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Abstract Consistent interactions that can be added to a
free, Abelian gauge theory comprising a BF model and a
finite set of massless real scalar fields are constructed from
the deformation of the solution to the master equation based
on specific cohomological techniques. Under the hypotheses
of analyticity in the coupling constant, Lorentz covariance,
spacetime locality, and Poincaré invariance, supplemented
with the requirement of the preservation of the number of
derivatives on each field with respect to the free theory, we
see that the deformation procedure leads to two classes of
gauge-invariant interacting theories with a mass term for the
BF vector field A, with U (1) gauge invariance. In order to
derive this result we have not used the Higgs mechanism
based on spontaneous symmetry breaking.

1 Introduction

Topological BF theories [1] are important due to the fact
that some interacting, non-Abelian versions are related to a
Poisson structure algebra [2] characteristic to Poisson sigma
models, which, in turn, are useful tools at the study of two-
dimensional gravity. It is well known that pure gravity in
D = 3 is just a BF theory. Moreover, higher-dimensional
general relativity and supergravity in the Ashtekar formalism
may also be formulated as topological BF theories in the
presence of some extra constraints [3—6]. In view of these
results, it is relevant to construct the self-interactions in BF
theories [7-9] as well as the couplings between BF models
and other gauge or matter theories [10—13].

The aim of this paper is to investigate the consistent inter-
actions in four spacetime dimensions between an Abelian BF
theory and a set of massless real scalar fields by means of the
deformation of the solution to the master equation [14,15]
with the help of local BRST cohomology [16—18]. The field
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sector of the four-dimensional BF model consists of one
scalar field ¢, two vector fields {A,, H"}, and a two-form
BV . We work under the hypotheses of analyticity in the cou-
pling constant, Lorentz covariance, spacetime locality, and
Poincaré invariance, supplemented with the requirement of
the preservation of the number of derivatives on each field
with respect to the free theory. As a consequence of our pro-
cedure, we are led to two classes of gauge-invariant interact-
ing theories with a mass term for the BF vector field A, with
U (1) gauge invariance. The derivation of the above classes of
gauge-invariant massive theories represents the main result
of this paper. We remark that in order to derive the previ-
ously mentioned massive models we have not used in any
way the Higgs mechanism based on spontaneous symme-
try breaking [19-22]. Thus, our main result reveals a novel
mass generation mechanism that deserves to be further inves-
tigated with respect to a collection of Maxwell vector fields
and a set of real massless scalar fields.

Our strategy goes as follows. Initially, we determine in
Sect. 2 the (antifield) BRST symmetry of the free model,
which splits as the sum between the Koszul-Tate differen-
tial and the longitudinal exterior derivative, s = § + y. In
Sect. 3 we briefly present the reformulation of the problem
of constructing consistent interactions in gauge field theo-
ries in terms of the deformation of the solution to the master
equation. Next, in Sect. 4 we determine the first-order defor-
mation of the solution to the master equation for the model
under consideration. The first-order deformation belongs to
the local cohomology H'(s|d), where d is the exterior space-
time derivative. We find that the first-order deformation is
parameterized by five types of smooth functions of the undif-
ferentiated scalar fields form the theory. Section 5 is devoted
to the investigation of higher-order deformations. The consis-
tency of the first-order deformation restricts the above men-
tioned functions to fulfill two kinds of equations (consis-
tency equations). Based on these equations we prove that
the higher-order deformations can be taken to stop at order
three in the coupling constant. The identification of the inter-
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acting model is developed in Sect. 6. Initially, we infer the
general form of the Lagrangian action and its gauge symme-
tries. Next, we emphasize two types of solutions to the con-
sistency equations, which lead to the previously mentioned
gauge-invariant massive theories. Section 7 closes the paper
with the main conclusions and some comments. The present
paper contains also two appendices, in which the concrete
form of the first-order deformation used in the main body
of the paper as well as some formulas concerning the gauge
structure of the interacting model are derived.

2 Starting model

We start from a free model in D = 4 spacetime dimen-
sions describing a topological BF theory with a maximal
field spectrum (a scalar ¢, two sorts of vector fields denoted
by {A,, H"}, and a two-form B*") plus a finite set of mass-
less real scalar fields qu (A =1, N). For notational ease we
designate the entire collection of massless real scalar fields
by ¢ and the full field spectrum by ®*°,

¢={o"} i O =lp, Ay, H", B", ¢). (1
The Lagrangian action underlying this model reads
SL[e%0] = /d4x[H“8M<p + 1B 3,

+ $han (,0") (9")
= SL’BF[QD,AM, H;,L, BlLU] _{_SL,SC‘dlal'[d)]. (2)

We work with a mostly negative metric in a (flat) Minkowski
spacetime of dimension D = 4,0"" = 0},, = (+———) and
a metric tensor k4 p with respect to the matter field indices
(i.e., constant, symmetric, invertible, and positively defined),
da =ky B¢>B. In this context, the elements of its inverse will
be symbolized by k4. Everywhere in this paper the notation
[1 ... v]signifies complete antisymmetry with respect to the
(Lorentz) indices between brackets, with the conventions that
the minimum number of terms is always used and the result
is never divided by the number of terms. For instance, the
expression dj, A, from action (2) means d, A, — 0, A .

The BF action is invariant under the nontrivial (infinitesi-
mal) gauge transformations

e =0, SguAy, = e, 3)
Squ H* = =23, £, Sgu BHY = —30; e, 4)

while the action of the matter fields possesses no nontrivial
gauge symmetries of its own,

St =0, A=T,N, )
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such that (3)-(5) actually represent a generating set of
(infinitesimal) gauge transformations with respect to the
overall free action (2). The notation Q%! collects all the gauge
parameters,

Qo = {G,EML, E)L;w}, (6)

which are bosonic, completely antisymmetric (where appro-
priate), and otherwise arbitrary tensors of definite orders
defined on the spacetime manifold. The above gauge transfor-
mations, written in a compact form as §qe; @0, are off-shell
reducible of order two. Indeed, if we transform the gauge
parameters like

€(Q2) =0,
QU — QI (Qaz) & EMV(QOQ) — _33)@_—)»;4\)3 (7)
€MV (QU2) = —49, VP,

in terms of the first-order reducibility parameters
QC{Z = {g_—)u/,u)’ E)\,[/H)p}’ (8)

that are bosonic, completely antisymmetric, and otherwise
arbitrary tensors on the spacetime, then the gauge transfor-
mations of all fields vanish everywhere on the space of field
histories (off-shell),

8qu1 (@) @™ = 0. )
The last identities cover all the first-order reducibility rela-

tions of the set (3)—(5) of gauge transformations. Next, if we
transform the first-order reducibility parameters by

Hvo (Qe3) = —49 wa’
Q% = Q2 (Q) & [iwﬁ(gai) o, & (10)
in terms of the second-order reducibility parameters,
Q* = (£M7), (1n

with £*#V? a bosonic, completely antisymmetric, and other-
wise arbitrary tensor, then all the transformed gauge param-
eters (7) vanish also off-shell,

QU(Q¥2(Q*)) = 0. (12)

The above identities stand for all the second-order reducibil-
ity relations corresponding to the gauge transformations of
the action (2). The reducibility order of this gauge theory
in D = 4 is equal to two since the transformed first-order
reducibility parameters (10) vanish if and only if the second-
order reducibility parameters also vanish (actually if they are
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constant, but, due to their explicit dependence on the space-
time coordinates, these constants can be taken to vanish),

Q2QW) =0 & QB =P =, (13)

Actually, the BF sector, given its topological character, car-
ries no physical degrees of freedom, and hence all the phys-
ical degrees of freedom of this free model are provided by
the presence of the matter scalars. As an issue of terminol-
ogy, if we write the transformations (3)—(5), (7), and (10)
in condensed De Witt notations (where any discrete index is
understood to contain a continuous, spacetime one as well,
say ag = («g, x), and a sum taken over any such index auto-
matically includes a spacetime integral with respect to the
corresponding continuous one) like

Sou DU = Z90,, Q1
QUN(QY) = Z%,,Q%,
Q2 (QY) = 792, Q%,

then Z%0,, are known as gauge generators, while Z%!,, and
7%y, are called first-order and second-order reducibility
functions, respectively.

Moreover, all the commutators among the gauge transfor-
mations of the fields vanish off-shell, [§qi, 8 ][O = 0,
such the associated gauge algebra is Abelian. The previous
properties combined with the linearity of the field equations
following from the action (2) in all fields allow us to con-
clude that the overall free model under consideration is a
linear gauge theory with a definite Cauchy order, equal to
four.

Next, we construct the BRST differential algebra for the
free model we study in the context of the antifield-BRST
formalism [23-32]. Related to the BF sector, we use the
notations and results exposed in [33]. We introduce the
BRST generators as the original fields ®*° from Eq. (1), the
ghosts as dynamical variables respectively associated with
both gauge and reducibility parameters displayed in Egs.
(6), (8), and (11), together with their corresponding antifields
(denoted by star variables),

q)a’O = {‘pa A/l,v HM’ B,LLV’ ¢A}a
Of =¥, AT HY, BE L 63, (14)

QY — % = {n, C"", nH"P},
Moy = 0%, Crrys s (15)

Q% — 2 = (O, 1),

Ny = {Clivps Mhpnp - (16)
QM na3 = {CMwﬂ}’ ,7;3 = {C;\,kpwp}' (17)

For notational ease, it is convenient to organize the fields and
ghosts and the antifields into

X% = {@%, 0™, n*, ™),
XA =A{D5s Moy Mgy s Ny - (18)

The Z, grading of the BRST algebra in terms of the Grass-
mann parity (¢) is inferred from the observation that all the
original fields together with the accompanying gauge and
reducibility parameters are bosonic, so, according to the gen-
eral rules of the antifield formalism, we take

eM™) =kmod2, k=1,2,3,
e(xX) = (e(x®) + 1)mod 2. (19)

The Grassmann parity is then lifted to the BRST algebra by
means of its additive action modulo 2 against multiplica-
tion. In agreement with the usual prescriptions of the BRST
method, the BRST algebra is endowed with three more grad-
ings (correlated with the main derivatives/differentials acting
on this algebra): two N-gradings along the antifield number
agh and the pure ghost number pgh and a total Z-grading in
terms of the ghost number gh. These are instated by setting
the values of the corresponding degrees at the level of the
BRST generators,

agh(x®) =0, agh(®:) =1, agh(})=k+1, (20)
pgh(xx) =0, pgh(®*) =0, pgh(n™) =k, (21)

(with k = 1, 2, 3) and by further using their additive actions
with respect to the multiplication. Finally, the (total) ghost
number of any object with definite pure ghost and antifield
numbers is defined like gh(a) = pgh(a) — agh(a).

Due to the fact that the right-hand sides of both gauge
transformations (3)—(5) and relations (7) and (10) do not
depend on the fields ®*° (or, in other words, all gauge
generators and reducibility functions—of order one and
two, respectively—are field independent), it follows that the
BRST differential s reduces to a sum of two fermionic deriva-
tions,

s=046+y, (22)

with § the Koszul-Tate differential, graded in terms of agh
(agh(8) = —1), and y the longitudinal exterior derivative (in
this case a true differential), graded by pgh (pgh(y) = 1).
These two degrees do not interfere (agh(y) = 0, pgh(§) =
0), such that the total degree of the BRST differential (and
of each of its components), namely gh, becomes equal to 1:
gh(s) = gh(§) = gh(y) = 1. One of the major requirements
of the BRST setting, namely the second-order nilpotency of
s, becomes equivalent to three separate equations,

s2=0s (82=0,8y +y8=0, y>=0), (23)

@ Springer
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which confirms that y can indeed be constructed as a true
differential in the case of the free model we study. The actions
of § and y on the BRST generators that enforce Eq. (23) as
well as the fundamental cohomological requirements of the
antifield BRST theory [27-32] are given by

Sx =0, 8¢*=0H" SA* =08, B, (24)

SH; = —0up. 8B, =—30,Ay. 8¢} =kapOe”,

(25)
St = —0, A, 8Ch, =0 HyY. Onh,, = OB,

(26)
8Chmp = =0 Clppy M3 ynp = —00A Mgy 27
8C;‘:;wp = a[kc;iup]’ (28)
yxa=0, yo=0, yA,=adun, (29)
yH" = =28, C*, yB* = -39, )™, yot =0,

(30)
yn =0, yCM = =30,CM""  yn"P = 43y,

(3D
yCHP = _43ACkuvp’ ynkuw =0, yC)“”p =0,

(32)

where both operators are assumed to act like right derivations
and OJ = 9,0" symbolizes the d’Alembertian. We notice
that the actions of y on all fields/ghosts can be obtained
in this particular situation simply by replacing all gauge or
reducibility parameters from the right-hand sides of relations
(3)—(5), (7), (10), and (13) with the related ghosts introduced
in (15)—(17).

A striking feature of the antifield approach, in spite of its
essentially Lagrangian origins, resides in the (anti)canonical
action of the BRST differential [23-32],s- = (-, §), where its
(anti)canonical generator § is a bosonic functional of ghost
number equal to 0 (¢(S) = 0, gh(S) = 0) that is solution to
the classical master equation (S, §) = 0, where (, ) symbol-
izes the antibracket. This (anti)canonical structure is obtained
by postulating that each antifield is respectively conjugated to
the corresponding field/ghost, ( A XZ’) =4 2, ,and is shown
to display properties that are fully complementary to the gen-
eralized Poisson bracket from the Hamiltonian formalism for
theories with both bosonic and fermionic degrees of freedom.
The classical master equation is completely equivalent to
the second-order nilpotency of s and its solution also imple-
ments the main cohomological requirements at the level of
the BRST differential. In the case of the free gauge theory
we study, the solution to the classical master equation takes
a simple form, expressed by

S = /d4x[H“8Mgo + 1B™ 3, A + Skan (0.97) (040%)

+ A*9un — 2H 3, CH — 3B

@ Springer

—3Ch,CHY — At P

—4c* akc“wp].

Lo (33)

The solution to the classical master equation is constructed
in such a way to encode the entire gauge structure of a given
theory. Relation (33) (and also Eq. (22)) must be viewed like a
decomposition of the canonical generator of the BRST differ-
ential (or respectively of the BRST differential itself) along
the antifield number agh. Thus, its component of agh equal
to 0 is nothing but the Lagrangian action of the starting gauge
model, while its projection on agh equal to 1 is written as the
antifields of the original fields times the gauge transforma-
tions of the corresponding fields with the gauge parameters
Q%! replaced by the ghosts n*! (of pure ghost number 1).
The structure of the remaining terms, of antifield numbers
strictly greater than 1, reveals all the remaining tensor prop-
erties of the gauge algebra and reducibility of the chosen
generating set of gauge transformations. In our case there
appear only terms of agh equal to 2 and 3, respectively, that
are linear in both antifields and ghosts, whose origin is due to
the first- and second-order reducibility of the gauge transfor-
mations (3)—(5), respectively. The absence of terms at least
quadratic in ghosts or respectively in antifields is directly
correlated with the abelianity of the associated gauge algebra
and the off-shell behavior of the accompanying reducibility
relations. Moreover, we observe that all the properties of the
Lagrangian formulation of the free model (2), such as space-
time locality [34], Lorentz covariance, Poincaré invariance,
and so on, are preserved by the solution to the classical master
equation.

3 Deformation procedure

The long standing problem of constructing consistent inter-
actions in gauge field theories has been solved in an ele-
gant and yet economic fashion by reformulating it as a prob-
lem of deforming the classical solution to the master equa-
tion [14,15] in the framework of the local BRST cohomol-
ogy [16-18]. Thus, if consistent interactions can be con-
structed for a given “free” gauge theory, then the associ-
ated solution to the classical master equation, S, can be
deformed along a coupling constant (deformation parame-
ter) g to another functional S, which is precisely the solution
to the master equation for the interacting gauge theory,

S—>S=S+gSi+& %+ +g*Sa+---,

(S, 8 =0. (34)

The consistency of deformations requires that the deformed
gauge theory preserves the number of physical degrees of
freedom of the starting “free” system (the field content and
the number of independent gauge symmetries are the same
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via keeping the maximum reducibility order and also the
number of independent reducibility relations at each order for
both theories), and hence the field/ghost and antifield spectra
are unchanged. It is understood that S should satisfy all the
other standard properties required by the BRST-antifield for-
malism (and already assumed to be verified by §), namely,
to be a bosonic functional of ghost number 0 &(S) = 0,
gh(S) = 0) of fields, ghosts, and antifields. From the expan-
sion of S we find that the main equation of the deformation
procedure, (.S_’, S‘) = 0, becomes equivalent to the follow-
ing chain of equations obtained by projection on the various
powers in the coupling constant (and also accounting for the
canonical action of the BRST differential of the initial gauge
theory, s- = (-, §)):

g’ (5,8 =0, (35)
gl 58 =0, (36)
g2 (81, 81) +55: =0, (37)
g (81, 8) +583=0, (38)
gh 1 1(82, $2) + (81, 83) + 584 =0, (39)

It is clear that Eq. (35) is satisfied by assumption (since S is
the generator of the BRST symmetry for the “free” gauge the-
ory). The remaining ones are to be solved recursively, from
lower to higher orders, such that each equation correspond-
ing to a given order of perturbation theory, say i (i > 1),
contains a single unknown functional, namely, the deforma-
tion of order i, S;. Thus, Eq. (36) demands that the first-order
deformation is s-closed. Nevertheless, we discard the class
of s-exact solutions since these can be shown to correspond
to trivial gauge interactions of the Lagrangian action [14,15]
and can be eliminated by some (possibly nonlinear) field
redefinitions. In view of this, it follows that the nontrivial
first-order deformations of the solution to the classical mas-
ter equation are constrained by Eq. (36) to be the (nontrivial)
equivalence classes of the cohomology of the BRST differ-
ential s in ghost number 0 computed in the space of all (local
and nonlocal) functionals of fields, ghosts, and antifields.
This specific cohomology is nonempty since it contains all
Lagrangian physical observables of the initial “free” gauge
theory, so we can admit that Eq. (36) possesses nontrivial
solutions. The existence of solutions to the remaining higher-
order equations is shown by means of the triviality of the
antibracket map in the BRST cohomology computed in the
space of all functionals [14]. Unfortunately, this procedure
does not guarantee the spacetime locality of the deformed
solution S, and thus neither the locality of the interacting
Lagrangian action.

Under the hypothesis of spacetime locality of deforma-
tions, if we choose the notations

S =/ade,52=/bde,

S3 =/cde,S4 =/dde, (40)
1 D D
E(Slv Sl): Ad X, (Slv SZ)Z Ad X, (41)
1
E(s2,52)+(s1,53)=/1“de, (42)

where the nonintegrated densities of the deformations of var-
ious orders, a, b, ¢, d, and so on, are all bosonic and of ghost
number equal to 0 (such that A, A, T, etc. become fermionic
and of total ghost number equal to 1), then Egs. (36)—(39)
etc. take the local form (in dual language)

gl isa=9,j" (43)
g% i sh = —A+ 9,k (44)
g isc=—A+ 0,0, (45)
gtisd =T +3,m", (46)

where all the currents (j*, k*, etc.) are local, fermionic, and
of ghost number 1. The above chain of equations should be
solved recursively, starting from lower to higher orders of
perturbation theory. Thus, Eq. (43) stipulates that the non-
integrated density of the first-order deformation is a local
BRST co-cycle of ghost number 0. Its solution is unique up
to addition of trivial quantities, i.e., of s-exact terms modulo
divergences at the level of a and of s acting on the corre-
sponding currents modulo the divergence of a two-form in
relation with j*,

a—d =a+sa+d,j",
Jh = = s 4 8k, (47)

(with a local, fermionic, and of ghost number —1, the cur-
rent f“ also local, but bosonic and of ghost number 0, and
the two-tensor k"# local, fermionic, of gh equal to 1, and
antisymmetric, k¥* = —k"") in the sense that

sa—d,jt =sd —9,j" =0. (48)

In other words, a is constrained now to belong to a nontriv-
ial class of the local BRST cohomology (cohomology of s
modulo d—with d the exterior differential in spacetime) in
gh = 0 computed in the algebra of (local) nonintegrated den-
sities, HY (s]d). In this context, there is no warranty that there
exist nontrivial solutions to the first-order deformation equa-
tion in this algebra. Moreover, assuming one actually finds
such solutions, a, it is possible that there are still no local
solutions with respect to the second- or higher-order defor-
mations. Indeed, A introduced in the former relation from

@ Springer
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(41)islocal now due to the previous assumption on a since the
antibracket of two local functionals is always local. Neverthe-
less, it may not read as an s-exact object modulo a divergence,
with both the object and the corresponding current some local
quantities, in which case the second-order deformation equa-
tion, (44), possesses no solutions with respect to b in the alge-
bra of local nonintegrated densities. If one imposes further
restrictions on the deformations of the solution to the clas-
sical master equation, such as Poincaré invariance, Lorentz
covariance, etc., then Eqgs. (43)—(46), etc. remain valid, but
the first-order deformation a should be regarded as a non-
trivial element of H 0(s|d) computed now in an even more
restricted algebra, of nonintegrated densities that are also
Poincaré invariant, Lorentz covariant, etc.

4 Setting the problem: first-order deformation

In the sequel we apply the deformation procedure exposed
previously with the purpose of generating consistent inter-
acting gauge theories in D = 4 whose free limit is precisely
the gauge theory described by relations (2)—(5). We are inter-
ested only in (nontrivial) deformations that comply with the
standard hypotheses of field theory: analyticity in the cou-
pling constant, Lorentz covariance, spacetime locality, and
Poincaré invariance. By analyticity in the coupling constant
we mean that the deformed solution to the classical master
equation, S as in (34), is an analytic function of g and reduces
to the canonical BRST generator (33) of the starting model in
the free limit (g = 0). The other requirements are translated
at the level of its nonintegrated densities at all orders of per-
turbation theory to be expressed by (nontrivial) bosonic func-
tions of ghost number 0O that are: (a) (background) Lorentz
scalars; (b) smooth functions of the undifferentiated origi-
nal fields @0 (see the notation (1)); (c) polynomials in the
derivatives of the original fields up to a finite order; (d) poly-
nomials in the ghosts, antifields, and their spacetime deriva-
tives up to a finite order (items (b), (c), and (d) ensure the
spacetime locality); (e) without an explicit dependence of
the spacetime coordinates (Poincaré invariance). In addition,
we impose the conservation of the number of derivatives on
each field with respect to the free limit and call it the deriva-
tive order assumption. This means that: (1) the interacting
Lagrangian density may contain at most two derivatives of
the fields at each order in the coupling constant; (2) all the
vertices containing two derivatives are limited to terms that
are quadratic in the first-order derivatives of the matter fields;
(3) the other vertices, with one or no derivatives, are not
restricted. In this way, the derivative order of the equations
of motion for each field is the same in the free and interacting
theory. We recall that the interacting Lagrangian densities in
various perturbative orders are obtained by projecting the cor-
responding nonintegrated densities of the deformed solution

@ Springer

to the master equation on antifield number 0. Actually, we
show that it is possible to relax the derivative-order assump-
tion, work with the weaker requirement that the maximum
number of derivatives allowed to enter each Lagrangian den-
sity is equal to two (without limiting the fields on which the
derivatives may act), and then recover precisely the initial,
stronger condition at the level of each nontrivial deformation.

By virtue of the discussion from the previous section,
the nonintegrated density of the first-order deformation, a,
should be a nontrivial element of the local BRST cohomol-
ogy in ghost number equal to 0, H%(s|d). In addition, all such
solutions for a will be selected such as to comply with the
working hypotheses mentioned in the above. The noninte-
grated density of the first-order deformation splits naturally
into two components,

a=a +a™, (49)
where aPF is responsible for the self-interactions among the
BF fields and ™ governs the couplings between the BF
field spectrum and the matter scalar fields as well as the self-
interactions among the scalar fields. The two components
display different contents of BRST generators (aPF involves
only the BF fields, ghosts, and antifields, while a™ mixes
the BF and matter sectors), such that equation sa = 9, j*
becomes equivalent to two equations, one for each piece,

sa®F = Bﬂj]’;l:, (50)

sa™ =3, jl. (51)

Related to the BF sector, Eq. (50) was addressed in [33]
under some equivalent working hypotheses and in the frame-
work of the same deformation approach. Employing all the
results, notations, and conventions therein, it follows that a3F

can be taken to decompose as a sum between pieces with the
antifield number ranging from O to 4,

4
o
Jj=0
g(a}gF) = O’ gh(a]/SF) = 0, agh(a?F) = j, (52)

where the expressions of its components take the form

af¥ = —W(p)H"A,, (53)
dw
BF * *
= W — H*HM——
“ (w “ de )n
dw
+ (W [’LAVJ+2WBZV)C“”, (54)

dW d*w
BF

aw
+ 2(% [ZB‘TQ] + W”ZVP)]CMW)
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dW*dZ
+|==Ci +

BF d_WC* d2W *C* d%W
dy MVP d2 [u vn d*

dw d*w
+ 2[(70* + i H[MH*)BZM

~—H H*) cr, (55)

sk
—— H} HH )Ax

aw
+ %H[ZU:W\] + Wn:ivp)»] ]Cﬂvm

W we g2 [n~vpl
d3
+ —— HH} H*)nC“W’ (56)
de3
aw d>w
BF
ag = [EC;WM"’_ A (H[MC:M +Clu ;)\])
d?
+ 453 H[HH Cp”
d*w N
+ d4HHHHA} cHver, (57)

Everywhere in the sequel the lower numeric index of any
quantity serves as the value of its antifield number (like, for
instance, the lower index j in aBF) In the above W = W (p)
is a smooth function dependmg only on the undifferenti-
ated BF scalar field ¢. In [33] one considered a second
possible solution to Eq. (50), which decomposes again in
pieces of antifield number ranging between 0 and 4 and pro-
duces a Lagrangian at order one in the coupling constant
which is quadratic in the components of the two-form B*,
M(p)&pn B"* BP* with M (¢) another smooth function of
¢. Here, we discard this last solution, although it is nontrivial
and verifies all the working hypotheses, for a simple reason.
The consistency of the first-order deformation [i.e., the exis-
tence of b as solution to Eq. (44)] constrains the two func-
tions W and M to satisfy the equation W(p)M (¢) = 0, so
the associated BF self-interactions cannot coexist in D = 4.
Therefore, one should analyze separately the complemen-
tary cases where a single function is nonvanishing. The case
W = 0 and M arbitrary has been shown in [33] to produce
purely trivial couplings between the BF and an arbitrary set
of matter fields and therefore we avoid it since our aim is
to unveil all nontrivial couplings between the BF fields and
a collection of real massless scalars. This argues the choice
(53)—(57) with respect to the first-order deformation in the
BF sector.

Our next task is to infer the general form of the cross-
coupling first-order deformation as solution to Eq. (51).
Although the Cauchy order of the overall model is equal to 4,
it is the BF sector alone, governed by the Lagrangian action
SLBF[p, A,,, H*, B*"] from (2) and gauge transformations
(3) and (4), which is a linear gauge theory of Cauchy order

four. The massless real scalar fields are separately described
by a linear theory with the Lagrangian action S™5°1ar[¢]
from (2) and without (nontrivial) gauge symmetries (see (5)),
soits Cauchy orderis equal to one. On these grounds, the mat-
ter sector can be shown to be able to contribute nontrivially
to the first-order deformation ¢'™ earliest in antifield number
1 (see [33] for a more detailed argument). Consequently, it
is enough to expand a™ and jiﬁt along the antifield number
like

int __ _int int Iy Ny
a” =ay +ay, Jp = Jin,1 T Jint,00 (58)

gh(alm) = agh(ji’rft’]) =1,
agh(ag") = agh(jiy, o) = 0. (59)

being understood that in addition both components of a'™
should be bosonic and of ghost number 0, while both currents
should be fermionic and of ghost number 1. Of course, since
the two degrees gh and agh are now fixed, the third one (pgh)
is also completely known,

pgh(ag") =0, pgh(al™) = 1,

gh(fim,()) =1, gh(fint,l) =2 (60)
Taking into account Eq. (58) and the decomposition (22) of
the BRST differential, Eq. (51) becomes equivalent to two
separate equations,

int
vay = 3ulmt 1°

saim = aﬂjim,o. (61)

a +ya0

Since the antifield number of both hand sides of Eq. (61)
is strictly positive (equal to 1), it can be safely replaced by
its homogeneous version without loss of nontrivial terms,
namely, one can always take ]lm | = 01in (58). The proof of
this result is done in a standard manner (for instance, see [17,
35-40]) and enables the equivalence between (51) and the
simpler equations

ya‘f“ 0, (62)
= 8ﬂjil:1t,0' (63)

int

day + yao

Equation (62) shows that a”lt can be taken as a y-closed
object of pure ghost number 1 (see (60)). All y-exact quanti-
ties may be factored out from ailm as they eventually provoke
trivial terms in ™™, which is translated into the fact that a"lt
is a nontrivial element of the cohomology of y in pgh = 1
computed in the algebra of local nonintegrated densities in
the framework of the above hypotheses, H' (). According to
the detailed analysis from Appendix A, we conclude that the

general, nontrivial expression of the nonintegrated density of
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the first-order deformation that mixes the BF and the matter
sectors and, essentially, meets all the imposed requirements,
can be written as

aint — int +aint (64)
lm——kAB(a“qs )i (@, $)A — V(. ¢)
+ ap(e. 9) (aﬂasA) (9"¢"), (65)
a" = [—H:;kA (919%) (z D 4 piite, ¢)}
(66)
where
(g, ¢) = n (@) + T8 (p)kpc o,
T48(p) = —T%4(p), (67)
wap(@, ®) = upale, @),
dualp, d)  duplp, d)
nag(@, ¢) # PR PR (68)

We remark that the nonintegrated density corresponding to
the first-order deformation is parameterized by three kinds
of arbitrary smooth functions depending only on the undif-
ferentiated BF scalar field ¢ (a scalar W, an N-dimensional
vector of components n, and a skew-symmetric quadratic
matrix of order N of elements 745 and by two types of arbi-
trary smooth functions of all the undifferentiated scalar fields
from the theory {¢, ¢} (ascalar V and a symmetric, nontrivial
quadratic matrix of order N of elements i 4 p). It is easy to see
that a™ contains also nontrivial self-interactions among the
matter fields, as it has been permitted from the start (see the
discussion following Eq. (49)). They follow from (65) allow-
ing the functions V and p4p to include terms that depend
solely on ¢.

This completes the problem of obtaining the general
expression of the nontrivial nonintegrated density of the first-
order deformation a as solution to Eq. (43) under some spe-
cific assumptions. It splits like in (49), with aBF and @'
governed by relations (52)—(57) and respectively (64)—(68).

5 Higher-order deformations

Next, we pass to inferring the nonintegrated density of the
second-order deformation b as solution to Eq. (44) or, in
other words, to the consistency of the first-order deformation
at order two in the coupling constant. By direct computation,
from (49) where we use (52)—(57) and (64)—(66), we find that

Inc(p, p) Inc(p, p) _
_(kAC"Ty 4 kBC"Tvyf’)(aw)nB A

anC (g,
+ [%(MAC(% ¢)M

3B

i (¢, ¢)

+ upc(e, @) 2pA
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opap(e, @) _
A;T (g, 9)
9 ,
n MAI;SO ) W(¢))(3M¢A)(8M¢B)
0V (@, 9) Vg, ¢)
( Gh @)+ — . W(w))}n
+s[ “[uan(e. $)(346")
anB (e,
— kap ARt (p, qs)]%”b)n
(2
+ [ras (@, $) (3 0%)
— skap At (0, $)]i" (0. $) A, } (69)

The quantities appearing on the first line from the right-hand
side of (69) are identically vanishing because 774 of the form
(67) are by construction solutions to Eq. (219) (see the para-
graph containing Eq. (232) from Appendix A). With this
observation at hand and making the supplementary notations

Wip)=V'ip.¢).,  (70)

01 (9. 9)
+ upc(p. ¢)8¢T

d s
2

= Wpa(@, 9), (71)

NV (g, 9) A NV (g, 9)
Tagr @8
Inc (g, ¢)
dB
onap(e, ) i€ (p
€
= M%B((ov ¢)7

nac(e, @)

+
MiAB(gD, ¢)

from (69) and (44) we further deduce that the existence of
alocal b as solution to Eq. (44) is equivalent to the (consis-
tency) condition

[31ap(@. ) (0,6") (3"9¢%) =V (0, $)]n
= b+ 3k, (72)

with b’ a bosonic, local nonintegrated density of ghost num-
ber 0 and k'* a local fermionic current of ghost number 1.
Due to the fact that 5 is s-closed and sA, = 9,7, we find
that (72) implies the necessary requirement

Ty 5(@, ) (8,07) (8" 9%) =V (¢, ¢) = sa'+8,j", (73)

where a’ denotes a fermionic, local nonintegrated density of
ghost number —1 and j’* a local, bosonic current of ghost
number 0. Inspecting Eq. (73), on the one hand we remark
that its left-hand side is a bosonic, local nonintegrated density
of ghost number 0, which is, s-closed since it depends only
on the scalar fields from the theory (and on their spacetime
derivatives), so an element of H%(s|d). On the other hand,
(73) asks that it is precisely in a trivial class from HO(s|d).
As it has been argued in Appendix A (see the discussion
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following Eq. (255)), Eq. (73) is satisfied if and only if V' is
vanishing and (', p is trivial, i.e. of the form (256),

Vg, ¢) =0,
dralp. @)  9rp(p.9)
g8 dpA

Wap(p, ¢) = (74)

with {L4, A = 1,_N} some smooth functions of the undif-
ferentiated scalar fields from the theory. It is easy to see that
Eq. (73) is also sufficient for the existence of b in the sense
that its solutions ensure that (72) displays at least one local
solution with respect to »'. Indeed, by means of (74) and
using Eq. (257), we obtain

(51450, $)(3.907) (3%0%) — V(0. 9)]n
= si — ("¢ ralp, P)A,

oA ,
+ [kAB@iXB((p, ¢) — H;(B”aﬁ")%}n]

+ 3. [rale, 9) (3790 )n]. (75)

so comparing (72) with (75) it follows that we can take, for
instance,

b = (3 ™) ralp, )A,

+ [H[i‘ (8%/*)%2’@ — k"B pinp (e, ¢>)}n- (76)
Until now we emphasized that the existence of local solu-
tions to Eq. (44), which controls the nonintegrated density
of the second-order deformation, is equivalent to the fact the
functions that parameterize the first-order deformation are
no longer arbitrary, but subject to conditions (74). Indeed,
by means of (70) and (71) and recalling (67), it is clear that
(74) constrain precisely the parameterizing functions W (¢),
nt(p), T*8 (), V(p, ¢), and uap (¢, §).

Next, we point out that we can still simplify the second
set of relations from (74) without loss of nontrivial terms at
the level of the nonintegrated density of the first-order defor-
mation, (49). To this aim we act as mentioned in Appendix
A at the end of the paragraph containing Eq. (257), namely,
we add to (49) some specific purely trivial terms and choose
to work with

0 > *
AL AR unte, ¢>)}

+ 3, (valp, )3 9%, (77)

a—a+ S[H;(aﬂ(ﬁA)

which is the same (due to (257)) with adding to p4p from
(65) a trivial part, of the form (256),

aUA(QD, ¢) aUB((pv ¢)
dpB dpA

nap(@, ®) — pnap(e, @) + . (78)

Consequently, the functions 1ty 5 (¢, ¢) introduced in (71)
transform like

004(p,¢)  00z(p, ¢)

Wag (@, ¢) = 1ap(@, ¢)+ 208 T o . (79)
with
9 LO) _ i (g,
Oalp. §) = %n%, $) + ve (o, ¢)%
L)) (80)
2

Comparing the second set of relations appearing in (74) with
(79), we conclude that we can absorb the terms depending
on A4 into 4 g by an appropriate trivial transformation (78).
Therefore, from now on we work with the purely homoge-
neous conditions

Vg, ) =0, uyplp.d)=0, (81)

written in explicit form (with the help of (70) and (71)), thus:

WV(p, ) _ V(p, 9)
EMT”A(% ¢) + TW(QIJ) =0, (82)
01 (¢, §) 91 (¢, ¢)
wac (g, ¢)8¢T + upc(p, @) B
duas(@, P) _¢ nan(p, ¢) _
+ T agC ! (¢, 9) + B P W(p) =0, (83)

with 724 given in (67). We call (82) and (83) consistency
equations since, in agreement with the analysis from the pre-
vious paragraph, they ensure the existence of solutions b to
the second-order deformation equation in local form, (44),
and thus the consistency of the nonintegrated density of the
overall deformation of the solution to the master equation at
order two of perturbation theory.

Assuming there exist nonvanishing and nontrivial solu-
tions to the consistency conditions with respect to the param-
eterizing functions, where nontrivial refers strictly to the fact
that the functions w4 p are subject to the latter requirement
from (68), it follows from (69) that Eq. (44) takes the form

s[b + H[nas(p. ¢)(3"¢")

a8 (g, ¢)

— skap At (9, $)]i% (@, 9) AL | = k" (84)

— kapAtit (¢, $)] [1an (e, ¢)(8"p™)
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In consequence, we find that

b=—H}[nap(e.0)(3"¢")

anB (o,
— kapAtiA (g, ¢>]wrz — [an(e. ) (0"

— skap At (0. $)]i" (0. $) Ay, (85)

and therefore the nonintegrated density of the second-order
deformation splits into a sum of components with the antifield
number equal to 0 and 1,

b =by+ by, (86)
by = —pan(e, §)(3“0™)i® (0, ) A,
+ Ykapiit (0, 9)i® (0, 9)A* Ay, (87)

anb(p,
by = H;[ - MAB(¢,¢)(3“¢A)%

3 (¢, )" (9. 9)) A“}n

+ Skagp (838)

e

From the previous expressions it follows that the second order
of perturbation theory contributes only to the deformation
of the gauge transformations corresponding to the one-form
H*" from the BF sector and adds two kinds of vertices, which
couple the BF to the matter fields and, essentially, meet all
the requirements, including the derivative-order assumption.

Next, we solve Eq. (45), responsible for the nonintegrated
density of the third-order deformation, c¢. In terms of nota-
tions (40)—(42) and employing the results contained in Egs.
(49), (52)-(57), (64)—(66), and (86)—(88), by direct compu-
tation we arrive at

9iC (9, $)
A= %(kAC—EM)B
311 (o, . _
+ch%;@)nAw,qs)nB(w,mA“Aun
3i€ (¢, ¢) 3 (¢, ¢)
- (MAC((Ps ¢)3¢T + upc(e, ¢)B¢T
onap(e, @) _
+ Tnc((p, )
d s _
4 WW«») (8"62)i% (¢, $)Aun
9 ~A , ~B ,
+S[_%MAB((P7¢)A”|:H: e q;z: v ¢))77
+ i (o, )it (g, ¢)Au” . (89)

The terms contained in the first two lines and in the next
three lines from the right-hand side of (89) are identically
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vanishing on account of Eqs. (67) and respectively (83), such
that Eq. (45) becomes equivalent to

(1 (g, p)n® (g,
s C—%MAB(cp,rb)A“[H; (i ?; (¢ ‘15)),7
+ﬁA(¢v ¢)ﬁB(¢a ¢)A;,L:|} == 8M1M, (90)

from which we arrive at

8(7% (¢ )% (g
C=%MAB(¢,¢)A“[H; (i ‘g): @)

+ 1 (g, $)it® (g, ¢>>Au]. 91)

In conclusion, the nonintegrated density of the third-order
deformation decomposes, according to the distinct values of
the antifield number, into a sum between two pieces,

c=co+ci, 92)
co = 3ian(p, 9 (0, 9’ (o, A" Ay, (93)
(' (. p)n® (@, 9))

dg

c1=3HIA uap(p. ¢) n. (94)

where the functions 74 of the form (67) together with 45
are assumed to satisfy the consistency conditions (82) and
(83). Analyzing (92)-(94), we notice that the third order of
perturbation theory deforms again only the gauge transfor-
mations of the BF one-form H* and produces a single kind
of cross-coupling vertices, while respecting all the working
hypotheses.

Now, we pass to the fourth order of perturbation theory
and solve Eq. (46). In agreement with notations (40)—(42)
and by means of Eqgs. (49), (52)—(57), (64)—(66), (86)—(88),
and (92)—(94), we infer that

i (¢, ¢)
8¢B

i (¢, ¢)

+ upc(e, ¢) oA

r= %(MAC(% )

ouap(p, P) _
Tnc(q), ®)
n ouag(e, d)

i W(w))ﬁ/‘(w,@ﬁ‘*«o,¢>A“A,m, (95)

so it is identically vanishing since the parameterizing func-
tions are solutions to the consistency conditions (83) and thus
Eq. (46) takes the simple form

sd = 9, m", (96)
with m** alocal current. By virtue of (96), the nonintegrated

density of the fourth-order deformation of the solution to
the master equation is spanned by the (nontrivial) elements
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from the cohomology H° (s|d) that comply with all the work-
ing hypotheses, which can be eliminated because they have
already been considered once, at order one in the coupling
constant, so we can choose

d=0s8,=0 (97)

without loss of new nontrivial deformations and also without
further consistency conditions on the functions that param-
eterize the first-order deformation. Along the same line and
using the results deduced until now, it is easy to see that all the
remaining higher-order deformations can be taken to vanish,

Sk =0, k>4 (98)

Assembling the outcomes deduced so far via expansion
(34), we can state that the most general, nontrivial deforma-
tion of the solution to the master equation describing four-
dimensional interactions among a topological BF theory and
a (finite) set of massless real scalar fields that is consistent to
all orders in the coupling constant and meanwhile displays all
the required properties (analyticity in the deformation param-
eter, Lorentz covariance, spacetime locality, Poincaré invari-
ance, and conservation of the number of derivatives on each
field with respect to the free limit at the level of the deformed
field equations), can be taken to stop at order three in the cou-
pling constant,

S=85+ / d*x[g(@® +a™) + g%b + g3cl. (99)

In the above S is the solution to the master equation in the
absence of interactions, (33), and the nonintegrated densities
aBF, 4™ b, and ¢ are expressed by Eqs. (52)—(57), (64)—
(66), (86)—(88), and (92)—(94). The (smooth) functions of
the undifferentiated scalar fields from the theory involved
in the deformation S are solutions of the consistency equa-
tions (82) and (83), being understood that 74 read like in
(67) and pap are not trivial (see conditions (68)). Under
these circumstances, in the sequel from (99) we extract all
the ingredients correlated with the Lagrangian formulation of
the resulting interacting gauge theory and meanwhile empha-
size some interesting solutions to the consistency equations
together with their physical content.

6 Main results: Lagrangian formulation
of the interacting model(s)

6.1 General form of the Lagrangian action and gauge
symmetries

The Lagrangian action of the interacting gauge theory is
recovered via those terms from (99) that are both antifield-
and ghost-independent,

SLo] = sh[o®]+ / d*x[g(@ft +al™) + g’bo+ g col,

with ST[®%0] the free Lagrangian action (2) and the interact-
ing Lagrangian densities provided by Egs. (53), (65), (87),
and (93), such that its concrete expression reads

St[@*] = /d4x{H“8ﬂ<p + 1BMd, Ay

+ Skap(9.0%) (0"0%) + g[ — W(@)H" A,
—V(p, $) — kap (3“9 (g, 9)A,

+ Suas(@. 0)(0.0") (0"0")]

+ g*[Skan At (g, ¢)

— nas(@, ) ("¢ |n® (@, p)A,

+ &3 S uan (e, 9t (o, )i’ (9, p)A* AL
(100)

We can alternatively write down the functional S" in a more
compact form like

Sho®] = /d4x[H“DM<p +1BM YA — gV(p, $)

+ Ykap + guas (@, 9)(Du9™) (D"95)],
(101)

in terms of the “covariant derivatives” of the BF scalar field
and of the matter fields,

(102)
(103)

D, =0,0—gW(p)Ay,
Du¢* = 8,9" — gt (9, 9) A,

They are not standard covariant derivatives in the usual
sense of field theory since they generate more that minimal
couplings. In agreement with (100) or (101), the deformed
Lagrangian contains: (a) a single class of vertices (derivative-
free and of order one in the coupling constant) that describes
self-interactions among the BF fields and is monitored by the
function W (¢) and (b) six families of vertices that couple the
BF to the matter scalar fields, among which (b.1) three kinds
without derivatives (one at each of orders one, two, and three
of perturbation theory, respectively, with the last two types
quadratic in the BF one-form A,), (b.2) two types with a
single derivative acting on the matter fields and simultane-
ously linear in the BF one-form A, (at orders one and two in
g), and (b.3) one class with two derivatives acting only via
terms that are quadratic in the first-order derivatives of the
matter fields (at order one in the deformation parameter). We
remark that the cross-couplings between the BF and matter
fields at the first order of perturbation theory are exhausted
via the function V (g, ¢), the nontrivial ‘kinetic’ terms with
respect to the matter fields, (1/2)uag(@, ¢)(3.6%) (349 %),
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and also by the current-gauge field contribution induced by
the presence of the nontrivial, one-dimensional rigid symme-
try of the free action, —t(‘)‘AH = —kAB(B"d)A)ﬁB(go, )AL
(see Eq. (238) from Appendix A).

The gauge symmetries of the action S-[®*0] are also
deformed with respect to those corresponding to its free limit,
SL[®2], due to the fact that functional (99) collects (non-
trivial) terms of antifield number 1 in (all) the nonvanishing
deformations of strictly positive orders, d4x(g(a]13F —l—ailm) +
g%b1 + g3¢1). Consequently, a generating set of gauge trans-
formations for the coupled Lagrangian action is obtained by
adding to (3)—(5) the contributions resulting from the previ-
ously mentioned terms (see Eqgs. (54), (66), (88), and (94)) via
detaching the antifields and reverting the ghosts to the corre-
sponding gauge parameters. Proceeding along this line, we
find that S“[®*°] is invariant under the nontrivial, infinites-
imal gauge transformations

Saug = gW(ple, Squ Ay = dye, (104)
Squ H" = =20, 6™ — g‘”j(‘” QAEM + H'e)

— g(kap + gras(¢. ) (Duo™) wf’

v (105)

Squ B = —30, MY + 2gW (p)EHY, (106)

Sou ™ = giit (¢, )e. (107)

The previous gauge transformations exhibit some nice prop-
erties. Thus, only those of the BF vector field A, are not
affected by the deformation procedure and reduce to the
original U (1) gauge transformation of parameter €. Mean-
while, the remaining BF fields, including the original, gauge-
invariant scalar ¢, gain nontrivial gauge transformations due
to their self-interactions (controlled by the function W (¢p)
and its first-order derivative) strictly in the first order of
perturbation theory. At the same time, the cross-couplings
add nontrivial contributions (only via the gauge parameter
€) to the gauge transformations of the BF vector field H*
at orders one, two, and three and, most important, induce
nontrivial gauge transformations of the matter fields (at
order one). The terms generated in this context by the func-
tions 724 in the first order of perturbation theory, namely,
e in (107) and —kap(0"¢?) (918 /d¢@)e in (105), are
obtained precisely by gauging the nontrivial, one-parameter
rigid symmetry constructed during the computation of the
cross-coupling first-order deformation a™ (see the results
(236) and (237) from Appendix A). The associated con-
served current, (238), appearing in the interacting Lagrangian
action at order one in g via the term —t(‘f Ay, 1s not gauge
invariant under these transformations. This result has two
main consequences at the second order of perturbation the-
ory: the appearance of the term (1/2)kABﬁAﬁBA/‘AM in the
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Lagrangian action (100) and the introduction of the quantity
kapn® (018 /3¢)Ate into the gauge transformations (105)
of the one-form H,,. Moreover, there appears a rather unusual
behavior related to the presence of 4 p: these functions can-
not be involved in any gauge transformation at order one since
they stem from a first-order deformation of the solution to the
master equation that is both antifield- and ghost-independent,
but instead modify the gauge transformations of H* at orders
two and three and also contribute to the cross-coupling ver-
tices at the same orders.

The main properties of the deformed generating set of
gauge transformations (104)—(107), namely, the accompa-
nying gauge algebra and reducibility, are investigated in
Appendix B.

6.2 Solutions to the consistency equations: mass terms
for the U (1) vector field

We recall that the entire Lagrangian formulation of the inter-
acting theory is controlled by the functions W (¢), T2 (¢),
nA(<p), V(p, ¢), and uap (@, ¢), which are restricted so as
to satisfy the consistency equations (82) and (83), written in
detail like

IV (o,
%(Ww) + T8 (p)kpco©)

n V(. )
dp

tac(e, TP @)kpp + ppcle, H)TP(@)kpa

0 )
%(ﬂc(@ + TP (@kppo”)
onag(p, @)

+ 22 P W) = 0.
dp

W(p) =0, (108)

+

(109)

Thus, our procedure is consistent provided these equations
possess solutions. We give below two classes of solutions,
in terms of which the deformed Lagrangian action, (101),
displays a mass term for the BF U (1) vector field A,.

6.2.1 Type I solutions

A first class of solutions to Egs. (108) and (109) is given by

W(p) = arbitrary # 0, T*B(p) =48, n’(p) = m*,

(110)
V(p, ) =V(q), pap(e,d) =kapd(q), (I11)
where 48 = —tBA a5 well as m# are some nonvanishing,

real constants, while ¢ and g read

q = skap(t*co® +m?) (8 pp? +m?), (112)
— Ykagm*m® = kapt? ¢ (31 pp” +m®),
(113)

qg=q
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with 14¢c = tA%kgc. In (111) V(g) and 6(g) are some arbi-
trary, smooth functions of their arguments and, in addition,
0 is constrained to satisfy
6(0) =0. (114)
Condition (114) ensures that the function 6(g) contains no
additive constants and, as a consequence, none of the func-
tions u4p exhibits trivial components. Based on the above

solutions and taking into account result (67), we see that Eq.
(103) takes the particular form

Dayud? = Dayud? — gm™A,, (115)
in terms of the notation
Dayud™ = 8,0 — gt cpCA,. (116)

Substituting solutions (110) and (111) together with (115) in
(101), we arrive at

Sy [@%] = /d“x[HMDW + 1B" 3, Ay — gV(q)

+ 3ka(1+ g0(@)(Pwyud” — 28m™ A,)Dipyd”
+ 1g%kapm*mB A A" + L@ kap0(GHmAmP A, AM].
(117)

The same procedure applied to Egs. (104)—(107) reveals that
the action (117) is now invariant under the gauge transfor-
mations

S(I)QO‘] o = gW(p)e, S(I)Qoq Ay = 0y, (118)
S(I)QO‘I H" = —ZBAS}‘“
dw
—8— ®) (QALEM + HWe), (119)
Sy BY = —38,eM + 2gW ()&, (120)
Smon ¢ = g(t 5e® +m?)e. (121)

Due to the fact that k4 p was taken by assumption to be pos-
itively defined and m* are nonvanishing, we find that

A

kagm®m® > 0. (122)
As aresult, the quantity
Lg%kapm®mP A, AF = 1P MP A, AM (123)

from (117) is precisely a mass term for the BF U (1) vector
field A;,. At the same time, we remark that the object

L& kapo(@m*mB A, A" (124)

cannot generate mass for A, due to the fact that 6 (g) contains
no additive constants (see requirement (114)), so (123) is
indeed the only mass term present in (117).

We notice that in the case of type I solutions the mass
term coexists with the BF self-interactions (generated by the
nonvanishing function W (¢).

6.2.2 Type Il solutions

The second class of solutions to the consistency equations
(108) and (109) reads

W(p) =0, T4B(p) = arbitrary, A,B=T,N, (125)
nA(gp) =m? + ﬁA(q)), ﬁA(<p) = arbitrary,
A=1,N,
(126)
Vg, ) =V(p), wap(p,¢) =kapt(p), (127)
where m4 are some real constants with the same property

like before and p together with p take the form

p = skas(T c(9)¢C + it (9) + m*) (TP p()9”
+ 18 () + mB),
p=p— Skap(@* (@) +m*) (7" (@) + m®)
=kasT (@ (3T p(@)p” + 7% () + m®). (129)

(128)

In (127) V(p) and 7 (p) are some arbitrary, smooth functions
of their arguments and, moreover, t is required to fulfill

7(0) = 0. (130)
The last requirement grants in this context that v (p) contains
no additive constants, So i 4 g are nontrivial as well. With the

help of the previous solutions and relying on result (67), we
then find that (103) becomes in this case

b(II)M¢A = Daup” — gm™A,, (131)
where we employed the notation
Danu¢™ = 9.¢" — g(T*8(0)9" + i (). (132)

Inserting (125)—(127) and (131) into (101), we obtain the
expression of the interacting Lagrangian action in this par-
ticular case

Stip[ @1 = /d4x[H“3u<P + 3 B" 9, Av — gV(p)

+ 3kan (1 + gt(p) (Danud™ — 2em™ A,) Digpy6°
+ 1% kapmAmB A A" + L kapT(p)mAmPB A, AM].
(133)
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Acting along the same line with respect to relations (104)—
(107), we find that the action (133) displays the generating
set of gauge transformations

dapen e =0, Saen Ay = €, (134)
Sange H* = —28,6™

. anB (e,
— gkap(l + gr(ﬁ))(D(nw&A)we,

@
(135)
Sanae BMY = =38, (136)
Saman ¢ = g(i (9, @) +m?)e, (137)
where
i@, ) =T 59" + i’ (p). (138)
Exactly like in the previous case, the component
Se?kapmAmBA,AF = 1P M? A, AM (139)

entering (133) is nothing but a mass term for the BF U(1)
vector field A, while
1&%kapt(p)m*mP A, A" (140)
cannot generate mass for A;, due to condition (130).

The mass term specific to type II solutions appears in

the absence of BF self-interactions, dictated by the choice
W(p) = 0.

7 Conclusions and comments

To conclude with, in this paper we have investigated the cou-
plings between a topological BF model with a maximal field
spectrum (a scalar field, two sorts of vector fields, and a two-
form gauge field) and a set of massless real scalar fields by
means of the deformation of the solution to the master equa-
tion with the help of local BRST cohomology. Initially, we
constructed the concrete form of the deformed solution to the
master equations (which can be taken to stop at order three
in the coupling constant) and saw that it is parameterized by
five kinds of functions (depending on the undifferentiated
scalar fields form the theory), which are restricted to satisfy
some consistency equations. Next, from the above deformed
solution we derived the general Lagrangian formulation of
the interacting theory (Lagrangian action, gauge symmetries,
gauge algebra, reducibility relations). Finally, we gave two
types of solutions to the consistency equations, which led
to two classes of gauge-invariant interacting theories with a
mass term for the BF U (1) vector field A,,. We mention that
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the mass term emerged naturally and did not follow from the
Higgs mechanism.

Actually, the mass term for the U (1) vector field (see (117)
and (133)) originates in our approach from the quantity

/ d*x38%kapn” (9)n® (9) A, A" (141)
present in (101) particularized to type I and type II solutions
(see (110)—(114) and (125)—(130)). On the one hand, none
of the functions that parameterize the action (101), excepting
n(p), particularized to type I and type IT solutions contribute
to the mass of the U (1) vector field. On the other hand, the
existence of the functions n4 (¢) in (101) is a consequence
of the existence of the one-parameter global symmetry

Axo? = [n(p) + T8 (p)kpcoC] T, (142)
an® (p)
no_ npAy| 22
AyH" = —kap(0"¢ )[ o0
BC
N aT ((p)kcme]T (143)
dp

of the (free) action (2) (see the discussion from Appendix
A). Therefore, the appearance of this mass term is a direct
consequence of the deformation method employed here in
the context of the free limit described by the action (2).

Let us consider now a free action involving massive matter
scalar fields, of the form

St@*] = /d4x[H“8H<p + SB" 3, Ay
+ Skan(3.9")(0"9") — 3ukane”¢” ]

= SUPFlg, Ay, HY, B ] 4 S ), (144)

where ;12 is a real, strictly positive constant. Action (144)
admits the one-parameter global symmetry

Avg? = T8 (@)kpcoC T,
)aTBC(w)
e

(145)

Ay H" = —kap (3" kepoP Y, (146)

where the functions n* (¢) are no longer allowed. The pres-
ence of these functions in (145) and (146) is forbidden pre-
cisely by the mass term for the matter scalars ¢4. Thus, if
we apply the deformation procedure starting from the action
(144), then we infer no mass term for the U (1) vector field.
These considerations justify once more the importance of the
free limit (2) in view of obtaining a mass term for A,.

The fact that only the U (1) vector field from the BF field
spectrum gains mass is encouraging since it opens the per-
spective of a mass generation mechanism for gauge vector
fields through a procedure similar to that applied here, but in
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the presence of a free limit describing a collection of (mass-
less) Maxwell vectors and a set of massless real scalars. The
successful solving of the last problem may enlighten certain
aspects of the results following from the Higgs mechanism
based on spontaneous symmetry breaking. The last issue will
be reported elsewhere [41].

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

Here we generate a'™ as in (58) via its components of antifield
number 1 and 0 computed as the general solutions to Egs. (62)
and (63) that in addition fulfill the specific set of rules invoked
in the preamble of Sect. 4.

As it has been noticed before (see the paragraph follow-
ing Eq. (63)), the solution ailm to Eq. (62) is a nontrivial
element of the cohomology of y in pgh = 1 computed in
the algebra of local nonintegrated densities in the framework
of the working hypotheses, H!(y). We recall that the entire
cohomology algebra of the longitudinal exterior differential
computed in a given algebra, H (), is defined like the equiva-
lence classes of y-closed elements from that algebra modulo
y-exact ones and inherits from y the N-grading in terms of
the pure ghost number pgh. Focusing on definitions (29)—(32)
plus the observation that there exist no objects of strictly neg-
ative pure ghost number constructed out of the BRST gener-
ators, we see that the general solution to Eq. (62) in the above
mentioned algebra reads

ai™ = fi (P4, lin. [ Al [0 H1, 19, B™1, []. [$1)n-
(147)

The notation f([y]) signifies that f depends on y and its
spacetime derivatives up to a finite order. All the antifields y {
and their spacetime derivatives of arbitrarily high, but finite,
orders are nontrivial elements of H (y) in pure ghost number
0 (see the latter notation from (18), the first relation in (21),
and the first definition from (29)). Nevertheless, the antifield
number of ailm is fixed to 1, such that the dependence on x X
from (147) is limited to a monomial of degree one simultane-
ously in both the antifields of the original fields @7, and their
spacetime derivatives up to a finite order since these are the
only objects of antifield number equal to 1 available here (see
the latter notation in (14) and the second relation from (20)).

This monomial dependence of degree one is symbolized in
(147) by [<I>f;0]1m. The objects

{3 Avy, 3, H", 3,B", ¢, ¢} = &° (148)

together with their spacetime derivatives stand for the only
gauge-invariant quantities of the starting model (2)—(5) and
thus produce all the (obviously nontrivial) elements from
H (y) constructed out of the original fields ®*° (see the for-
mer notation in (14)). Their pure ghost number is also equal
to 0, so fi([®k, lin, [B.Av], [0, H"1, 8, B"], [¢], [$])
gives the most general representative of H%(y) of definite
antifield number, equal to 1. We notice from (147) that the
sole allowed dependence of ailm on the ghosts is actually
linear in the undifferentiated ghost n of pure ghost number
1 (and of agh equal to 0), which corresponds to the U(1)
gauge symmetry of the action (2) due to the gauge trans-
formation of the vector field A, (see the latter relation from
(3)). Indeed, we established that f; exhibits pgh( f1) = 0 and
agh(f;) = 1. Consequently, the entire nontrivial dependence
of ailm on the ghosts ensuring (62) remains to be a monomial
of degree one in all nontrivial y-closed linear combinations
constructed out of the ghosts of pure ghost number equal to
1, n*!, introduced in (15). In agreement with the actions of
y on n*', expressed by definitions (31), the y-closed lin-
ear combinations of 7% are spanned by 1, 3, C**, d,n**",
and their spacetime derivatives. Nevertheless, 9,7, 9, C M
9, 7"V, and their spacetime derivatives are trivial in H'(y)
respectively due to the last relation in (29) and the first two
definitions from (30), which leaves us with the result that the
nontrivial part of ailm is truly linear in the undifferentiated
U (1) ghost n.

We can still eliminate some trivial terms from expression
(147) and meanwhile bring it to a more accessible form. In
fact, by simple manipulations, like integrations by parts, one
can remove the spacetime derivatives to act on the antifields
CD;;O modulo adding some (trivial) divergences and (irrele-
vant) y-exact terms. Indeed, assuming that the maximum
derivative order of f; with respect to the antifields @7, is
equal to / and employing notation (148), we have

F1([9% N, [0°1) = % £ ([0°1) + (8" ®7) £20([0°))
+ -4 (3#1.-#1 q;;o) ;Z?-.-m ([w®]). (149)

All the coefficients denoted by f from the right-hand side
of (149) depend now only on the objects from (148) and
their spacetime derivatives up to a finite order, so they are
gauge invariant or, in other words, nontrivial elements of
H (y) with both pgh and agh equal to 0. Inserting (149) into
(147), moving the derivatives from the antifields, and using
the last definition from (29) together with the y -closeness of
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all f’s, we finally arrive at

"t = 03, 7 (01 + y (= w0, (125, . [0°]) 2")

+ 0" (wy. ([, liin. [0®1)n). (150)
where
F10°) = £ (10°1) — 3" £20 ([0°]) + - -

and w,, is a local, y-closed current with agh = 1 and pgh =
0, which starts like

wy ([F Jin. [0°1) = % £20 ([0°]) + -+ . (152)
Analyzing (150), it is clear that one can eliminate both the y -
exact term and the divergence from its right-hand side with-
out modifying either the cohomological class of a’lm from
H'(y) or respectively the cohomological class of a™ (of
the form (58)) from H° (s|d). By virtue of this result, from
now on we work with the general solution to Eq. (62) in the

form (obtained from (150) without trivial terms and with f®0
renamed by f%0),

a™ = fi (D5, [a)@])n,
fi(®h . [0°]) = @f % ([0°]),

where f1, with agh = 1 and pgh = 0, is linear now only in
the undifferentiated antifields corresponding to the original
fields.

In order to solve Eq. (63), we act with § on (153) and
employ the last definition from (29), which produces a nec-

essary condition related to the existence of a(i)m,

(153)

811 (@5, [®]) = dutl ([2*]), (154)
where the current t(’f (with agh = 0) should be local in the
original fields and their spacetime derivatives. (There is no a
priori reason to force this current to be gauge invariant, i.e.,
to depend on [0®].) We remark that condition (154) does not
depend on the ghosts or, equivalently, the pure ghost number
of its both hand sides is equal to 0.

Equation (154) expressing the necessary condition on the
existence of a(i)m has a precise cohomological content: it
requires that the double {fi, t(’f } defines (by a one-to-one

correspondence) an element {[j‘]l, [?]o} from the kernel of
6 modulo d in antifield number 1 and in maximum form
degree (deg) computed in the algebra of local forms that are
ghost-independent, (Ker(é |d))‘l‘:

4] (3] 4 [4] (3]
[£1.70) € KerGlant & 67, =dro, (155)
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[4] .
f1= (0% [0°])dx,
[3]
t

0 = %eupiotl ([0%])dx"dx’dx". (156)

In the above the overscript between brackets symbolizes the
form degree and the lower numeric index is assigned, like
before, to the antifield number. The operator § is extended
to the (supercommutative) algebra of local forms with coef-
ficients that are ghost-independent by §(dx*) = 0, so it still
defines a differential, the spacetime differential d is taken
to act as a right derivation (such that it anticommutes with
s, 8, and y), and &,,,, signify the components of the four-
dimensional Levi-Civita symbol. We omitted the symbol of
wedge product in the last formula from (156) since there
is no danger of confusion, i.e., it is understood that by the
notation dx"dx”dx” we mean dx" A dx” A dx*. It is the
anticommuting property of the two differentials § and d on
the above mentioned supercommutative algebra (82 = 0,
d* =0,8d +ds = 0), endowed in this context with two
main N-gradings (agh with respect to 8, agh(§) = —1, and
deg in relation with d, deg(d) = 1) that do not interfere
(agh(d) = 0 = deg(8)), which ensures the correct con-
struction of the homology of § modulo d, also known as the
local homology of the Koszul-Tate differential and tradition-
ally denoted by H (§|d), and the cohomology of d modulo
8, H(d|§). We insist on the fact that here we work on the
algebra of local forms that do not depend on the ghosts (at
pgh = 0) since otherwise, if we allow the coefficients of
the local forms to depend also on the ghost fields, then the
homology H (§|d) for both strictly positive values of agh and
pgh vanishes [16, 18].

On the other hand, the nontriviality of a™ in HO(s|d)

[4 3]
induces that { fi1.t 0} should belong to a nontrivial class of

the local homology of the Koszul-Tate differential in max-
imum form degree (4) and in antifield number 1, H14 S|d).

[4] 3]
A trivial element from Hf‘(8|d), {fmv,l, t triv,O]s is defined
in the standard manner like an element from the image of §

modulo d in antifield number 1 and in maximum form degree,
m(s]d)):

[4] 3] .
{ftriv,lv ttriv,O} S (Im(8|d))l
4] [4] [3]
ftriv,l = 8g2+du11

[3] 21

< [3]
tuiv,0 = —0u1+dvo,

(157)

41 3 2
with [g]Z, [u]1, and [v]o some ghost-independent, local forms
of fixed form degrees and antifield numbers, such that the

4 3] . . .
relation § f iy | = d t yiv,0 1s automatically satisfied. Going

. L 4l Bl .
back to dual notations, the nontriviality of { 1 to} in



Eur. Phys. J. C (2016) 76:65

Page 17 of 28 65

Hf‘ (8]d) is equivalent to the nontriviality of the double
{f1.1'}. A double { fyiv,1, ttlrLiV,O} is said to be trivial in this
context if and only if

Suiv,1 = 882 + a#ul]i’ ttp_riv,O = 8”? + avv(‘;ﬂv’ (158)

where the nonintegrated density g», the current u‘f and the
two-tensor v(‘))“ are local and ghost-independent, with v(‘;ﬂ
antisymmetric, vy = —v{", such that 8fyiv.1 = dutls,
The equivalence between expressions (157) and (158) fol-
lows immediately if we work in dual notations,

(4]

ftriv,l = ftriv,1d4X,

o = & o odx"dxPdx* 159
! riv,0 = 378vpr0 lyiy, 04X X" dX", (159)
4 3

[g]2 = god*x, [M]l = %mmgu‘fdx“dxpdx’\,

2

[v]o = ‘]Tapmgvgedxpdxk. (160)

The above discussion of the cohomological interpretation
of Eq. (154) implies two things: (1) its solution is unique only
up to the addition of trivial elements,

fi = fi = fi+8g2+ duf,
= 1 =1+ sul + a,v", (161)
which does not change the class from H14 (8|d) in the sense
that §f] — aﬂt(')“ = §f1 — autg = 0, and (2) if {f1, t(‘)‘} is
found to be completely trivial, i.e., of the form (158), then
the corresponding ailnt like in (153) can be safely removed
from the first-order deformation (58).

There is also a crucial physical content of Eq. (154). In
agreement with the general results from [16,18], the spaces
(Ker(§|d ))‘11 and (Im(§ |d))‘1L are in a bijective correspondence
to the set of global symmetries and of trivial global sym-
metries associated with the Lagrangian action (2), such that
the factor space Hi'(8|d) = (Ker(8|d)){/(Im(8|d))] is in a
one-to-one correspondence with the inequivalent (nontrivial)
rigid symmetries of the action (2). A global symmetry of a
given action is said to be trivial if it coincides with a gauge
symmetry (possibly modulo on-shell trivial gauge symme-
tries). The above correspondence can easily be exemplified
in our setting by going back to dual notations, replacing f}
with its expression from (153), and acting with § on it via
definitions (24) and (25) written compactly in terms of the
EL derivatives of the action (2) as

SSL[DPo]

o (162)

5% =

In this manner we infer that condition (154), which becomes
equivalent to

SSL[PP0]

o (S]
)

+ 9ty ([@*°]) =0, (163)
is nothing but Noether’s theorem requiring the invariance of
the action (2), Ay SL[QD"‘O] = 0, under a nontrivial, global
one-parameter transformation,
Ay @™ = f*([0®])T. (164)
Thus, we replaced the necessary condition on the existence of
a'™ set as existence of nontrivial elements from H f‘ (8|d) with
the existence of nontrivial, one-dimensional rigid symmetries
of the free Lagrangian action.

Before solving Eq. (163), it is worth mentioning that the
nontriviality of (164) automatically induces the nontrivial-
ity of the conserved current t(’f appearing in (163), which,
in turn, is a key point in ensuring the nontriviality of the
coupled Lagrangian at the first order of perturbation theory,
a(i)m. Indeed, the homology space Hf‘(8|d) in pgh = 0 is
known to be isomorphic to the cohomology space of d mod-
ulo § in antifield number O and in form degree 3 computed in
the algebra of ghost-independent local forms, HS (d|8) (for
instance, see [16,18,42]). The cohomology Hg (d|§) can be
analyzed even without introducing the antifields and is in
a bijective correspondence with the space of inequivalent
nontrivial conserved currents of the action (2). In view of
the physical significance of its hand sides, the isomorphism
H14 Sld) ~ Hg (d]8) is a cohomological reformulation of
Noether’s theorem and stipulates the isomorphism between
the space of inequivalent nontrivial global symmetries of the
action (2) and the space of its inequivalent nontrivial con-
served currents. According to Eq. (163), t(’f is precisely the
conserved current of this action corresponding to the non-
trivial rigid symmetry (164) and hence, by the above isomor-
phism, it will also be nontrivial. We recall that a conserved
current (9%, ~ 0)is said to be trivial if it coincides on-shell
with an identically conserved current, ttl;iv,o ~ 0, v(';M , with
vy = —v}" . The on-shell or weak equality “~” means as
usually an equality that holds on the (stationary) surface of
field equations, 8 S& /8P ~ 0.

Beside being nontrivial, the global symmetry (164) of
the action (2) has to meet several other requirements. Thus,
the necessity of producing a one-dimensional global invari-
ance of the free Lagrangian action (there is a single constant
parameter Y in (164)) is precisely due to the sole presence
of the scalar ghost n, which is allowed in ailm of the form
(153). In addition, all the generators of this global symme-
try, %0, should be gauge invariant since they may depend
only on the gauge-invariant quantities »® introduced in (148)
and their derivatives up to a finite order. This dependence
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automatically ensures the spacetime locality and Poincaré
invariance of deformations. Moreover, the coefficients f*°
are demanded to instate the remaining hypotheses, namely,
the Lorentz covariance and the derivative-order assumption.
In order to analyze properly the implications of these fea-
tures, we pass to the explicit form of Eq. (164),

AxA, = f)([0®1)Y,  (165)
Ay B" = f*([0®1)Y, (166)
(167)

Axg = f([°)T,
AxH" = f*([0®])T,
Argt = fA(1®])T,
along with the concrete expressions of the EL derivatives of
the action (2),

sSL[p*] sSL[p*0]

—HY, ——— = =_-9,B",
8¢ - SA, *
SSL[P0]
sSt[@d®] |
W = ia[ﬂAv],
8St[d0] B
= —kap0¢8 = —Oy, 169
57 Yl DA (169)

such that the detailed structure of Eq. (163) is given by

— [ H" — [0 BY + P00 + 5 [ A

— fAkap0¢® + 8,14 = 0. (170)
The Lorentz covariance attracts that f from (165) and f A
from (167) are some scalars, both f, and fH appearing in
(165) and (166) stand for the components of some four-
dimensional vector fields, while /¥ implied in (166) defines
an antisymmetric two-tensor. Along the same line, the con-
servation of the number of derivatives on each field with
respect to the free Lagrangian in the corresponding ab“[ as
solution to Eq. (63) limits the dependence on the fields deriva-
tives allowed to enter each generator. Indeed, this hypothesis
constrains the conserved current t(’f in (163) and (170) to
contain at most two derivatives and the terms with precisely
two derivatives to be quadratic in the first-order derivatives of
the matter fields. Inspecting Eq. (170), it follows on the one
hand that the BF generators { f, f,, K, £} should respect
the same rules like t(’f and on the other hand that the gen-
erators related to the real scalar fields, { f 4}, should be at
most linear in the first-order derivatives of the matter fields.
However, we show that we can relax this condition to the
requirement that the conserved current t(’f involved in (163)
and (170) contains at most two derivatives acting on any of
the fields and té‘ yet fulfills the conservation of the number
of derivatives on each field with respect to the free limit.
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From (170) we then deduce that under this weaker assump-
tion the BF generators { f, f, fH, 1’} may involve at most
two derivatives, while those related to the real scalar fields,
{ f 4}, involve at most a single one. In order to produce true
cross-couplings between the BF and matter sectors, all the
generators of the BF fields mandatorily depend on the real
scalar fields and their derivatives, [¢].

Due to the fact that the field equations contain no Levi-
Civita symbols, we can further split the generators of the
searched one-parameter rigid transformations from Egs.
(165)—(167) into

7= fer(10°1) + fapr (10°1),

: , o (171)
fo = Foro ([@0°1) + fipr., (0°]),
e gl ® FIL ®
f JiPTv([w @1) + EP{ ([“) @Dv (172)
= for ([0°1) + fopr([0®1),
A = i (10°1) + £ (10°]), (173)

where each f]flTO and f:lé’T contains an even and an odd number
of Levi-Civita symbols, respectively. Consequently, (170)
becomes equivalent to two distinct equations

— ferd  H* — fﬁT,u3ABM + fopdue

+ 3 A 0 A — firkasOg® + duthy o =0, (174)
— fapT® H" — fx;PT,uakBM + faprou®

ey o Av — FAkapOd® + 8,61 =0, (175

+ 2 faprOnAv — faprkagUe” + 0utipr o =0, (175)

where the currents tffT o and t#PT o should also involve an
even and respectively an odd number of Levi-Civita sym-
bols. The strategy goes as follows. We start from the gen-
eral representations of the above generators in terms of [0®]
that implement all the working hypotheses (in agreement
with the discussion from the previous paragraph), then solve
Egs. (174) and (175), and finally eliminate all the trivial terms
from their general solutions.

In order to solve Eq. (174), we begin with the most general
representations of ff}f from (171)-(173) in terms of (148)
and their spacetime derivatives that are covariant and imple-
ment the more relaxed requirement regarding their maximum
number of field derivatives: two with respect to the BF gen-
erators and one at the level of the matter generators,

for(10®) = filg, ) + folp, $)0,H”
+ f3(p, $) (0, H") (3, H?)
+ fa(p, $)(3” Bpy)(35 B°")
+ f5(@. §) (P Av) (@A)
+ fo(@, 9)(3.90) (3" )
+ f148(p. $)(0,0™) (9" 6")
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+ f3(¢, $)(3” By) (3" ¢)

+ foa(e, $)(0°Bpy) (3 0%)
+ fr0a(@, $)(0,0) (3"0™) + f11(p. $)Op
+ fi2a(p. 9)0¢", (176)
[1(@. )" By + f5(0. $)dye

+ fia(p. )™ + fi(p. $)3,0,H”
+ f3(p. $)° 01, Ay

+ folg, $) (0, H") (37 Byy)

+ f1(9. $) (0, H)(3,9)

+ fialo. )@, H")(0,0™)

+ £5(9. $) (3 Au)) (35 B7)

+ flo(e. $) D1 A (97 9)

+ flia(e. §) @A) (3791),

fi(@. 9)3,B° + fa(p. $)d" e

+ fra(p. $)0 9 + falp. $)3"9,H”
+ f5(p. $)3,0P AM

+ fo(p, $)(3, H) (9, B*")

+ f1(0. $)(0, H) (3" )

+ fyale, ) (0,HP) (0" ")

+ folg. $) (0" By) (81 AM)

+ f10(@. $)(3,9) (217 AM)

+ fiia(e, $)(3,0™) (@1 A,
f](w,@a[“A”] + fz(w, @a[uava]p
+ f3(p. $)(3,H") (" A"

+ fa(p. $)(3,B1)(3"p)

+ fsale. $)(0,B1)(09%)

+ foa(p. ) (@) (3"1p")

+ £78 (0. ) (3% pa) (3" 05).

M. ¢)+ f5 (0. $)0,H".

f};T,u ([w®]) =

(177)
fo([0°1) =

(178)
iy ([0°]) =

(179)

f([0®1) = (180)
In the above all the coefficients denoted by f, f/, f, f , or
f stand for some unknown smooth functions of the undiffer-
entiated BF scalar field ¢ and undifferentiated matter scalar
fields {¢} = ¢. In addition, all the coefficients contain-
ing an underlined ¢ mandatorily depend on the matter fields
in order to ensure true cross-couplings among the BF and
matter sectors in aim (see (153)). Also, the functions f74p
together with f possess definite “symmetry” properties,
fra8(@. ®) = f184(0. ). [P (0. §) = — 74 (9. ¢). gen-
erated by the expressions of the corresponding terms from
(176) and (179). We note that even if the derivative-order
assumption allows larger classes of terms in (176)—(180),

like for instance linear in the first-order derivatives of the
matter fields with respect to fpr, fhr , and fi or quadratic
in the first-order derivatives of the matter fields at the level
of fpr, and f;f}, it is the Lorentz covariance that actually
kills them.

Some of the above expressions of the global PT generators
can be still simplified given their uniqueness up to adding triv-
ial contributions obtained by two mechanisms: either combi-
nations of true gauge transformations with the gauge param-
eters replaced by functions of fields and their derivatives or
trivial gauge transformations, i.e., antisymmetric combina-
tions of free field equations. First of all, we show that we can
remove the terms involving the functions f, fz, fa, and fs
from (177) and (178). Indeed, let us transform fPT , and fPT
by adding to each of them some combinations of true gauge
transformations of the vector fields A; and H”* (see Eqs. (3)
and (4))

fl;T,v - fl;T,v+81);59‘;‘1A)»+UVASQ‘;‘l H)Va (181)
ot = fpr + 0" 8gm Aj + 88 H (182)

defined like

Bom Ay = daer, €1 =—f10,H", (183)

A A

B H* = —29,&", g0t =1 pralo A, (184)

5951141 = 0,62, € = —ﬁapH", (185)

B H* = —20,&0, g =1 fsalr A, (186)

After simple computations, we find that (183)—(186) ensure
that transformations (181) and (182) affect only the terms
from (177) and (178) depending on f;, fZ, fa, and fs in the
following manner:

Sery : f49u0, H? + 507915 Avy

=~ (Gene + gghat)
- (3[pAv1)(8—];fa”<o + 8%(8%*‘), (187)
f: ad"0,HP + f50,010 AM
(s o)
(S[MM])( f; ;giapaﬁ ) (188)

But all these contributions can be absorbed in similar terms
already present in (177) and (178) by means of the redefini-
tions
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N T B )
Fom B o Fam = e (90)
ﬁ—aa—éeﬁ, m-%am (191)
flo—%—];% fio. fllA_%_)JleAs (192)

which are allowed since all the (smooth) functions of ¢ and
¢ from (176)—(180) are arbitrary at this stage. In conclusion,
we can indeed take

fi=fi=fa=f5=0 (193)
in Egs. (177) and (178) without loss of potentially nontrivial
terms. On the other hand, the terms depending on the func-
tions f9’ from (177) and f1¢ in (178) are already trivial since
they are involved in the rigid transformations of the vector
fields A, and H* and reduce to antisymmetric combinations

of precisely the associated free field equations (8 S™/8 A p and
SSL/SHP)

, o , &St
Fo(OrpAv)) (0 B7?) = fgvpaT,
0

f9/vp = _f9/pw f9/up = fQ/B[UAp]»
Fo@p) @l arty = Frome 55
1000p@ = SHP'

flOMp — _JFlOpu, flOM) = —floa["A/’],
so they can be safely removed by setting

fo = fio=0. (194)

Inserting relations (193) together with (194) into rep-
resentations (176)—(180) and the resulting expressions in
Eq. (174), we find that it becomes equivalent to 13 (indepen-
dent) equations obtained by projection on the (total) number
of derivatives from the corresponding current component (0,
1, and 2) and then, for each distinct value of the derivative
order, on all independent combinations of fields and their
derivatives:

1. at zero derivatives in t]’,‘T o there is a single equation
— [10  H" + 0ty .o = O; (195)

2. at one derivative there appear five distinct equations:

1,
— @ HP )Y@ H™) + dutpiy | = 0,
2,
— [{° Bpy) (9 B™) + dutpil’y | =0,

(196)
(197)

@ Springer

L Ai@p A @A™ + 8,0 =0, (198)
[(fi = 1)3"p — f120"9"](0” Bpy)

+ dutpiy, =0, (199)
(209 + f340" ") (0u9) — f{ kapOp”

+ Outpio = 0; (200)

3. at two derivatives there occur seven independent equa-
tions:

— f3(0pHP) (0 HO) (. H™) + dutpity , =0, (201)
— (fa+ f)(3°Bpy)(35 B7") (3, H")

+ utpio, = O, (202)
(35— £5) @uAv) (¥ A" (0, H*)

+ 3t =0, (203)
—[(fs+ 7= fo)d"e

+ (foa + fi0)0" 0 |(9” Bop) (9, HY)

+ dutpion = O, (204)
—{ /20”9, B +[(flo + fo+ fa)d"e

+ (flia + f52)0"94](3,B") } 0y Ay

+ aMtlgi"lfOJ =0, (205)

— [0 + (f6 — f1)(0.9)(0" )
+ (fioa — fs)0,0)(3"6%) + fra(3,6") (0" 67)
+ (fi24 + kAszB)D¢A](3AHA) + 8zﬂlg’Tl,Lo,z =0,
(206)
[(fiia — foa) (3"9™) (8" 9)
+ B (9% ¢a) (8 PB) ] (B Av) + au’;’Tl,Lo,z =0.
(207)

The general solutions to these equations, organized according
to their order of appearance in (176)—(180), can be expressed
thus:

filg.d) =c, frle.9) =0, f3(p,¢) =0, (208)
fip.0) =—fip.9). fs(0.0)=1%f(p.0). (209
folo.®) = f1(0. ).  fra(e.d) =0, (210)
fa(o. d) = — f1(0. d) + fo(e. D), (211)
foa(, §) = —fia(@. 9).  froa(@.d) = faa(p. ). (212)
(e, d) =0,  fioale, @) = —kAszB(% ®), (213)
, B , (. 9)
f1(@.9) =0, f3,(p.9) = Tagh (214)
flo@. 8) = —folp.d) — fale, ¢), (215)
fliale, ) = — fsalp, ¢), (216)
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Fig.9) = f3(p. ¢) — f3f;; LS 217)

_ _ afB g,

e, 9) =0, frale,¢) = _kAB#, (218)
IfC (0, $) 3fC (@, })

kac=5 g5 Tk 5 praild (219)

filg.9) =0, fap,¢) =0, (220)

foa(e, ®) = fiale, ¢), 780, ¢) = 0. (221)

The above solutions are parameterized by one constant (c),
one arbitrary scalar smooth function of the undifferentiated
BF scalar field (f”), nine arbitrary, smooth scalar functions
(f3s Fis s f35 foo f7, fo, f5, and f2) and five arbitrary col-
lections of smooth scalar functions ( f8’ A fg A, fl 145 f5 A,and
sz) depending on all the undifferentiated scalar fields from
the theory, supplemented by a set of smooth scalar functions
of ¢ and ¢, namely flA, which are not arbitrary, but sub-
ject to Eq. (219). In order to produce true cross-couplings at
the level of the first-order deformation '™, the nine param-
eterizing scalar functions should effectively depend on the
undifferentiated matter fields and, in addition, we must take

c=0, f'(p)=0. (222)

Substituting the results (208)—(222) together with choices
(193) and (194) in Egs. (176)—(180) and employing (168)
and (169), after some simple computations we arrive at

st
for = (69" Bu + f1000 + fs/AamA)ﬁ
%
+ (foor B + fr0" 0 + fsad ™) —— oS-
60L 7 8 SHM
st o, 880
s T2 g

+ fzolrAY] (223)
, , sSL

fPT,v =8vf3 (fﬁa Bkv+f7av¢+f8Aav¢ )
sSL

Al Al

8 (faotle + fsad™eh) o

- sSt afl\ oSt
+f93[qu]6—+ (fz fS) (224)

SH®’
_ SL
for = —(fedh B + f10"p + fgad"¢” )

- sst af! asL
a[MA)L] 3
+ fo SA (fz 3A,

sSt f1

- qu((S“ 919 )— — kap (09" ) . (225)
p

Fuv _ Foalu U]SSL ol 7 oav] Foav] LA 58™
for = =30 A — — 8/ (f20V 0 + f540" ") —
) SA)
SL
[ qv]
+ fuia(8;“0vle (226)
(83 )SHA
. ” asL
for = fit - sz (227)

Finally, we observe that all the contributions from (223)—
(227) excepting those depending on flA are trivial since they
reduce either to a gauge transformation of the BF vector field
A, with the U (1) gauge parameter replaced by f; (the first
term from the right-hand side of (224)) or to purely trivial
gauge transformations of the action (2) otherwise, so we will
discard them via setting zero all the corresponding parame-
terizing functions,

fz—f3 f6—f7—f6—f7 f9=]53=f4=0,
(228)

fin=faa=fiia=foa=0, f=0 A=TN.
(229)

In this manner, the general solutions to Eq. (174), respon-
sible for the PT-invariant part from the nontrivial one-
parameter rigid transformations (165)—(167), become

for =0, for,=0, fpr = (230)
_ 9 ; . .
for = —kAB(B%A)#, fér = 1. 9. @3D)

The above generators depend now on a single set of smooth
scalar functions (in number equal to the number of matter
real scalar fields from the collection, N), flA (¢, @), which is
subject to Egs. (219). Their general solutions, to be denoted
by 714, are expressed by a linear dependence of the undiffer-
entiated matter fields,

e, ) = i@, ¢) = n*(9) + T*E (@)kpc o,
T48(p) = —T5%(9),

parameterized by an N-dimensional vector whose compo-
nents depend arbitrarily (but yet smoothly) on the undif-
ferentiated BF scalar field, n(p) = {n*(¢),A = 1, N},
and by a skew-symmetric quadratic matrix of order N with
elements also arbitrary smooth functions of the same field,
T(p) ={T"*(p). A, B=1.N}.

An absolutely similar procedure developed with respect
to Eq. (175) can be shown to give rise to purely trivial terms
only,

(232)

fnPT=O fr{PTv =0,
fPT—O fnPT—O

(233)
(234)

nPT_O

Assembling now the results (230)—(234) via the decompo-
sitions (171)—(173), it follows that the general expressions
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of the generators of the one-parameter rigid transformations
read

f([0®1) =0, fi(1®]) =0, Ff(0®°]) =0, (235

_ i onB aTBC
F(10°]) = —kAB(8“¢A)( = ;0) + a(p“”)kcmp”)
~-B
_ —kAB(a“qﬁA)W, (236)
FA(10°1) = kap (n® (9) + TEC (9)kcpoP)
=i (p, ¢). (237)

The associated conserved current emerging from the conser-
vation law (170) is given by

1 (¢, [#]) = kap (3"9™) (n® (@) + TEC (9)kcpo®)

= kap(0"9")" (¢, 9), (238)
so it is clearly nontrivial, linear in the first-order spacetime
derivatives of the matter fields, and, most important in what
follows, is gauge-invariant under (3)—(5), dqe1 t(’f = 0, since it
is allowed to depend only on the scalar fields from the theory.
It is important to note that even if we worked with the more
relaxed assumption that there may be at most two derivatives
in t(’)l acting on any fields (BF/matter), its nontrivial compo-
nent, given by the right-hand side of (238), comprises a single
derivative (acting on the matter fields) and thus will indeed
ensure the conservation of the number of derivatives on each
field from the free limit at the level of the interacting model.
The last observation enables us to state that so far we indeed
determined the most general, nontrivial, one-parameter rigid
symmetry of the free Lagrangian action (2) that complies
with all the working hypotheses and meanwhile couples the
BF and the matter sectors.

Inserting the results (235)—(237) into (153) we finally find
the general nontrivial solution to Eq. (62) that fulfills all
the working hypotheses and satisfies the necessary condition
(154),

) anB (e,
aint _ [_ H;hu;@“ﬁ“‘)%
+ ¢t (g, ¢>]n, (239)
an® (o, _
8[ — Hkas (3M¢A)%w + i’ (o, ¢>):|
= 0.ty (@, [P, (240)

with 74 and té‘ (¢, [¢]) of the form (232) and (238). Given the
fact that from (239) one determines all the deformed gauge
transformations of the fields at order one in the coupling
constant by detaching the antifields and replacing the ghosts
with the corresponding gauge parameters (in our case n —
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€), it follows that they are obtained simply by gauging the
nontrivial, one-parameter rigid transformations of the fields
obtained in the above. On behalf of (240) and using the first
definition in (24) particularized to 1 together with the last
relation from (29), it follows immediately that

8ai™ = —a, [t (¢, (D] + v [ (@, [P A,
— [yt (. [6D]1A,

= —3,ultg (@, [P + v 15 (@, [PD A] (241)

since yt(’)‘ = 0. By means of Eqgs. (241) and (63), we remark
that it is precisely the invariance of the conserved current
(238) under the gauge transformations (3)—(5), equivalent to
its y-closeness, which turns the necessary condition (154)
for the existence of a nonvanishing solution a(i)m to Eq. (63)
into a sufficient one. In this manner, (241) renders that the
general solution to Eq. (63) can be written as

alt = —l' (¢, [P A, + @™

= —kap (8" (0, 9) A, + ag". (242)

Recalling that a(i)“t is the Lagrangian density of the coupled
model at order one in the deformation parameter, we can par-
tially synthesize (242) by the standard result that the exis-
tence of a nontrivial rigid symmetry of the action (2) with
a gauge-invariant current produces a minimal current-gauge
field coupling at order one of perturbation theory. We observe
that the nontrivial conserved current obtained in the above
(the right-hand side of (238)) under a weaker derivative-order
assumption implies that the associated interacting vertex at
order one of perturbation theory, written as the first term from
the right-hand side of (242), truly conserves the number of
derivatives on each field from the free limit since it is linear
in the first-order derivatives of the fields.

The terms denoted by Ez(i)m stand for the general nontriv-
ial solutions to the ‘homogeneous’ equation associated with
(63),

—int __ 0y
Yay = ujineo

(243)
that should also comply with all the working hypotheses
and couple the BF to the matter fields. Such solutions can-
not deform the gauge transformations and depend only on
the original fields and their spacetime derivatives, Zz(i)m =
Ez(i)m([CD“O]). They provide solutions to the cross-coupling
first-order deformation equation (51) that are independent
of the previous ones, which ended in antifield number 1. We
stress that here we work in antifield number 0, so we are not
allowed to replace Eq. (243) with its homogeneous version,

y[zé)“t = 0, like we did before, in antifield number 1 (see the

~int

paragraph between Egs. (61) and (62)). Instead, we split aj
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into

ag (1e%01) = ag™ ([e°1) + ag™ ([e*1), (244)
where the first component is the general solution to the truly
homogeneous equation corresponding to (243),

yag™ ([®*]) =0 (245)

and the second corresponds to a nonvanishing current,

vag" (19°°1) = duinor Ilinio #O- (246)
Actually, since the actions of the Koszul-Tate differential on
all fields are vanishing (see the first relation in (24) for x* =
®*0) and the BRST differential reduces to (22), it follows
that Eq. (243) defines by itself an element from H°(s|d)
computed in the space of local nonintegrated densities that
satisfy the working hypotheses, which is both ghost- and
antifield-independent,

yag ([0°0)) = By < sa" (10)) = 8 ff o 24D

In view of the above equivalence, by trivial solution in rela-
tion with Eq. (243) we understand any s-exact object mod-
ulo a full divergence. In the sequel we determine the general
nontrivial solutions to Eqgs. (245) and (246) that satisfy the
general assumptions imposed on the deformations.

Due to the fact that Zz(’)im depends only on the fields and
their spacetime derivatives, Eq. (245) is completely equiv-
alent to the gauge-invariance condition §qo Zl(’)im = 0 and
hence, by virtue of a previous result (see the paragraph con-
taining Eq. (148)), its solutions depend (locally) only on
the gauge-invariant quantities introduced in (148) and their
derivatives up to a finite order,
ag™ ([@*1) = h([w®]), (248)
so0 h is actually a polynomial in all the quantities from (148)
and their spacetime derivatives excepting the undifferenti-
ated scalar fields ¢ and ¢, which are allowed to enter & via a
smooth dependence. We start from a general representation
of & in terms of [w(")] that is local, covariant, and Poincaré
invariant, but relax again the conservation of the number of
derivatives on each field from the free limit to the requirement
that # contains maximally two derivatives that may act on any
of the fields. Subsequently, we eliminate the trivial contribu-
tions and show that the remaining (nontrivial) terms satisfy
the stronger derivative-order assumption as well. Under these
circumstances, we begin with

h([0®]) = hi(g, $) + ha(p, ¢)d, H”
+ h3(p, )0, H") (3. H")
+ ha(p, )(3” Bou) (3B
+ 5hs(p. $) (0 Av) (04 AY)
+ he(@, ) (3.0 (3" )
+ 3h7a(9. $) (0,0™) (0"9%)
+ 2h3(9, $)(3,9) (3, B”")
+ hoa(p. §)(3.9")(3,B")
+ h10a(@. $)(0.9) (3" ¢™) + hi1 (e, )0
+ hi2a(p, p)0"

+ 26" h13(0, §) (B Av) (p Ary), (249)

where all the coefficients denoted by & stand for some arbi-
trary smooth functions of the undifferentiated scalar fields
from the theory, with #1745 symmetric. With the help of def-
initions (24) and (25) and decomposing s74p into

_ [ 9h74(p, P)
h7AB((pa ¢) - ( a¢B

+ nap(e, @),
nag(@, @) = upa(e, ¢),

duple, d)  dup(p, @)
MAB(§07¢)7£ 3¢B ad)A

dh7B (@, ¢))
97
(250)

+ , 251)

we find that

h=hi(,$) + Lan(e, ) (3.9") (9" ¢")
+ s[so*(hz«p, ¢) + h3(p, )0, H)

+ A*”(h4((p, ¢)8pou
+ hs(@, $)3,0 + hoa(p, $)3,.0™)

- H;j[ — he(p, $)3"

N (3h7A(‘P9¢) _ h10A)3“¢A
dg
— hg(p, $)3, B** + 3" hy1(p, ¢):|

— B}, (hs(p. )" AY
+ P hy3 (g, 9) 3, Any)

+ i kAB (—h7p(@, ¢) + hi2p (0, ¢))]

+ 3 (h7a(@, $)3" ¢ + hi1 (e, )3 0). (252)
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Removing the trivial (s-exact modulo divergences) terms by
setting zero the associated parameterizing functions,

ho =hs=hys=hs =he=hg =h11 =h;3 =0,
h7a = hoa = h10a = h124 =0,

(253)
(254)

and denoting the coefficient 41 by —V for further conve-
nience, we see that (252) reduces to a sum between two types
of terms only

h([0®]) = ag™ ([9*°]) = —V(g, ¢)

+ 3@, $)(3.9)(9"9"), (255)
so it is parameterized by an arbitrary scalar smooth function
of the undifferentiated scalar fields (V' (¢, ¢)) and by a sym-
metric quadratic matrix of order N (i (¢, @) = puap(e, @),
A, B = 1,_N) with elements also some smooth functions
of the same fields, which are arbitrary up to the requirement
(251). Itis clear now that the components from the right-hand
side of (255) satisfy all the working hypotheses including the
conservation of the number of derivatives on each field with
respect to the free Lagrangian since they contain just terms
with maximally two derivatives that are precisely quadratic in
the first-order derivatives of the matter fields and, most impor-
tant, they are truly nontrivial. This is because on the one hand
V exhibits no spacetime derivatives while any divergence or
s-exact term incorporates at least one (see definitions (24)—
(32) with nonvanishing right-hand sides and the decomposi-
tion (22)), so V(g, ¢) is trivial in H(s|d) iff V(p, $) = 0
and, on the other hand, the symmetric functions w4 p are sub-
ject to (251). Indeed, it easy to see that the terms from the
right-hand side of (255) quadratic in the first-order deriva-
tives of the matter fields are in a trivial of class of H%(s|d) if
and only if the elements of the symmetric quadratic matrix of
order N are written like the symmetric first-order derivatives
of the components of an N-dimensional vector with respect
to the matter fields

1ag(p, ) = w5 (@, )

_ 3”3;“’[; 2 3”‘22‘2 23 (256)
in which case we have
31 (0. 9) (9.0) (0" 0")
= s[H;‘; (8“¢A)%Zj’¢) — kP ghune, ¢>]
+ 3 (uale, 9)3"e?). (257)

In view of the above result, we will call any symmetric
matrix of the form (256) involved in vertices of the type
w5 (0, ) (0,.0) (0“¢B) to be trivial. Such terms have
already been considered in (249) via the split (250) of h74p
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between a trivial and a nontrivial part (see the quantities
from (252) involving the functions /74). In conclusion, con-
dition (251) guarantees that the second kind of terms from
the right-hand side of (255) belongs to a nontrivial class from
the cohomology H(s|d) and therefore gives rise to allowed
first-order deformations that do not modify the initial gauge
transformations. It is interesting to regard the previous neces-
sary and sufficient condition yet from another perspective: if
needed, one can always add a trivial part to u (g, ¢) and use
the associated terms quadratic in the first-order derivatives
of the matter fields as ‘counterterms’ to similar quantities
appearing in higher orders of perturbation theory (possibly
up to an appropriate redefinition of the coupling constant).
Equation (246) can be approached in a standard fashion
(for instance, see [43,44]) by decomposing a; int according to
the number of derivatives and by solving the emerging equiv-
alent equations via introducing a derivation in the algebra of
the fields and of their derivatives that counts the powers of all
fields and of their derivatives excepting the undifferentiated
scalar fields (BF and matter). Proceeding along this line it is
easy to see that all the solutions to Eq. (246) that fulfill the
working hypotheses are nonetheless trivial, so we can safely
take
agm([o*]) = 0. (258)
Putting together the results given in Egs. (239), (242),
(244), (248), (255), and (258) via the former expansion in
(58), we conclude that the general, nontrivial expression of
the nonintegrated density of the first-order deformation that
couples the BF to the matter fields and satisfies all the work-
ing hypotheses reads

int int int
a’=ay +a;,

ag" = —kap(3"9")n% (@, 9) A, — V(p. 9)
+ 3uan (9. ) (3.0™) (0"9"%).

. an8 (g, _
ai = [_ H;kAB(aﬂpr)% +oi (g, ¢):|’7’

where 114 (¢, ¢) is given by (232) and the symmetric func-
tions u4p (@, @) are nontrivial (relations (251)). This com-
pletes the proof regarding the general solutions to Egs. (62)
and (63).

Appendix B: Main properties of the deformed generating
set of gauge transformations

In order to analyze the characteristic features of the gauge
transformations (104)—(107) corresponding to the deformed
model, we need the explicit form of the interacting field equa-
tions resulting from the action (101), namely,
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cL [
SSUONT _ gy (V@ 9)
3¢ ¢
8 duas(p, @) Au B
+ SUAED (b,9) (D4")
—glkap + guan(p, ¢))( 1)
B
A“%ﬁ’@ ~ 0, (259)
8St[d0] A B
W =—-0hB" —gW(p)H
— glkap + gran (@, $))(D"¢*)i? (0, ) ~ 0,
(260)
SSL[Dd0] $SL[@0]
g = Due 0, —— = 39 Aun ~ 0,
(261)
8SL o
% = —0"[(kap + gran(e. $))(Du9?)]
V(p.¢)  goupc(p, @) A
8 ggn Ty gen (Due”) (D10
— g(kpc + grpc(e, 9))(Duo®)
=C
A“W ~ 0, (262)

written in terms of (102) and (103) and of the additional
“covariant derivative”,

aw
=0,+¢g d;q))

Ay, (263)
that may act on any object involved in the Lagrangian formu-
lation of the coupled theory (fields, gauge parameters, etc.). It
is easy to see from the above formulas that the field equations
satisfy the derivative-order assumption. Indeed, on the one
hand the derivative order of all BF field equations is equal to
one and that of the matter fields is equal to two (with respect
to the matter fields themselves) via the term —k4p D¢B fol-
lowing from the first kind of quantities on the right-hand side
of (262)) and, on the other hand, each term from every field
equation is strictly linear in the first-order derivatives of the
BF fields. Excepting the EL derivatives of the action (101)
with respect to the BF two-form B*Y, which coincide with
those from the free limit, the others are deformed by contri-
butions due to both the self-interactions among the BF fields
(in the first order of perturbation theory) and to the cross-
couplings between BF and matter field sectors (at orders one,
two, and three).

In the sequel we investigate the main properties of the
deformed generating set of gauge transformations, (104)-
(107). The associated gauge algebra is defined by the com-
mutators among the above gauge transformations, which,
in turn, result by retaining from the deformed solution to

the master equation, (99), the terms of antifield number 2
that are quadratic (in the ghosts with the pure ghost num-
ber equal to 1). If no such components were present in S,
then all the commutators would vanish, and therefore the
corresponding gauge algebra would be Abelian. In general
the pieces of antifield number 2 quadratic in the ghosts fall
in two possible classes: either linear in the antifields of the
ghosts with the pure ghost number equal to 1 or quadratic in
the antifields of the original fields. The appearance only of
elements from the first class signalizes that all the commu-
tators among the gauge transformations of the fields close
off-shell, but some are nonvanishing, so the gauge algebra
is still closed, but non-Abelian. If there exists at least one
term from the second class, i.e. quadratic in the antifields of
the original fields, this means that at least one commutator
among the gauge transformations of the fields closes on-shell
via trivial gauge transformations, i.e. on the stationary sur-
face through some antisymmetric combinations of field equa-
tions, and therefore the emerging gauge algebra is said to be
open. Inspecting from this perspective the structure of (99)
by means of Egs. (33), (52)—(57), (64)—(66), (86)—(88), and
(92)—(94), we notice that there appear nonvanishing elements
from both classes, but only at order one in g, via the first-
order deformation aPF (the last two terms on the right-hand
side of (55), quadratic in n and C*"). The former is linear
in the antifields C;, and contains the first-order derivative
of the smooth function W (¢), while the latter is quadratic in
the antifields H; of the BF one-form H* and includes the
second-order derivative of W. Consequently, only the com-
mutators among the gauge transformations that depend on
the gauge parameters £V (since Cj;, < CH" <« &1 with
the help of Egs. (6) and (15)) may be nonvanishing, i.e., those
of the BF fields H* and BV (see the first two terms on the
second line of (105) and the last from (106)), while the sole
commutator that may close one-shell is that corresponding
to H" precisely by antisymmetric combinations of its own
field equations, M*8S¥ /8 H* ~ 0, with M** = —M** Al
this information extracted from the structure of the deformed
solution to the master equation is translated at the level of the
Lagrangian formulation of the interacting theory along the
following formulas:

B B o = 0. [5gm. 5 ]e =0, (264)
[6q al,‘ «]A, =0, (265)
o dw .
[30s1. Sgu [H" = —ZDK[ ((p)( 15" — et )}
d2W
+2g ("’) P e — e e Do,
(266)
9 g dw v v
[59‘;1 , 5931]3’” =2gW(p) [g d;(p) (€18 — e8] )},
(267)
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where the “covariant derivatives” D) and D, ¢ are of the form
(263) and (102), while the commutators among the gauge
transformations are considered with respect to two indepen-
dent sets of gauge parameters organized in agreement with
the notation (6),

QU = {eg, £, M), QY = (e, £, M) (268)
Comparing the right-hand sides of (264)—(267) with the
corresponding gauge transformations from (104)—(107) and
using the former field equation from (261), we find that the
previous commutators can be written like

_ A - -
3o g o™ =0, [8gm.8gn]¢ =0, (269)
[8ge1. 8ger ]Ap =0, (270)
[8gm g |H" = Sgu HY

§SL[P]
AO¥ O
+MM (Q] 792 )W: (271)

[Sqer . dge | B! = S, B, (272)

in terms of a new set of gauge parameters,

~ . ~ dW (p)

QY = Ié =0, = 8w(6152w - 6251)%),

My = o] (273)
and of the antisymmetric coefficients,
d>W(p)
M@, Q5 = 2¢ e —gre). )

de?

In conclusion, the gauge algebra associated with the new
gauge transformations, (104)—(107), is open if and only if
the self-interactions among the BF fields are allowed and the
second-order derivative of W is nonvanishing (so the coef-
ficients M** are not equal to zero). If it is vanishing, but
the first-order derivative of W is not, then the gauge alge-
bra is closed, but non-Abelian (the coefficients M 1% become
zero, but the gauge parameters £** given in (273) resist), so
it is still deformed with respect to the initial, Abelian one.
Finally, if the BF self-interactions are excluded (W = 0),
then all the above commutators vanish off-shell, such that the
gauge algebra of the cross-coupled theory remains Abelian,
like that from the free limit.

The deformation procedure cannot alter either the maxi-
mum reducibility order of the generating set of gauge trans-
formations or the number of reducibility relations at each
stage since it preserves both the field sector and the number
of physical degrees of freedom from the free limit. But it may
modify the form of the reducibility functions (and hence the

@ Springer

transformations of the gauge or reducibility parameters of a
given order in terms of those corresponding to the next order)
and of the associated reducibility relations; for instance, if the
reducibility relations from the free limit held off-shell, then it
is possible that the deformed ones take place on-shell, mean-
ing on the deformed stationary surface. These features are
dictated by the pieces linear in the ghosts with the pure ghost
number strictly greater than 1 from the deformed solution to
the master equation in strictly positive orders of perturba-
tion theory. If no such components were present, then both
the reducibility functions and the relations would be those
from the free limit. In the opposite situation, two kinds of ele-
ments linear in the ghosts with pgh > 1 are of interest: those
likewise linear in the antifields (of some ghosts since their
antifield number should also be at least equal to 2) and those
simultaneously quadratic in the antifields and containing two
antifields of the original fields if pgh = 2 = agh or a single
one if pgh = agh > 2. Whenever only elements belonging
to the first kind are allowed, then some of the reducibility
functions are modified with respect those from the free limit,
but all the deformed reducibility relations hold like in the free
limit, namely off-shell here. If at least one element from the
second class is detected, then the associated reducibility rela-
tions hold only on-shell. With these observations in mind, we
notice in (99) contributions to both classes at the first order of
perturbation theory only, coming again from the purely BF
deformation (52) (all the terms from (55) linear in the ghosts
CH""P and just five out of the seven components from (56)
linear in C*"P*). Consequently, all the reducibility functions
may be affected with respect to their free limit, but only at
order one in g, and some of the reducibility relations may hold
now on-shell (at the same order), depending on the choice
and properties of the smooth function W (¢). Their detailed
analysis will be given below maintaining notations (1), (6),
(8), and (11) and relying on the deformed gauge transfor-
mations (104)—(107). Related to the first-order reducibility,
we transform the gauge parameters from (6) in terms of the
first-order reducibility ones, (8), by adding to relations (7)
some supplementary quantities induced by the correspond-
ing elements from the first class present in (55),

QO[[ — QO!] (QO(Z)

€(Q%2) =0,
& | EM(Q) = —3DjEM,
M (Q2) = —4d M — 28 W ()51,
(275)

with D} like in (263). Consequently, the deformed gauge
transformations of the fields, (104)—(107), are transformed
like

SQO{] (Qa2)¢A = O’ SQO‘I (QO‘Z)@ = O, (276)
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Squ1 (@2)Ay =0, (277)
- d>W(p) = §SL[D]
Soar couy HF = 6ogHPr
QU1 () 43 ( PP YT
dW (@) §SE[d*0
_ dW(p) §5-[9™] 7 (278)
do SBP*
_ dW (p) 8SL[d0]
Soarrouy BHY = goetvA Z P2 7Y T ] 279
Q1 (Q2) 43 do  SH” (279)

and represent the first-order reducibility relations of the inter-
acting model. In relation with the second-order reducibility,
we express the first-order reducibility parameters from (8)
in terms of the second-order reducibility ones (see (11)) by
modifying Eqs. (10) with some additional pieces implied by
the associated elements from the first class appearing in (56)

Q(xz — QO{Z(QC{:;)

EMVP(QU3) = _4D:\g)~uvp’

MR (QU3) = 2gW(<p)§)‘“”p, (280)

such that the transformed gauge parameters (275) become

€(QM(Q")) =0, (281)
d*W(p)  85-[®™]
Y o o3\ JLVPA
EN(QU2(Q™)) = 12g& (dw2 T
<L o
_dW(p) 85" 0])’ 082)
do SBrr
dW (p) 8SH[d%]
HVP (OU2 (O%3)) — HVPA
e (QM(QM)) = 8g& g SH (283)

and provide the second-order reducibility relations of the
interacting theory. With the help of the results (275)—(283),
we conclude that at least some of the reducibility functions for
the generating set of gauge transformations corresponding to
the interacting theory are deformed with respect to that of
the free limit if and only if the self-interactions among the
BF fields are permitted. If in addition at least the first-order
derivative of the function W (g) is nonvanishing, then both
the reducibility relations of order one and those of order two
hold on-shell, by contrast to those associated with the free
model.

The remaining terms from (99), not taken in account so far,
of antifield number 3 and 4, are entirely contained in the com-
ponents (56) and (57) of the purely BF first-order deforma-
tion aBF. They bring contributions to the higher-order tensor
structure functions corresponding to the deformed generat-
ing set of gauge transformations (104)—(107) and are fully
manifested (always only at the first order of perturbation the-
ory) if and only if all the derivatives of the function W (¢) up
to the fourth order inclusively are not vanishing.
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