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Abstract

We study the electromagnetic coupling of massless higher-spin fermions in flat
space. Under the assumptions of locality and Poincaré invariance, we employ the
BRST-BV cohomological methods to construct consistent parity-preserving off-shell
cubic 1 — s — s vertices. Consistency and non-triviality of the deformations not only
rule out minimal coupling, but also restrict the possible number of derivatives.
Our findings are in complete agreement with, but derived in a manner independent
from, the light-cone-formulation results of Metsaev and the string-theory-inspired
results of Sagnotti-Taronna. We prove that any gauge-algebra-preserving vertex
cannot deform the gauge transformations. We also show that in a local theory,
without additional dynamical higher-spin gauge fields, the non-abelian vertices are

eliminated by the lack of consistent second-order deformations.



1 Introduction

Consistent interacting theories of massless higher-spin fields in flat space are difficult to
construct. Severe restrictions arise from powerful no-go theorems [1, 2], which prohibit, in
Minkowski space, minimal coupling to gravity, when the particle’s spin s > g, as well as to
electromagnetism (EM), when s > % However, these particles may still interact through
gravitational and EM multipoles. Indeed, N' = 2 SUGRA [3] allows massless gravitini
to have dipole and higher-multipole couplings, but forbids a non-zero U(1) charge in flat
space. Gravitational and EM multipole interactions also show up, for example, as the
2 —s—sand 1 — s — s trilinear vertices constructed in [4, 5] for bosonic fields®.

"—§”. that involves

These cubic vertices are but special cases of the general form s — s
massless fields of arbitrary spins. Metsaev’s light-cone formulation [6, 7] puts restrictions
on the number of derivatives in these vertices, and thereby provides a way of classifying
them. For bosonic fields, while the complete list of such vertices was given in [8], Noether
procedure has been employed in [9] to explicitly construct off-shell vertices, which do
obey the number-of-derivative restrictions. Also, the tensionless limit of string theory
gives rise to a set of cubic vertices, which are in one-to-one correspondence with the ones
of Metsaev, as has been noticed by Sagnotti-Taronna in [10], where generating functions
for off-shell trilinear vertices for both bosonic and fermionic fields were presented.

In this paper, we consider the coupling of a massless fermion of arbitrary spin to
a U(1) gauge field, in flat spacetime of dimension D > 4. Such a study is important
in that fermionic fields are required by supersymmetry, which plays a crucial role in
string theory, which in turn involves higher-spin fields. This fills a gap in the higher-spin
literature, most of which is about bosons only (with [7, 10, 11] among the exceptions). We
do not consider mixed-symmetry fields, and restrict our attention to totally symmetric
Dirac fermions v, ,,, of spin s = n + % For these fields, we employ the powerful
machinery of BRST-BV cohomological methods [12] to construct systematically consistent
interaction vertices?, with the underlying assumptions of locality, Poincaré invariance
and conservation of parity, and without relying on other methods. The would-be off-shell
1 — s — s cubic vertices will complement their bosonic counterparts constructed in [5].

The organization of the paper is as follows. We clarify our conventions and notations,
and present our main results in the next two Subsections. In Section 2, we briefly recall the
BRST deformation scheme [12] for irreducible gauge theories. With this knowledge, we
then move on to constructing consistent off-shell 1 — s — s vertices in the following three

Sections. In particular, Section 3 considers the massless Rarita-Schwinger field, while

n a local theory, some of these vertices may not be extended beyond the cubic order [2, 4].
2The BRST-BV approach, in general, is very useful in obtaining gauge-invariant manifestly Lorentz-

invariant off-shell vertices for higher-spin fields [13], as has been emphasized recently in [14].



Section 4 pertains to s = g, and Section 5 generalizes the results, rather straightforwardly,
to arbitrary spin, s = n+ % In Section 6, we prove an interesting property of the vertices
under study: an abelian 1 — s — s vertex, i.e., a 1 — s — s vertex that does not deform
the original abelian gauge algebra, never deforms the gauge transformations. Section 7 is
a comparative study of our results with those of Metsaev [7] and Sagnotti-Taronna [10],
where we explicitly show their equivalence. Section 8 investigates whether there are
obstructions to the existence of second-order deformations corresponding the non-abelian
vertices, i.e., if they are consistent beyond the cubic order. We conclude with some
remarks in Section 9. Two appendices are added to present some useful technical details,

much required for the bulk of the paper.

1.1 Conventions & Notations

We work in Minkowski spacetime with mostly positive metric. The Clifford algebra is
{+",7"} = +2n*, and y*T = p#y#. The Dirac adjoint is defined as ¢, = 1h[7°. The
D-dimensional Levi-Civita tensor, €,,,,. .y, is normalized as €y, (p—1) = +1. We define
pprtin. — ylmiypz | Apnl where the notation [i1...i,) means totally antisymmetric expres-
sion in all the indices i1, ..., 4, with the normalization factor % The totally symmetric
expression (i;...7,) has the same normalization. We use the slash notation: v#Q,, = @.
The curvature for the spin-1 field is its 1-curl, F},, = 0,4, —0,A,,, which is just the EM
field strength. Its contraction with two y-matrices, v F,,,
the curvature for the spin—g field is given by the 1-curl, ¥, = 0,1, — 0,%,. For arbitrary

is denoted as F'. Similarly,

spin s = n—+ %, we have a totally symmetric rank-n tensor-spinor v, . .., whose curvature

is a rank-2n tensor-spinor, W, ., usvs|... |y, » defined as the n-curl,

\Iju1l/1\u2l/2\m|unl/n = [ [ [aﬂl"'aﬂnwlﬂml’n - (Nl A Vl)] - (ILLQ AN l/2>] ] - (ﬂn AN Vﬂ)'

This is the Weinberg curvature tensor [15], and we discuss more about it in Appendix A.

More generally, the rank-n field 1, ,, can have an m-curl, for any 0 < m < n,

Voo livmsrn = Lo [0 B = (11 11)] = (13 02)] o] = (pm 4 V).
When m = n, this is nothing but the curvature tensor, 1/1523/”“"“”% = W] nrm » Whereas

m = 0 corresponds to the original field itself, @Z)l(,?)l,n = Vv -

The Fronsdal tensor for the fermionic field [16] will be denoted as S, so that

1---Mn

S,ulu.,un - 7/ [ad}#lm#n - na(ﬂl ¢M2---,Ufn)i| : (1>

The symbol “~” will mean off-shell equivalence of two vertices, whereas “~” will stand

for equivalence in the transverse-traceless gauge (up to an overall factor).
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1.2 Results

e For massless fermions, we present a cohomological proof of the well-known fact that

minimal EM coupling in flat space is ruled out for s > 2 [2, 7).

e We find restrictions on the possible number of derivatives in a cubic 1 —s— s vertex,
with s =n + % There are only three allowed values: 2n — 1,2n, and 2n + 1. This

is in complete agreement with the results of Metsaev [7].

e The (2n — 1)-derivative vertex is non-abelian — the only one that deforms the gauge
symmetry. With FT# = Fr + %7"”"5 F, 3, we find that the off-shell vertex is simply

s= 21 GFY, L, s=n+b: gD e R )

v || pn—1vn—1l p

We see that the (n — 1)-curl of the fermionic field appears in the vertex.

e The 2n-derivative vertex is abelian. It exists only for D > 4, and is gauge invariant

up to a total derivative. It involves the curvature tensor, and takes the form

_ 1. (7 pivian B\ p2v2|...|pnvn
s=n+jy: (\I]M1V1|N2V2|--~|Mnl/n’y \Ijalﬁl| )Ax -

It can be interpreted as a Chern-Simons term. To see this, let us start with the
spin—% case. For any choice of spinor indices a, b, the expression ¥, A W defines a
closed 4-form, d (U, A U*) = 0. Here ¥" = %\I/gﬁ dz® Adz? and a similar expression

holds for ¥,. The associated Chern-Simons 5-form

Uy A WOANA=L0,,, 00 0 Ayde" Ada™ Ade™ A da™ A da?,

1
4 a1

with A = Aydz?, is therefore gauge invariant up to the exterior derivative of a 4-
form. Replacing daz* A dax* Adx® A dzP' A daz? by (171215122 and summing over
the spinor indices give a scalar, which is gauge invariant up to a total divergence.
This understanding of the 2n-derivative vertex explains why it exists only in D > 5.
For higher-spin fields, the curvatures are not exterior forms since they are described

by mixed-symmetry Young tableaux. However, the contracted expression

\I]a A \Ijb = zlLqja\#lm\H2V2\~~~\unl/nqja151\ “2”2|"'|“"V”dmﬂl Adz™ A dz®™ A dlﬁl

is a closed 4-form, and the construction proceeds then in the same way.

e The (2n + 1)-derivative vertex, which is the highest-derivative one, is a 3-curvature

term (Born-Infeld type).

e The non-abelian cubic vertices generically get obstructed, in a local theory, at second
order deformation. In special cases, such vertices may extend beyond the cubic

order, if additional dynamical higher-spin gauge fields are present.



2 The BRST Deformation Scheme

As pointed out in [12], one can reformulate the classical problem of introducing con-
sistent interactions in a gauge theory in terms of the BRST differential and the BRST
cohomology. The advantage is that the search for all possible consistent interactions be-
comes systematic, thanks to the cohomological approach. Obstructions to deforming a
gauge-invariant action also become related to precise cohomological classes of the BRST
differential. In what follows, we briefly explain the BRST deformation scheme.

Let us consider an irreducible gauge theory of a collection of fields {¢'}, with m gauge
invariances, 6.¢' = R'e* a = 1,2,...,m. Corresponding to each gauge parameter %, one
introduces a ghost field C%, with the same algebraic symmetries but opposite Grassmann
parity (¢). The original fields and ghosts are collectively called fields, denoted by ®4. The
configuration space is further enlarged by introducing, for each field and ghost, an antifield

*, that has the same algebraic symmetries (in its indices when A is a multi-index) but
opposite Grassmann parity.

In the algebra generated by the fields and antifields, we introduce two gradings: the
pure ghost number (pgh) and the antighost number (agh). The former is non-zero only
for the ghost fields. In particular, for irreducible gauge theories, pgh(C®) = 1, while
pgh(¢?) = 0 for any original field. The antighost number, on the other hand, is non-zero
only for the antifields ®%. Explicitly, agh(®%) = pgh(®*) + 1, agh(®*) = 0 = pgh(®?).
The ghost number (gh) is another grading, defined as gh = pgh — agh.

On the space of fields and antifields, one defines an odd symplectic structure

SRX oty SRX LY

(oY) = 50250, ~ 507, 004" @)

called the antibracket®. It satisfies the graded Jacobi identity.
The original gauge-invariant action S(*’[¢'] is then extended to a new action S[®4, %],

called the master action, that includes terms involving ghosts and antifields,
S[@, @3] = SO+ G;RIC + ..., (3)

which, by virtue of the Noether identities and the higher-order gauge structure equations,

satisfies the classical master equation
(5.5) = 0. (4)

In other words, the master action S incorporates compactly all the consistency conditions

pertaining to the gauge transformations. This also plays role as the generator of the

3This definition gives (<I>A, @g) = 04, which is real. Because a field and its antifield have opposite
Grassmann parity, it follows that if ®4 is real, ®% must be purely imaginary, and vice versa.
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BRST differential s, which is defined as
sX =(5,X). (5)

Notice that S is BRST-closed, as a simple consequence of the master equation. From

the properties of the antibracket, it also follows that s is nilpotent,
52 =0. (6)

Therefore, the master action S belongs to the cohomology of s in the space of local
functionals of the fields, antifields, and their finite number of derivatives.

As we know, the existence of the master action S as a solution of the master equation
is completely equivalent to the gauge invariance of the original action S [¢?]. Therefore,
one can reformulate the problem of introducing consistent interactions in a gauge theory
as that of deforming the solution S of the master equation. Let S be the solution of the
deformed master equation, (S,5) = 0. This must be a deformation of the solution Sy of

the master equation of the free gauge theory, in the deformation parameter g,
S = Sy+ g5 +¢°S + O(g°). (7)

The master equation for S splits, up to O(g?), into

(S0, 80) = 0, (8)
(507 51) =0, (9)
(S1,51) = —2(Sp, S2). (10)

Eqn. (8) is fulfilled by assumption, and in fact Sy is the generator of the BRST differential

for the free theory, which we will denote as s. Thus, Eqn. (9) translates to
851 == 0, (11)

i.e., S; is BRST-closed. If the first-order local deformations are given by S; = [ a, where

a is a top-form of ghost number 0, then one has the cocycle condition
sa+db = 0. (12)

Non-trivial deformations therefore belong to H%(s|d) — the cohomology of the zeroth-
order BRST differential s, modulo total derivative d, at ghost number 0. Now, if one

makes an antighost-number expansion of the local form a, it stops at agh = 2 [5, 17, 18],

a = ap+ ay + as, agh(a;) =i = pgh(a;). (13)



For cubic deformations S; = [a, it is indeed impossible to construct an object with

agh > 2 [5]. The result is however more general and holds in fact also for higher order
deformations, as it follows from the results of [17, 18, 19].

The significance of the various terms is worth recalling. ag is the deformation of the
Lagrangian, while a; and as encode information about the deformations of the gauge
transformations and the gauge algebra respectively [12]. Thus, if as is not trivial, the
algebra of the gauge transformations is deformed and becomes non-abelian. On the other
hand, if a; = 0 (up to redefinitions), the algebra remains abelian to first order in the
deformation parameter. In that case, if a; is not trivial, the gauge transformations are
deformed (remaining abelian), while if a; = 0 (up to redefinitions), the gauge transfor-
mations remain the same as in the undeformed case.

The various gradings are of relevance as s decomposes into the sum of the Koszul-Tate
differential, A, and the longitudinal derivative along the gauge orbits, I':

s=A+T. (14)

A implements the equations of motion (EoM) by acting only on the antifields. It decreases
the antighost number by one unit while keeping unchanged the pure ghost number. I'
acts only on the original fields and produces the gauge transformations. It increases the
pure ghost number by one unit without modifying the antighost number. Accordingly,
all three A ' and s increase the ghost number by one unit, gh(A) = gh(I') = gh(s) = 1.

Note that A and I' are nilpotent and anticommuting,
?=A%*=0, FA+ AT = 0. (15)

Given the expansion (13) and the decomposition (14), the cocycle condition (12) yields

the following cascade of relations, that a consistent deformation must obey

Ta, =0, (16)
ACLQ + Fa1 + dbl = 0, (17)
Aa1 + FCLO + dbo = 0, (18)

where agh(b;) = i, pgh(b;) =i+ 1. Note that as has been chosen to be I'-closed, instead
of I'-closed modulo d, as is always possible [17].

We now analyze the conditions under which as and a; are non-trivial.

e Non-triviality of the deformation of the gauge algebra: The highest-order term as
will be trivial (i.e., removable by redefinitions) if and only if one can get rid of it
by adding to a an s-exact term modulo d, sm + dn. Expanding m and n according

to the antighost number, and taking into account the fact that m and n also stop
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at agh = 2 since they are both cubic, one finds that as is trivial if and only if
as = I'ms + dny. We see that the cohomology of I' modulo d plays an important
role. The cubic vertex will deform the gauge algebra if and only if a5 is a non-trivial
element of the cohomology of I' modulo d. Otherwise, can always choose as; = 0,
and a; = T-closed [17]. Note that since as is a cocycle of the cohomology of T
modulo d, which can be chosen to be I'-closed [17], one can investigate the general

form of as by studying the elements in the cohomology of I' that are not d-exact.

e Non-triviality of the deformation of the gauge transformations: We now assume
as = 0. In this case, a; can be chosen to be a non-trivial cocycle of I'. The vertex
deforms the gauge transformations unless a; is A-exact modulo d, a; = Ams + dnyq,
where msy can be assumed to be invariant [17, 18, 19]. In that instance, one can
remove a1, and so one can take ag to be I'-closed modulo d: the vertex only deforms
the action without deforming the gauge transformations. The cohomology of A
is also relevant in that the Lagrangian deformation aq is A-closed, whereas trivial

interactions are given by A-exact terms.

Finally, while the graded Jacobi identity for the antibracket renders (Si,S;) BRST-

closed, the second-order consistency condition (10) requires that this actually be s-exact:
(Sl, Sl) = —2552. (19)

This condition determines whether or not, in a local theory, a consistent first-order defor-
mation gets obstructed at the second order. Such obstructions are controlled by the local
BRST cohomology group H!(s|d).

2.1 The Cohomology of I'

In this Subsection we present some facts about the cohomology of I'; which will be very
useful in the latter parts of the paper. Details will be relegated to Appendix B.

The system of gauge fields under consideration consists of a photon A, and a rank-n
spinor-tensor ¢, ... Corresponding to them, there will be a Grassmann-odd ghost field
C and a Grassmann-even rank-(n — 1) spinorial ghost &,,,. ,,,_,, which obeys ¢, =~ =0.
The set of antifields is &% = {A*“, C* Atk €51 lin—1 } We note that the cohomology
of I' is isomorphic to the space of local functions depending on

e The curvatures {F s \I/W,ﬂml,ﬂmmn,,n}, and their derivatives.

e The antifields {A*“, C* g itin f*“l"'“"*l}, and their derivatives.



e The undifferentiated ghosts {C’, §Mm“n71}, and the ~-traceless part of all possible

curls of the spinorial ghost {51(171711/)1|...\umum||um+1...un71’ m<n—15s.
e The Fronsdal tensor S, .., and its derivatives.
The derivative of the curl, 81,715;?31‘.“‘%%” Vit is of special interest. If and only

if symmetrized w.r.t. the indices {441, ..., n }, does this quantity become I'-exact:

Vm41---Vn—1) n—m

a(yng(m)ﬂlul""|N7n”m|| 1 F/w(m)ﬂll’ll"":u‘m”m” 0 S m S n—1.

Vm+41---Vn?

(n—1) _ gD

M1V1|---|Mn71Vn71” 2

Incidentally, for the (n — 1)-curl one has 9,,¢

pave|e | pn—1vn—1

3 EM Coupling of Massless Spin 3/2

3

In this Section we construct parity-preserving off-shell 1 — % — 5 vertices by employing the

BRST-BV cohomological methods. The spin—% system is simple enough so that one can
implement the BRST deformation scheme with ease, while it captures many non-trivial
features that could serve as guidelines as one moves on to higher spins.

The starting point is the free theory, which contains a photon A, and a massless
Rarita-Schwinger field v, described by the action

SOTA,, b, = / APz [—1F2, — i,y 0b,) | (20)
which enjoys two abelian gauge invariances:
WA, = O\, 0:1,, = Oue. (21)

For the Grassmann-even bosonic gauge parameter A, we introduce the Grassmann-odd
bosonic ghost C'. Corresponding to the Grassmann-odd fermionic gauge parameter ¢, we

have the Grassmann-even fermionic ghost £. Therefore, the set of fields becomes

ot = {A/“ C, ?/)m 5} (22>

For each of these fields, we introduce an antifield with the same algebraic symmetries in

its indices but opposite Grassmann parity. The set of antifields is
O = (A, C7 € (23)

Now we construct the free master action Sy, which is an extension of the original gauge-

invariant action (20) by terms involving ghosts and antifields. Explicitly,

So = / 0P [~ L2 i 0,0, + AMO,C — (50,6 — 0] . (24)



Notice that the antifields appear as sources for the “gauge” variations, with gauge pa-
rameters replaced by corresponding ghosts. It is easy to verify that (24) indeed solves the
master equation (Sp, Sg) = 0. The different gradings and Grassmann parity of the various
fields and antifields, along with the action of I' and A on them, are given in Table 1.

Table 1: Properties of the Various Fields & Antifields (n = 1)

Zz I(Z) A(Z)  pgh(Z) agh(Z) gh(Z) e(Z)

A, 0,0 0 0 0 0 0

C 0 0 1 0 1 1
At 0 -0, F™ 0 1 -1 1

c* 0 —0, A 0 2 -2 0

Vu  Oué 0 0 0 0 1

13 0 0 1 0 1 0
P 0 — LW, gy PH 0 1 —1 0

£ 0 RTINS 0 2 -2 1

For the spin-2 field the Fronsdal tensor is S, = i [@v, — 0, %] = —i7"¥,,, ie., the

~-trace of the curvature. The cohomology of I' is isomorphic to the space of functions of
e The undifferentiated ghosts {C, ¢},
e The antifields {A*, C*, **, £*} and their derivatives,

e The curvatures {F),,, ¥, } and their derivatives.

3.1 Gauge-Algebra Deformation

The next step is to consider, for the first-order deformation, the most general form of a,
— the term with agh = 2, that contains information about the deformation of the gauge
algebra. as must satisfy 'ay = 0, and be Grassmann even with gh(ay) = 0. Besides, we

require that as be a parity-even Lorentz scalar. Then, the most general possibility is
ay = —goC (£ + £€7) — 1 C7EE, (25)

which is a linear combination of two independent terms: one contains both the bosonic

ghost C' and the fermionic ghost &, while the other contains only £ but not C'. The former
one potentially gives rise to minimal coupling, while the latter could produce dipole
interaction. This can be understood by first noting that the corresponding Lagrangian

deformation, ay, is obtained through the consistency cascade (16)—(18). From the action



of I and A on the fields and antifields, it is then easy to see that the respective ag would

contain no derivative and one derivative respectively.

3.2 Deformation of Gauge Transformations

Next, we would like to see if as can be lifted to certain aq, i.e., with the given as, if one
could solve Eqn. (17) to find an a;. Indeed, one finds that*

Aay = +g0C [(0u0™)E — E(D0™)] + g1(0,A™)EE
= —g0 [00,(C€) = 0,(CEOV™] — 1 A™9,,(£€) + d(...)
= I [90(15*”% + %TP*“)C + gO(QZ*MAuf - EA;M*“) + glA*u(r@E,uf - gw#)] + d()

Therefore, in view of Eqn. (17), one must have

a1 = go W*“Wuc +EA,) + h-CJ + glA*“(lhé — f_?/fu) + ay, I'a, =0, (26)

where the ambiguity, a;, belongs to the cohomology of I'. Its most general form will be
i = [0 X0y U] C + [V, FP + U™ 7, A*] € + h.c., (27)

where X, Y and Z may contain derivatives and spinor indices.

3.3 Lagrangian Deformation

We note that Aa; must be I'-closed modulo d, since
['(Aay) = A(—Tay) = A[Aay +d(...)] = d(...). (28)

Condition (18), however, requires that Aa; be I'-exact modulo d. The A-variation of
neither of the unambiguous pieces in a; is I'-exact modulo d, and the non-trivial part
must be killed by Aay, if (18) holds at all. But such a cancelation is impossible for the
first piece, i.e., the would-be minimal coupling, simply because a; contains too many

derivatives. Thus, minimal coupling is ruled out, and we must set gy = 0. Then, we have
Aar = —T(GuuF ") — Lo P (0,6 — €0,,) + Adiy +d(...). (29)

The second term on the right hand side is in the cohomology of I'; and must be canceled

by Aa;. To see if this is possible or not, we make use of the identity

pIof = 1 (yraqB _ ppbypo pvaB _ o

—n"n ) — %f}/ ¥ 2,7 #nV][a,yB] _ %,yl“/a57 (30)

“Here one also needs the relations A&* = —9,1h*H, F’LZ)H = 73#5, which follow from Table 1.
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to rewrite the term as

Fuy(@uug - E\II,LLI/) = +% ()IIF - 4\II,LLU7MFUp7p) 5 - %g (F)I] - 47#17#04,75\1;&5)
_% (\I’uufyuyaﬁFa/BS - gFuuﬁylwaﬂqjaﬁ)

= +% (@F - 4‘Ijuurnyyp7p) 5 - %g (F)IJ - 47#17#04,75\1;&5)
+T (" P Fapthy) + d(...). (31)

Notice that, we have rendered the second line in the first step I'-exact modulo d, by virtue
of the Bianchi identity, 9y, F,,) = 0. We plug Eqn. (31) into (29) to obtain

Aal = _F(glqjqu‘f‘Mwa) + Adl + d()
Lo [(BF — 40, " FPy,) € — E(F W — 47, F" v Wos)] . (32)

Now, the most important point is that, the terms in the second line of the above expression

are A-exact, such that it is consistent to set
Ady = 591 [(BF — AV A" FP,) € = E(F R — 47,77 Vos) ] (33)
This is tantamount to setting
@ = ig [@E*M’VVFW s ¥ F] {+he, (34)
which, of course, is in the cohomology of T'. Then, Eqn. (32) reduces to
Aay = =T(gip FHp,) +d(...), (35)
so that we have a consistent Lagrangian deformation ag. To summarize, we have

ap = gllzuFﬂw?/fm a; = 91/4*”(@/;”5 - E@%) + ay, g = —910*55- (36)

3.4 Abelian Vertices

Now that we have exhausted all the possibilities for as, any other vertex can only have
a trivial ao. In this case, as we will show in Section 6, one can always choose to write a

vertex as the photon field A, contracted with a gauge-invariant current j#,

ap = j*A,, " =0, (37)
where the divergence of the current is A-exact:

ot =AM, I'M =0, (38)

11



so that one has a; = MC'. If, however, M happens to be A-exact modulo d in the space
of invariants, one can add a A-exact term in ag, so that the new current is identically
conserved [17]. In the latter case, the vertex does not deform the gauge symmetry at all.

Now the most general vertex of the form (37) contains the current
j)\ — \I/“V X,Ul/aﬂ)\ \Ijaﬂy (39>

whose divergence is required to obey the condition (38). Here X may contain Dirac
matrices as well as derivatives. It is not difficult to see if X contains more than one
derivatives, ag is A-exact modulo d, i.e., trivial. First, if X contains the Laplacian, [J,
the contribution is always A-exact, by the EoM OV, = 0. We can also forgo the Dirac
operator, @, because by using the relation gy = 20" — 4" @, one can always make ¢
act on the curvature to get A-exact terms, thanks to the EoM @V¥,, = 0. Therefore,
any derivative contained in X***#* must carry one of the five indices. Given the EoM
0"V, = 0, the antisymmetry of the field strength ¥, and the commutativity of ordinary

derivatives, the only potentially non-trivial way to have more-than-one derivatives is
e
ag — <\IJW8V7 8“‘110”/) A)\. (40)

But algebraic manipulations show that this vertex is actually A-exact modulo d, i.e.,

trivial. To see this, we use U* = 9*” — 99, and rewrite (40) as
_ — _ —
a0 = (a7 00V = 3000, 0707 Ay,

While the first term is identically zero, in the second term, one can use the 3-box rule,
20, X0*Y =0(XY) - X(OY) — (BX)Y, so that

ap = _i [D (\Ifua ’Y)\ ‘I’ua) B (D@ua) 7)\ PHe — qjua 7)\ <D\Ijua>] Ax.

Here, the last two terms are A-exact, whereas in the first term a double integration by
parts gives [JA,, which is equal to 05(0 - A) by the photon EoM. Then, one is left with

ap = _}l (\TJW A \If”o‘) O\(0 - A) + A-exact + d(...).

Upon integrating by parts w.r.t. 0y, this indeed becomes A-exact modulo d,

_ <
ap = (\waawA a#w) Ay = A-exact + d(...). (41)
The only possibilities are therefore that X contains either no derivative or one deriva-
tive. For the former case, we have the candidate X**#* = —2pmleBfaA  This gives
M = =40, 0" (™ — 557" #) —h.c., (42)
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which is obviously gauge invariant: I'M = 0. However, explicit computation easily shows
that M is actually A-exact modulo d. Therefore, one can render the current identically

conserved by adding a A-exact term. In fact, in view of identity (30), our candidate j* is

g = %\IJW (’y“”o‘ﬁ’yA + ’y)‘fy‘“’aﬁ) U5 + A-exact. (43)

Then, it is clear from the identity

LyproBar 4 1aAy

prafB __

,yul/aﬁ)\7 (44)
that our 2-derivative vertex is actually off-shell equivalent (=) to
ao = (U, " W) Ay (45)

This vertex does not deform the gauge symmetry, and is gauge invariant up to a total
derivative. Note that the vertex does not exist in D = 4, because of the presence of
A#eBA This is in complete agreement with Metsaev’s results [7].

Finally, we are left with the possibility of having just one derivative in X, which would

>
correspond to a 3-derivative vertex. The only candidate is X**f* = %17“”"158 A which is

<
equivalent to —}ﬂwwa A up to A-exact terms, thanks to the identity (30). We have

— < T ST Py
a = 1 (‘I’uv p1ef g A \pa6> Ay=1 (\IJWGA\II*“’ - V,,0* ‘1/’“’> Ax. (46)

2
In this case too, our candidate current reduces on-shell to an identically conserved one,
so that the vertex actually does not deform the gauge symmetry. To see this, we use the
Bianchi identity O MU = —9rIPA + 9V THA | to write the vertex as
_ _ —
g = (—qfﬂ,,a“\p” + \Iffaﬂqf“”) Ay
Thanks to the EoM 0#¥,, = 0, up to A-exact terms, the current reduces to the total
derivative of a fermion bilinear, which is identically conserved:
ao = 20, (U 10"1) A,,. (47)
Upon integration by parts, this is just a 3-curvature term (Born-Infeld type),
ap & W, U FH. (48)
3

2
Here we parenthetically comment about the nature of the abelian vertices. As it

This exhausts all possible 1 — % — = vertices. Below we present a summary table.
turned out, the vertices that do not deform the gauge algebra do not deform the gauge
transformations either. In other words, if as is trivial, so is a;. This is not accidental at
all. In fact, in Section 6 we are going to show that, for a massless particle of arbitrary
spin s =n + % coupled to a U(1) vector field, the cubic couplings that do not deform the
gauge algebra actually do not deform the gauge transformations and hence only deform
the Lagrangian.
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Table 2: Summary of 1 — % — % Vertices

# of Derivatives Vertex Nature Exists in
1 U, FHvey, Non-abelian D >4
2 (P P Wo5) Ay Abelian D>5
3 \TIW\IJC“VF“" Abelian D >4

4 Massless Spin 5/2 Coupled to EM

Now we move on to constructing parity-preserving off-shell cubic vertices for a spin—g

gauge field, which is a symmetric rank-2 tensor-spinor 1,,. The original free action is
SOl = [ @ [3F —§ (R~ R0)], (49)
where the tensor R* is related to the spin-g Fronsdal tensor, S*, as follows.
RM = S — 4 gv) _ %77‘“’8’, S = Sh. (50)

Here the photon gauge invariance is as usual, while the fermionic part is gauge invariant

under a constrained vector-spinor gauge parameter, ¢,

0 = 20,8.), 7=0. (51)

Then, the corresponding Grassmann-even fermionic ghost, {,,, must also be ~-traceless:
g=0, (52)
and so will be its antighost. The set of fields and antifields under study are given below.
N = {A, Ot &}, P = (AT C7 9 €, (53)

The free master action, Sy, takes the form
So = / Pr SRR, — L (B, R — RIG,,) + A9,C — 2070,6, — ,E,07)]

(54)

Properties of the various fields and antifields are given in Table 3. Note that the spin—g

curvature tensor is the 2-curl (see Appendix A for its properties),

\Ijmm\uzuz = [amauzwvwz — (1 < Vl)] — (2 <> v2). (55)

The cohomology of T" is isomorphic to the space of functions of (see Appendix B)
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The undifferentiated ghosts {C,¢,}, and the ~-traceless part of the 1-curl of the
spinorial ghost ffi,) = 20,4,

The antifields {A*“, C*, E*“}, and their derivatives,

The curvatures {F ws Y| WZ}, and their derivatives,

The Fronsdal tensor S,,,, and its symmetrized derivatives.

Table 3: Properties of the Various Fields & Antifields (n = 2)

z  I(2Z) A(Z)  pgh(Z) agh(Z) gh(Z) e(Z)
A,  0.C 0 0 0 0 0
C 0 0 1 0 1 1
A 0 —0,Fm 0 1 -1 1
C* 0 —0, A+ 0 2 -2 0
Y 200,60 0 0 0 0 1
£, 0 0 1 0 1 0
v 0 R 0 1 -1 0
& 0 20, )+ 0 2 -2 1

4.1 Non-Abelian Vertices

The set of all possible non-trivial as’s falls into two subsets: Subset-1 contains both the

bosonic ghost C' and the fermionic ghost §,,, while Subset-2 contains only &, but not C'.
o Subset-1 = { C (€ + &™), C (&8 ¢+ g e ) |,
e Subset-2 = {C*gu &, C’*fﬁ) 5(1);”}

One can easily verify that other possible rearrangements of derivatives or other possible
contractions of the indices, e.g., by y-matrices, all give trivial terms, thanks to the ~-
tracelessness of the fermionic ghost and its antighost. Here, the term C' 5;; &M corresponds
to potential minimal coupling, while the other candidate as’s to multipole interactions.
To see which of the as’s can be lifted to aj, let us solve Eqn. (17). A computation,
similar to what leads one from Eqn. (25) to Eqn. (26), shows that both the elements in
Subset-1 enjoy such a lift, thanks to the relations (B.9)—(B.10) among others. Explicitly,

A% S (0, 4 26,A,) +
az = (1) ~(1 — = Jk(1)pv|| (1) (1) ~ (56>
C &) ¢Mmw —pxWmvllp <¢/WHPC + 28w Ap> +ar,
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and similarly for the hermitian conjugate terms. Here a; is the usual ambiguity: I'a; = 0.

To see whether these could further be lifted to ag’s, we write

_7?'“” (%WC + 25uAV) + A&1

Aay = _
1 _RMuvllp (wi?l|pc + 2‘5;%)14;)) + Aay.

(57)

It is important to notice that, up to total derivatives, the Aa;’s have an expansion in
the basis of undifferentiated ghosts, w; = {C, ,}. Because I'(Aa;) = —A(l'a;) = 0,

the coefficients o in the expansion of the ambiguity will be I'-cocycles, i.e., they will be

“invariant polynomials”. Clearly, this is not the case for the unambiguous pieces; in fact,

their expansion coefficients 37 are not even cocycles of H°(T'|d)®. Schematically,
Aay = (o' + 8w +d(..);  Ta'=0, I #d(.). (58)

Now, I'aq is a pgh-1 object that can be expanded, up to a total derivative, in the basis of

{8“0, 8(H§l,)}. Then, obviously, one can also expand it in the undifferentiated ghosts wy:
Tag=—(0-J) wr+d(..). (59)

One can plug the respective expansions (58) and (59) for Aa; and I'ag into the consistency
condition (18), and then take a functional derivative w.r.t. w; = {C, ,} to find that

o +8=0-J =d(.). (60)

But if this is true, then I' (a’ 4+ 87) = d(...), which is in direct contradiction with the
properties of o and 37, given in (58)%. The conclusion is that none of the a,’s in Subset-
1 can be lifted all the way to ag. It is important to notice that this obstruction originates

from the very nature of the as’s themselves, namely each of them contains both the ghosts.

For Subset-2, the analysis simplifies because only one term, C’*&Ell,) W with the

maximum number of derivatives, can be lifted to an a;. For the other term we have
A(C*E, €)= A (€90,8, + 0,6, €") +d(...) (61)

Because one can write d,§, = 0§, + 0(.&,), which is the sum of a non-trivial and a
trivial element in the cohomology of I, the right hand side of Eqn. (61) cannot be I'-exact

modulo d. Therefore, the candidate C*{, &* is ruled out. However, one finds that
A(Creg) €)= AP (E,E0) + 0,60 €M) +dl(..)
o wp (T c(Mur _ F(Wpr ;1)
=T [A P <¢/WHP€ w_ g ¢W|Ip>} +d(...), (62)

But still, because of Eqn. (28), one must have [3w;] € H(I'|d), and indeed this is the case.
SFor the would-be minimal coupling, the impossibility can also be seen as a consequence of al con-

taining too many derivatives compared to 37. We have used this argument for spin %
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thanks to the relation (B.10). Thus, indeed, C*&\)) VM gets lifted to an a;:

= CrEW e gy = = () €O gDy Y ha (63)
mvllp vl p
To see if this a; can be lifted to an ag, we compute its A variation,
Aay =T (B, 9 @) 4 1P (D105 €0°F = €00 W,105) + Ady + (). (64)

This equation bears striking resemblance with its spin—% counterpart Eqn. (29). We recall
that, in the latter, cancelation of non-I'-exact terms was possible by the insertion of
identity (30) in the contraction of curvatures, the Bianchi identity 9}, F),, = 0, and the
fermion EoMs in terms of curvature, v*¥,,, = 0,7V ,, = 0. In the present case as well,
as shown in Appendix A, the fermion EoMs can be written as the v-traces of the curvature,
YV e = 0,7V 103 = 0. Therefore, the non-I-exact terms from the unambiguous

piece in (64) can indeed be canceled by the A variation of a I'-closed ambiguity,
ANay = =2 (Wos F — 4,057 FP,) €V + hic. (65)

Thus, we have a lift all the way to ag, the latter being a 3-derivative non-abelian vertex

71 v o
a0 = —) Pyl (66)

4.2 Abelian Vertices

In this case, all the statements (37)(38) hold, and the current in the vertex, ag = j*A,,

is an invariant polynomial, which takes the most general form
A3 A
J7 = Vi pave Xpapienfitaraoziz Waipilasss- (67)

Notice that the Fronsdal tensor, although allowed in principle, cannot appear in the
current simply because it would render the vertex A-exact. In view of the spin—g EoMs
and the symmetry properties of the field strength, one can show, like in Section 3.4, that
XmviarbiduzvzazB2 can contain at most one derivative, which must carry one of the indices.

When X does not contain any derivative, the corresponding vertex will contain 4. In
this case, we have the candidate Xtvie1fiduarvacafs — _opmuilarfipuzrzlazfend - Byt again,

the identities (30) and (44) tell us that the resulting vertex deforms nothing:

“) Ay, (68)

a1 B

~ (T pnivion BiA
ap ~ (\Ilulm\uzl/{y v

Ad
Finally, the 1-derivative candidate is X#1v1a181iuzreazfz — %77’“”1‘0‘161 prevelazBz 9 A which
is equivalent to a 5-derivative 3-curvature term (Born-Infeld type),
ag ~ \I;mm'“wq;#wﬂpwpuwz' (69)

Below we present a summary table for all possible 1 — g — g vertices.
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Table 4: Summary of 1 — g — g Vertices

# of Derivatives Vertex Nature Exists in
3 IESB)HMFW”@/J(DWHV Non-abelian D >4
4 (@WW ypveBA \I’ampU) Ay Abelian D>5
5 U 51, 0, 1 Abelian D >4

5 Arbitrary Spin: s=n+ 3

The set of fields and antifields in this case are

(I)A - {AW O? ¢u1---un7 gﬂl---ﬂn—l}’ q)*A - {A*uv 0*7 @D*Mlm“" ) 5*#1-.-,117171 } (70)

For n > 2, there is an additional constraint that the field-antifield are triply y-traceless:

7/

/
¢N1N/3--~Mn—3 = 0’ Zbulmm,un—:s = 07 (71)

where prime denotes trace w.r.t Minkowski metric. Besides, the rank-(n — 1) fermionic

ghost and its antighost are y-traceless:

gﬂlm/ﬁn—Q = 07 g'ul...‘u,n72 - O (72)

Properties of the various fields and antifields are given in Table 5.

Table 5: Properties of the Various Fields & Antifields (n = arbitrary)

4 [(2) AZ)  pgh(Z) agh(Z)  gh(Z) e(Z)
A, 9,C 0 0 0 0 0
c 0 0 1 0 1 1
A 0 —0, Frv 0 1 —1 1
cr 0 —, A" 0 2 -2 0
’(/Jm__.un nﬁ(mfw,,un) 0 0 0 0 1
& pin 1 0 0 1 0 1 0
b 0 Rttt 0 1 -1 0
grir-bn= 0 ndy, Yt 0 2 -2 1

The rank-n tensor-spinor R, . ,, appearing in the spin-s EoMs is an arbitrary-spin

generalization of (50); it is related to the Fronsdal tensor as
Rm..-un = Sm...un - %nV(ul $#2-~-Hn) - in(n - 1) n(“lHZSZLg...,Uzn). (73)
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The cohomology of I" has already been given in Section 2.1, with the details appearing
in Appendix B. One can immediately write down the set of all possible non-trivial as’s.

Again, they fall into two subsets: Subset-1 contains both the bosonic ghost C' and the

fermionic ghost &, ., ,, while Subset-2 contains only &,,. ., , but not C.

e Subset-1 = {05

pavalo|pmvm ||[Vmg1.vn—1

mumn v [V 1-m 1 | }

[ ] SubSet—Q — {C*fﬂlelI IH’meHVm+1 Vn— 1§

(m)ulyl|~--|I~lmeHVm+1~~-Vn—1 }

Here, 0 < m < n — 1. As a straightforward generalization of the spin—% case, one finds

that each element in Subset-1 gets lifted to a;:

a; = _77[)( m)pava || pmvm|| Vm41.-- l/n¢

M1V1\ bmvml| Vg1 vm

*(m H1V1| |MmeHVm+1 -Un
TL¢ é.1117/1‘ Amvm || (Vms1.vm

Ay +he+a. (74)

Now, one can compute Aa; and expand it in the basis of pgh-1 objects in the cohomology

{ §MV1‘ | Vst tm1 |0<m<n-— 1}. Upon comparing the

expansion coefficients for the unambiguous piece and the ambiguity a;, again one can

of I', namely w; =

conclude that none of these a;’s can be lifted to an ag. On the other hand, for the

elements of Subset-2, one notices that

*k
2 (C 5mml o LS R

g(m)ulul|...\,uml/m||1/m+1‘..1/n_1)

= A*an(m #11/1|-~|#me\\Vm+1~--l/nflayn§(m)mv1|~--|#ml/m\| +hee +d(..). (75)

Vm+1---Vn—1

Then, in view of Eqn. (B.9)—(B.10), it is clear that the right side of the above equation is
[-exact modulo d only for m = n — 1. This rules out, in particular, the would-be minimal

coupling corresponding to m = 0. Therefore, one is left with the lift:

— A o Drlalinn=t Ly ¢, Gy, (76)

1V1| |H/n 1Vn— 1||Vn

whose A-variation is given by

Aa; = F(&if;ll‘?n|ﬂnfll/n71“NnFun w(nfl)ull/lI--.|Nn—1Vn—1||Vn) + Ady +d(...)

Vn

_|_%Funvn (\IJMIVl‘---‘MnVn é’(n_l)ﬂlllﬂ“"ﬂnfluﬂfl + h.C.) ' (77)

In view of Eqn. (29) and (64), pertaining respectively to the spin—% and spin—g cases,
and the subsequent steps, we realize that it is possible to cancel the non-I"-exact terms
in (77) by inserting identity (30) in the contraction of curvatures, thanks to the Bianchi
identity ), F,, = 0, and to the fermion EoMs in terms of curvature (see Appendix A),
Y i = 05 YW e = 0. In other words, Aa; is rendered I'-exact mod-

ulo d by an appropriate choice of the ambiguity a;, so that one finally has

ap = _1/‘}(”*1) Frthn w(nfl)mm|..-|un71Vn71||l/n_ (78)

pivilepn—1vn—1|| pin Un,
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This (2n — 1)-derivative non-abelian vertex contains the (n — 1)-curl of the fermionic field.

For an abelian vertex, ay = j*A,, the gauge-invariant current does not contain the
Fronsdal tensor nor its derivatives, since their presence would render the vertex A-exact.
Again, non-triviality of the abelian deformation allows only two possible values for the
number of derivatives in the vertex: 2n and 2n + 1. The off-shell vertices can be obtained
exactly the same way as for spins % and g, considered in Sections 3.4 and 4.2 respectively.

A summary table for all possible 1 — s — s vertices is given below.

Table 6: Summary of 1 — s — s Vertices with p Derivatives

P Vertex Nature Exists in
2n — 1 @Z_J(n_l) Fhim qpn=Dmwnlfpn-1vaallvn - Non-abelian D > 4
pave || pn—1vn—1|| pin Un =
VI A val...|unvn :
2n (U s | Y17 O1P LN e VPN Abelian D>5
2n+1 \I/Mm|W,2‘“_|Mna\ll“1”1|“2”2|'"|°“’"F“’;,n Abelian D >4

6 Abelian Vertices Preserve Gauge Symmetries

Abelian vertices are those that do not deform the gauge algebra, i.e., they can only have

a trivial ay. For such a vertex, it is always possible to choose a; to be I'-closed [17]:
Fa; = 0. (79)
If this gets lifted to an ag, one has the cocycle condition (18),
Aay + Tag + dby = 0. (80)

For the 1 — s — s vertices under study, one can always write a vertex as the photon

field A, contracted with a current j*, which is a fermion bilinear:
ap = j"A,. (81)
One can always choose the current such that it satisfies
Iy =0, Ot = AM, I'M = 0. (82)
To see this, let us note that the a; corresponding to (81) has the general form

a; = MC + (Pﬂl---unﬂfulmun_l - gul---lﬁn—1pulmun_1> + all’ (83>
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where M and P,, ,, , belong to H(I'), with pgh = 0, agh = 1, and a) stands for
expansion terms in the ghost-curls. Given (81) and (83), the condition (80) reads

T (j#A) + AMC + (AP, &40 = €y AP #01) 4 Ady + dby = 0. (84)

Now, P,, ,, , consists of two kinds of terms: one contains the antifield A** and its
derivatives, and the other contains the antifield ¢)*1*» and its derivatives. The former one
also contains (derivatives of) the Fronsdal tensor S,, . , or (derivatives of) the curvature
W, 0. |pnim s While the latter one contains (derivatives of) the EM field strength F),,. One

can choose to get rid of derivatives on A** and F},, by using the Leibniz rule,

5(S Un (¥ | pnin
Pu1...un—1 = A <P/E,/31~-~Mn—1yl ) SVl-an + P;E,H)Lnun—lplyl‘ oy \I]PIVl\m\PnVn)
_i_F:uV <P,LSZ}, /,)Ll...p,,L,lylmyn :1...I/n> + aunpﬂlmﬂn’ (85)

where I'p,, ., = 0, and the P’s are operators acting to the right. Notice that the
quantity in the parentheses in the first line is both I'-closed and A-exact”. One can take

the A-variation of (85), and then add a total derivative in order to cast it in the form
APNlmﬂnfl = %FWAQ[WL#1..-M”4 + aunAqmmum (86)

where, I'Quu), yy..iny = 0, I'qyy..n, = 0. Therefore, we have

Eit i AP = AN [8,, (gﬂln-/—"nle[ﬂU]"ulmunil)i| - g/‘lm/’«nflg#nAq‘ulmun +d(...).
(87)
The second term on the right side is I'-closed, and can be broken as a I'-exact piece
plus terms involving the ghost-curls. The latter can always be canceled in the cocycle

condition (84) by appropriately choosing the similar terms coming from a. Thus,

U [*A,+ A (Y@ " + he) | + AMC
—ALA [0, (G oy QU #n1) fhie] +d(...) = 0. (88)

The A-exact term added to the original vertex j#A, is trivial, and therefore can be

dropped. Now we are left with
A [T = A (0 (&, QU1 =1) £ hie)] + (AM = 0,5") C +d(...) = 0.  (89)
Taking functional derivative w.r.t. C' produces part of the sought-after conditions (82),

O.j" =AM,  TM =0, (90)

7A-exactness of the first term is manifest, while in the second, the presence of the curvature admits

only A-exact terms, like its own v-traces and divergences (see Appendix A).
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while the functional derivative w.r.t. A, gives
L = 0, (Guropn AQUH41) e, TQIh It =, (91)

The expression for I'j# has to be I'-exact. This demands that 9, QU)#1-#n-1 he A-closed,
and that Q#)#1-#n-1 have the interchange symmetry v < j;, i = 1,...,n — 1. Then,

7% ="+ A (e, Qb Lt he) T =0. (92)
Therefore, by field redefinitions, the current can always be made gauge invariant:
rj*=0. (93)
This completes the proof of (82). Then, from (80), one obtains the lift:
a; = MC. (94)

Now we will show that M must be A-exact modulo d. We recall that M belongs to
the cohomology of ', with pgh = 0, agh = 1. It will contain (derivatives of) the fermionic
antifield, and (derivatives of) the Fronsdal tensor S,,. ., or the curvature W, .| s,
However, one can choose to have no derivatives of the antifield by using the Leibniz rule.

Thus M has the most general form

M= QE*’“"'“" <M/Sf.)..unulmunsl/1mvn + M/S;I{)..unpwllm‘pnyn\IIP1V1|~~-\PnVn> + 8umu —h.c, (95)

where I'm,, = 0, and the operators M’s act to the right. The first term in the parentheses is
manifestly A-exact, while the second one must contain either a v-trace and or a divergence
of the curvature, which are A-exact too (see Appendix A). Therefore, M must be A-exact
modulo d. This means that a, given in (94), can be rendered trivial by adding a A-exact

piece in ag [17], and so the vertex will be gauge invariant up to a total derivative:
Tay + dbo = 0. (96)

In other words, one can always add a A-exact term in ag, so that the new current is

identically conserved [17]:
gt = " =+ ARt =0, A", AW = — A, (97)

Thus we have proved that no abelian vertex can deform the gauge transformations.
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7 Comparative Study of Vertices

We have found that the possible number of derivatives in a 1 —s—s vertex, with s = n+ %,
is restricted to the values: 2n—1,2n, and 2n+1. Moreover, the 2n-derivative vertex exists
only in D > 5. These are in complete agreement with Metsaev’s light-cone-formulation
results [7]. While the light-cone vertices are maximally gauge fixed, the corresponding
covariant on-shell vertices were also written down in [7] for lower spins, from previously
known results. These on-shell vertices are partially gauge fixed, with the gauge choice

being the transverse-traceless gauge (TT gauge),
"YUy =0, Y, =0, o'A, =0. (98)
Note that in this gauge the fermion and photon EoMs boil down to
DUy =0, 0A, =0. (99)

We will find that our off-shell vertices reduce in the TT gauge to the on-shell ones
given in [7]. So do the Sagnotti-Taronna (ST) off-shell vertices [10], as we will see. If two
vertices are shown to match in a particular gauge, say the T'T gauge, the full off-shell ones
must be equivalent, i.e., differ only by terms that are A-exact modulo d. Still, for the
simplest case of spin %, we will make explicit the off-shell equivalence of the ST vertices
with ours. For s > g, we match our vertices with the ST ones in the T'T gauge.

The ST off-shell vertices, when read off in the most naive way, contain many terms,
and it is not straightforward at all to see that some of them actually vanish in D = 4.
In comparison, the off-shell vertices we present for arbitrary spin are rather neat in form,
and the absence of some of them in D = 4 is obvious from inspection.

We will denote a p-derivative off-shell vertex of ours as V®), and its Sagnotti-Taronna

counterpart as Vs(ff’). The corresponding TT-gauge vertex will be denoted as VT(?R 8

7.1 1—3/2—3/2 Vertices

Our 1-derivative off-shell 1 — % — % vertex is given by

VW =, FHa, =, (p1ef 4 Iypveb) oy, (100)
To see what it reduces to in the TT gauge, let us rewrite identity (30) as
ppdad g Lawwas . _Lpuwaod | Lynavaab _ on e s
= 2 (nIof — Iy B) £ L (P o Brat) o (101)

8Both the spins m + % and m + % will respectively have one vertex with 2m + 1 derivatives. Our

notation should not cause any confusion, as we will be considering one spin at a time.
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where in the second line we have used 2Vl = i (7“7”7“5 — 7“57“7”) — 2ppvlaB,
Upon insertion of identity (101) into the vertex (100), one finds

VO =2 (0P, — 35, )+ (B P P (02
On the other hand, the 1-derivative ST vertex reads [10]

Var = 0" (D) A" = (0,0 )" AP0, (0 A) =0, (0" ) Ayt (0,0 ) A =Dy, (0 AY).
(103)
Integrating by parts the 2nd, 4th and 5th terms on the right hand side, we obtain

Var = 20, F, + 200, A - 09F + 0, (9 - A)p + (9 - D) A ) — b - A(D- ) +d(...). (104)

Let us take the 2nd term on the right hand side and replace n®? = 4(@y%) in the operator
(A-9). Also in the 3rd term we replace %% = v*v# — 4% in (9 - A). The result is

20, A - OUF +0,(0- AP = — 3, FU* + DA (P9) — (DDA +d(.),  (105)
which, when plugged into the vertex (104) gives
VA =2 (uF" 0, — Y0, ") + [0 A (") — &A@ ¥) + he] +d(.).  (106)
It is obvious that both the off-shell vertices (102) and (106) reduce in the TT gauge to
Vit = 2 (D" — {0, FYY) (107)

This is precisely the on-shell 1-derivative vertex reported by Metsaev [7]. To see explicitly
that the off-shell vertices are also equivalent, we subtract (106) from (102) to get

VOV = L (py" Pty + 0 P ) = [, A (0" — - A - ) + hoe] +d(...). (108)
Now we make use of the identity
[, 7% = 4o, (109)

in order to be able to pass v* past F' in both the terms in the parentheses on the right
hand side of Eqn. (108). As a result, we will obtain, among others, the term %747)}5174/1, in
which we replace ' = g A —0-A. Now in all the resulting terms we perform integrations

by parts such that no derivative acts on the photon field. The final result is
VO — Vi = (2004, (D1, — Oy p) — P A (0 — P 3p) + e ] +d(.). (110)
This is manifestly A-exact modulo d, which proves the equivalence of the off-shell vertices:
v~ VL. (111)
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Next, we consider the 2-derivative vertex,
VE = (U, 7" W,5) Ay & =2 (U, 7” ) A, (112)
One can use the definition ¥, = 20,,1,| to rewrite it as
_ I
VO & 49,0, A 0" + 2 (@/}a(‘%A 9o + h.c.) . (113)
In the 1st term, we can use the 3-box rule, already given in Section (3.4),
20, X0"Y =0(XY) - X(OY) — (OX)Y, (114)

and perform a double integration by parts in order to have a [ acting on the photon field.
In the 2nd term on the right hand side of (112) one can integrate by parts w.r.t. any of the
derivatives. When the derivative acts on the photon field, one can use 9,4, = F,, + 0,4,

to rewrite it in terms of the field strength. The result is
_ _ <= _
VO x 2 (B 0 — 010y ) Fu — 2 [(a1"0°0") 8,4, + b
=20 OA Y + 2 [ (DY — 0°0 - ¥) + hec]. (115)

Now, in the last term of the first line we perform integration by parts so that no derivative
acts on the photon field. On the other hand, the last term in the second line is A-exact,

and therefore can be dropped. Thus we are left with
_ e
VO & 2 (G O =50y ) F
2 [ (6ad° D0 + GaP 0" ) Ay + hc| = 20,040 (116)

As one reads off the 2-derivative ST vertex, it gives

V= i (0,06,)0" A + BP0 0,0, Ag + D0 A (D,10,) An — DO A1, 0, As
(O DVAD b — 0,0 At OO At B, ) - A
—@E“w&ua-A—7])(8-1&)0-%1—(8-&)74&&%1. (117)

As we mentioned already, in this form it is not evident at all that this vertex vanishes for
D = 4. Let us integrate by parts the 2nd and 3rd terms in the first line of Eqn. (117),
w.r.t. J,. The 2nd term in the second line and the 1st term in the third line contain the

gradient of J - A; we integrate by parts the gradient in both these terms. Thus we have

VE = 20,00 (0"0)0,An — (0 D) (O AN — 2090 21,0, An — (0 - )0, A0
(0 D)AD -+ 2(D - A) (z/‘wam + 40 %) +d(.). (118)
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Notice that the 2nd, 4th and 5th terms combine into a total derivative. One can rewrite
the 1st and 3rd terms in terms of the photon field strength by using 9,4, = F,, + 9, A,,.
Also, one can extract a A-exact piece, by using EoMs: @, — 0,% = 0, in the term

containing (0 - A). This leaves us with
Vi ~ 2 (%7“8%” — ¢t ‘W%) F =2 [(¢ay"0"¢") 0,A, +h.c]
— _
200 ) (" P+ 0" D). (119)

Again, we integrate by parts the last term of the first line, so that no derivatives act on
the photon field. In the second line as well we perform integration by parts to have 2

derivatives acting on the photon field. This finally gives
V(z) ~ 2 n 1Y%V — _uga v I
sT wa'y ¢ w Y z/}a 1%
— R —
12 [ (6ad" D0 + GaP ) Ayt hc| = 200 (2O~ A)p°. (120)
It is clear that, in the TT gauge, both the off-shell vertices (116) and (120) reduce to
(2 _ A M A,V 7;1%& v
Vir =2 (0a* 0" = ¢"0 “vtha ) Flu, (121)

which is nothing but the 2-derivative on-shell vertex given in [7]. The equivalence of the

two off-shell vertices is also evident as, upon subtracting (120) from (116), we have
Ve VS(%) = 20" (0" F,,) 1 = A-exact. (122)
Finally, we consider the vertex with 3 derivatives, which reads
VO =0, 0% P = (9,0% — 0°¢,) (Duthy — Oyiba) FH™. (123)

Integration by parts w.r.t. d,, appearing in the 1st term inside the first parentheses, gives

VO x5 (D, 0aty — Bptb) F™ — 0W 0™ = 10,0 Dty ™ + 15,0 0,0 .
(124)
Here the 2nd term inside the parentheses on the right side is identically zero, while the
term containing d, F'* is A-exact. We use the 3-box rule (114) in the penultimate term.
Also we integrate by parts w.r.t. 0, in the last term, and it produces a A-exact piece,

containing 0, F'*”, that we discard. The result is
_ R _ S _
V) = (0 0aDthy + 0, 00t ) P+ 6,000, + 6,00, — O (B00,) | P (125)

Now, one can perform a double integration by parts in the last term in the brackets in

order to have LJF* which gives a A-exact piece, so that we finally have
_ _ = _ _
VO ~ - (waaamy + %auaaw) oyl (wuﬂ% + z/ﬁ%) P, (126)

26



On the other hand, the 3-derivative off-shell ST vertex contains as many as 14 terms:

Vy = (0a0") (040" )0y A” = (000t )0, A" = (Bayth") (D) A% + (0, 0") (DuDat?”) A®
—(0aV")¥ 0,0, A% + V" (001" ) 0,0, AY + (000, 0 )" 0, A% — (0,4") (000" )0, A
+(0,0 - ) (0 - V) A" — (9 - 9)(0,0 - V) A" + (8, 0.4%)0 - A
— (0 - 1) 0,00 AY — (8,0, )HD - A + (D - P)p"D,0, A%
Here we will perform a number of integrations by parts. In the first line, we integrate by
parts the 1st term w.r.t. 0,, the 3rd w.r.t. d,, and the 4th w.r.t. d,. In the second line,
the 1st, 2nd and 4th terms are integrated by parts respectively w.r.t. d,, d, and 0,. In
the third line, this is done only on the 3rd term w.r.t. d,. Finally, in the fourth line, the
Ist and 3rd terms are integrated by parts w.r.t. both 9, and d,, while the 2nd one only

w.r.t. d,. Dropping total derivatives, the result is
(3) _ _ o I _
VE) A A0 (000,000 A + 400,0,0,0°0" A + 2 (5401 — 0" ) 0,0 - A
I _ L L
) (2/1 L 00,0,0° — 1°0,9,0 - w) AP 1 (1/} 00,00 — 000,08 ¢) A°
+ [(020 - ¥)0 - ¥ + h.c.] A% + [(0ath)0 - 1 + h.c.] 9" A% (127)
Let us rewrite the first two terms in the first line in terms of the photon field strength by
using 0,4, = F,, + 0,4, and use the 3-box rule (114) in the additional terms. Also, we

notice that the last line in (127) reduces exactly to the 2nd term on the second line, up

to a total derivative. Then, the vertex reads
3 0 S i » R i _u<— N
V&~ 4 (00 0a00 + 50,020 ) Y+ 2 (6 00,0, — 1 0.0,0 ) A

9 (@E#EVWV _ &”E&V%) A2 (Jwgaw — 0* 00" ) (1A, — 8,0+ A)

4

+2 (0000 (O — 0,0 0) — (8,0~ 0 00,.) D] A" (128)

Clearly, the 2nd term in the second line and the entire third line are A-exact, while,
modulo A-exact pieces, the 1st term in the second line can have [Jy" replaced by 0”0 - .

The latter result can be combined with the 2nd term in the first line to give
(3) o _ o ” < » =
VY~ 4 (00 0u00 + 50,0007 ) F =2 (6 00,07 — 09,0 4) A,
_ _ _ _
~ 4 (V000 + 00,000 ) P 4 (- 00y — WD) F, (129)

where we have reached the second step by performing integration by parts w.r.t. d, in
the 2nd term of the first step, and dropping A-exact terms containing 9, U**. In the 2nd
term of the second step, one can write ¥, = 29;,1,], and integrate by parts to obtain,

among others, A-exact terms containing 0, ", which can be dropped. The result is
(3) Q =99 « nv 1 (. - 99 nv
Vot = — (V"0u0u1by + 100,000 ) F* + 5 (00,0 - +1p - 00,0, ) F*,  (130)
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where we have made the rescaling A, — — Au, for convenience of comparison with our
vertex V® . One finds that both the vertices reduce in the TT gauge to

ViR = — (9°0u0t6s + 0,0, 000%) P, (131)

which indeed is the 3-derivative on-shell vertex reported in [7]. In view of Eqn. (126)
and (130), one also finds that the two vertices differ by A-exact terms:

Ve _ (3) 1 wu (O, — 8,0 - V) + (@ME — - 55» wy] F* = A-exact. (132)

This shows the equivalence of the full off-shell vertices.

7.2 1—s—s Vertices: s > 5/2

For the sake of simplicity, from now on we restrict our attention to on-shell equivalence
of vertices. As we already mentioned, if two vertices match in some gauge, say the TT
one, they should also be off-shell equivalent. With this end in view, we read off the ST
vertices [10], which would generally contain a bunch of terms to begin with even in the T'T
gauge. However, one can perform integrations by parts to see that actually the on-shell
vertices are extremely simple, containing no more than a few non-trivial terms.

For example, one can take the 3-derivative 1 — 3 — g ST vertex in the T'T gauge, and

2
integrate by parts in order to have one derivative on each field. The result is simply

Vit ~ a0 F* 005, + a0, (0p.A7) 00, (133)

where ~ means equivalence in the TT gauge up to an overall factor. In the 2nd term we

integrate by parts to avoid derivatives on the photon field. We get
3) o s a1 B R o Bu
Var ~ Uua 0" 0", — 005 (0 - A) 0P (134)

— —
One can make use of the Clifford algebra to write 9 - A = 19,4, (%77 +777), in the
2nd term on the right hand side of Eqn. (134), and then integrate by parts w.r.t. this

derivative. Dropping some A-exact terms in the TT gauge, we get
7ASUY 5 Frr ooy 4+ L) 5 9, Ay) TP OM P 135
STNw,uoz B wy—i_gw,ua ﬁ(p 0)77 w . ( )

Because 0 - A = 0 in our gauge choice, we can write (9,4,) 777" = —1 F', by making use

of the identity v7~” = n?? — ~?7. Therefore, we are left with
V) ~ a0y (F* — Ly F) 9%4° 136
STN¢MQ 5( il F) lbu- ( )
We would like to see how this compares with our 3-derivative 1 — % — g vertex,

3) _ 1;(1) Fﬂww(l)aﬁl\u_ (137)

aBllp
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The same steps as took us from Eqn. (100) to Eqn. (102) for the spin-3 case lead to

®) ~ 290 (P — Ly ) p@esll (138)

aBllp

Now, one can rewrite the fermionic 1-curl in terms of the original field. There will be
terms that have at least one pair of mutually contracted derivatives: one acting on 1,
and the other on 1),. For such terms one can make use of the 3-box rule (114) to see that

they are trivial in the T'T gauge. Up to a trivial factor, one then has
_ <
VO 00 (F™ = 35 F) 005, (139)

From Eqn. (136) and (139), we see that the two vertices are indeed on-shell equivalent.

Let us move on to the 4-derivative 1 — g — g vertex. The ST one is found to be

VST ~ wuu P JA auauwpa (14())
whereas our one is given by

VO = (B P 7)) Ay =2 (B W) Ar (141)

We rewrite the curvature in terms of the spin—% field. Among the resulting terms those
with contracted pair(s) of derivatives are, again, trivial in the TT gauge, thanks to the
3-box rule (114). The other terms clearly add up to reproduce the expression (140).
Therefore,
(4) (4) - 59 v, po
VW = Vyr ~ 10,0 ,40"0". (142)

For spln , the only other vertex is the 5-derivative one. The ST one reads
Vi ~ (@Dw RR 8”6”¢””> Ay, (143)
On the other hand, we have the 5-derivative Born-Infeld type vertex:
VO = D0 2 (D 01 09197 A (144)

The off-shell equivalence can be understood in view of Eqn. (46)—(48), which pertain to
spin % In the equivalent vertex, again, we rewrite the fermionic curvature in terms of the
spin—g field, and massage the resulting terms the same way as was done for V4. Thus,

up to overall factors, we reproduce on-shell (143), so that

VO 2 VD ~ (§0,0,0,0 9007 ) Ay, (145)
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For arbitrary spin, s = n + %, the story is very similar, and there are no further
complications other than cluttering of indices. One can write down the ST vertices in the
TT gauge from Eqn. (A.16) of [10]. They turn out to be

2m—1 _ <~ —
Var' ™~ Dparan Oy 05, PO L00m1gfnm

T TR P <5 : A) 9o Gon=14pP1Fn-1 (146)

VE s OO, AP (147)
V(2n+l) <@E 5 5 3)\8’“ 6”"¢”1"’”">A

ST ~ piepin Gvp- Oy A- (148)

Their similarity with the lower-spin counterparts is obvious. Indeed, setting n = 2 pro-
duces exactly the respective 1 — 2 — 2 vertices given in Eqn. (134), (140) and (143). One
can massage the (2n — 1)-derivative vertex, in particular, the same way as its spin—g

counterpart to obtain an arbitrary-spin generalization of Eqn. (136), namely
2n—1 7 ‘S S v v Qv Oty — wBn—
V™~ par a2 010, (F™ — L ) 901 9om=1qpfrbnt (149)

Our arbitrary-spin vertices are also straightforward generalizations of their lower-spin

examples. In view of the spin-2 counterparts, Eqn. (137), (141) and (144), one can write

V(2n71) ~ 2/_}(ngl‘) | 5 | F+uu¢(n71)a151|.A.|an,15n,1|| (150)
Q1P| |On—1Pn—1]|| B v
VO (W), Wy A (151)
_ P
VERD (D 0 B0 ) Ay (152

Again, one can use the 2nd identity in (101) to rewrite the F*#” in the first vertex, and
express the fermionic (n — 1)- and n-curls in all the vertices (150)—(152) in terms of the
original field. The terms with contracted pair(s) of derivatives are, as usual, subject to
the 3-box rule (114), and hence trivial in the TT gauge. One finds that our vertices
indeed reduce on shell respectively to (149), (147) and (148). This proves the on-shell

(and therefore off-shell) equivalence of the 1 — s — s vertices:

Ve o Vs(?), p=2n-—1,2n, 2n + 1. (153)

8 Second-Order Consistency
We recall that consistent second-order deformation requires (S, S1) to be s-exact:
(Sl, Sl> == —28S2 - —ZASQ - 2F52 (154)

For abelian vertices, this antibracket is zero, so that the first-order deformations always

go unobstructed. Non-abelian vertices, however, are more interesting in this respect.
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We can see that there is obstruction for the non-abelian vertices we have obtained,
which do not obey Eqn. (154). We prove our claim by contradiction. If Eqn. (154) holds,

then the most general form of the antibracket evaluated at zero antifields is
[(Sy, Sl)]@;:o =AM +TN, (155)

where M = —2[S].._oand N = =2 [SQ](I),A:O. Note that M is obtained by setting to zero
only the antighosts in Sy. Furthermore, the equality (155) holds precisely because Sy is
linear in the antifields. The I'-variation of (155) is therefore A-exact:

L[(S1,51)]g,—o = TAM = —A (T'M). (156)

It is relatively easier to compute the left hand side of (156) for our non-abelian vertices.

For spin %, we recall that

Ao = —C*gf, ) = Ahu(&uf - 5%) + dl? g = QZMF—i—#VwV? (157)
0 =i [gz*w F — s #° F} £+ he. (158)

To compute the antibracket of S; = f (ag + a1 + ag) with itself, we notice that a field-

antifield pair shows up only in [ a;, and between [ ag and [ aq, so that it reduces to

(S1,5)) =2 (/ao,/al) + (/al,/al). (159)

Now, the second antibracket on the right hand side necessarily contains antifields, while

the first one will not contain any. Thus we have

(515000 =2 [0 [ ). (160)

Notice that, while the unambiguous piece in a; contains the antifield A**, the ambiguity,
a1, contains instead the antifield ¢**. Correspondingly, ( f ag, f al) will contain two

distinct kinds of pieces: 4-Fermion terms and Fermion bilinears. Explicitly,
(S0 80ycs = [ %0 {4056 — 600 0, (F49) + §ur# ;)
+/de {z’qﬁypﬂw [2701% — ﬁfyy F] £+ h.c.} . (161)

If the vertex is unobstructed and Eqn. (156) holds, then the I'-variation of each of these
terms should independently be A-exact. Let us consider the Fermion bilinears appearing
in the second line of Eqn. (161), originating from (f ao,fdl). It is easy to see that
their I'-variation is not A-exact. We conclude that the non-abelian 1 — % — % vertex gets

obstructed beyond the cubic order. The proof for arbitrary spin will be very similar.
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Notice that the vertex JmF*“”wy is precisely the Pauli term appearing in N/ = 2

SUGRA [3]. The theory, however, contains additional degrees of freedom, namely gravi-

ton, on top of a complex massless spin % and a U(1) field. It is this new dynamical

field that renders the vertex unobstructed, while keeping locality intact. If one decouples
gravity by taking Mp — oo, the Pauli term vanishes because the dimensionful coupling

constant is nothing but 1/Mp [3]. One could integrate out the massless graviton to obtain

3
2

but is necessarily non-local. Thus, higher-order consistency of the non-abelian vertex is

a system of spin-s and spin-1 fields only. The resulting theory contains the Pauli term,

possible either by forgoing locality or by adding a new dynamical field (graviton).

9 Remarks & Future Perspectives

In this paper, we have employed the BRST-BV cohomological methods to construct con-
sistent parity-preserving off-shell cubic vertices for fermionic gauge fields coupled to EM
in flat space. We have shown that consistency and non-triviality of the deformations
forbid minimal coupling, and pose number-of-derivative restrictions on a 1 — s — s vertex,
in accordance with Metsaev’s light-cone-formulation results [7].

The vertices either deform the gauge algebra or, when they do not deform the gauge
algebra, turn out not to deform the gauge transformations either and to deform only the
Lagrangian. The non-abelian ones get obstructed in a local theory beyond the cubic order
in the absence of additional higher-spin gauge fields.

Our off-shell cubic vertices are equivalent to the string-theory-inspired ones of Sagnotti-
Taronna [10]. Note that in [10] there appears just one dimensionful coupling constant,
which can be set to unity. Then, each cubic vertex will come with a fixed known numer-
ical coefficient. This is apparently in contrast with our results, where each of the three
1 — s — s vertices has an independent coupling constant. However, it is well known that
higher-order consistency requirements may impose restrictions on the cubic couplings by
relating them with one another [17]. Because the consistency of string theory is not lim-
ited to the cubic order, then it should not come as a surprise that the cubic vertices it
gives rise to have no freedom in the coupling constant. At any rate, string theory may
not be the unique consistent theory of higher-spin fields. If this is true, other possible
choices of the cubic couplings would pertain to other consistent theories.

The number of possible 1 —s—s vertices for fermions differ from that for bosons. While
in both cases there is only one non-abelian vertex, fermions have, beside the usual Born-
Infeld type 3-curvature term, another abelian vertex in D > 5, which is gauge invariant
up to a total derivative. In this respect, fermionic 1 —s—s vertices are strikingly similar in

nature to the bosonic 2—s— s ones. The latter include one non-abelian (2s—2)-derivative
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vertex, a 2s-derivative abelian one that is gauge invariant up to a total derivative and
exists in D > 5, and a Born-Infeld type abelian one containing 2s + 2 derivatives. This
could be seen by using either the light-cone method [6] or the cohomological methods [4, 5].

For gravitational coupling, spin % has no consistency issues, but consistent deforma-
tions of the free theory uniquely lead one to N =1 SUGRA [19], under certain reasonable
assumptions. Fermionic gauge fields with higher spin, s > g, and their coupling to gravity
are more interesting, for which one can also employ the BRST-deformation technique [20].
Another interesting avenue to pursue are the mixed-symmetry fields.

It is instructive to consider the EM coupling of massive higher-spin fields in flat space,
which has been discussed by various authors®. If Lorentz, parity and time-reversal sym-
metries hold good, a massive spin-s particle will have 2s + 1 EM multipoles [23]. This
immediately sets for the possible number of derivatives in a 1 — s — s vertex an upper
bound, which remains the same in the massless limit. The assumption of light-cone he-
licity conservation in D = 4 uniquely determines all the multipoles [23]. However, only
the highest multipole survives in an appropriate massless chargeless scaling limit. This
observation is in harmony with our results, since any of our lower-derivative vertices either
vanishes in 4D or is not consistent by itself in a local theory.

On the other hand, causal propagation of a charged massive field may call for certain
non-minimal terms. Indeed, for a massive spin % in flat space, causality analysis in a
constant external EM background [24] or in the case of NV = 2 broken SUGRA [25]

reveals the crucial role played by the Pauli term, &MF thvq),. In the massless case, as

we have seen, the same term arises as the unique non-abelian deformation of the gauge
theory. These facts go in favor of the gauge-invariant (Stiickelberg-invariant) formulation,
adopted in [22], for constructing consistent EM interactions of massive higher spins.

Our non-abelian vertices are seen to be inconsistent beyond the cubic order in a local
theory. Such obstructions are rather common for massless higher-spin vertices in flat
space, and some could not even be removed by the inclusion of an (in)finite number of
higher-spin fields, as has been argued in [26]. Non-locality may therefore be essential. In
fact, as noticed in [27], evidence for non-locality shows up already at the quartic level. The
geometric formulation of free massless higher spins also hints towards the same, as they
generically yield non-local EoMs [28] if higher-derivative terms are not considered [29].

If one has to give up locality, what becomes relevant for studying higher-spin inter-
actions is a formulation that does not require locality as an input, e.g., the old S-matrix
theory, or perhaps the more powerful BCFW construction [30] and generalizations thereof.
The latter seem promising for the systematic search of consistent interactions of massless

higher-spin particles in 4D Minkowski space [31].

9See, for example, Ref. [21, 22, 23, 24] and references therein.
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There are certain technical difficulties in extending the applicability of the BRST-BV
cohomological methods to constant curvature spaces. For AdS space, in particular, those
could be avoided by using the ambient-space formulation [32]. If so, one would be able to
construct off-shell vertices for AdS, and compare them with the recently-obtained results
of [33, 34]. This would be one step towards finding a standard action for the Vasiliev
systems [35], which are a consistent set of non-linear equations for symmetric tensors of

arbitrary rank in any number of dimensions. We leave this as future work.
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A Curvatures & Equations of Motion

Let us recall that for arbitrary spin s = n + %, we have a totally symmetric rank-n

tensor-spinor ¢, ., whose curvature is its n-curl, i.e., the rank-2n tensor

Wi paval. v = [--- [[aﬂl"'aﬂnwl’l---l/n — ()] = (2 > v2)] ] = (). (A1)

Notice that, unlike the Fronsdal tensor, S,, ., the curvature tensor (A.1) is gauge in-

variant even for an unconstrained gauge parameter. Its properties can be found in [15].

The curvature is antisymmetric under the interchange of “paired” indices, e.g.,

\IIM1V1|M2V2\---IMnVn = _\I}l/lullquzl---\unVn’ (A‘2>
but symmetric under the interchange of any two sets of paired indices, e.g.,
\Ijﬂll/l|M2V2|--~|Nn—1Vn—1|MnVn = qjununluzwI--.Iun—1vn—1|uw1' (A-3>

These symmetries actually hold good for any m-curl of the field, m < n. Another impor-

tant property of the curvature is that it obeys the Bianchi identity

oY iy lpsval. |nim = 0. (A.4)
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The (Weinberg) curvature (A.1) and the EM field strength F},, are useful in casting the
EoMs into a variety of forms, which, among others, can help one identify A-exact pieces.
First, we write down these various forms for the photon field. Next, we do the same for
spin %, explaining as well how to derive them and writing them explicitly as A-variations.

Then we move on to spin g, and finally to arbitrary spin.

A.1 The Photon

The original photon EoMs are given by
oMF,, =04, —0,(0-A) =AA;. (A.5)
One can take its 1-curl to obtain

OF,, = 2A(9,A%)- (A.6)

A.2 Spin 3/2

For spin 2, the original EoMs can be obtained directly from the master action (24)

YOG g = —2i A, (A.7a)
W,y = 2iAY™ (A.7b)

One can take the y-trace of Eqn. (A.7a), and use 7,7 = (D — 2)y**, to obtain
VW, =2(Pp — 0 - ) = =2iA (55 47) (A.8)

Now, in Eqn. (A.7a), one can use the identity v**# = y#~28 — 2ppleyBl and then the
EoM. (A.8), to obtain another very useful form

’VM\IJ;W = ﬁwu - az/?ﬁ = —iA (iﬂﬁ - ﬁ%?ﬁ*) : (A.9)
One can take a curl of the above equation to get
ﬁ\lfm, = —2IA (8[“@} — ﬁ%&u] jﬁ*) . (A.lO)

Another useful form can be obtained by applying the Dirac operator on (A.9), and then
getting rid of @9 in the resulting expression by using (A.8). The result is

Wy = Tihy, — 0, (8- 1p) = —iA [PV} + 557p0" #7] - (A.11)
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Similarly, one could have started with (A.7b) to derive the following.

Ty =2 (4 o— ‘5) = 2% (5547 (A.12)

B = P, — Ty P = iN (P — S50 ) (A.13)
Ty = 202 (0,0 1 S P Y0 ) (A.14)

007 = (-0) 0, = 6,0 =10 [b 9+ 55 °0 "] (A.15)

A.3 Spin 5/2

For the spin—g case, let us recall from Section 4 that the original EoMs are given by

R/w = SMV = V(u ,gy) - %77””3/ = Alb:l,, (A.16a)
ﬁ;w = S,LLI/_ $(;fyu) - %77/1,1/5/ = AQZ:W (A16b)

which one can easily rewrite in terms of the Fronsdal tensor,

V1l/2 - [@ 1/)1/11’2 - V1 74)1/2)] =A [djzm - %7@1 ¢*u2) - %771/11122/}*/] ) (A17a>
S I ok K
vaz = [wvwz ?— 7‘!’(1/181/2)] =A [@Z);ug - %%(m,}/lﬂ) - %nvwﬁb ] . (A'17b)

Now we see that the quantity v*'W, .| .., is given by the 1-curl of the Fronsdal tensor,
so that it is A-exact as a result of Eqn. (A.17a):

_ 1) N . o(1)
P qj#ll/1|u2l’2 = ¢ pavallvr 8’/1 ¥ l(i2)1/2 - ZS,uzvzHlfl
= i [w#ﬂ&”l’l ny'/l 74{}/}211/)2 + %7[H28V2] Zb; + %771/1[“281/2]1/)*/] ’ (A'18)

Contracting this expression with v** on the left, we obtain another useful form,

VW s = 2 | DB e — OV =180, = —2i8 [ S50, (A.19)

One finds that taking a curl of (A.18) gives yet another form,

ﬁ‘ymmlmm = —iA |:2¢u11’1‘“2”2 + %7[#18V1} ¢/*L(zlz/2 + 5 amﬁm 2 V2]¢ + (lel <~ /J'2V2)i|
= _,LSM1V1|/L2V2 (A20)

Given Eqn. (A.18) and (A.19), one can also write

1 * * *
o \Ijulmluzw = —iA [ﬁ (¢u2132||u1 + %7[#281/2] 74bu1 + %77'/1[u261/2}¢ ,> + %’YVlPap%]u(le)z}
= —ipsW sl T 50m B, (A.21)

Similarly, Eqn. (A.17b) gives the various forms of the EoMs for the Dirac conjugate spinor.
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A.4 Arbitrary Spin

For arbitrary spin s =n + %, we recall from Section 5 that the original EoMs read

Rty i = Sptecin, — %TL’Y(M Bruo.pin) — in<n = 1) Mo ,L,l,g...,u,n) = A@/);l__.un, (A.22a)
Rﬂlmﬂn = 8/—’41-“/1% - %n 55(,;1,_.“”,1’}/,%) - Alln<n - 1) n(MlliQSZLg...un) = szl,..‘un' (A22b)

One can reexpress the EoMs in terms of the Fronsdal tensor as follows.

* n * n(n—1)
Svpwy = A {@byl...yn — omp=a Yor Wrgovn) — m Wiy i) } (A.23a)

o Uk n ok n(n 1
Svron = A {wm...un ~ SrD-4 ?ﬁ(yl,.,yn_l%n) - W ulygw,,3 ,,n)} (A.23D)

From the definition (1) of the Fronsdal tensor, it is easy to see that

7“1\11;111/1\...Wnun = _iS(n_l) (A24)

paval...|pnvn|lv1?

whose contraction with v** on the left gives

VY = G0 : (A.25)

}L2V2‘...| HnVn

Also, a curl of Eqn. (A.24) yields

@\Ilulyl‘,“‘unyn - /LSMU/II |U7LV7L (A26>
Finally, from Eqn. (A.24) and (A.25) one obtains
8“1 \I/H1V1|...|unun - Z@S 21/2' |IanVnHV1 + 81/1 55“2112' |MnVn (A27)

In view of Eqn. (A.23a), it is now straightforward to write the EoMs (A.24)-(A.27) as
A-exact terms. Similar things follow from Eqn. (A.23b) for the Dirac conjugate spinor.

B The Cohomology of I

This Appendix is devoted to clarifying and providing proofs of the statements about the
cohomology of I" appearing in Section 2.1. We recall that the action of I' is defined by

FAM = 8MC’, (B,la)
leﬂ---l/n = na(l/1§1/2...1/n)- <B1b>

Note that the non-trivial elements in the cohomology of I" are nothing but gauge-invariant
objects that themselves are not gauge variations of something else. Here we consider
one by one all such elements enlisted in Section 2.1. In the process, we also prove the

statements made towards the end of Section 2.1 about some ['-exact terms.
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B.1 The Curvatures

The curvatures {F),, ‘I/Myl\...\unun} and their derivatives belong to the cohomology of I'.
Seeing that the curvatures are I'-closed is straightforward. For the photon it follows

directly from the commutativity of partial derivatives as one takes a curl of Eqn. (B.1a),
I'r,, =T (QG[MAV]) = 20,,0,)C = 0. (B.2)

On the other hand, taking a 1-curl of Eqn. (B.1b) one obtains

v 1 v
Fw(l)ﬂl 1\\112“.% _ (n _ 1)3@25( )T 1||V3...un)' (B.3)
It is easy to see that, in general, an m-curl of Eqn. (B.1b) gives, for m < n,
I ¢(m)#1u1|...|,uml/mHym+1myn — (n _ m)a(ym+1§(m)N1V1‘..-|#me||Vm+2myn)' (B4>

In particular, when m = n, we have the I'-variation of the curvature, which vanishes:
D gravil-lenrn — (B.5)

Notice that the I'-closedness of the curvature does not require any constraints on the
fermionic ghost. That the curvatures are not I'-exact simply follows from the fact that
these are pgh-0 objects, whereas any I'-exact piece must have pgh > 0. Therefore, the
curvatures are in the cohomology of I'; and so are their derivatives.

We have seen that only the highest curl (n-curl) of the spinor ,, . is I'-closed, while
the lower curls are not. The key point is the commutativity of partial derivatives, and
clearly, any arbitrary derivative of the field will not be I'-closed in general. However, some
particular linear combination of such objects (or ~-traces thereof) can be I'-closed under
the constrained ghost. The latter possibility is exhausted by the Fronsdal tensor and its

derivatives, which we will discuss later.

B.2 The Antifields

The antifields {A*#, C*, qp*H1-#n *mpn-11 and their derivatives also belong to the coho-
mology of I'. Clearly, these objects are I'-closed since I" does not act on the antifields,

while they cannot be I'-exact because they have pgh = 0.

B.3 The Ghosts & Curls Thereof

The undifferentiated ghosts {C,&,, ., } are I'-closed objects simply because I" does not

act on them. Also they cannot be I'-exact, thanks to Eqn. (B.1), which tells us that any

[-exact piece must contain at least one derivative of any of the ghosts.
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Any derivatives of the ghosts will also be I'-closed. Some derivatives, however, will be
[N-exact, and therefore trivial in the cohomology of I'. One can immediately dismiss as

trivial any derivative of the bosonic ghost C', because 0,C' =T'A,, from Eqn. (B.1a).

th

Derivatives of the fermionic ghos are more subtle. One can show that only the ~-

traceless part of the curls of the ghost {§

M1V1| ‘Hm’/m||Vm+1 RZ
elements in the cohomology of I'. First, one can convince oneself step by step why only

m < n—1} are non-trivial

the ghost-curls are interesting. In the simplest non-trivial case of n = 2, we see that

a,ugu = 8(u£u) + a[ugu] F¢uu ;(;/) (B6)
For n = 3, we find
1 1
au£'/p a(ufl/p + a[ufldp + allép]u le“/ﬁ %ffw)up + %gl(lp)”,u,’ (B-7)
It is easy to generalize this to the arbitrary spin case, for which we obtain
8p€1/1...1/n_1 - pglll Vn— 1 + 2 (1 - %) 8[pgllﬂllg...l/nfl

m+1
+2 E : - [Vmglfm+1}pl/1.--l/m—11/m+2-..l/n—1

= lF¢pV1 Hn—1 (1__) ng1IIV2 Vn—1

o m+1 (1)
+Z vam+1||p1/1 Vm—1Vm42.Vn—1" (B'S)

In view of Eqn. (B.6)—(B.8), we conclude that any first derivative of the ghost is a linear
combination of 1-curls, up to ['-exact terms. Therefore, in the cohomology of I' it suffices
to consider only 1-curls of the ghost. More generally, one can consider only the m-curls
in the cohomology of I', instead of arbitrary m derivatives, where m < n — 1. The latter
can easily be seen by first taking a l-curl of Eqn. (B.8), and convincing oneself that
only 2-curls of the ghost are interesting. In this way, one can continue up to m-curls of
Eqn. (B.8), m <n — 1, to show that it Sufﬁces to consider only m-curls.

The derivative of an m-curl, 8,,n§

#1V1| Apmvm || vm 1 vm 1
curls plus trivial terms. It is clear that this quantity can be I'-exact if and only if sym-

contains non-trivial (m + 1)-

metrized w.r.t. the indices {Vm+1, . Vn}. In this case, we have from Eqn. (B.4)

Dy, £l

Vostom1) = Vot 0<m<n-1. (B.9)

It follows immediately that a derivative of the highest ghost-curl is always I'-exact. Indeed,

in Eqn. (B.9) one can set m = n — 1, and obtain

Oy, ¢

#1V1| Apn—1vn—1

=Ty . (B.10)

vt pn—1vn—1|| va

19T he rest of this Appendix will deal only with the fermionic ghost &, ..., and without any source of

confusion we will simply call it “ghost”.
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Although any m-curl, 5 _,» is in the cohomology of I', its y-trace is

Mll/ll Jbmvm||[Vmg1.vn
always [-exact. In fact, the latter vanishes when the y-matrix to be contracted carries
one of the unpaired indices {vy, 11, ..., Vn_1}, thanks to the y-tracelessness of the ghost. If

the index contraction is otherwise, the same constraint gives

(m m—1)
#15 1V1| |MmeHVm+l Un—1 @5 2’/2‘ ‘HmV7rL||V1Vm+1 RZ (B11>
On the other hand, one can take a y-trace of Eqn. (B.9) to have
(m) (m—1)
r %)/Llljl‘...‘uml/m”l/m+1...1/n_1 - ( )ﬁgum/ﬂ It Ve V1 Vit -1 " (B12)
Comparing Eqn. (B.11) with (B.12), it is clear that 'y”lfum‘ lmvmllvomst.am 1 18 T-exact.

Therefore, one can exclude the v-traces of ghost curls from the cohomology of T'.

B.4 The Fronsdal Tensor

The Fronsdal tensor S, .., and its derivatives are also in the cohomology of I". From the

definition (1), S,,. ., can be shown to be I'-closed under the constrained ghost. Indeed,

PSMl---N'n = Z [arwﬂl---Mn na(/llrjlj .. H«n j|
= n [@a(ﬂlgﬂl--ﬂn) — Y’ (ﬂgﬂl--lln))}

= —in(n — 1)8@18( (B.13)

M2 B pg...pin))?

which vanishes if the ghost is y-traceless. Being a pgh-0 object, S, ,, can also not be
[N-exact. So, the Fronsdal tensor and its derivatives belong to the cohomology of T'.
However, in view of Eqn. (A.24) and (A.26), the two highest curls of the Fronsdal
tensor boil down to objects we have already enlisted in Subsection B.1, and therefore
need not be considered separately. These equations are generalizations of the Damour-
Deser relations [36] (see also [29]). For spin 2, in particular, they make it sufficient to

consider only symmetrized derivatives of the Fronsdal tensor.
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