, —g(K, xC),
R+R+¢—g(Cx§—gCxE=0,
Q,=D,R—g(D,Cx&) +g(BxK,) —B,
—g(C x (D& — Cy — g(Ky, x 0)))
=-D,R+g(D,C x&) —g(BxK,)+ B,

+8(C x (Dué — C, — g(K, x €))). (A.3)

The field equation in the third line of the above equation
is also the CF-type condition and it emerges naturally from
the coefficient of Grassmannian differentials (d6 A d@) in
Eq. (40).

Appendix B: Absolute anticommutativity property of
(anti-)BRST transformations

It is well-known that BRST and anti-BRST transformations
by construction are off-shell nilpotent and absolutely anti-
commuting. The latter property is satisfied due to the exis-
tence of five CF-type conditions. The anticommutator of the
BRST and anti-BRST transformations for the gauge field A,
can be written as

{Sb. sab}Au = Du[B+ B — g(C x C)]. (A4)

Thus, itis clear that {s;, s4»}A, = 0 onthe constraint hyper-
surface defined by CF condition: B + B — g(C X C_’) =0.
Similarly, for the sake of completeness, we note that the fol-
lowings are true:

{Sp+ Sap}Buv = gIB + B — g(C x C)] x By
+g[R+ R —g(C x&) —g(C x&)]x Fuy
— Du[By + By, — g(C x C,) — g(C x Cy)]
+Dy[By + By — g(C x Cp) — g(C x C)l,
{Shy 5ap}Cp = g[B+ B — g(C x C)] x Cy,
—Dulp+1—g(C x ) —g(C x P,
{sp Sap}Cp = g[B+ B — g(C x C)] x Cy,
—Dpulp+x—g(C x ¢) — g(C x P,
{sp. sap}p = g[B+ B —g(C x O)] x (p— g(C x ¢))
—gz([B—i—I}—g(CxC_‘)] xqb) x C,
{sp. sap}p = g[B+ B —g(C x O)] x (5 —g(C x ¢))

@ Springer

—g2([B+l_3—g(C><C_‘)]x¢)><C_’,
{sp. Sap}¢p = g[B+B+i(C x C)] x ¢,

{Sps Sap}Bu = g[B +B-— g(C x C_‘)] x By,
—gDu[p+1—g(CxpB)—g(CxP)]xC
+&([B+B—g(CxO)]xC)xCp

{Sb Sap}Bu = g[B+ B —g(C x C)] x By
—8gDufp+2r—g(Cxp)—g(Cxp)]xC
+g2([B + B —g(CxC)]xC)xCy,

{sp, sap}Kp = g[B—!—B —g(C x C_‘)] x Ky
+Du[R+R+¢—g(Cx& —g(Cxé)]
—[Bu + By + Dug

—g(C x Cp) —g(C x C)]. (B.5)

Thus, the anticommutativity property of the BRST and anti-
BRST transformations for the fields A, B, Cy, C_‘M, 0,0,
¢, By, Bw K, is satisfied only on the constrained hyper-
surface defined by the CF-type conditions. For remaining
fields (i.e. 8, B, &, § A, xR, R) this property is trivially sat-
isfied. We again emphasize that all five CF-type conditions
play an important role in providing the anticommutativity of
the (anti-)BRST transformations and also responsible for the
coupled (but equivalent) Lagrangian densities.

Appendix C: (Anti-)BRST invariance of coupled
Lagrangian densities

The Lagrangian densities £p) respects the BRST symmetry
transformations, as one check that it remains quasi-invariant.
To be more precise, L(p) transforms to a total spacetime
derivative under the BRST transformations as follows

svLipy = —0,[ B+ D'C + %a“”"" Fup - Cy

— (B —8(C x CM) - (p— g(C x 9))
— (B, — g(C x Cy)) - (D*C” — D" C*

—g(€ x F') = (.= g(C x B)) - D"B)
(C.6)

As a consequence, the action integral remains invariant (i.e.
sp [d*x Ly = 0) due to Gauss divergence theorem. It is
interesting to note that under the anti-BRST symmetry trans-
formations Lp) transforms to a total spacetime derivative
plus some additional terms
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saplp = —9 [B C+ 3 D gmvne g, G

— (B, —g(C x Cy)) - (D*C" — D' C*
—g(& x F'"))
+(5 = 8(C x @) - (B + D'g — g(C x O
+DUB‘“’) — (1 —g(€ x p))- D“B]
+Dyu[(B+ B —g(C x())-d"C]

2
—%[(B+I§—g(CxC)) x E]- (B" x F1)
+8[(B+B—3g(CxO)xp]-[p—g(Cx¢)
—DMC“]
—[*—g(C x B)] - Du[B* + B* +
—g(C x C*) — g(C x CM)]
—Dy[By + By, + Dyg — g(C x C)
—g(C x Cy)]-[D"C" — D'CH — g(€ x F'")]
_g[méw—gwxé)—g(éxa]
- [(D*CY — DYC* — g(€ x F™")) x Fu]
—[A 40 —g(C x¢)—g(C x p)]- Du(D"B)
+3[p+i-gCxe)
—g(C x B)] - (B* x F'").

D"¢

(C.7)

Due to the validity of CF conditions, all the extra terms,
except total derivative term, vanish. Thus, £p) also respects
the anti-BRST transformations on the constrained hypersur-
faces defined by CF conditions (30) and (43).

In a similar fashion, the anti-BRST transformations leave
L j) to a total spacetime derivative

sarLgy = O B+ D' C = 2 By - G

— (B" = g(C x c“)) (p—8(C x¢))

— (B, — g(C x Cy)) - (D*C" — D"C*

—gE x FI™) + (1= g(C x p)) - D).
(C.8)

Thus, £, respects off-shell nilpotent anti-BRST symme-
try transformations. It is to be noted that under the BRST
transformations £ transforms in the following fashion:

$pLj = —0u[ = B-9"C+ T M Fuy - C
+(By — g(C x C))) - (D*C” — D"CH
—g(& x F'"))

+(p—8(C x¢))- (E“ + DHp — g(C x CH)

- DUB””> —(i—g(Cxp)- D/‘B]
—Du[(B+ B —g(C x C))-d*C]

2
+ 8 [(B+ B —g(Cx C) x£] (B x FIY)

2
—g[(B+B —g(CxO)xB]-[p—38(Cx¢)
+ Dy CH]

—[»—8(C x B)] - D.[B* + B* + D¢
—g(C x C*y — g(C x C*")] + Du[By + By
+Dyg — g(C x Cy)
—g(C x Cy)]-[D*cY —
+§[R+R+¢—g(c x ) — g(C x &)] - [(D*C"
—D"CH —g(& x F')) x Fu]
—[A+5—8(C x ¢)—g(C x )] - Du(D"B)

~ 3o +1-5(Cx9)

—g(C x B)]- (B* x F'V).

D"CH —g(§ x FI')]

(C.9)

It is clear that Lagrangian density L g, also respects the
BRST symmetry transformations due to the validity of CF-
type conditions. As a consequence, the coupled Lagrangian
densities respect BRST and anti-BRST symmetries on the
constrained hypersurface defined by the CF-type conditions.
This shows that the coupled Lagrangian densities are equiv-
alent on the constrained hypersurface.
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