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Abstract

We demonstrate the existence of the infinitesimal, continuous and off-shell nilpotent (anti-)co-BRST
symmetry transformations for the coupled (but equivalent) Lagrangian densities in the case of a
four (3 + 1)-dimensional (4D) combined field-theoretic system of the free Abelian 1-form and 3-form
gauge theories within the framework of Becchi-Rouet-Stora-Tyutin (BRST) formalism. Using the
standard theoretical tricks of the Noether theorem, we derive the Noether (anti-)co-BRST currents and
corresponding conserved (anti-)co-BRST charges. We establish that the latter are not nilpotent of order
two due to the presence of the non-trivial Curci-Ferrari (CF) type restrictions on our theory (which have
been deduced, in our present endeavor, from two different theoretical angles). We derive the off-shell
nilpotent versions of the conserved (anti-)co-BRST charges and discuss the physicality criteria w.r.t.
them. We demonstrate that the physical states (existing in the total quantum Hilbert space of states)
are those that are annihilated by the operator forms of the dual versions of the first-class constraints on
our theory. We comment very briefly on the annihilation of the physical states by the operator forms of
the first-class constraints due to the physicality criteria w.r.t. the nilpotent versions of the (anti-)BRST
charges because our 4D theory also respects the nilpotent (anti-)BRST symmetries.
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1. Introduction

The ideas of symmetries of all varieties (i.e. discrete, continuous, spacetime, internal, supersym-
metric, etc.) have been at the heart of modern developments in theoretical physics (see, e.g. [1-4] and
references therein). In fact, it has been well-established that the requirement of the local continuous
symmetry invariance dictates the emergence of interactions in most of the theories that are useful in the
precise description of the natural phenomena. One such symmetry is the well-known gauge symmetry
transformation which has been responsible for the precise theoretical description of the three out of
four fundamental interactions of nature. In other words, the local gauge theories (based on the Abelian
and non-Abelian gauge symmetry groups) describe the electromagnetic, weak and strong interactions
of nature (see, e.g. [1]). One of the most theoretically appealing as well as mathematically elegant
quantization scheme for these kinds of gauge theories is the well-known Becchi-Rouet-Stora-Tyutin
(BRST) formalism [5-8] where the unitarity and quantum gauge (i,e. BRST) invariance are respected
together at any arbitrary order of perturbative computations for a given physical process that is allowed
by the BRST-quantized versions of the interacting gauge theories (see, e.g. [9] for details).

A couple of sacrosanct properties of the BRST formalism is the observation that, for a given local
classical gauge symmetry transformation for a gauge theory, there are two nilpotent versions of the
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quantum gauge symmetry transformations which are called as the BRST and anti-BRST symmetry
transformations for the BRST-quantized gauge theory and these nilpotent symmetry transformation
operators are required to absolutely anticommute with each-other. The former property encodes the
fermionic nature of the (anti-)BRST symmetry transformations under which a fermionic field of a
properly BRST-quantized gauge theory transforms to its counterpart bosonic field and vice-versa.
On the other hand, the latter property implies the linear independence of the BRST and anti-BRST
symmetry transformations (which distinguish them from the N' = 2 SUSY transformations which are
also nilpotent of order two but they do not anticommute with each-other). Physically, the absolute
antcommutativity property implies that the BRST and anti-BRST symmetry transformation operators
have their own identity and they are important in their own right. This claim becomes quite transparent
in the context of the D-dimensional (e.g. D =2, 3, 4) BRST-quantized versions of the field-theoretic
as well as the 1D toy models of Hodge theory (see, e.g. [10-14] and references therein) where the
discrete and continuous symmetry transformations (and corresponding conserved charges) provide
the physical realization(s) of the de Rham cohomological operators' of differential geometry at the
algebraic level.

In our present investigation, we focus on the four (3 + 1)-dimensional (4D) combined field-theoretic
system of the free Abelian 3-form and 1-form gauge theories together (within the framework of BRST
formalism) and discuss the dual-BRST (i.e. co-BRST) and anti-dual (i.e. anti-co-BRST) symmetry
transformation operators for the coupled (but equivalent) Lagrangian densities. We establish that the
total gauge-fixing terms for the Abelian 3-form and 1-form gauge fields, owing their mathematical
origin to the dual-exterior (i.e. co-exterior) derivative of differential geometry (see, e.g. [15-19]),
remain invariant under these nilpotent symmetry transformation operators. This observation should
be contrasted against the off-shell nilpotent and absolutely anticommuting (anti-)BRST symmetry
transformation operators which leave the total kinetic terms for the Abelian 3-form and 1-form gauge
fields invariant (see, e.g. [20] for details). In this context, it is worthwhile to mention that the kinetic
terms for the above Abelian 3-form and 1-form gauge fields owe their mathematical origin to the
exterior derivative of differential geometry [15-19].

In our present endeavor, we have been able to show that the coupled (but equivalent) Lagrangian
densities £y = L(ng) + L(rp) [cf. Eqs. (1),(2)] and Lg) = L(g) + L(fp) [cf. Eqs. (28),(29)] (cf. Secs.
2 and 5) respect the infinitesimal, continuous and off-shell nilpotent co-BRST (i.e. dual-BRST) and
anti-co-BRST (i.e. anti-dual-BRST) symmetry transformations, respectively, because the corresponding
action integrals remain invariant under them. We have derived the conserved (but non-nilpotent)
Noether dual-BRST and the anti-dual-BRST charges which are found to be the generator for the above
off-shell nilpotent dual-BRST and anti-dual-BRST symmetry transformations [cf. Egs. (3),(30)]. The
off-shell nilpotent versions of the co-BRST and anti-co-BRST charges have been systematically derived
(cf. Secs 4 and 7) from their counterparts non-nilpotent versions of the Noether conserved charges by
exploiting the theoretical proposal made in our earlier work [21]. We have discussed (i) the physicality
criterion w.r.t. the conserved and nilpotent version of the co-BRST charge in our Sec. 4, and (ii) the
physicality criterion w.r.t. the conserved and nilpotent version of the anti-co-BRST charge has been
carried out in our Sec. 7. It has been established that the physicality criteria w.r.t. the off-shell nilpotent
versions of the conserved (anti-)dual BRST charges lead to the annihilation of the physical states
(existing in the fotal quantum Hilbert space of states) by the operator forms of the dual versions of the
first-class constraints of our 4D classical field-theoretic system.

1 There exists a set of three operators (d, §, A) on a compact spacetime manifold (without a boundary) which are known as the

de Rham cohomological operators of differential geometry where the operator d = 9, dx/* [with d? = J (9,0, — 9,9,) (dx* A
dx") = 0] is called as the exterior derivative, the operator § = + * d * (with 02 = 0) denotes the co-exterior (i.e. dual-exterior)
derivative and the symbol A = (d + d)? = {d, §} stands for the Laplacian operator. In the above relationship (i.e. § = + * d x)
between the (co-)exterior derivatives (6)d, the symbol * is called as the Hodge duality operator (on the given compact
spacetime manifold). These operators obey an algebra: d> =0, 02 =0, A = (d +d)? = {d, 0}, [A, d] =0, [A, 6] = 0 where
the symbols {, } and [, ] stand for the anticommutator and commutator, respectively. This algebra is popularly known as
the Hodge algebra in the realm of differential geometry [15-19].
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Our present investigation is urgent, essential and important on the following counts. First of all,
it has been amply indicated in our earlier work (see, e.g. [22] for details) that our present 4D combined
field-theoretic system is an example for Hodge theory within the framework of BRST formalism
where the discrete and continuous symmetry transformations (and corresponding conserved charges)
provide the physical realization(s) of the de Rham cohomological operators of differential geometry
[15-19] at the algebraic level. Second, we have discussed the physicality criteria w.r.t. the conserved
and nilpotent versions of the (anti-)BRST charges in our earlier work [20] where we have been able to
show that the operator forms of the first-class constraints of our 4D classical gauge theory annihilate
the physical states of our BRST-quantized 4D field-theoretic system at the quantum level (cf. Appendix
A). In our present endeavor, we discuss the physicality criteria w.r.t. the nilpotent versions of the
conserved (anti-)co-BRST charges and establish that the dual versions of the operator forms of the
first-class constraints annihilate the physical states (which are identified with the harmonic states of the
Hodge decomposed quantum states in the quantum Hilbert space of states). Finally, we show that the
operator forms of the first-class constraints and their dual counterparts are connected with each-other
by the duality symmetry transformations that are respected by the non-ghost sector of the coupled (but
equivalent) Lagrangian densities for our 4D BRST-quantized field-theoretic system.

The theoretical contents of our present endeavor are organized as follows. To set up the useful
notations and to explain the key mathematical symbols, in Sec. 2, we recapitulate the bare essentials of
our earlier work [11] where the nilpotent co-BRST (i.e. dual-BRST) symmetry transformations have
been discussed. Our Sec. 3 is devoted to the derivations of the Noether conserved co-BRST current
and corresponding conserved (but non-nilpotent) co-BRST charge. The subject matter of our Sec 4
is connected with the derivation of the off-shell nilpotent conserved co-BRST charge where we also
study the physicality criterion w.r.t. to it. Our Sec 5 deals with the discussion on a proper set of
anti-co-BRST symmetry transformations that is respected by a coupled (but equivalent) Lagrangian
density corresponding to the co-BRST invariant Lagrangian density of our Sec. 2. We derive the
Noether conserved current and corresponding conserved (but non-nilpotent) anti-co-BRST charge
in our Sec. 6. As far as our Sec. 7 is concerned, we derive the nilpotent version of the conserved
anti-co-BRST charge and study the physicality criterion w.r.t. it in a concise manner. In our Sec 8, we
devote time on the derivation of the non-trivial CF-type restrictions by requiring that both the coupled
Lagrangian densities must respect the nilpotent co-BRST as well as the anti-co-BRST transformations.
These CF-type restrictions are also shown to be responsible for the absolute anticommutativity of the
co-BRST and anti-co-BRST transformations. Finally, in Sec. 9, we summarize our key results, mention
a few novel observations and point out the future scope of our present investigation.

Our Appendix A deals with a very brief summary of our earlier work on the off-shell nilpotent
(anti-)BRST symmetries of our present 4D field-theoretic system [20] and we establish that the nilpotent
versions of the (anti-)BRST charges lead to the annihilation of the physical states by the operator forms
of the first-class constraints on our theory when we demand the validity of the physicality criteria
w.r.t. them. In our Appendix B, we very briefly mention the algebraic structure that is obeyed by the
conserved (anti-)co-BRST charges and ghost charge for our 4D BRST-quantized theory.

Conventions and Notations: We adopt the convention of the left derivative w.r.t. all the fermionic
fields of our theory in the computations of the EL-EoMs, canonical conjugate momenta, Noether
conserved current, etc. We choose our 4D Levi-Civita tensor &0, such that: gg103 = +1 = — %123 and,
when two of them are contrated together, they satisfy the standard relationships: ;""" = — 4!,
EpuyreP = — 3! o’ e juye!V7P = — 2! (5; R —0o9 55) ,etc. As far as the Abelian 3-form gauge field Ay
is concerned, we follow the convention: (§Auve/6Augy) = % o5 ((55 57— of 5)) + 6% ((55 ) — (55 50) +
5{’;(55 57 — b 61)], etc., for the tensorial variation/differentiation for various computational purposes.
We take the background 4D flat Minkowskian metric tensor 17,y as: 17,y = diag (+1,-1,-1,-1) so
that the dot product between two non-null 4D vectors U, and V), is defined as: U - V = 1, U V" =
Uy Vo — U; V; where the Greek indices y, v, 0... = 0, 1,2, 3 denote the time and space directions and Latin
indices 7, j, k... = 1,2,3 stand for the 3D space directions only. The off-shell nilpotent (i.e. s%u) i =0
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(anti-)dual BRST [i.e. (anti-)co-BRST] symmetry transformation operators are represented by the
symbols s(,); and the corresponding conserved (but non-nilpotent) Noether charges are denoted by
Q(a)a- The nilpotent versions of the conserved (anti-)co-BRST charges carry the notations Q(4)p. The
over dot (i.e. @) on a generic field ® denotes the time-derivative (i.e. 9P /0t).

2. Preliminary: Co-BRST Symmetry Transformations

We begin with the BRST-invariant Lagrangian density £ ) which is the sum of the non-ghost
sector of the Lagrangian density £ ) and the FP-ghost sector of the Lagrangian density £ rp) (see,
e.g. [20,22] for details). The explicit form of the former is [20,22]

1 1 1 1 1
Lin) =5 B2(0-¢) — ;B3 +5B3(0-¢) — ; B3+ 5 B>~ B(2- A)
1 1 1 2 1 1
+ 5B+ B (5 ghvop aVAWp) — 7 (Bw)*+ 3 Buw [agA”’“’ +5 (99" — aWpﬂ)]
- 411 (B<-)" + % B [e’”"p doAp + % (09" — 3@”)]/ )

where the fields B, By, By, B3, Byy, BHV are the bosonic Nakanishi-Lautrup type auxiliary fields that have
been invoked to linearize the kinetic as well as the gauge-fixing terms for the fields Ao, Ay, Py, Pu-
To be specific, we have invoked the auxiliary fields B and BHV to linearize the gauge-fixing and kinetic
terms for the Abelian 1-form (A(1) = Ay dx") gauge field Ay, respectively. On the other hand, the
Nakanishi-Lautrup auxiliary fields By and By, have been used to linearize the kinetic and gauge-fixing
terms for the Abelian 3-form field A, respectively. The auxiliary fields B; and B3 have been utilized
to linearize the gauge-fixing terms for the Lorentz vector and axial-vector fields ¢, and ¢,. We would
like to clarify that the (axial-)vector fields @y)(/’y have been introduced in the theory due to the
reducibility properties of the kinetic term for the Abelian 1-form gauge field and the gauge-fixing
term for the Abelian 3-form [i.e. A®) = L A0 (dx# A dx” A dx7)] gauge field. The FP-ghost part of
the BRST-quantized version of our 4D combined field theoretic system of the free Abelian 3-form and
1-form gauge theories is (see, e.g. [20,22] for details)

1 i, a . B i,
‘C(FP) = ) [(aycva + avcay + aacyv) (aycwr) + (ayCW + aVC1)fV

— (0,C" 49"Cy)F, + (0-B) By — (0 B) Bs — By Bs —2 FV' f,

— (4B — 3uBy) (") — ,C20"Cy| — 3, CC, @)

where the fermionic (i.e. C2 = C?> = 0, CC + C C = 0) Lorentz scalar basic (anti-)ghost fields (C)C,
carrying the ghost numbers (-1)+1, are associated with the BRST-quantized version of the Abelian
1-form gauge theory (that is hidden in our combined field-theoretic system). On the other hand,
the fermionic (i.e. wa =0, C_fw =0, Cuw Cop + Cop Cuv = 0, etc.) basic (anti-)ghost fields (Cpy)Cpuv,
carrying the ghost numebrs (-1)+1, respectively, are associated with the Abelian 3-form gauge field A,
We have the ghost-for-ghost bosonic (i.e. B3 # 0, B3 # 0, BuBv = Bu By, etc.) Lorentz vector (anti-)ghost
fields (B,)By in our theory that carry the ghost numbers (-2)+2, respectively. Our BRST-quantized
Abelian 3-from gauge theory is endowed with the fermionic (i.e. C3 = C3 =0, C;C, + G, C, = 0)
(anti-)ghost fields (C,)C, which carry the ghost numbers (-3)+3, respectively (because (C;)C; are the
ghost-for-ghost-for-ghost fields in our theory). In addition, we have a pair of bosonic auxiliary fields
(Bs, Bs4) which carry the ghost numbers (-2, +2) and a pair of fermionic auxiliary fields (Fy, fu) that are
endowed with the ghost numbers (-1, +1), respectively. On top of all these basonic/fremionic auxiliary
and basic (anti-)ghost fields, we have the additional fermionic (i.e. C% = C% =0,CG+CC =0
(anti-)ghost fields (C;)C; that are endowed with the ghost numbers (-1)+1, respectively. All these
bosonic and fernionic (anti-)ghost fields are required in our theory to maintain the unitarity at any
arbitrary order of perturbative computations for a physical process that is allowed by our 4D BRST-
quantized field theoretic system of the Abelian 3-form and 1-form gauge theories.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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It is very interesting to point out that the fofal Lagrangian density £3) = L(ng) + L(rp) [cf. Egs.
(1), (2)] respects the following infinitesimal, continuous and off-shell nilpotent (i.e. sﬁ = 0) dual-BRST
(i.e. co-BRST) transformations s;, namely;

_ 1 _ _ _ _ ~
SdAyW = Euvop d°C, SdAy = 5 Euvap 9"C%, Sdcyv = a}l.Bv - av,Byr Sdfit = ayBSr

Sdgyv = BHF,, — a,,Fﬂ, Sd,Bpl = ayCz, s4C1 = — Bg, Sd‘By = _fpl/ Sd%ﬂ = +FH’
stW = - B’w, $4C =+ By, 5;C, = By, sd(fl = Bs, SdFH = — E)HB3,

S4 |:C2/ C_'/ f]u Fy/ (PV’ B/ Bl/ B2/ B3/ B4/ B5/ B}ll// B]ﬂ// ByV/:| - 0/ (3)

because we observe that £ ) transforms to a total spacetime derivative

salp) = % o [(3” C" 49" C7" + 97 C") By + B" F, + B4 0" C,

+ Bs '+ By E¥ + (" B”—E)"B”)fv] +9, [Bl a?‘c'], 4)

thereby rendering the action integral S = [ d*x L p) invariant (i.e. s;5 = 0) for all the physical fields of
our theory which are supposed to vanish off as x — & co due to the Gauss divergence theorem. Thus,
the infinitesimal, continuous and off-shell nilpotent co-BRST transformations (3) are the symmetry
transformations for our theory.

We end this section with the following remarks. First of all, the nilpotency property (i.e. s3 = 0)
of the co-BRST symmetry transformation operator s; establishes its fermionic nature. As a consequence,
this operator transforms (i) a bosonic field of our theory to a ferminoc field, and (ii) a fermionic field to
its counterpart bosonic field. Second, the gauge-fixing terms (9 - A) and (d,A7"") owe their origins
to the co-exterior (i.e. dual-exterior) derivative of differential geometry because we observe that:
A = (3-A) and 6A0) = — % (07 Agyy) (dx* A dxV). Tt is interesting to point out that the fotal
gauge-fixing terms for the Abelian 3-form and 1-form gauge theories remain invariant under the
co-BRST (i.e. dual-BRST) symmetry transformations. Hence the nomenclature (i.e. the co-BRST/dual-
BRST) symmetry transformations) for the infinitesimal and continuous transformations in equation
(3), is correct. Third, we note that, it is very essential to have both the Abelian 1-form and 3-form
gauge theories fogether so that our 4D BRST-quantized combined field-theoretic system can respect the
co-BRST symmetry transformations. Finally, we would like to point out that, in addition to the off-shell
nilpotent co-BRST symmetry transformations in (3), the Lagrangian density £p) = L(ng) + L(rp) also
respects the off-shell nilpotent BRST symmetry transformations (see, e.g. Appendix A for details).

3. Noether Co-BRST Conserved Current and Charge

According to Noether’s theorem, the existence of the infinitesimal continuous and off-shell
nilpotent co-BRST symmetry transmissions (3) leads to the derivation of the Noether co-BRST current
(J{z)) as follows

e OE®) [ ot a7 ) By + By 4 Byt C
(@) T 3(0,®;) 2 a v
+ BSfH+B3F”+(a”BV*aV.BV)fV} — B19"C, ()

where the generic field ®; stands for all the bosonic as well as fermionic dynamical fields of our
4D combined system of the BRST-quantized Abelian 3-from and 1-form gauge theories which is
described by the perfectly (co-)BRST-invariant Lagrangian density £ g). In other words, we have:
®; = Awves Covs Cuvs Ay Gus s Bus B C1, Gy, C, C in the Lagrangian density E(B) and the rest of the
terms of the above equation (5) are nothing but the terms on the r.h.s. of equation (4) modulo a sign
factor which is connected with the standard technique of the Noether theorem. The first term of the
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r.h.s. of (5) can be explicitly computed by taking into account (i) the convention of the left derivative
w.r.t. the fermionic dynamical fields, (ii) the usual convention of the derivative w.r.t. the bosonic
dynamical fields, and (iii) the infinitesimal, continuous and off-shell nilpotent co-BRST symmetry
transformations (3) of our 4D BRST-quantized theory. The final expression for the conserved Noether
co-BRST (i.e. dual-BRST) current (J g’ d)) turns out to be the following:

Iy = % (B E, — e B (8,Cop) + (9HCH7 +9"C7M 4+ 27CH) B
4 &9 (2,C) Byp + By 0HCy — (1B — 0" 3,Ca + (1B — 3'B) £,
+ By P+ Bs f1 4 (9'C" +3'C7 + 97C) (39, — doBy)| + B1 9C. 6)

The conservation law (i.e. 9] ? Q= 0) can be proven by taking into account the following Euler-
Lagrange (EL) equations of motion (EoMs) which emerge out from the (non-)ghost sectors of the
Lagrangian densities (1) and (2), namely;

OC=0, OG=0, 0,(d"p"~0"p") =0"By, (0-F) =0,
O (0"p" —9"p") = —0"Bs, 9B +9"B3 =0, (@-f) =0,

1 1
5 &P 0,Bp — "By =0, =" d,Byy +I'B=0,

9u (9" CY7 +3"CH +3°C) = —  (3"F7 — oF"),

(an(T_atva). (7)

NI —= N =

9, (9MCY7 4 9VCTW 4 37CH) = —

The conserved Noether co-BRST current (i.e. | é‘ d)) leads to the definition of the conserved co-BRST

charge Q; = [d%x ] ? 4) whose explicit expression is as follows:

Qi = /d3x {% {BOi F — Yk B (al(f]k) + (BOC’] +9C0 + BJCO’) Bl]
+ &K (9;C) B+ B4 G — (%8 — 9'B%) 0,C2 + (3°B' — 9'B°) f;
+ By FO 4 Bs fO+ (3°CT 4 9'C/F + 9/ C%) (3,8, — a]-[&i)} + B c‘} . (8)

The above conserved charge Q; is the generator for the infinitesimal, continuous and off-shell nilpotent
co-BRST symmetry transformations (3). This can be readily checked by the standard relationship
between the infinitesimal continuous symmetry transformations and their generator as the Noether
conserved charge. In other words, we have the following standard mathematical formula in the case
of our dual-BRST transformations, namely;

sa®ix) = 1 [ @), Q] ©)

where the (£) signs, as the subscripts on the square bracket in the above equation, correspond
to the square bracket being an (anti)commutator for the generic dynamical field ®;(x) being
fermionic/bosonic in nature. The =+ signs, in front of the square bracket on the r.h.s., have to be
chosen judiciously as far as the choice of the field ®; is concerned.

We wrap-up this section with the following decisive remarks. First of all. we observe that the
total gauge-fixing terms (owing their basic mathematical origin to the co-exterior derivative) for the
Abelian 3-form and 1-form gauge theories remain invariant under the nilpotent co-BRST symmetry
transformations. This observation is distinctly different from the invariance of the total kinetic terms
(cf. Appendix A), owing their basic origin to the exterior derivative, that remain invariant under the
(anti-)BRST symmetry transformations (see, e.g. [20] for details). Second, even though the nilpotent
co-BRST symmetry transformations are fermionic in nature, these transformations are not like the
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supersymmetric transformations which are also fermionic (cf. the Sec. 5 for more discussions). Thus,
the mathematical basis for the existence of the co-BRST symmetry transformations lies in the co-
exterior derivative of differential geometry. Third, the existence of the co-BRST (and corresponding
anti-co-BRST) symmetry transformations are crucial for (i) the consideration of the combined 4D BRST-
quantized field-theoretic system of the Abelian 3-from and 1-form gauge theories together, and (ii) the
proof that our present 4D BRST-quantized field-theoretic system is an example for the Hodge theory
[22]. Fourth, it is essential to point out that under the (anti-)BRST symmetry transformations (see, e.g.
[20]), the BRST-quantized versions of the Abelian 3-form and 1-form gauge theories remain invariant
separately and independently unlike in the case of the (anti-)co-BRST symmetry transformations where
both these gauge theories are required to be present fogether. In other words, for the (anti-) co-BRST
invariance in our 4D theory, we need to have the free Abelian 3-form and 1-form field-theoretic system
together because the variation of the kinetic term for the Abelian 3-form gauge field compensates with
the variation of the FP-ghost term for the BRST-quantized Abelian 1-form gauge theory. Finally, we
note that the relationship, written in equation (9), is a very general expression and it is valid for all
kinds of choices for the generic field ®;. Choosing the generic field ®; to be the co-BRST charge itself
(i.e. ®; = Qy), we obtain the following expression from (9), namely;

Sq Qd = i{Qd, Qd} = — % /d3x [(BOB” + E)iBfk + BJBOZ) (BI‘B] — a]‘[_‘;l)
- @F -G £0, (10)

where we have explicitly computed the Lh.s. (i.e. s; Q;) by directly applying the co-BRST symmetry
transformations (3) on the expression for Q [cf. Eq. (8)]. In other words, we find that the anticommu-
tator: { {Qd, Qd} =2i Qg # 01is not equal to zero [cf. the rh.s. of equation (10)] which implies that the
Noether conserved co-BRST charge Q; is not nilpotent2 of order two (i.e. Qﬁ # 0). Hence, this Noether
conserved charge is not suitable for the discussions connected with (i) the BRST cohomology (see. e.g.
[23] for details), and (ii) the physicality criterion w.r.t. it (cf. Sec. 4 for more discussions).

4. Nilpotent Co-BRST Charge from Noether Charge

The central theme of this section is to derive the conserved and nilpotent (i.e. Q% = () version of
the co-BRST charge Qp from the non-nilpotent (i.e. Qﬁ # 0) version of the Noether conserved charge
Q. In this context, we shall exploit systematically the theoretical method that has been proposed in
our earlier work [21]. According to the basic ideas behind our earlier work [21], the emphasis will be
laid on the use of (i) the EL-EoMs that are derived from the perfectly co-BRST invariant Lagrangian
density £py = L(ng) + L(rp), (i) the partial integral followed by the Gauss divergence theorem, and
(ii) the infinitesimal, continuous and off-shell nilpotent (i.e. sﬁ = 0) co-BRST symmetry transformations
s4 at appropriate places, to make sure that, ultimately, we obtain: s;Qp =i {Qp, Qp} = 0 thereby
leading to the derivation of the nilpotent (i.e. Q2% = 0) version of the co-BRST charge Qp from the
non-nilpotent (i.e. in # 0) Noether co-BRST charge Q.

Against the backdrop of the key contents of the above paragraph, first of all, we focus on the
fourth term of the Noether conserved co-BRST charge Q; [cf. Eq. (8)]. Using the partial integration
followed by the Gauss divergence theorem, this term can be written as

% /d3x 0k (3,C) By = — % /d3x O (3,B) C, (11)

2 This happens because of the presence of the non-trivial CF-type restrictions (cf. Sec. 8 below) on our theory. The key idea
behind it has been discussed, in an elaborate manner, in our earlier work [21].
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because we have dropped a total space derivative term. Using the EL-EoM: % e"f 9By = 9By [cf.
Eq. (7)], we can recast the above integral as:

- % /d3x SOijk (alB]k) C=- /d3x Bl C. (12)

Taking into account the last term of the expression for the Noether co-BRST charge in (8) and the above
integral, we have the contribution to a part of the nilpotent (i.e. Q% = 0) version of the co-BRST charge
Qp from the BRST-quantized version of the combined field-theoretic system of the Abelian 3-form and
1-form gauge theories as follows

Q) = / &x [B, C— B, (], (13)

where the superscript (1) on Qg) denotes the fact that the above contribution incorporates into it the
auxiliary field By. It is straightforward to note that the above charge Q(Dl) is co-BRST invariant because
we find that: s Qg) = 0 where we have directly applied the off-shell nilpotent (i.e. s3 = 0) co-BRST

symmetry transformations (3) on (13). Thus, the charge Qg) will be a part of the full nilpotent version
of the co-BRST charge Qp. We concentrate now on the second term of the Noether co-BRST charge
Q, [cf. Eq. (8)] which can be re-expressed, using the beauty of the partial integration followed by the
theoretical strength of the Gauss divergence theorem, as follows

_ % / #x O B (3,C) = +% / #x 9 (3,B) Cy, (14)

where we have dropped a total space derivative term because all the physical fields vanish off as
x — *oo. We can, at this stage, use the EL-EoM: %EVV‘TP dyBsp = —d"B [cf. Eq. (7)] which can be
recast in the following form

(9"B" + "B + 3" BI) = — ¢ 9, B, (15)

to obtain the following from the above integral (14), namely;
+ % / dx "% (9;B) Cye = — % / dx (°B7 + ' B + 9/ BY) C;s. (16)

This term would be incorporated into the nilpotent (i.e. QIZD = 0) version of the co-BRST charge Qp.
Toward our main goal of obtaining s;Qp = 0, we have to apply the co-BRST symmetry transformation
operator s; [cf. Eq. (3)] on the r.h.s. of the above expression which, ultimately, leads to the following
explicit result, namely;

L o @8+ 950+ ) (0 - 0. )

At this juncture, we have to modify a specific term of the Noether conserved charge Q; [cf. Eq. (8)]
so that, when we apply s; on a part of that term, the outcome should cancel out with our result in
(17). Such a term is the last but one term: 5 [ d%x (3°CY + 9'C/® + 9/C") (9;B; — 9;B;). This term can
be modified by exploiting the simple algebraic trick as:

- % /d3x (3°CY +9'C? +9/C™) (9;B; — 9B:)
+ / x (2°CT 4 9CI0 + 9IC) (3,B; — 9;1). (18)

It is straightforward to note that the outcome of the application of the co-BRST transformations s; [cf.
Eq. (3)] on the first term of the above equation cancels out with our result in (17). Hence, in the final
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expression for the nilpotent version (i.e. Q% = 0) of the co-BRST charge Qp, the first term of the above
equation (18) will be present. We would like to point out that, at present stage of our exercise, we have
already obtained three crucial terms of the nilpotent version of the co-BRST charge Qp. These very
important and useful terms are (i) the full integral in our equation (13), (ii) the complete integral in
(16), and (iii) the first integral that is present in our equation (18).

Let us now focus on the second term of equation (18) which can be re-expressed as: 2 [ d3x (3°C1 4
9'CI0 + 9iCY%) (o; B;). Using the partial integral followed by the Gauss divergence theorem, this term
turns out to be

) / Px 3;(3°CH 4 9'Cl0 1 1Y) B, (19)

where we have dropped a total space derivative term. Exploiting the theoretical strength of the
appropriate3 EL-EoMs from (7), this integral can be re-written as:

~ [@x@F -3 b (20)

The above integral will be present in the expression for the nilpotent version of the co-BRST charge Qp.
For our central goal of obtaining s;Qp = 0, we have to apply the co-BRST symmetry transformations
(3) on the above integral which leads to the following

s [ @F 0B =+ [dx @ -3, @y

where we have taken into account (i) the fermionic natures of s; and the auxiliary vector field f,, and
(ii) the co-BRST symmetry transformations that have been listed in equation (3). As per the method
proposed in our earlier work [21], we have to modify an appropriate term of the non-nilpotent co-BRST
charge Q, [cf. Eq. (8)] such that when s; acts on a part of that term, the outcome should cancel out
with our result in (21). Such a term is: — 3 [ d®x (398" — 9?8°) 9,C, which happens to be the sixth term
in the expression for Qy [cf. Eq. (8)]. Using the simple algebraic trick, this integral can be re-written as
follows:

+/d3x(a0ﬁtai/50)a,-c‘r % /d3x(aoﬁi—aiﬁ0)ai(§2. (22)

It is straightforward to note that the application of the co-BRST symmetry transformations: s;C; =
0, saBy = — fu [cf. Eq. (3)] on the first integral of the above equation cancels out with our result in (21).
Hence, the first integral of the above equation will be present in the nilpotent version of the co-BRST
charge Qp. We focus, at this stage, on the second integral of (22). Using the partial integration followed
by the application of the Gauss divergence theorem, this integral can be re-written as

- % / Px 0;(3°p — 9'p%) Gz, (23)
where we have dropped a total space derivative term because of obvious reason. We are in the position
to use the EL-EoM: 9,,(9#BY — 0" p*) = 9"B, which leads to 9;(3°p' — 9'8%) = — By [cf. Eq. (7)] for the

choice v = 0. This specific equation is derived from the FP-ghost part of the Lagrangian density (2).
Thus, ultimately, we obtain the following

+§ /d3x8i(80ﬁi —9BCy =~ ; /d3x By G, (24)

3 To be precise, we have used the EL-EoM: 9, (9# C*7 4 8"C# + 97CH) = — 1 (3" — 37 ") where we have made the choices:
v =0and ¢ = j which leads to: 9;(3°C/ 4 8'C/0 + 8/C%) = 1 (37 — 9/ 7).
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which turns out to be the co-BRST invariant quantity because we observe that: s;(By C;) = 0 [cf. Eq.
(3)]. Assimilating all the useful and relevant integrals, we obtain the final expression for the nilpotent
version of the co-BRST charge Qp as follows:
1 ;= = . — — PR PR
Op = /d3x [5 {801 Fi+ By Gy — 3By Gy + (39CH + 9'CI0 4 3IC%) By; + Bs f°
(0°B' — 9'B°) f; — (3°CY 4 9'CHk + 9/CY) (9;B; — 9;B;) + B3 F°
— (°Bi +o'BI* 9/ B%) CU} + (BiC— By Gy) + (3% —9'B%) 8;C,

(8 —a'f") Bi). (25)

+

A few comments are in order now. First of all, it can be checked that s;Qp = 0 where, for this proof,
we have to apply the co-BRST symmetry transformations (3) directly on the expression for the modified
version of the co-BRST charge Qp [cf. Eq. (25)]. This observation implies that we have obtained the
nilpotent (i.e. Q% = 0) version of the co-BRST charge Qp from the non-nilpotent (i.e. Qé = 0) version
of the Noether co-BRST charge Q. Second, toward our main goal of obtaining Qp from Qy, first of all,
we have performed the partial integration followed by the Gauss divergence theorem on the terms of
the Noether co-BRST charge Q; [cf. Eq. (8)] that contain the gauge-fixing terms for the basic gauge
fields A, and A,y¢. For instance, we have started off with the terms like: — % f d3x 0k B (9;C jk) and
+ 1 [ d®x Viik (9,C) Bjx because we know that: B = (9 A) and Byy = 07 Agpy + 3 (0u¢py — dupy) which
are nothing but the gauge-fixing terms for the Abelian 1-form and 3-form gauge fields, respectively.
Third, in our derivation of Qp from Q,, we have exploited (i) the appropriate EL-EoMs, and (ii) the
partial integration followed by Gauss’s divergence theorem. Hence, both forms of the charges (i.e. Qg
and Qp) are conserved due to the basic tenets behind Noether’s theorem. Finally, it worthwhile to point
out that many of the terms that are present in Qp [cf. Eq. (25)] are same as the ones that are present in
Q, [cf. Eq. (8)] because such terms are trivially co-BRST invariant.

Right from the beginning [cf. Egs. (1),(2)], we observe that the basic as well as the auxiliary
(anti-)ghost fields (present in the FP-ghost part of the Lagrangian density £rp)) are decoupled from
the rest of the physical theory (described by the Lagrangian density £ y)). As a consequence, a specific
state in the quantum Hilbert space of states is the direct product [24] of the physical states (i.e. |phys >)
and the ghost states (i.e |ghost >). Within the framework of BRST formalism, the physicality criterion,
w.r.t. to a nilpotent and conserved charge, requires that the physical states (i.e. |phys >) are those
that are annihilated by this conserved and nilpotent charge*. A close and careful look at the nilpotent
version of the co-BRST charge Qp [cf. Eq. (25)] demonstrates that every individual term of this charge
carries a ghost number equal to —1 which is made up of (i) the basic/auxiliary physical fields with
ghost number equal to zero [cf. Eq. (1)] and the basic/auxiliary ghost field(s) [cf. Eq. (2)] with ghost
number equal to —1, and (ii) the basic/auxiliary (anti-)ghost fields present in £ pp). In the physicality
criterion w.r.t. the nilpotent version of the co-BRST charge, every individual term of this charge acts on
a specifically chosen quantum state. When the ghost fields of Qp act on the ghost states (i.e |ghost >),
they always produce non-zero result. Hence, the physicality criterion (i.e. Qp |phys >= 0) w.r.t. the
conserved and nilpotent version of the co-BRST charge Qp requires that the physical fields (carrying
the ghost number equal to zero) must annihilate the true physical states (i.e. |phys >) which should
be consistent with the Dirac quantization conditions for systems that are endowed with constraints.
As far as our 4D BRST-quantized field theoretic system is concerned, the physicality criterion w.r.t.

4 Ona compact spacetime manifold without a boundary, any arbitrary n-form f, (with n = 1,2,3.....) can be written as a
unique sum of the harmonic form h,, (with Ah, =0, dh, =0, dh, = 0), an exact form (d e,_1) and a co-exact form (J c;,41) as:
fu =hn +de,_1 +dcni1 where, as pointed out earlier, the set of three operators (d, 6, A) are the de Rham cohomological
operators of differential geometry [15-19]. This observation is what is famously known as the Hodge decomposition
theorem in the domain of differential geometry. This theorem can be utilized in the quantum Hilbert space of states for the
BRST-quantized field-theoretic systems that are examples for Hodge theory where the physical states (i.e. |phys >) can be
chosen to be the harmonic states that will be annihilated (i.e. Q) [phys >= 0, Qa)p |phys >= 0) by the conserved and
nilpotent versions of the (anti-)BRST (Q( A) p) and (anti-)co-BRST (Qa)p) charges.
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the co-BRST charge must lead to the annihilation of the physical states by the dual version of the
first-class constraints of the 4D classical field-theoretic system because the physicality criterion (i.e.
Qg |phys >= 0) w.r.t. the conserved and nilpotent version of the BRST charge leads to the annihilation
of the physical states, at the quantum level, by the operator forms of purely the first-class constraints of
our 4D classical field-theoretic system (see, e.g. Appendix A).

Against the backdrop of the above paragraph, we note that the physicality criterion (i.e.
Qp |phys >= 0) w.rt. the conserved and nilpotent version of the co-BRST charge Qp, leads to
the following conditions on the physical states, namely;

. 1
By |phys > =0, By |phys > =0, 3 B;j |phys > =0,
% (3°B7 +9'B° + 3/ BY) |phys > = 0. (26)

It is worthwhile to point out a few subtle issues that have been taken care of in the above derivation
from the requirement: Qp |phys >= 0. As mentioned earlier, we have focused on the operation of
the physical fields (with ghost number equal to zero) which are associated with the basic anti-ghost
fields of our 4D BRST-quantized theory. We lay emphasis on this issue because there are a couple of
terms: % f d3x (BOi F,+B3F 0) in the expression for Qp where the auxiliary fields B% and B, carry the
ghost number equal to zero. However, these fields have not contributed anything in the conditions
(26) because they are not associated with the basic anti-ghost fields of our theory. Rather, they are
associated with the components of the auxiliary anti-ghost fermionic vector field F,. A close look at
the above conditions on the physical states (i.e. |phys >) w.r.t. the nilpotent and conserved version of
the co-BRST charge Qp and the ones that have been obtained in equation (A.5) w.r.t. the nilpotent and
conserved version of the BRST charge Qp (cf. Appendix A) establishes that these conditions are dual to
one-another. This is due to the fact that under the following discrete duality symmetry transformations
(see. e.g. [22])

1
Ay — F 37 Emvop AP, Ape — Tewop AP, By — =By, By — F Buy,

B—+B;, Bi—FB, By—=+Bs, Bs— FBy ¢y — Lty du — Fu, (27)

the non-ghost part of the Lagrangian density £y [cf. Eq. (1)] remains invariant. There exists a set of
duality symmetry transformations in the ghost sector, too [22]. However, for our immediate purpose,
we do not need to mention them urgently here. In other words we note that the conditions (26) on the
physical states (i.e. |phys >) w.r.t. the conserved and nilpotent co-BRST charge Qp are deeply connected
with the conditions: B [phys > =0, B|phys >=0, 3 Bj; |phys > =0, 5 (3°B" +0'B* +9/B") |phys >
= 0 [cf. Eq. (A.5)] that emerge out from the physicality criterion (i.e. Qp |phys >= 0) w.r.t. the
conserved and nilpotent version of the BRST charge due to the presence of the discrete duality symmetry
transformations in (27) in the non-ghost sector of our theory.

5. Nilpotent Anti-Co-BRST Transformations

Corresponding to the co-BRST invariant Lagrangian density L) = L(ng) + L(rp) [cf. Egs.
(1),(2)], we have the anti-co-BRST invariant Lagrangian density £ g) = L(;4) + L f,) which incorpo-
rates into it the non-ghost part [i.e. £;,¢)] and the FP-ghost part [i.e. £(s,]. These Lagrangian densities
(i.e. L(,q) and L rp,)) are the analogues of the non-ghost part of the Lagrangian density £ yg) [cf. Eq.
(1)] and FP-ghost part of the Lagrangian density £ rp) [cf. Eq. (2)] of £ p). First of all, let us focus on
the non-ghost sector L ;¢ of the Lagrangian density £ z) which is described by the following
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1 1 1 1 1
Ling) = EBz—B(&A)—f—EBz(awp) —ZB§+§B3(8~¢) —ZBg
1 1 1,0 2 1. 1
t 3 B + By (g ehtvop auAWp) T (Buv)™ — 5 By [aﬂAUW —5 (or¢" — avfpy)}
1, 1, 1, _
— 3 (Bu)? =3B [P 004, — 5 (379" - 3'9")), (28)

where a couple of bosonic Nakanishi-Lautrup type auxiliary fields By, and By, (with zero ghost
numbers) have been invoked to linearize the gauge-fixing term for the free Abelian 3-form gauge field
and kinetic term for the free Abelian 1-form field, respectively. A comparison between the Lagrangian
density (1) and (28) establishes that the last four terms have a few decisive differences in the signs. The
FP-ghost sector of the Lagrangian density L ) for our 4D field-theoretic system is described by the
following Lagrangian density [22]

17, - . ] ] )
Lipy = 3 [(GHCW +9yCop + 95Cpy) (9" C") — (9,CM — 3" Cy) F,

+ (9uCM —9"Ch)fy+ (9-B) Ba— (9-B) Bs — BaBs — 2 f'

— (4B — 3uBy) (") — uC29"Cy| — 3, CC, (29)

which is different from our earlier FP-ghost Lagrangian density [cf. Eq. (2)] that has been taken into
account in the co-BRST invariant Lagrangian density £ g). It should be pointed out that we have (i)
two new fermionic (anti-)ghost [i.e. (f,)F,] auxiliary fields in (29) that carry the ghost numbers (-1)+1,
respectively, and (ii) the second and third terms of the FP-ghost parts of the Lagrangian densities in (2)
and (29) are quite different.

As per the sacrosanct requirements of the BRST formalism, it is essential that we should have
the (i) off-shell nilpotent (i.e. s%a) 4 = 0), and (ii) absolutely anticommuting (i.e. s3S54 + 5454 = 0)
infinitesimal co-BRST (i.e. s;) and anti-co-BRST (i.e. s,;) transformations at the quantum level in a
properly BRST-quantized theory. In view of these two requirements, corresponding to the infinitesimal,
continuous and off-shell nilpotent (s3 = 0) co-BRST symmetry transformations (3), we have the
following infinitesimal, continuous and off-shell nilpotent (i.e. s2; = 0) anti-BRST transformations
(544), namely;

1
SudAyva = Euvop o’C, SadAy = 5 Euvop 0"C, Sudcyv = ayﬁv - av,By/

SadBuv = OpFy — v Fy, SadPu = 9uCa, SaaPu =~ fur  Sadu =+ Fy,

sﬂdclxﬂ/ = — Bl’”/' Sadc = — B1, SadCZ = B5, Sudc_l = B3,
Sﬂdcl =+ B4/ Sudfy = +ayB4, sudFy = +8HB3,
Sud [c, Ca, B, By, By, Bs, By, Bs, fu, Fu, @4, B, B, Bw} — 0, (30)

which transform the Lagrangian density £ p) to the total spacetime derivative:

1 ~ ~
salp) = 5 [BW F, — (9" CY7 48" C7* +3° C") Byy — B5 0" Gy

+ BsF'—Byfl+ (3" B 0" B) ] +9u[Brarc. (31)

The above observation renders the action integral (i.e. S = [d*x L)), corresponding to the La-
grangian density L g, invariant (i.e. 5,45 = 0) due to Gauss’s divergence theorem where all the
physical fields vanish off as x — 4 co. Hence the infinitesimal, continuous and nilpotent anti-co-BRST
transformations (30) are the symmetry transformations for our 4D BRST-quantized field-theoretic
system of the Abelian 3-form and 1-form gauge theories.
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We wrap-up this short (but quite important) section with the following crucial remarks. First of
all, we would like to point out that the Lagrangian densities £ ) and L g, are coupled because some of
their fields are not independent (in the true sense of the word) because of the presence of the non-trivial
CF-type restrictions on our 4D BRST -quantized theory (cf. Sec. 8 below for details). These coupled
Lagrangian densities are also equivalent from the points of view of (i) the symmetry considerations (cf.
Sec. 8 below), and (ii) the direct equality (see, e.g. [20] for details). Second, the nilpotency property
establishes that the anti-co-BRST symmetry transformation operator s,; is fermionic in nature which
transforms a bosonic field into its counterpart fermionic field and vice-versa. Third, the operation
of the anti-co-BRST symmetry transformation operator on a field leads to the increment in the ghost
number as well as the mass dimension (in the natural units: # = ¢ = 1) by one [cf. Eq. (30)]. Fourth, the
absolute anticommutativity property (i.e. 545,47 + 54557 = 0) between the co-BRST and anti-co-BRST
symmetry transformation operators encodes (i) the linear independence of these two transformation
operators, and (ii) the validity of the (anti-)BRST and (anti-)co-BRST invariant CF-type restrictions (cf.
Sec. 8 for details). Finally, the nilpotent co-BRST and anti-co-BRST symmetry transformation operators
are quite different from the nilpotent N' = 2 SUSY transformation operators because of their absolute
anticommuting property. Hence, the latter property is the distinguishing (and very crucial) feature of
the co-BRST and anti-co-BRST symmetry transformation operators.

6. Conserved Noether Anti-Co-BRST Charge: Comment on Its Nilpotency Property

In our previous section, we have seen that the action integral (corresponding to the Lagrangian

density E(B) = E( + E( fp)) remains invariant because of (i) our observation in (31), and (ii) the

ng)
application of the partial integration followed by the Gauss divergence theorem due to which all the
physical fields vanish off as x — =+ co. This specific observation, according to the Noether theorem,
leads to the derivation of the Noether anti-co-BRST current (i.e. ]5 ;) by exploiting the following

formula, namely;

” o 2E® Ll (gr vy gv coi 4 g ) By — Bsat C
](ud) Sad zm—i[ v — ( + + ) Bye — Bs 2
+ BsF'—Byfr 4 (9" B~ p") fi| - B1oVC, (32)

where the generic field ®; = Auve, Cuv, Cuv, Ay, Gy, cﬁl, Bu, By, C1,C1,C, C stands for all the bosonic/
fermionic dynamical fields of the Lagrangian density £ z). These fields are dynamical because of the
presence of their derivative terms in £ ). The rest of the terms (ROTs), in the above equation, are the
ones that are present in the square brackets of equation (31) modulo a sign factor which is consistent
with the basic tenets of Noether’s theorem. The first term, in the above equation (32), can be precisely
computed by using (i) the proper rules for the derivatives w.r.t. the fermionic and bosonic fields of our
4D BRST-quantized theory, and (ii) the infinitesimal, continuous and off-shell nilpotent (i.e. s% ;=0
anti-co-BRST symmetry transformations s, [cf. Eq. (30)]. The explicit expression for the Noether
anti-co-BRST current | (”u 0) (fp), from the FP-ghost part (i.e. £(s,) of the Lagrangian density £ g, plus
the ROTSs, turns out to be the following

10 v o m i
]Zld)(fp) = 75 [(a#c 7+ 0" C 497 C*) (9yBy — dvPv) + B50H Cy

bOB (@B B fo k(1B -9 BRG], )

where the argument (fp) in the above current [i.e. | g’u 4) (fp)] denotes the fact that (i) we have taken
into account only the Lagrangian density £ Fp)r and (ii) the rest of the terms (ROTs) of equation (31)
which have been taken into account from the terms that are present in the square brackets in the
transformation s,4 L ) [cf. Eq. (32)]. Itis very interesting to point out that the above part [i.e. ] (Va 4) (fp)l
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of the total anti-co-BRST current ]é‘a 4) is conserved [i.e. 9, ]é‘a 4) (fp) = 0] provided we use the following
EL-EoMs

OC, =0,  9,(d"p’ —d'B¥) =3By, 9,(9"B" —3“B) = —3"Bs,
Ou(IHCY +9"CH +97CI) = % (@°f7=af"),  (-f)=0, (34)

which emerge out from the Lagrangian density L f,). The contribution [i.e. ]?ﬂ d) (ng)] to the total

anti-co-BRST current Eiﬂ 4y that emerges from the non-ghost part of the Lagrangian density (i.e. L))
of the total Lagrangian density L g, is as follows:

Jly(ng) = BidlC—_ |(3"C' 43" C7¥ 497 C1) By — B F¥ — B F,

3
+ &% (2,C) By

1 lvor B (avcap)} . (35)
It is quite interesting to point out that the above Noether current | (Va d) (ng) has been derived from (i)

the use of the Lagrangian density [,(ng) [cf. Eq. (28)], and (ii) the infinitesimal, continuous and off-shell
nilpotent (i.e. sg ; = 0) anti-co-BRST symmetry transformations s,4. Just like the current ]é’a d) (fp), this

current [i.e. ]é‘a 4) (ng)], emerging out purely from the non-ghost sector of the Lagrangian density £,

[cf. Eq. (28)], is also conserved [i.e. 9y, ]ZI 4) (ng) = 0]. To substantiate this statement, we have to use the
following EL-EoMs

aFB_yV + aVB3 = 0, %S]U/U'P a]/BUp + aHBl == 0, %EHVUP avB_(Tp — ayB == O,
9,,(91C7 4V CM 4 97V = % (0YF" —9°F"), (2-F)=0, OC=0, (36)

which are derived from the Lagrangian density £ ,,,). We would like to lay emphasis on the following
two inputs, namely;

(8" CY7 43" C7F 437 CM) 3, Bys = (3" BV + 3" BF + 37 B) 3,,Cy,
e 9y Byp — B =0 <= (9" B + 8" B +97 BI) — e'"7P 9,B =, (37)

NI~

which are found to be very useful in the proof of the conservation law [i.e. ;] (P; 4 (ng) = 0]. Itis
worthwhile to mention that the latter (i.e. bottom) entry in the above equation is nothing but the fwo
different ways of writing the EL-EoMs w.r.t the Abelian 1-form vector field A, that is derived from
non-ghost sector of the Lagrangian density L ;).

At this juncture, we would like to point out that the fotal anti-co-BRST current | ZI 0 = J ZI 4) (ng) +

J Elu 0) (fp) is the sum of the currents in equations (35) and (33). It is crystal clear that this total current is
also conserved whose explicit expression is as follows:

e’ (3,C) Bop + €"°P B (9yCop) + By f* + Bs ¥ Cy
(9" CH7 49" CM 437 C") (3yPr — 3rpy)
— (BB fu+ (3 B -0V P0G + BrakC. (38)

+ +
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From the above conserved current, it is straightforward to compute the expression for the conserved
Noether anti-co-BRST charge (i.e. Q,7 = [ d3x ]81 d)) as follows:

Qu = [ex[Bic- % [(@Ci 24l C%) B~ By FO — BV

_|_

€% (3,C) Bjy + %7 B (3,Cjx) + By f* + Bs C
+ (°CU 49" CI° 49/ C) (9,8, — 3;B:)
(@ p —' ) i+ ("B — 3 B aiCa . ”

The above conserved Noether anti-co-BRST charge is the generator for the infinitesimal, continuous
and off-shell nilpotent (i.e. s2, = 0) anti-co-BRST symmetry transformations s, [cf. Eq. (30)] which
can be verified in a straightforward manner by taking into account equation (9) with the following
replacements: s; — s,5, Qp — Qua-

We end this section with the following clinching remarks. First of all, we find that using the
basic tenets and techniques of Noether’s theorem leads to the derivation of the conserved Noether
anti-co-BRST charge Q4 [cf. Eq. (39)] from the Noether conserved anti-co-BRST current | (Hﬂ 4y Second,

we observe that the Noether current | (Va 4) (ng) [cf. Eq. (38)], that is derived from the non-ghost sector

of the Lagrangian density £ ,,,) [cf. Eq. (28)], is found to be conserved [i.e. 8,4]& 4) (ng) = 0] provided
we use the EL-EoMs [cf. Eq. (36)] that are derived from the Lagrangian density L ;.. Third, we
note that the the sum of the Noether current (that is derived from the ghost sector of the Lagrangian
density L ¢, [cf. Eq. (33)]) and the rest of the terms (ROTs) [that have been taken into account
in equation (32) due to Noether’s theorem because of our observation in (31)] also turn out to be
conserved [i.e. 9, ] Elﬂ 0) (fp) = 0] provided we use the EL-EoMs [cf. Eq. (34)] that have been derived
from the Lagrangian density E( £p)- Fourth, it is interesting to point out that the ROTS in equation
(32) are not required for the proof of the conservation law 9, ] Ela 4) (ng) = 0 (for the Noether current
J (Va d) (ng) that emerges out from the non-ghost sector of Lagrangian density £,)). Finally, we find
that the conserved Noether anti-co-BRST charge Q, is not nilpotent of order two (i.e. Qg ; 7 0). This
can be verified by using the standard relationship between the continuous symmetry transformations
and their generator as the Noether conserved charge. For instance, we note the following relationship,
namely;

Sad Qad = i{Qadr Qad} = +% /dsx [(305’1] + aiBjk + a]BOI) (alﬁ] - a]ﬁl)
+ (@F-df)ac) £0, (40)

which, ultimately, implies: i {Qu4, Qui} = 2iQ?; # 0. In other words, we find that the explicit
computation of the quantity s5,;Q,4 [by using equations (30) and (39)] leads to our conclusion that the
Noether anti-co-BRST charge Q, is not nilpotent (i.e. Qﬁ ; 7 0) of order two. As a consequence, this
conserved (but non-nilpotent) Noether charge is not suitable for the discussion on the cohomological
aspects of BRST formalism (see, e.g. [23] for explicit examples) and the physicality criterion w.r.t. it in
the BRST-quantized version of the quantum Hilbert space of states (cf. Sec. 7 below for details).

7. Nilpotent and Conserved Anti-Co-BRST Charge from Non-nilpotent Noether
Anti-co-BRST Charge

The key purpose of our present section is to derive explicitly the conserved and off-shell nilpotent
(i.e. Qi p = 0) version of the anti-co-BRST charge Q 4p from the non-nilpotent (i.e. Qi 4 7 0) version
[cf. Eq. (39)] of the Noether conserved anti-co-BRST charge Q,; [cf. Eq. (40)]. In this context, we
shall exploit the theoretical techniques that have been proposed in our earlier work [21] where the
emphasis have been laid on the use of (i) the appropriate EL-EoMs which are derived from the perfectly

anti-co-BRST invariant Lagrangian density £g) = L) + L f), (ii) the partial integration followed

ng)
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by the application of the celebrated Gauss divergence theorem, and (iii) the infinitesimal, continuous
and off-shell nilpotent anti-co-BRST symmetry transformations s,; [cf. Eq. (30)] at appropriate places,
to ensure that we finally obtain: s,4Qap =i{Qap, Qap} =0 = Q% =0.

In view of our elaborate discussion on the derivation of the conserved and nilpotent version of
the co-BRST charge Qp from the conserved (but non-nilpotent) version of the Noether co-BRST charge
Qg, we shall be quite brief in our present section as far as the derivation of the nilpotent version of
the anti-co-BRST charge Q 4p from its counterpart non-nilpotent version [cf. Eq. (40)] of the Noether
anti-co-BRST charge Q,,; is concerned. In this context, let us focus, first of all, on the fifth and sixth
terms of the conserved (but non-nilpotent) anti-co-BRST charge Q4 [cf. Eq. (39)]. Application of the
partial integration followed by the Gauss divergence theorem leads to the following

1 3 _ 1 y _
5 /d3x SOl]k [(alC) Bjk + B (E)ZC]k)} = — 5 /d3x 801]1{ {C (aiB]‘k) + (aiB) C]k] , (41)

where we have dropped the total space derivative terms for obvious reasons. Using the following
EL-EoMs (that have been derived from E(ng) [cf. Eq. (28])), namely;

1 _ 1 0o - .
E ehvop aVng = —aP‘Bl — E SOUk al‘B]'k = —Bq,
%sﬂwfﬂ 3, Byp = 9"B = 0 = ("B + "B 1+ a7 BM) = "0 3B, 42)
we find the following form of equation (41), namely;

- / dPxBC+ % / dx (0°B7 +9'BP° + 9/ B) C;;, (43)

where we have used: e%/% 9B = (3°B% 4 9! B/* + 3/ B0). Both the above inetgrals will be present in the
nilpotent version of the anti-co-BRST charge Q4p. The first integrals of (i) the Noether non-nilpotent
charge Q,4 [cf. Eq. (39)], and (ii) the above equation can be combined together to obtain the analogue
of the expression (13) (cf. Sec. 4) as follows

QW) = / &x [B,C - B, C], (44)

which is an anti-co-BRST invariant quantity (i.e. sadeqll)D = 0). The superscript (1) on Qqu])J denotes
the fact that the auxiliary field B is present in this expression. Toward our main goal of obtaining
5.dQ4ap = 0, we have to apply the anti-co-BRST symmetry operator s,; on the second integral of
equation (43) which leads to the following integral:

We have to modify an appropriate integral in the expression for Q,; [cf. Eq. (39)] so that when
the transformations s,; act on a part of that term, the outcome should cancel out with our result in
(45). Such an integral is: — 5 [ d®x (8° C¥ + o' CI* + 9/ C%) (9;8; — 9;B;) which can be modified in the
following form:
1 . o
+5 / Px (30 Cl+ 91 CI° 4 91 C%) (3,8, — ;)
- / @ (30 Cl 49 CIY + 91 C%) (3,; — 9,B:). (46)

It is obvious that if we apply s, [cf. Eq. (30)] on the first integral of the above equation, the outcome
will cancel out with our result in (45). Hence, the first integral will be present in the nilpotent version
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of the anti-co-BRST charge Q op. Toward ou main goal of obtaining s,;Q4p = 0, we now concentrate
on the second integral of (46) which is equivalent to

—2 / Px (9°CT+0' C0+ 9/ CY) (9;B)) = +2 / dPx9;(2° CT +9' C0+ 9/ CY) B;, (47)

where the rh.s. of the above equation has been obtained after the applications of (i) the partail
integration, and (ii) the Gauss divergence theorem. Using the EL-EoM: 9, (9" C"7 + 9" C7# 4 9"CHV) =
% (9" f7 — 97 fV) (with the choices: v = 0, o = j), it can be checked that the r.h.s. of equation (47) can
be re-written as

—|—2/d3xai(80C_i7+8iC70+afC_0i) Bi=— /d3x (3°F —3°F) B, (48)

which will be present in the final expression of the nilpotent Q 4p. Toward our central goal of achieving
5.dQap = 0, we have to apply s, on the r.h.s. of (48) which yields:

—sad[ / dx (°F — ol f0) 5i] - / Px (°F — 00F1) 9,C,, (49)

where we have taken into account the fermionic (i.e. Suq fu + fu S,g = 0) natures of s,y and f,,. To
cancel out the above result, an appropriate integral in the expression for Q,; [cf. Eq. (39)] has to be
modified. Such a term is: — 1 [ d®x (397 — 9'B%) 8;,C, which can be re-written in the following form:

/ Px (B — 9B 0,C, — % / Px (33— 9'p) 9,Ca. (50)

It is clear that the application of s,; [cf. Eq. (30)] on the first integral would yield the result that would
cancel out with the rh.s. of (49). Hence the first integral of (50) will be present in the final nilpotent
version of Q 4p. At this stage, we focus on the second integral of equation (50) and apply (i) the partial
integration, and (ii) the Gauss divergence theorem which, taken together, lead to the following result:

+ g / Px 9;(3°B — 9B°) Cy. (51)

Application of the EL-EoM: 9, (9" " — 0VpH) = — 9"Bs (with the choice v = 0) leads to the above
integral to take the following explicit form

+ % / £x Bs Cy, (52)

which turns out to be an anti-co-BRST invariant quality [i.e. s,4(Bs C2) = 0]. Collecting (i) all the
useful and relevant terms of our exercise, and (ii) the anti-co-BRST invariant integrands of Q,; [cf. Eq.
(39)], we obtain the off-shell nilpotent (i.e. Q%‘ p = 0) version of the conserved anti-co-BRST charge
Qap as follows:

Qup = /d3x [(B1C—B1C) + (°B — 9'B") 0,C, — (3°F — /) i
— % {(aOCij+8iCjO+87C0i) Bi]'—B3FO—BOiFi+B4fO
— (3BT +0' B+ BY) Cjj — (30 CT + 0" C0 + 9 C) (0:8; — 9;B:)
(0B~ ") fi+Bs 2~ 3Bs o } | (53)
It is an elementary exercise to check that s,;Q4p =i { Qap, Q AD} =0 = QE‘D = 0 by computing
the Lh.s (i.e. s,4Qap) by the direct application of the co-BRST symmetry transformation operator s,4

[cf. Eq. (30)] on the above explicit expression for Q 4p. We would like to lay emphasis on the fact
that the non-nilpotent Noether charge Q,; and the nilpotent version of the anti-co-BRST charge Q 4sp
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both are conserved quantities because we have used only the appropriate EL-EoMs and the partial
integration followed by the Gauss divergence theorem which are consistent with the basic tenets of the
Noether theorem.

We would like to dwell a bit on the physicality criterion w.r.t. the above nilpotent version of the
anti-co-BRST charge Q op and establish that the conditions on the physical states (i.e. |phys >) are
dual to the conditions [cf. Eq. (A.12)] that have been obtained on the physical states by the nilpotent
version of the anti-BRST charge Qg (cf. Appendix A). A careful look at the Lagrangian densities
((28) and (29) show that the basic/auxiliary (anti-)ghost fields are decoupled from the basic/auxiliary
physical fields of our theory. As a consequence, a quantum state in the Hilbert space of states is the
direct product [24] of the physical states (i.e. |phys >) and the ghost states (i.e. |ghost >). Before
pointing out the consequences coming out from the physicality criterion: Q4p |phys > 0, we would
like to lay emphasis on the fact that every individual term in the integrand of Qap [cf. Eq.(53)] (i)
carry the ghost number equal to +1, (ii) made up of the physical fields (with ghost number equal
to zero) and the basic/auxiliary (anti-)ghost fields (carrying the ghost number equal to +1), and (iii)
constituted by only the basic/auxiliary (anti-)ghost fields. When we apply the anti-co-BRST charge
operator acts on a quantum state, the ghost fields act on the ghost states (i.e. |[ghost >) leading to
the non-zero result. Thus, to satisfy the sacrosanct requirement that the physical states are those that
are annihilated the conserved and nilpotent version of the anti-co-BRST charge Q 4p, it is clear that
only the physical fields (i) carrying the ghost number equal to zero, and (ii) associated with the basic
ghost fields (carrying the ghost number equal to +1) would act on the true physical states’. Thus, the
requirement: Qap |phys > 0 leads to the following conditions on the physical states (i.e. the harmonic
states in the Hodge decomposed quantum states)

By |phys >=0,  Bp|phys >=0, %Bij |phys > =0,
% (3°B7 +9'B° + 9/ BY) |phys > = 0, (54)

which are dual to what we have obtained from the physicality criterion: Qp |phys > 0 w.r.t. the
conserved and nilpotent version of the anti-BRST charge Q5 (see Appendix A for details). In other
words, our results (i.e. B|phys >= 0, B|phys >= 0, 3Bjj|phys >= 0 and 5 (0"B7 + o'B/° +
o/B%) |phys > = 0) that have been listed in (A.12) due to the physicality criterion: Q45 |phys > 0
w.r.t. the conserved and nilpotent version of the anti-BRST charge Q 4p are deeply connected with
conditions in equation (54). To corroborate and substantiate this claim, we would like to point out that

the non-ghost sector of the Lagrangian density L, [cf. Eq. (28)] respects (i.e. L(,5) = L(y)) the

ng) |
following discrete duality symmetry transformations:

1 _ - - _
Ay — F 31 Emvop AV, Ao — E£euop AP, By — FBuw, By — =By,

B—+B;, Bi—FB, By,—=+Bs, B3 — FBy ¢y — Lty $u— Fpu (55)

Thus, we note that if we choose the harmonic states (in the Hodge decomposed quantum states in
the Hilbert space) to be the true physical states (i.e. |phys >), the conditions that emerge out from
the conserved and nilpotent versions of the (anti-)BRST Q4p and (anti-)co-BRST Q 4p charges are
found to be deeply connected with one-another due to the presence of the discrete duality symmetry
transformations in equation (55).

We conclude this section with the final remark that the conserved and off-shell nilpotent versions
of the (anti-)BRST and (anti-)co-BRST charges lead to the annihilation of the physical states by the

5 It is worthwhile to point out that the auxiliary fields B% and Bj (that are present in the expression for Q4p and even

though carry the ghost number equal to zero) do not lead to any conditions on the physical states (i.e. |phys >) because
they are associated with the specific components of the fermionic auxiliary vector field F, = — % (0°Cpp — 04Cy). The latter
relationship has been derived from the FP-ghost sector of the Lagrangian density (29) which proves that the auxiliary field
F,, is not the basic ghost field.
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operator forms of the (i) the first-class constraints (see, e.g. [20] and our Appendix A), and (ii) the
dual versions of the first-class constraints (see, e.g. Secs. 4 and 7 for details), respectively, provided
we choose the physical states to be the harmonic state in a given Hodge decomposed quantum state.
The latter state, as is self-evident, is chosen from the total quantum Hilbert space of states of our
BRST-quantized field-theoretic system. Our present crucial and decisive statements, connected with
the emergence of the type of constraints from the physicality criteria, are true only for the field-theoretic
systems which happen to be (i) the gauge theories at the classical level, and (ii) the examples for Hodge
theory at the quantum level within the framework of BRST formalism.

8. Curci-Ferrari Type Restrictions: Derivations

In our present section, we derive the non-trivial (anti-)co-BRST invariant Curci-Ferrari (CF) type
restrictions from two different theoretical angles. Let us, first of all, focus on the symmetry considera-
tions where we demand that the coupled Lagrangian densities must respect the nilpotent co-BRST as
well as the anti-co-BRST symmetry transformations so that their equivalence could be established. In
this context, we would like to point out that the Lagrangian density £p) = L(ng) + L (p) [cf. Egs.
(1),(2)] transforms to the total spacetime derivative [cf. Eq. (4)] under the off-shell nilpotent co-BRST
symmetry transformations (3) thereby rendering the action integral (corresponding to this Lagrangian
density) invariant under the co-BRST symmetry transformations (3). We also demand, at this stage,
the symmetry invariance of the coupled Lagrangian density L) = L) + L fp) [cf. Egs. (28),(29)]
under the co-BRST symmetry transformations (3). This requirement, as stated earlier, leads to the
derivation of the CF-type restrictions: By + By = (9u¢y — 0@y, fu + Fu = 04C1, fu + Fu = 0,Cy.
To corroborate this statement, as a first step, we note that the non-ghost part (i.e. £;)) of the coupled
Lagrangian density £ g transforms, under the off-shell nilpotent co-BRST symmetry transformations
(3), as follows:

Siling = =0 [ B (0dy) + % (9" CY 49" CM 497 CM) By — % By P
£ OBIOC 3 [ € 40" O 47 C) By — B (2,F,)
+ (09" —"¢") (9uFy) — F'9,Bs]. (56)

In the next step, we apply the co-BRST symmetry transformations (3) on the FP-ghost part (i.e. £ ¢,))
of the Lagrangian density £ 3, which leads to the following:

1 - - - ~ - -
salrp) = 2 [(ay C"7 49" C +0" C") 0y Byy + B (9, fy) + (9"B" — 0"B) (9,F)

+ (9B = 9'B") (Bufu) + (9Cy — ) 8By — (£ + F = 9"Cy) 9B
£ 3B 9MC — 29, [C1a,By + C 3y Bs + (MY — ') Fy
+ B"f,—Bsf'— B, aﬂc‘z}. (57)

To observe the full consequence of the application of the co-BRST symmetry transformations (3) on
the total coupled Lagrangian density £ g) = L(,,¢) + L f), we have to add the results that have been
obtained in (56) and (57) which leads to the following;:
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s4L(5) = [Blaﬂc‘ — gMvP E, (a(,Ap)] - % Ay [c‘w d,Bs + C" 3,Bs5 + B ,
+ (3"BY —9"BH) Fy — By F* — Bs f¥ + (3" CY7 + 0" CM + 3% C") B,y — By aﬂc‘z}
1 _ _ _ - _ _ _
+5 {B"0u(fu+ = ,C1) — (F' + B —0"Cy) 3,Bs — (f" + F* — 9Cy) ,Bs
— (B 4 B — (04" — 3'¢"] (8,F,) + (0" BV — 3BM) 0y [fu + Fy — 0,C]
(@ CY 9" C 48 C) 3y [Buo + B — (e — 20)] }. (58)

Thus, we note that the application of the nilpotent co-BRST symmetry transformation operator s; [cf.
Eq. (3)] on the coupled Lagrangian density Lz, leads to the sum of (i) the total spacetime derivative
terms, and (ii) the terms that contain the CF-type restrictions: By, + Bw, = (8y4~>v — BV%), fut+Fi=
0,C1, fu+ Fu = 9,Cy. In other words, the requirement of the co-BRST invariance of the perfectly
anti-co-BRST invariant coupled Lagrangian density L g) [cf. Eq. (31)] leads to the derivations of
the (anti-)co-BRST and (anti-)BRST invariant CF-type restrictions. To be more precise, the coupled
Lagrangian density L g) respects both the off-shell nilpotent (i.e. co-BRST and anti-co-BRST) symmetry
transformations provided the whole 4D BRST-quantized field-theoretic system is considered on the

6 are satisfied.

submanifold of the quantum fields where the above three CE-type restrictions

Against the backdrop of the above discussions, we would like to point out that the action
integral, corresponding to the Lagrangian density L) = L(ng) + L(pp) [cf. Egs. (1),(2)], remains
invariant under the infinitesimal, continuous and off-shell nilpotent (i.e. s3 = 0) co-BRST symmetry
transformations s; [cf. Egs. (3),(4)]. We demand, at this juncture, the invariance of this Lagrangian
density ﬁ( p) under the infinitesimal, continuous and off-shell nilpotent (i.e. sgd = 0) anti-co-BRST
symmetry transformations s,y [cf. Eq. (30)], too. Under this requirement, as stated earlier, we
envisage to derive of the non-trivial CF-type restrictions (i.e. By + By = (0u¢y — 0vy), fu + Fu =
9,Cy, fu+ Fy = 9,Cy). Toward this goal in mind, first of all, we note that the non-ghost part (i.e.
L (nc)) of the Lagrangian density L) transforms, under the infinitesimal, continuous and off-shell
nilpotent (i.e. sg ; = 0) anti-co-BRST symmetry transformations s, as:

Sad E(NG) = oy [EVWP Fy (00Ap) + % (aV CY 49V CoF 4+ 9 CVV)BW + % Bs Fﬂ}

_ %WW@#&CW+W@”%&H3W@JW+W%%

(819" —9"¢") (3,F,)| + B1 OOC. (59)

On the other hand, we note that the FP-ghost part (i.e. £ rp)) of the Lagrangian density £ p) transforms,
under the infinitesimal, continuous and off-shell nilpotent (i.e. sid = 0) anti-co-BRST symmetry
transformations s, [cf. Eq. (30)], as:

Sad L(Fp) = % [BW (0ufy) — (0" C"" + 9" C7F + 97 C*) 0, By + + (9" C1 — f*) 0uBs3
+wmhﬁwﬂﬁm+a—mqhwﬂ+ﬂ—MQﬁﬁ4+%mwc

— %aﬂ [BMV fv —Ccm d0y,By — C* 9,Bsz + (a”,BV — 8“[3“) F]/ + B4f_'y + Bs aHCZ] (60)

6 It should be noted that there is another CF-type restriction: By, + By, = (9u¢y — 9y¢) on our 4D BRST-quantized field-
theoretic system [20]. However, this specific CF-type restriction is useful in the proof of the absolute anticommutativity
between the BRST and anti-BRST symmetry transformation operators. We lay emphasis on the fact that this restriction does
not play any role in the context of our present discussions on the off-shell nilpotent (anti-)co-BRST symmetry transformation
operators (s(4)4)-
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To obtain the full outcome of the application of the anti-co-BRST symmetry transformation operator
on the Lagrangian density L) = L(ng) + L(rp) [cf- Egs. (1),(2)], we have to take the sum of our
observations in equations (59) and (60) which leads to the following:

1 ) ]
Sad £(5) = [Bla”C + WP E, (a(,Ap)] + 39 [cw yBs +CM 3,B, — B f,
— (MY —3"B") Fy + By ' — By f' + (3" C'7 +3" C* 48 CM) By — B5 9G]

1 (5 _ _ _
+ 5 {BHU 8]4 (f]/ +F, — BvCl) - (fﬂ + FF — BVCl) BHB;.; + (fﬂ + FF — 8VC1) aHB4
— [BW + B — (amﬁv — 8"@‘] (aP,FU) + (a”ﬁv — 8"[3”) Iy [ﬁ, N — avcl]
— (0" CY + 3" C 4+ 97 C") 3, [Buo + Buo — (duPo — doy)] } (61)

The above observation establishes that the Lagrangian density £ p) respects (i) the co-BRST transforma-
tions [cf. Egs. (3),(4)], and (ii) the anti-co-BRST transformations (30) provided we consider the entire 4D
BRST-quantized theory on the submanifold of the quantum fields where the (anti-)BRST and (anti-)co-
BRST invariant CF-type restrictions (i.e. By + By = 9y — 9vPy), fu+ Fu = 0,C1, fu+ Eu = 0,C1)
are satified. In other words, from the above equation, we note that the Lagrangina density £ g,
transforms to a total spacetime derivative under the anti-co-BRST transformations s,; if we take into
account the validity of the above three CF-type restrictions. Thus, the requirements of the symmetry
invariance of the Lagrangian densities £p) and L), under the nilpotent co-BRST as well as the
nilpotent anti-co-BRST transformations together, lead to the derivations of the (anti-)BRST as well as
the (anti-)co-BRST invariant CF-type restrictions.

We discuss concisely the absolute anticommutativity property of the off-shell nilpotent co-BRST
and anti-co-BRST transformation operators and lay emphasis on the (anti-) BRST and (anti-)co-BRST
invariant CF-type restrictions. It turns out that the absolute anticommutativity property (i.e. {s4, 5,4} =
0) is satisfied for all the fields of our 4D BRST-quantized theory except fields A;, Cy, and Cyy because
we observe the following;:

1 _
{Sdr Sad} Ay = - 2 Euvop 0" (BU‘D + BU‘D)/
{Sd/ Sad} Cyv = _ay(fv +F)) "‘aV(fu + Fy)/
{Sbr Sud}cyv: _ay(fv+Fv)+av(fy+Fy)~ (62)

However, we have the sanctity of the absolute anticommutativity property (i.e. {s4, 5,4} = 0) of the
(anti-)co-BRST transformations for the above fields, too, provided we use the following (anti-)co-BRST
as well as the (anti-)BRST invariant CF-type restrictions:

Bw/ + Byv = ay(’ﬁv - aV(’ﬁy/ fy + Fy = ayclf fy + Fy - ayc_l' (63)

We lay emphasis on the fact that the above crucial CF-type restrictions have appeared in our earlier
equations (58) and (61) where we have demanded that the coupled Lagrangian densities of our theory
must respect the co-BRST as well as the anti-co-BRST symmetry transformations simultaneously.
Using the off-shell nilpotent (anti-)BRST transformations [cf. Eqs. (A.8),(A.1)] and off-shell nilpotent
(anti-)co-BRST symmetry transformations [cf. Egs. (30),(3)], it can be checked that all the four CF-type
restrictions on our 4D BRST-quantized field-theoretic system are (anti-)BRST as well as (anti-)co-BRST
invariant quantities, namely;

S(a)b[Buv + Buv — (Oppy — ovgpy)] =0, S(@plfu + Fu—0uCi1] =0,
S(@plfu + Fu —0,C1] =0, S(a)p[Buv + Byv — (9uPy — 3vyu)] =0,
5(

(

a)d[Buv + By — (Oupy — 0upy)] =0, S(@alfu + Fu —0uC1] =0,
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which corroborate our earlier claim [after equation (62)]. Hence, these CF-type restrictions on our theory
are physical and they are connected with the geometrical objects called gerbes (see, e.g. [25,26]). The
coupled nature of the Lagrangian densities £ p) and L g has been demonstrated in our earlier work [20]
by using the EL-EoMs that are derived from the above Lagrangian densities w.r.t the bosonic/fermionic
auxiliary fields (of our 4D BRST-quantized field-theoretic system) which lead to the derivations of all
the four CF-type restrictions on our theory. In other words, it is the existence of the non-trivial CF-type
restrictions that are responsible for (i) the coupled nature of these Lagrangian densities, and (ii) the
equivalent nature of the Lagrangian densities £ ) and Lz from the point of view of the symmetry
considerations. In fact, the direct equality of the BRST-quantized versions of the coupled Lagrangian
densities L) and L3, also leads to the derivations of all the four CF-type restrictions on our 4D
BRST-quantized field-theoretic system (see, e.g. [20]).

9. Conclusions

In our present endeavor, we have been able to demonstrate that the coupled (but equivalent)
Lagrangian densities £ p) = L(ng) + L(pp) and L) = L(;,6) + L(sp) respect the infinitesimal, contin-
uous and off-shell nilpotent co-BRST (i.e. dual-BRST) and anti-co-BRST (i.e. anti-dual-BRST) symmetry
transformations under which the fotal gauge-fixing terms for the Abelian 3-form and 1-form gauge
fields remain invariant in the description of our present 4D BRST-quantized combined field-theoretic
system within the framework of the BRST invariant Lagrangian formulation. It has been clearly
explained that the gauge-fixing terms for the Abelian 3-form and 1-form gauge fields owe their math-
ematical origin to the co-exterior (i.e. dual-exterior) derivative of differential geometry [15-19]. The
vector field ¢, appears in the gauge-fixing term for the Abelian 3-form gauge field because of its
reducibility property. This field also remains invariant (i.e. s(;)z¢u = 0) under the (anti-)co-BRST
symmetry transformations S(a)d [cf. Egs. (30),(3)]. Hence, the nomenclatures (that are associated with
the infinitesimal, continuous and off-shell nilpotent (anti-)dual-BRST [i.e. (anti-)co-BRST] symmetry
transformations s,)4) are absolutely correct.

We have laid a great deal of importance and emphasis on the discussions and derivations of the
(anti-)BRST and (anti-)co-BRST invariant non-trivial CF-type restrictions [cf. Egs. (63),(64)] because
their existence is one of the decisive features of a properly BRST-quantized theory. In our earlier
works (see, e.g. [25,26]), we have been able to establish that these physical restrictions, on a properly
BRST-quantized theory, are connected with the geometrical objects called gerbes. We have been able
to derive these non-trivial physical restrictions on our 4D BRST-quantized theory from two different
theoretical angles. First of all, we have derived these CF-type restrictions from the requirements that
both the Lagrangian densities £ ) = L(ng) + £(pp) and L) = L(q) + L 5p) must respect the off-shell
nilpotent co-BRST as well as the anti-co-BRST symmetry transformations [cf. Egs. (3),(30)]. On the
other hand, the requirement of the absolute anticmmutativity property (i.e. {s4, s,5} = 0) between the
off-shell nilpotent co-BRST and anti-co-BRST symmetry transformation operators also indicates [cf.
Eq. (62)] the validity of the CF-type restrictions on our 4D BRST-quantized theory. In other words,
the absolute anticommutativity property (i.e. {s;, s,s} = 0) is satisfied on the submanifold of the
quantum fields where the celebrated CF-type restrictions are valid.

As far as the continuous symmetry considerations are concerned, we find that (i) the anti-co-BRST
insurance (i.e. s,4L(p) = 0) of the Lagrangian density L) = L(ng) + L(rp) [cf. Eq. (61)], and (ii)
the co-BRST invariance (i.e. s;L() = 0) of the Lagrangian density L) = L) + L(fp) [cf. Eq.
(57)] are valid if and only if we invoke the validity of the CF-type restrictions (i.e. Byy + By, =
by — Wy, fu+ Fu = 3uC1, fu+ Fu = 3,C1). The coupled nature of the Lagrangian desities L)
and L g, also owe their origin to the existence of the physically important (anti-)BRST as well as the
(anti-)co-BRST invariant CE-type restrictions which can be verified in the language of the EL-EoMs w.r.t.
the bosonic/fermionic auxiliary fields which are derived from the above coupled Lagrangian densities
L) = Lnc) + Lrp)and L) = L;0) + Lfp) (see, e.g. [20] for details). In other words, we note that
the EL-EoMs from the coupled Lagrangian densities £ g) and L g) are such that they imply the validity
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of the CF-type restrictions on our theory. The direct equality of the coupled Lagrangian densities L)
and L g also leads to the derivation of the above three CF-type restrictions along with the fourth one as:
By + Buy = 9u¢py — 9y, which plays a crucial role in the discussion on the (anti-)BRST symmetries
(see, e.g. [20]).

One of the highlights of our present investigation is the observation that the non-ghost parts
[cf. Egs. (1),(28)] of the coupled Lagrangian densities ﬁ(B) and ﬁ( p) remain invariant under a set
of discrete duality symmetry transformations [cf. Egs. (27),(59)] which provide a deep connection
between the conditions on the physical states (i.e. |phys >) that emerge out from the physicality criteria
Q(ayp [phys >=0and Qa)p [phys >= 0 (cf. Secs. 4 and 7 or details). To be utmost precise, we find
that (i) the physicality criteria w.r.t. the conserved and nilpotent versions of the (anti-)BRST charges
lead to the annihilation of the physical states (i.e. |phys >) by the operator forms of the first-class
constraints existing on our 4D classical theory, and (ii) the physicality criteria w.r.t. the nilpotent
versions of the (anti-)co-BRST charges lead to the annihilation of the physical states (i.e. |phys >) by
the dual versions of the first-class constraints’. The mathematical origin for such a crucial and decisive
observation is hidden in the discrete duality symmetry transformations [cf. Eqs. (27),(59)] that exist in
our 4D BRST-quantized theory.

In our present endeavor, we have focused only on (i) the infinitesimal, continuous and off-shell
nilpotent (anti-)co-BRST symmetry transformations, (ii) the derivations of the non-nilpotent Noether
(anti-)co-BRST conserved charges, (iii) the deductions of the off-shell nilpotent versions of the (anti-
)co-BRST charges from the non-nilpotent Noether (anti-)co-BRST charges, (iv) the discussions and
deliberations on the existence of the (anti-)BRST as well as the (anti-)co-BRST invariant CF-type
restrictions, and (v) the physicality criteria w.r.t. the conserved and nilpotent versions of the (anti-
)co-BRST charges. In our earlier work (see, e.g. [20] for details) such kinds of discussions have
been performed in the context of the infinitesimal, continuous and off-shell nilpotent (anti-)BRST
symmetry transformations. In our future endeavor, we envisage to discuss the (anti-)BRST and (anti-
)co-BRST symmetry transformation operators, a unigue bosonic symmetry transformation operator
that is derived from the appropriate anticommutator(s) between the nilpotent (anti-)BRST and (anti-
)co-BRST symmetry operators, the ghost-scale symmetry transformation operator along with a couple
of discrete duality symmetry transformation operators. We plan to derive the extended algebra among
all these discrete as well as the continuous symmetry transformation operators. The derivation of
(i) the conserved Noether currents and corresponding conserved charges, (ii) the deductions of the
extended BRST algebra amongst all the appropriate conserved charges, and (iii) the derivations of
the mapping between the appropriate set of conserved charges and the cohomological operators of
differential geometry, are yet another set of future directions which we envisage to pursue so that we
can prove, in an elaborate fashion, that our present 4D BRST-quantized field-theoretic system® is a
tractable example for Hodge theory.
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7 For the BRST-quantized field-theoretic examples for Hodge theories, the physical states (excising in the total quantum Hilbert

space of states) are the harmonic states that are annihilated by the nilpotent versions of the conserved (anti-)BRST as well as
the (anti-)co-BRST charges. These harmonic states appear in the Hodge decomposed versions of the quantum states in the
Hilbert space of states [27,28].

The study of the BRST-quantized field-theoretic examples for Hodge theory (see, e.g. [10-12] and references therein) have
become quite interesting because they lead to the existence of fields with negative kinetic terms which obey Klein-Gordon
equation. Hence, they are a set of possible candidates for (i) the “phantom” and/or “ghost” fields of the cyclic, bouncing and
self-accelerated cosmological models of the Universe (see, e.g. [29-31] and references therein), and (ii) the dark matter/dark
energy (see, e.g. [32,33] and references therein). In our earlier work [34], we have been able to establish that the 2D BRST-
quantized it free (non-)Abelian gauge theories (without any interaction with the matter fields) are the tractable field-theoretic
examples for (i) the Hodge theory, and (ii) a new type of topological field theory (TFT) that captures a few key properties of
the Witten-type TFTs [35], and (ii) some salient features of the Schwarz-type TFTs [36].
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Appendix A. On (Anti-)BRST Symmetries and Physicality Criteria

The central theme of our present Appendix is discuss the bare essentials of our earlier work
[20] in a nut-shell and establish that the physicality criteria (i.e. Q4)p |phys >= 0) w.r.t the off-shell
nilpotent (i.e. Q% A)B = 0) versions of the conserved (anti-)BRST charges Q(4)p lead to the annihilation
of the physical states (i.e. |phys >) by the operator forms of the first-class constraints [37-40] of our 4D
classical combined field-theoretic system of the free Abelian 3-form and 1-form gauge theories at the
quantum level. In this context, first of all, we note that, in addition to the infinitesimal, continuous and
off-shell nilpotent (i.e. s3 = 0) co-BRST symmetry transformations s, in equation (3), the Lagrangian
density £p) = L(ng) + L(pp) [cf. Egs. (1),(2)] also respects the following infinitesimal, continuous and
off-shell nilpotent (i.e. sb = O) BRST transformations sy, namely;

SbAyva = aycwf + avcay + aacyvl Sbcyv = ayﬁv - av,Bw Sbcyv = By,
spAy=0,C, s,C=B, spBu=Fy, spBu=03.Co, spBuv =dufs —ufu,

ssCo=Bs,  s,C1=—-By,  Ci =By, spPu=fu  SpFu=—0uBy,
$ufu = 9uB2, 5|C, Co, B, Bi, By, Bs, B, Bs, fu, s @y B, B, Bu| =0, (A1)

because we observe that the co-BRST invariant [cf. Eq. (4)] Lagrangian density £3) = L(ng) + L(rp)
transforms to the total spacetime derivative as

sv Lp) = % A [(aﬂ CY 4" C7' + 37 C*) By + B™ f, — B5 0" C;

By i+ By B — (3 B — " ") F,| — 9, [Ba'C], (A2)

thereby rendering the action integral, corresponding to the Lagrangian density £ p), invariant due to
the celebrated Gauss divergence theorem where all the physical fields vanish off as x — = co. Hence,
the infinitesimal, continuous and off-shell nilpotent BRST transformations (A.1) are the symmetry
transformations for the action integral which lead to the derivation of the Noether conserved charge
Qy as (see, e.g. [20] for details)

Qp = /d3x [% {SOijk By (alC]k) + (E)OCif + 9'cl0 + ajCOi) Bl']' + BOif,‘

+ ¢ (9,C) By — Bs9°Co — (8% — 9'B°) 0:C, — (8" — 9’ F;
+ By f0 + By O — (9°CT + 9'C° 1 9IC™) (3,8; — 9,p:) | — Ba°C|, (A3)

which is found to be non-nilpotent (i.e. Q% # 0) (see, e.g. [20] for details). The conserved and nilpotent
(i.e. Q% = 0) version of the BRST charge Qp has been derived systematically in our earlier work [20]
from the non-nilpotent (i.e. Q% # 0) Noether BRST charge Q;, where the theoretical strength of the
partial integration followed by the Gauss divergence theorem and the appropriate EL-EoMs have been
exploited. The explicit expression for this nilpotent and conserved BRST charge Qp (which emerges
out from these exercises) is:

Qs = /d3 {(@°C +91C° +9CY) B — (2B + B + 9/B%) Cy; + B f;
+3B5Cy, — BsCo — (398" — 'B°) F; + (0°CY + 9'C1Y + 9/CY) (9;B; — 9;B1)
+ B0+ By fO} 4 (BC— BC) + (OF — 9'F) gy + (2B — 0'f") 0, . (A4)

A close look at the every individual terms of the above expression for the nilpotent version of the BRST
charge Qp shows that they are made up of either by the basic/auxiliary ghost fields alone or these are
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product of the physical fields (with the ghost number equal to zero) and basic/auxiliary ghost fields
(with the non-zero ghost numbers).

A keen and careful observation of the Lagrangian density £g) = L(ng) + L (pp) [cf. Egs. (1),(2)]
shows that the auxiliary as well as the basic (anti-)ghost fields are decoupled from the rest of the theory.
In other words, the physical fields (with the ghost number equal to zero) and the auxiliary as well as
the basic FP-ghost fields (with the non-zero ghost numbers) have no interaction with each-other, right
from the beginning. Hence, a quantum state (in the total quantum Hilbert space of states) will be the
direct product (see, e.g. [24]) of the physical states (i.e. |phys >) and the ghost states (i.e. |ghost >).
When the auxiliary and/or basic ghost fields of the conserved and nilpotent BRST charge Qp act on
the ghost states (i.e. [ghost >), they lead to the non-zero result. Thus, the physicality criterion w.r.t. the
nilpotent BRST charge Qp is the requirement that the physical fields (with the zero ghost numbers)
must annihilate the physical states in the physicality criterion: Qp |phys >= 0. In other words, the
physical states (i.e. |phys >), exiting in the fotal quantum Hilbert space of states, are those that are
annihilated by the physical fields that are associated with the basic (anti-)ghost fields in the expression
for the nilpotent and conserved BRST charge Qp [cf. Eq. (A.4)] of our theory. Taking all these inputs
into account, we observe that the requirement: Qg |phys >= 0 leads [20] to the following conditions
on the physical states (i.e. |phys >) of our theory, namely;

Blphys >=0 = (9-A)|phys >=0 = H?A1)|phys>:O,
. 1 o .
Blphys>=0 = "R 9B |phys >=0 = 91|y |phys > =0,
1 0ij
5 Bijlphys >=0 — 3H(23)|phys >=0,

(3°B7 + &'B° + 9/BY) |phys >=0 = %soﬁk 9xBy |phys >=0

NI~

= 38kHIEZS) |phys >=0, (A5)

where TT/ A1) and H?z‘;) are the canonical conjugate momenta w.r.t. the free Abelian 1-form gauge

field A;, and Abelian 3-form gauge field Ay, respectively. The precise expression for these canonical
conjugate momenta are as follows (see, e.g. [20] for details)

aL 1 ‘ 1
v B 1o 0 0o _ _ 1 oijk
Mo = 3@a,) —2¢ Bremn"B = My = =B My =37 By
oL g 1
Mas) = ‘a(aofiu)w) = o7 [ By + (1B + 4B+ B) | —
oj _ 1oy 1 ik 1 oijk

where the subscripts (A1) and (A3), associated with the canonical conjugate momenta, in the above
equation, represent the fact that these momenta have been derived w.r.t. the Abelian 1-form and 3-form
gauge fields, respectively. In the derivation of the conditions on the physical states [cf. Eq. (A.5)], it is
worthwhile to mention that the following EL-EoMs from the Lagrangian density £ p) w.r.t the gauge
fields Ay,ve and Ay, namely;

% €70 9, By = % (9"B'” + 9" B + 97 BM)

— akH]((Z3) = % (aOBij +o'B/0 +8jBOi),

%s”wﬂ 3,Byy =0'B = I, =B, (A7)
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have been used (see, e.g. [20]). Thus, we note that the operator forms of the ﬁrst -class primary (i.e.

H( a1y~ 0, IT l] a3) ~ 0) as well as the secondary constraints (i.e. 0; I, ~0, 9 Hl] 3~ 0) of our 4D

classical field-theoretic system annihilate the physical states (i.e. |phys (i;)that exist 1§1 the total quantum
Hilbert space of states. This observation is consistent with the Dirac quantization conditions (see, e.g.
[38] for details) that exist for a gauge theory that is endowed with a set of first-class constraints (in the
language of Dirac’s prescription for the classification scheme of the constraints [37-40]).

Against the backdrop of the above discussions, we very briefly mention that exactly the same
kinds of conditions on the physical states (i.e. |phys >) emerge out from the physicality criterion
Qap |phys >= 0 w.r.t the off-shell nilpotent version of the anti-BRST charge Q 45. Toward this goal in
mind, first of all, we note that the Lagrangian density L gy = L,,5) + L) [cf. Egs. (28),(29)] respects
the following infinitesimal, continuous and off-shell nilpotent (i.e. Sib = 0) anti-BRST symmetry
transformations s,;,, namely;

SapApve = ayCva + avc_ay + aocyw Sabcyv = ayﬁv - ava SabCpv = B;w/
SabA]l = BMC, Sabc = —B, Sab,By = Fﬂ, Sahﬁ}l = a‘uCz, SahB;w = ayﬁ/ - ayﬁ,l,
savC2 = Bs, sayCi = —B2, suCi = —Bs, sadu = fu, SapFu = —9,Bs,

Sabf]i = - a]iBZI Sab [C/ CZ/ B/ Bl/ Bzr B3r B4/ B5/ f_],{r F}l/ 5]1/ B}LV! B;ﬂlr B_],{l/:| = O/ (AS)

in addition to the anti-co-BRST symmetry transformations [cf. Eq. (30)], because we observe that
the above nilpotent (i.e. s2, = 0) anti-BRST symmetry transformations s, transform the Lagrangian
density £g) = L,4) + L(p) to the total spacetime derivative

Sab L5y = 5 9 [B" fu— (94 C"0 3" C7 487 CM) Bu + B4 G

_BsFl+ By ft — (9" Y — 9" B) Fv] ~d, [B aVC], (A9)

thereby rendering the action integral S = [ d*x L p) (corresponding to the Lagrangian density £ z))
invariant (i.e. s;, S = 0) due to Gauss’s divergence theorem. This observation, according to the
celebrated Noether theorem, leads to the derivation of the conserved anti-BRST charge Q,;, as follows
(see, e.g.. [20] for details):

Qup = / P [ {7 By (2:Cy) — (2°CT + 90N+ 9ICY) By + B f,
—&"% (3,C) By + B4 0°C, — (9°B' — 9'8°) 0;C; — (3°B' — 9'B") F;
—Bs FO + By 0+ (3°CY +9'CI® + 9iC%) (9;B; — ajﬁi)} ~B aOC] (A.10)

The above Noether conserved charge turns out to be the generator for the infinitesimal, continuous
and nilpotent anti-BRST symmetry transformations (A.8). It has been explicitly shown in our earlier
work [20] that the charge Q,; is not nilpotent of order two (i.e. ng # 0). The off-shell nillptent
(i-e. Qi g = 0) version of the anti-BRST charge Q 4 can be systematically derived from the Noether
non-nilpotent i.e. Qib # 0) conserved charge Q,;, by following the theoretical proposal of our work
[21] where the emphasis has been laid on (i) the partial integration followed by the use of the Gauss
divergence theorem, and (ii) appropriate use of the EL-EoMs that are derived from the Lagrangian
density L) = L) + L(sp) [cf. Egs. (28),(29)]. As a consequence, both forms of the anti-BRST charges
Qup and Q 4p are conserved. The precise expression for the nilpotent anti-BRST charge Q 45, derived
from the non-nilpotent Noether anti-BRST charge Q;, is:

QAB = /d3 B4 C2 — 3B4 Cz - (80 l] + B’C]O a]COl) Bz] - (BOBi - aiBO) Pl
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+(@"BY +9'B° + 9/BY) C;; — (9°CY +9'C/ + 9/C") (9;B; — 9;B;) — B2 f°
+BY f, — Bs FO} +(BC—BC)+ (3% —1p°) 9;C, + (3°F — 9'F0) BZ} . (A.11)

It is worthwhile to mention that both the conserved anti-BRST charges (i.e. Q,, and Q 4p) have their
own identity and importance within the framework of BRST formalism [20].

As far as the physicality criterion w.r.t. the anti-BRST charge is concerned, it is the nilpotent (i.e.
Qi‘ g = 0) version of the conserved anti-BRST charge Q 4p that plays a decisive role. To be utmost
precise, it can be readily checked that the following conditions on the physical states (i.e. |phys >)
emerge out when we demand that the physical states (existing in the total quantum Hilbert space of
states) are those that are annihilated (i.e. Qap |phys >= 0) by the conserved and nilpotent version
of the anti-BRST charge Q 4p. In fact, the physicality criterion: Q 4p |phys >= 0 (w.r.t. the nilpotent
version of Q 4p) leads to the following conditions on the physical states, namely;

B|phys >=0 = H((]Al)|phys >=0, Blphys>=0 = ainim) |phys > =0,

(°B7 + 9B+ 3IBY) [phys > =0 = —33IL}; |phys >=0,

N =

1 0ij
— 5 Bijlphys > =0 = 3H(g3) |phys > =0, (A12)

where the expressions for the canonical conjugate momenta H’{ A1) and Ht‘g w.r.t. the Abelian 1-form
and 3-form gauge fields have been listed in (A.6). The above observations [cf. Eq. (A.12)] establish that
the operator forms of the primary and secondary constraints (modulo some constant numeral factors)
of our 4D combined field-thermionic system of the classical theory [20] annihilate the physical states of
the 4D BRST-quantized version of our present field-theoretic system at the quantum level (through the
physicality criterion w.r.t. the nilpotent version of the anti-BRST charge Q 4p). Thus, we conclude that
the physicality criteria w.r.t. the nilpotent (i.e. Q% A)B = 0) versions of the (anti-)BRST charges Qa)p
ultimately, lead to the same consequences which are consistent with the Dirac quantization conditions
for the gauge theories that are endowed with the first-class constraints.

Appendix B. On (Anti-)co-BRST and Ghost Charges: Algebraic Strcuture

The main objective of our present Appendix is to derive and discuss the algebraic structure that is
satisfied by the conserved (anti-)co-BRST charges and the conserved ghost charge of our present 4D
BRST-quantized theory. In this connection, first of all, we note that the FP-ghost parts (E( FP) and E( )
of the Lagrangian densities [cf. Egs. (28),(29)] remain invariant under the following explicit ghost-scale
symmetry transformations, namely;

0O = —Q~ 20 a -20p
Cuw =€ Cu, Cu = e Cu, B —e 2By, Bu—e 9By,
+0 7 e¥s +0 7 -OF
fu—e " fu, fu—e fu, FEu—e Fy, Fo—e UFy,
C — €+SQC2, C_z — 673062, C— €+QC, C— e*QC,
G —et?C, G —e 2C, Bys—et?0B;, Bs— e 20Bs, (B.1)

where the symbol () stands for the spacetime-independent (i.e. global) scale transformation pa-
rameter and the numerals (£3, +2, +1) in the exponents correspond to the ghost numbers for the
FP-ghost fields. In view of the above statement, it is interesting to point out that the non-ghost
parts (i.e. L(ng) and L)) of the Lagrangian densities [cf. Egs. (1),(28)] with the generic field
®; = Ao, Buv, Buv, Buv, Buv, Ay, B, By, B2, B3, ¢y, ¢y carry the ghost number equal to zero. Hence,
these fields (present in the Lagrangian densities £(n¢) and L(,)) do not transform at all under the
above ghost-scale symmetry transformations. For the sake of brevity, we set the global ghost-scale
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transformation parameter ) = 1 so that the infinitesimal versions (s¢) of the above ghost-scale
transformations are

SgC},ﬂ/ == +C’,¢1/, Sgc_yy = — CVV’ Sng”{ = +2 ﬁ]’l’ SgBV = _25’4,

sefu="+fur Sgfu=—fu seFu=+F, sgfu=-F,
Sgcl = +C1, sgC1 = — C_l, SgB4 =42 B4, SgB5 =-2 B5, Schi =0, (B.Z)

where it can be readily checked that s¢ is bosonic (i.e. S§ # 0) in nature. As a consequence, we observe
that the bosonic fields of the coupled (but equivalent) Lagrangian densities £ ) and L) for our 4D
field-theoretic system transform to the bosonic fields and the fermionic fields transform to the fermionic
fields without any change in the mass and ghost numbers. Under these infinitesimal transformations,
the perfectly (co-)BRST invariant Lagrangian density £ p) remains invariant (i.e. s¢Lp) = 0). As a
consequence, according to Noether’s theorem, we have the following expression for the ghost current
]?g), namely;

1 ] ] ] _
Jly = 5 [C'7 +87CT +-87CH) Cu + (9"C7 +2C7V + 37CM) Cop

2 (9MBY — 0VBH) By +2 (M’ — 3"BM) By — CHV F, — CM f, — C; P
~CifF +3C,9"Cy +3C,9"Cy — 2B Bs — 2B By| + CI'C + CO'C, (B.3)

derived from the Lagrangian density £3) = L(ng) + L(rp) [cf. Egs. (1),(2)]. The expression for the
ghost charges Qo) = [ d®x ]?g) is as follows:

Q) = /d3x E { (3°CT +9'CI° 4 3IC%) ¢ + (°C + 3 CI + 9IC") &

_. . . . _ 1 . 1 4= 1 —n: 1 -
_2(80.31_alﬁo)ﬁi+2(aoﬁl_alﬁ0)ﬁi_ECOZFi'f'EClOFi_§C01ﬁ+§CIOfi
~CLF =G f'+3C G +3CC 20 Bs — 2By} + CC+ CC. (B.4)

The above conserved charges Q) is the generator for the infinitesimal ghost-scale symmetry transfor-
mations (B.2) if we express the ghost charge in terms of the canonical conjugate momenta w.r.t. the
basic dynamical (anti-)ghost fields of the ghost-sectors of the Lagrangian densities £ rp) [cf. Eq. (2)].
It is worthwhile to mention, in passing, that the Lagrangian density £ g) = L) + £ (f,) also leads
to the derivation of the conserved ghost charge which also turns out to be the generator [20] for the
infinitesimal versions of the ghost-scale transformations (B.2) provided we express this conserved
charge in terms of the canonical conjugate momenta w.r.t. the dynamical fields that are present in
Lo

At this stage, we treat the conserved ghost charge Q. as the generator [cf. Eq. (9)] for the
infinitesimal ghost-scale transformations s, and observe that the following relationships between the
ghost charge and the non-nilpotent (i.e. Q%a) ; # 0) versions and nilpotent (i.e. Q% AD = 0) versions of
the (anti-)co-BRST charges (i.e. Q(ayar Qa)p) are true, namely;

5¢Qi = —i[Qu, Q¢] =— Qi = i[Qq, Qi) =—Qu,

SgQad = 71‘[Qad/ Qg] =+Qu = i[Qgr Qud] =+ Qud,
s¢Qp = —i[Qp, Q) =—Qp = i[Qq Qp] =—0Qb,
$¢Qap = —i[Qap, Q¢] = +Qup = i[Qq Qap| =+ Qap, (B.5)
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which establish that the Noether non-nilpotent (anti-)co-BRST charges Q ;)4 and the nilpotent versions
of the (anti-)co-BRST charges Q)p obey exactly the same kinds of algebras with the conserved ghost
charge Q.. However, we know that the nilpotency property of the (anti-)co-BRST charges is very
important from the point of view of (i) the BRST cohomology (see, e.g. [23]), and (ii) the physicality
criteria [9] and their consistency with the Dirac quantization conditions for the systems with constraints
[37-40]. In particular, for the BRST-quantized field-theoretic models of Hodge theory, the physical
states (i.e. |phys >) are the harmonic states (in the Hodge decomposed quantum states of the Hilbert
space) which are annihilated by the conserved and nilpotent versions of the (anti-)BRST as well as
the (anti-)co-BRST charges. These charges are expected to satisfy a very specific kinds of algebraic
structures with the conserved ghost charge. In our present case, the standard kind of algebra is obeyed
by the nilpotent (i.e. Q% D = 0) versions of the (anti-)co-BRST charges Q(4)p and the conserved ghost
charge Q.. This algebra is as follows:

Qh=0, Qip=0 i[Qy Qp]=-Qp,  i[Qs Qap]=+Qup. (B.6)

The above algebra encodes the fact that the ghost numbers of the nilpotent (anti-)co-BRST charges are
(+1) — 1, respectively. In other words, the co-BRST symmetry transformation operator s; lowers the
ghost number of a field by one [cf. Eq. (3)]. On the other hand, the ghost number is raised by one for a
field which is acted upon by the anti-co-BRST symmetry transformation operator s,; [cf. Eq. (30)].
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