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1 Introduction

Higher-Spin (HS) theories have been over the last decades an intense field of research

that has attracted an increasing attention, starting from the works of the late 80’s by
Fradkin and Vasiliev [1, 2] and Vasiliev [3-12] that opened the way to the first classically
consistent examples of non-abelian interactions of this type. However, we are still far from

a satisfactory understanding of the problem, so much so that only in the last few years a

reasonable understanding of the free HS theory has been attained (see e.g. [13-22]). Two



distinct approaches have indeed come to terms with a problem that, in some respects, dates
back to the early days of Quantum Field Theory (QFT) (see, e.g. [23-28]). The first is a
“metric-like” approach, initiated in the works of Singh and Hagen [29, 30], Fronsdal [31, 32]
and de Wit and Freedman [33], and reconsidered more recently by Francia and Sagnotti [34—
36]. In their works the authors of [34-36] proposed a geometric reinterpretation of the
free-field equations that can be expressed as

1 n
5D d-RM o =0, (1.1)
for odd spins s = 2n + 1, and
1 n
On—1 Rl ]%Ml---uzn =0, (1.2)

for even spins s = 2n, together with the related minimal Lagrangian formulation [37, 38|,
that rests for any s on at most two additional fields and simplifies the previous BRST
(Becchi, Rouet, Stora, Tyutin) constructions of [39-45]. This form of the free equations
includes the three familiar lower-spin examples, given by the linearized Einstein equations
for s = 2, by the Maxwell equations for s = 1 and formally also by the Klein-Gordon
equation for s = 0, together with non-local equations for spin larger than two. One
can thus have, somehow, an intuition, even if restricted to a single spin at a time, of
possible generalizations of the geometric framework of Maxwell theory and Einstein gravity
to HS, pointing also to a possible key role of non-localities, that may be more and more
fundamental at the interacting level, together with an eventual reconsideration of QFT from
a more general perspective. More recently, these results were also generalized to reducible
HS free fields, starting from the “triplet” system and recovering similar interesting non-
local structures [46, 47]. The constructions for symmetric (spinor)-tensors that we have just
outlined afford also interesting generalizations to the case of mixed-symmetry fields of the
type @ puy..pus 01 ..vs,..., Whose non-local geometric equations were first proposed in [48-50],
while the Lagrangian formulation was initiated with the pioneering work of Labastida [51—
59] and was completed only a few years ago in [60, 61]. A second kind of approach is the
“frame-like” one, was developed mostly by Vasiliev and collaborators [3—12], generalizing
the Cartan-Weyl framework to HS, and led to the Vasiliev system. Despite the remarkable
success of Vasiliev’s approach, only recently has it been possible to arrive at a covariant
description of all bosonic flat space cubic interactions in [62] by purely field theoretical
methods. At the same time, starting from a String Theory vantage point all consistent
cubic interactions involving bosonic and fermionic fields were obtained in [63, 64].! This
extended previous results, including the works of the 80’s by Bengtsson, Bengtsson and
Brink [68, 69] and the important works of Metsaev [70-75], in the light-cone formulation,
and the works of Berends, Burgers and van Dam [76-78] in a covariant formulation that
were then reconsidered and extended by Boulanger and others in [79-87], and were recently
exploited in the interesting work of Bekaert, Joung and Mourad [88, 89].

This paper is aimed at improving our understanding of HS interactions, extending and
generalizing the results of [63, 64]. Actually, the string results and their structure may

!Further off-shell completions were presented in [65-67].



give new insights on field theory properties that manifest themselves when looking at HS
fields, pointing out and motivating a closer relation between ST and HS gauge theories and
resonating with the long-held feeling that ST draws its origin from a generalized Higgs effect
responsible for its massive excitations (see e.g. [63, 64, 90-97]). The crux of the matter has
long been to construct a consistent deformation of the free system at the quartic order.
It is indeed this the case in which the HS program has encountered along the years an
insurmountable barrier, both in the metric-like formulation and in the frame-like one, in
which Vasiliev’s system unfortunately does not provide a transparent answer. Indeed,
only recently in [98] the chain of higher-derivative terms found in the works of Fradkin and
Vasiliev [1, 2] and weighted by inverse powers of the cosmological constant A was recognized
to be related, in the case of the gravitational coupling, to a higher-derivative seed that is
nicely associated to the simpler flat space cubic vertex, whose exact structure can be
recovered, in a suitable scaling limit, wiping out the lower members of the tail. Moreover,
even the origin of the spin-2 excitation present in the Vasiliev system is still unclear from a
field theory perspective, since it can be dressed with Chan-Paton factors like any excitation

belonging to the open bosonic string. This would make the “graviton”?

colored, in contrast
with standard field theory results pointing out inconsistencies of this kind of option [99]
(strictly speaking with finitely many fields). To reiterate, at the quartic order a number
of difficulties have piled up along the years, starting from the no-go results [100-109] and
the inconsistencies found by Weinberg in [110], up to the inconsistency pointed out in [79]
for the Berends-Burgers-van Dam cubic coupling of spin-3 fields (for a recent review see
for instance [111] and references therein). Four-point functions for HS fields have been and
still are somehow the most intriguing source of difficulties. Here we shall try to address
these questions studying a class of solutions to the Noether procedure and discussing the
role of Lagrangian non-localities along lines that are actually in the spirit of the previous
work [112]. As we shall see, some non-localities turn out to naturally arise at the Lagrangian
level as soon as massless HS particles are considered. This reflects very peculiar and subtle
aspects of the corresponding tree-level S-matrix amplitudes that clash with the factorization
property usually assumed in the framework of the S-matrix theory.

It is instructive to introduce our arguments starting from the usual field theory per-
spective on the problem of HS interactions given by the Noether procedure, that played a
key role in the construction of supergravity [113, 114], and in its various incarnations has
played a crucial role in order to solve for cubic HS couplings in explicit cases [62, 76-78].
From this point of view the HS problem can be reformulated as equivalent to finding, order
by order in the number of fields, a deformation of the free system of the form

ZS ¢u1 us + eS® [¢u1 Jtoe 254 [¢u1 u] + 0(63)7 (1.3)

including at least one field of spin s > 2 and where the contribution S®) is cubic, S
is quartic, and so on. Consistency of the deformation (1.3) translates into an equivalence
class of deformations of the linearized gauge symmetries of the type

ONPpy.pps = 5(0 Pprops T+ 65(1 Puyps T € 5 ¢u1 e T Ofe ) (1.4)

2We call it graviton here with a little abuse of language since it admits colors.




leaving invariant S[¢| order by order, and defined modulo local redefinitions of fields and
gauge parameters of the form

Pprps = Ppurops T €F(B) pyops + O(e?),

) (1.5)
Ay opey = Ny + €D A) gy + O(€7) .

Interestingly enough, there is a translation of this procedure that is closely related to a
BRST formulation of HS fields [20, 39-45, 112, 115-122] and in general to String The-
ory [123-127] and to String Field Theory (SFT), both open [128] and closed [129]. Indeed,
given any nilpotent anti-derivation one can retrace the well known theory of Free Differ-
ential Algebras (FDA) [130-134] in order to build fully non-linear covariant HS equations
of motion.? The choice of the framework of FDA in order to describe the dynamics of a
physical system is not a new idea, since it lies at the heart of the Vasiliev system and of
some supergravity models as well as being a particular incarnation of a very general con-
struction that appeared also in a number of different avatars like Lo, algebras [135-137],
of which the BV formalism [138-140] is one example, or again homological perturbation
theory, @-manifolds [140] and so on. For instance, the Vasiliev system is indeed formulated
in terms of a FDA based on the nilpotent de Rham differential and can be presented in
the remarkably compact form

F\:%dZi/\dZiEI;*/{, D® =0, (1.6)

where in these equations the x operation implements the higher-spin algebra in the frame-
like approach. Leaving aside a detailed discussion of these equations (see e.g. [3-22] for
more details), let us stress that the HS curvature is here defined as

F=dA+ AxAA. (1.7)

However, the de Rham differential does not define any local propagating degrees of freedom
within its cohomology classes, and one is forced to introduce infinitely many auxiliary fields
recovering a system of equations in the so called unfolded formulation. The end result can
be regarded as a Hamiltonian-like first-order rewriting of some linear, at the free level,
or fully non-linear and non-local equations, at the interacting level. It is conceivable in
this sense that non-localities, even those of the type %, need to be expanded in terms of
perturbatively local contributions in order to recover this unfolded form of the equations,
in which any higher-derivative term is redefined as a new field. As a result, the theory
will be related to some massive parameter whose role is played here by the cosmological
constant A. The starting point of our construction, in analogy with and generalizing what
has been done in constructing SFT [128, 129], for example, is to consider a FDA built from

3We could think of them as zero curvature equations taking the freedom to use the word curvature in
this slightly different framework as a generalization of the results presented in [46, 47] where it was shown
how the non local curvature equations of [34-36], as well as a new kind of non-local equations related to the
triplet system, can be obtained integrating out the various auxiliary fields. The idea that we have in mind
is an extension of those arguments at the full non-linear level that should produce in principle a consistent
non-linear deformation of the usual linearized HS curvatures.



a nilpotent anti-derivation @) capable of identifying the degrees of freedom of free massless
HS fields directly in its cohomology classes, ending up with non-linear, and eventually
manifestly non-local, equations of the form?

R(®) = QP + G(®) = 0. (1.8)

From this point of view we are going to extend what was previously considered in the
framework of the triplet system in [65, 143-145], stressing however the role played by the
simpler gauge-fixed system?®

L==¢(—p) »p°o(p), (1.9)

DN | =

for bosons, and )
L =5 9(=p) xpv), (1.10)

for fermions, where here and henceforth we shall refer to the x as an inner-product in
the metric-like formalism whose role is to contract the corresponding indices of the various
polarization tensors. As we shall see, these provide the simplest setting in order to search for
consistent deformations of the HS free theory and actually can be regarded as a starting
point for any possible off-shell completion whose structure, at the end, can make some
geometric features of the theory more manifest. Restricting the attention for brevity to the
bosonic case of eq. (1.9), the master field ¢(p,§) is initially subject to the transversality
constraint

p-Od(p,€&) =0, (1.11)
and is a generating function of the form

[e.e]

W8 = D D)€ (1.12)

s=0

whose components carry an arbitrary bosonic, in general also reducible, representation of
the Lorentz group.® This system is gauge invariant under the transformation

dp(p,&) = p-EA(p,E), (1.13)

with
p-OcAp,&) =0, p*Ap.&) =0, (1.14)

where the components of the generating function of gauge parameters satisfy algebraic
constraints similar to those satisfied by ¢(p,&).

To reiterate, our aim here is to combine the simplifications coming from these gauge
fixed systems with the off-shell structure encoded by the FDA. We are then able to recognize
a simpler incarnation of the Noether procedure at the level of the n-point functions that

4See e.g. [141, 142] for interesting discussions about the relations between first order systems based on
the de Rham differential and systems based on a BRST differential.

SFrom now on, with a little abuse of notation, we shall refer to these systems involving transverse and
possibly traceless fields as on-shell systems or on-shell gauge-fized systems or similar circumlocutions.

SIn principle we can consider also generating functions of mixed-symmetry fields.
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Figure 1. Building blocks for the Ql(;_)__n’s.

realize both the linearized gauge symmetries and the global symmetries of the free system,
to be contrasted with the n-point Lagrangian couplings, that nonetheless can be directly
extracted from these data. Hence, defining by I@lgmn(pi ,&iy...) the generating functions
of color-ordered HS n-point functions, that by definition we consider as formal series whose
relative coefficients are in general functions of the Mandelstam-like invariants, one is led
in the FDA framework to the off-shell homogeneous equations

Qi+ Q2 + ... + Q) KEPA = 0. (1.15)

These equations can be solved at the level of the gauge-fixed theory (1.9) where they
simplify into
pi O Kgshellp; &,..) =0,  i=1,...,n, (1.16)

in which the approximate equality means on-shell and modulo divergences. The strategy
is then to extend this result adding traces and/or divergences in order to recover the
same equality

pi- O KRfEshell(y, e, ) =0, i=1,...,n, (1.17)

but now in any off-shell framework and where the equality is modulo the full Lagrangian
equations of motion (EoM), without using any divergence constraint. Equivalently, the
same strategy is to complete the on-shell gauge-fixed solution to a full solution of (1.15).
The solution to this problem can be expressed in terms of powers of the standard color-
ordered n-point functions gl(;‘?“n of the most general theory built from a gauge boson, a
scalar field and a spin-1/2 fermion, that are uniquely specified by the cubic couplings in
figure 1. One should add, in principle, also the usual Yang-Mills quartic couplings, that



however can be reconstructed here interpreting them as counterterms restoring the lin-
earized gauge invariance of the tree-level amplitudes, thus making clear the fundamental
role of the latter with respect to the former. Notice that egs. (1.15) and (1.16) fix basically
the dependence of the kernel 1612“,” on the symbols, but leave open the possibility of multi-
plying each independent gauge invariant tensor structure with functions of Mandelstam-like
invariants. Moreover, let us underline a kind of correspondence between tree-level n-point
functions and m-point Lagrangian couplings. The former are associated to a linearized
gauge symmetry related to the free system of eq. (1.9) together with the corresponding
global symmetries, while the latter encode somehow geometrical principles, together with
a fully non-linear deformation of the original gauge symmetries that could be captured,
in principle, by a resummation of the full tower of non-linear couplings. For instance, in
the case of spin-2 this resummation rebuilds the usual Riemaniann geometry, as observed
by Deser in [146], and references therein, and in the case of HS fields should encode, in
a similar fashion, the HS geometry. One should also gain a deeper understanding of the
non-linear symmetries and of the global symmetries of the system, that need to be related
to some HS algebra and whose analysis we leave for the future.

In this work we take the aforementioned perspective in order to study how field theory
can in principle overcome some difficulties encountered over the years. The main result
can be roughly summarized by the generating function

” —_ fermi ,— (d) b
K234 (5i) = — @ 1 - Suzgl%f (Ei ] exp [— SUZQH?MOSQ (Z)| ., (1.18)
ceF deB
of four-point S-matrix amplitudes involving massless HS fields where the Qgégose’s and the

) fi . . . . . .
gg?’f Mg are generically gauge boson four-point functions as discussed in section 4.1 and

in appendix A.2. They have been multiplied by Mandelstam invariants in order to get only
single poles while their current exchange parts reconstruct HS exchanges after combining
properly their power expansion. Moreover, the generating function should be considered
modulo functions of the Mandelstam variables that do not introduce poles of order grater
than one. Appendix A contains a preliminary classification of n-point functions involving
HS fields so that looking back at the three-point case, that is the only one in which the
kernel K coincides with the Lagrangian coupling generating function, we are able to recover
the results of [62] in the bosonic case and of [64] in the bosonic and fermionic case, that in
the gauge-fixed theory (1.9) take the form

16123:(1—1-(5—0—;51—0—{24—53) (1.19)

X eXP{\/gl [(fl S+ 1)E3 prat+ (S &+ 1) -paz+(§3-&1 +1)& 'P31}} :

Let us remark again that this result should be considered as a generating function, whose
relative coefficients between different terms can be chosen arbitrarily at the cubic level while
they ought to be fixed by consistency with the quartic results or any other consistency
condition. In this sense the exponential used by String Theory could leave the way to
other functions. Here § contracts indices belonging to two spinor-tensors and the 1 is the



purely bosonic part of the coupling. This structure of the four-point functions (and of
their n-point counterparts) arise as solution to the Noether procedure for a general field
theory with massless particles of any spin. Moreover, while embodying an infinite class of
local quartic couplings, it also contains the seeds for the difficulties that have been faced
along the years and also, hopefully, the way in which field theory can in principle bypass
the no-go results of [100-110]. However, the physical interpretation and the need for the
corresponding Lagrangian non-localities is still a subtle issue and the peculiar form of the
amplitudes one arise at clashes in general with commonly accepted ideas about the S-
matrix structure that reflect some difficulties in defining an S-matrix for massless particles
(see e.g. the discussion in the introduction of [110] or [147]). The full amplitude generating
function, containing also Chan-Paton factors [148-152], is finally recovered summing over
all non-cyclic permutations of the external legs, as

‘A(q)la P, ... 7(1)71) = Z Tr |:(D1(§1) ®0(2) (50(2)) s (I)J(n) (ga(n))

*12...nl€10(2)...0(n)(pi7fi) ) (120)

where the trace is over the color indices carried by the polarization generating functions
®;, recovering in this way a kind of generalized open-string-like form. Interestingly, from
four points onwards, there are more possibilities, since some permutations with respect
to the labels {1,...,n} of the gf’;_n’s are independent for n > 4. This means that one
can combine two or more totally cyclic independent kernels, eliminating the Chan-Paton
factors and recovering in this way a kind of closed-string-like amplitudes from which the
usual gravitational four-point functlons emerge together with HS generalizations. In the
four-point case, for instance, for each 91234 there are two independent options and one can
recover in this fashion the closed-string-like kernel

61751 <Z IClO’ 2)o(3)o(4 )(pugz) K10(2)0(4)0'(3)(p’ia§£>> ) (121)

together with analogous generalizations to higher orders described in appendix A. These
results are analyzed in a number of examples pointing out some differences between the
graviton and the colored spin-2 fields but leaving for the future a detailed analysis of
the generalized closed-string-like amplitudes together with possible generalizations of the
Bern-Carrasco-Johansson (BCJ) construction of [153] to HS.

A general lesson to be drown from the results that we have summarized is that HS n-
point functions appear to go in hand with a peculiar feature: while they are still built from
current exchanges and local terms, they generally factorize only on (infinite) subsets of the
available exchanges that lack finite numbers of lower-spin contributions clashing with the
usual factorization property of the S-matrix. This unusual feature is tantamount to a non-
local nature of HS Lagrangian couplings, in particular when expanded around flat-space.
These anyway result from conventional amplitudes built from Feynman propagators and
one can expect them to be still compatible with the notion of causality and with the cluster
property. Nonetheless, potential clashes with tree-level unitarity may be possibly related



to the fact that infinitely many degrees of freedom ought to contribute to the same residue.
In this respect we can only anticipate that within what we shall call minimal scheme, even
admitting non-localities, no pole arising in the amplitude can lack an interpretation as an
external particle participating in the physical process. This can give some hope to arrive to
an understanding of background independent HS interactions, even though we are not able
at present to give a definite answer about the consistency of the proposed scheme in flat
space. We choose to take this point of view in this paper having also in mind a deformation
of the flat-space results to constant curvature backgrounds or to massive fields.

Among other things, we shall discuss from the same perspective the role of the spin-
2 excitation present in the Vasiliev system that admits in principle Chan-Paton factors,
trying to give an answer to a puzzle pointed out in [38] together with a very interesting
open question about its true nature. Indeed, at the massless level a mixing between the
singlet part of colored spin-2 components and a combination that is strictly uncolored and
plays the role of a graviton, anticipated in [38], is here justified by the existence of two
different kinds of amplitudes, the first of the open-string-type and the second of the closed-
string-type. Here, however, we shall see that a non-abelian colored spin-2 field brings about
non-localities, and from this point of view it is naturally related to the massive excitations
present in the Open String spectrum while only the spin-2 components interacting with a
closed-string-like amplitude can be directly related to the usual graviton. The non-local
nature of HS Lagrangian couplings puts our discussion of QFT on more general grounds,
that ought to be better understood, as we anticipated. From this point of view important
questions arise concerning both the nature and the geometrical meaning, if any, of the
non-localities that we find in this work.

Our explicit construction leads us to propose a milder constraint that we name as
minimal scheme. As we shall explain in more detail in the following:

e it is equivalent to locality in all standard frameworks,

e it allows for the presence of a very restricted set of non-localities whenever HS fields
are considered recovering insofar as possible the commonly expected structure of the
S-matrix,

At the same time this discussion, and in particular our generalization of open-string-like
and closed-string-like amplitudes, reinforces the feeling that ST hides within its structure
a number of potentially profound lessons for Field Theory.

The plan of the paper is the following. In section 2, restricting the attention to the case
of symmetric fields, we briefly review the symbol calculus of [63, 64], with special emphasis
on the extension of the formalism to a full BRST framework that entails also anticommuting
coordinates related to ghosts and auxiliary fields. In section 3 we recast the usual Noether
procedure in the form of a FDA, describing briefly the case of cubic and quartic interactions
and pointing out how the information on the non-linear deformations of gauge symmetries
are nicely encoded in the free system (1.9). In section 4 we turn to describe four-point
amplitudes, first in the simpler case of Yang-Mills theory and then in the general setting of
HS theories, pointing out the differences between open-string-like amplitudes and closed-



string-like amplitudes and how the usual no-go theorems can be overcome, in principle at
least, by the solution proposed. In section 5 we describe the new features of HS couplings,
with special emphasis on non-localities. Our conclusions are summarized in section 6.
Finally, the appendices address the extension to fermionic four-point functions, to n-point
functions and to theories containing mixed-symmetry (spinor-)tensors together with some
results on the relation between the gauge-fixed theory of egs. (1.9) and (1.10) and the
off-shell completions.

2 Symbol calculus

In this section we review a few basic techniques that will be used in this paper, among
which symbol calculus is possibly the most relevant. Following [63, 64], a simplification
relies on the introduction of auxiliary variables £!' that make it possible to define generating
functions of HS tensor fields. By convention, we shall denote such generating functions as

o0

1
Cbz(pzafz) = Z g Cbim...,us(pi) gim --'fiﬂs . (2'1)

s=0

The auxiliary coordinates ! can be considered, with a little abuse of notation, as “phase
space” coordinates together with the x#’s, in close analogy to the Weyl-Wigner set up,
and can be extended to a similar kind of super phase-space H adding corresponding anti-
commuting “coordinates” and “momenta”’ that play the role of ghosts for the x and &
variables in a standard BRST treatment. The construction is very simple and proceeds via
the introduction of the anti-commuting coordinates

0 0 0g
7 2.2
(390 0 89) ’ (2:2)

following techniques and ideas similar to those used in [20, 65, 122, 143-145]. Here, for
convenience, we have arranged the 6’s taking into account the ghost number, so that the first
line contains ghost-number 41 “coordinates” and “momenta” while the second line contains
their ghost-number —1 counterparts. To make a link with the previous constructions let
us stress that our #-variables are nothing but the “symbols” of the string-like operators

chp C-1 C1
2.3
o). v
exactly as £ is the “symbol” of the oscillator a—;. While any formula that we will write
hereafter can be translated in the operator setting by using the aforementioned dictionary,
we choose to use and extend the symbol notation of [63, 64] working with functions on

some kind of superspace and dealing with generating functions instead of Hilbert-space
states. As usual, one can put some structure on H, defining an adjoint operation by

o=, pl=p, &l =0, 0T =0 Opt =0, 01 =0;, 07 =20, (24

,10,



so that one is naturally led to consider the graded space of functions over H, that we call
Q(H), defining over it a nilpotent derivation given by a BRST charge of ghost number 1.
The BRST charge should encode the free propagating degrees of freedom of the system in
its cohomology classes. The simplest choice is related to reducible HS gauge fields and is
solely built from the mass-shell and transversality constraints without taking into account
trace constraints. Following the usual BRST setting (see e.g. [20, 39-45, 115-118, 122]),
one thus obtains

Q=60"p>+0p-0c + p-& — 0050, , (2.5)

that is one possible gauge-invariant off-shell completion of p2. Other consistent comple-
tions are related to the Fronsdal setting [31, 32] or to the related compensator setting
of [34-36] as well as to other frameworks, that we shall describe briefly for completeness in
appendix C, remarking their links with the gauge-fixed system described at the quadratic
level by (1.9), to which all can be reduced. The major advantage of performing off-shell
computations with this BRST setting will be clear in the following. For instance, one can
have some kind of intuition related to the super phase-space H making also manifest the
link with the tensionless limit of ST, which is naturally formulated in this language [115—
118]. Moreover, one can now move between gauge-fixed and off-shell theory projecting onto
the purely bosonic symbols £ and imposing or relaxing the transversality constraint on the
generating functions.
Applying @ to the most general ghost-number 0 HS super-field ® € Q(H)

® (p,0°,6,0,0) = 6(p.&) + 0°0C(p,€) + 00D (p,€), (2.6)
that from now on we consider in full generality as a matrix valued field
o = 94T (2.7)

where the T%’s are matrices associated to the Chan-Paton factors [148-152], one gets the
equation of motion

Q@ =6"(p?6(&) — p-£C() + 0(p- 0 0() + C(&) —p-€DE))  (28)
+6°00(p2D(E) — p- 9C(S))
=0.

As usual, one can easily check the invariance of this system under the gauge transformation
0P = QA, (2.9)

where A is a ghost-number —1 parameter of the form
A(p,0°,€,0,0) = OA(p,€), (2.10)

and hence
50 = p-EA(p, &) + 0°0 (—p®) A(p, &) + 00p-0: Ap,€) - (2.11)

— 11 —



The nontrivial cohomology classes at ghost number 0 contain exactly the physical degrees
of freedom of a spin s, s —2 down to spin 1 or 0, respectively for odd or even s. The system
so far described is actually the triplet system [115-118] that can be recovered from the
tensionless limit of the free part of open String Field Theory, so that the supercoordinates
provide an off-shell completion of p?. The next ingredient that we are going to introduce
is a pairing that is important to construct Lagrangians, and more generally singlets. A
pairing or contraction can be defined generalizing the x-inner-product introduced in [63, 64]
and given by

* (q)1(p1 ;1) 5 Pa(pe @2)) — ®1x Oy =exp (351 : 5’52> P1(p1,&) Pa(p2,&2) (o’
(2.12)
where &1 and & are only the bosonic symbols. The point here is to extend the contraction
operator in the exponent of (2.12), letting it act over the whole HS super phase-space H.
Actually, it is possible to define two extensions having this property, that we choose to
label respectively as x and *. They are associated to different projections of the superfields

® € Q(H) with respect to the 8" coordinate, and can be defined as

* <@1(p179?,§1,91,§1),®2(p2798,§2792,§2)> — P1x dy

= exp (551'352—391 0p,+0g, 362) ®1(p1,60°,&1,01,01) Po(p2,0°,&2,602,0,)

and

x (@1(171,9(1),51,91,51), ‘1>2(p2,98,52,92,52)) = P1x Py = /d90 [©1% o) 6°,
(2.14)
where by convention

p1 + pa =0, (2.15)

and both reduce to eq. (2.12) if one restricts the attention to the bosonic coordinates
and ghost-number zero super-fields ®;. Let us mention for completeness that the afore-
mentioned x-operations encode the usual Hermitian products on the Fock spaces for the
corresponding oscillators. To conclude this section we anticipate that the inner-product x
will play a role in the off-shell framework while the inner-product * will play a role in the
computation of scattering amplitudes, and more generally of n-point functions. To reiter-
ate, this formalism provides a natural framework to move back and forth between these
two ways of formulating the problem, exploiting both the FDA structure that appears off-
shell and the simplifications that are present in the gauge-fixed theory. Nonetheless, the
latter represents by itself a well defined system in which the problem of finding consistent
deformations of the free theory is well posed. In the next sections we are going to consider,
from a purely field theoretical point of view, the problem of constructing consistent gauge-
invariant Lagrangians and covariant equations of motion for HS fields, studying in detail
the Noether procedure and reinterpreting it in terms of FDA.
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3 Structure of the interactions

In this section, following and extending various ideas that have appeared in the literature
on the subject including [65, 129, 143-145], we are going to analyze and reformulate the
Noether procedure, translating it in terms of a Free Differential Algebra (FDA) [130-137].
This kind of formalism has been somehow a source of inspiration for this work but we want
to stress that the results that we are going to present can be in principle recast in other
off-shell frameworks.

3.1 HS covariant equations and gauge transformations

We begin here describing the formal setup along the lines of [129], then considering in the
next subsections its explicit realization. In order to construct a consistent HS gauge field
theory we are going to work within the HS super phase-space H introduced in section 2.
There is, indeed, a very general construction that can be realized in principle whenever
one is able to define an identically nilpotent operator (). Following ideas and techniques
that are involved in the construction of Free Differential Algebras (FDA) or in general
L-algebras [130-137], one can try and define HS equations of motion of the general form

R(®) =Q® + G(?) =0, (3.1)
with G(®) a ghost-number one function of the type
1
3!

Here one could also add, in principle, a linear term that could be regarded as a deformation

G(®) = %! @,0] + ~[@,0,8] + ... . (3.2)

of the BRST charge @, while the ellipsis in eq. (3.2) indicate higher-order contributions in
the HS superfield @ given by n-ary totally symmetric multilinear products

[,y ] Q(”H)®V®Q(H)%Q(H) (3.3)

that generalize the standard structure constants f¢, , of FDA’s. In order to streamline
the notation, we define two other different operations whose role is to encode the two
options that show up in multiplying brackets together. These are indicated respectively by
o and o and can be defined by’

[q’l,...,q)n] <& [\Ifl,...,\I/q] = [‘I’l,...,q)n,\lfl,...,\lfq}, (37)
Uo[Py,..., 0, = [V, ®q,...,0,], (3.8)

"Notice that in principle the ¢-operation can be expressed totally in terms of o, making possible to
express formally all n-ary products starting from the identity:

[P1,...,P5] = (...(1oP1)o...)0D,, (3.4)
while we will use the convention

([¥]) o [®1,...,Pp] = [[V], Dy,..., D], (3.5)
Y] o ([®1,...,Dn]) = [V, [P1,...,Dx]], (3.6)

in order to distinguish which of the terms plays the role of ¥ in egs. (3.8) and (3.9).
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@1, B0 U = [01,..., 5,0, (3.9)
loW =Vol=[Y], (3.10)
@0l = 10[P] = [P], (3.11)

while we do not require these definitions to extend to other cases that are not of the form
displayed in the latter equations. This kind of notation is used only in this section to
encode the formal structures here introduced as a notational device in order to keep track
of the bracket algebra. In terms of these operations eq. (3.1) takes the suggestive form

R(@®) = e — 1 =0, (3.12)

where the exponential sum the whole series in eq. (3.1) through the operation ¢ and where
a single element bracket has been defined by

@] = Q. (3.13)

It is then possible to write down a non-linear gauge transformation given by

5D = (A* 5‘;) R(D) = A o ¥ (3.14)

1 1
=QA + [A, D] + 5'[A,<I>,<I>] + ...+ g'[A,<I>,...,<I>] + ...,

under which eq. (3.12) transforms covariantly provided the condition

(R((I))*(;;) R(D) = <e£§1’] - 1) oelf =0 (3.15)

holds, where the notation is meant to stress that the object within the parenthesis should
be interpreted as the ¥ in eq. (3.8). We should emphasize that eq. (3.15) ought to be valid
identically, independently of the superfield ® as a property of the brackets themselves.
Moreover, we have introduced a derivative with respect to the HS super-field ®, given by

)
6@(.’[31,9?,51,01,91)

D(12,09,£2,02,02)

— §(x1 — 12) 6(67 — 69) exp (& €y — 0105 + 9192) . (3.16)

so that one is led, by convention, to

(A*(;;) [@®] = [A], (3.17)
<A*(;;) [®,...,®] = n[A,®,...,0]. (3.18)
n n—1

No distinction is needed between left and right derivatives, since the field ® has ghost
number zero. At this point we have not said much about the brackets, aside from the
condition (3.15). Interestingly, it turns out that a nice algebraic structure, called in the
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mathematical literature homotopy associativity [135-137], is encoded in (3.15). In order
to make this structure manifest, it is convenient to expand (3.15) order by order in @,
obtaining the conditions

Q*® =0, (3.19)
Q[®, @] + 2[QP,®] =0, (3.20)
Q[®, 0, D] + 3[Q D, D, P + 3[[®,P],P] =0, (3.21)

The first is automatically satisfied given the BRST operator (2.5) while the second, once
the BRST charge has been chosen, is an equation for the bilinear product [ -, - |, that
should be constructed so as to make the BRST charge @) a derivation. The third equation
relates the cubic term to the quadratic one by the condition that the failure of the BRST
charge to be a derivation at this order should be compensated by the possible failure of the
Jacobi identity for the quadratic product. One can keep going along these lines, studying
all other relations that, if solved consistently, give rise to full gauge covariant HS equations
of motion. Exploiting the consistency condition (3.15), one can also make a further step,
verifying the on-shell closure of the gauge algebra to all orders and computing, formally at
least, the HS algebra of gauge transformations that takes the form

[5/\1 ) 5/\2] ¢ ~ 5F(A1,A2,<I>) Q, (322)

where F'(Aq, Ao, @) is some function encoding the structure constants of the HS, or more
generically, Field Theory algebra. Computing the commutator of two gauge transforma-
tions one indeed recovers

[0A;,00,] P :A[Qo (Al} o egb]) o eLq)]
_ (A[l o eL‘I’}) o Ay o el = ([A[l] o eL‘I’}) o [Ayl o el (3.23)

where we repeatedly used eq. (3.14) together with the fact that Aq o e?’] has vanishing

[]

ghost-number and where we have used the notation <A1 o e ) in order to make clear

that the object within the brackets has to be interpreted as ¥ in eq. (3.8). Eq. (3.23) can
be further simplified using (3.15). Hence, making use of the relation

5 5
V- <A1*5<1>> (AQ* 5@) { (8= 1) GL@]} = ([ Az o e} o el (3.20)
+ ([A[z] o eLq’]) o [Ay] o el + (e?ﬂ — 1) o [Ar, Ao] o el

that can be recovered by taking into account the odd ghost number of A; together with
the rules (3.17) and (3.18), one obtains

[64,,04,] 0 ~ ([AI,AQ] o e?]) o el (3.25)
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where we have used the on-shell EoM’s, so that (e ?] — 1) ~ 0.2 This implies that

F(A1,Ag, ®) = [A1,As] 0 el = [A1,A5] + O(®) . (3.28)

To reiterate what we have done so far, before going ahead and giving a more detailed
description of the actual n-ary products, we want to stress that this construction, together
with a choice of the BRST charge (2.5), is a very general setting from which field theories
originate. In particular, this is a formal translation of the Noether procedure and can deal
both with local and non-local field theories. We leave a further analysis on the important
issue of HS symmetries and HS geometry, especially in the light of the present discussion,
for future work.

3.2 Lagrangian form

Starting from the formal structure given above, let us now study a possible Lagrangian
formulation that is clearly important if one wants to quantize the theory, compute scattering
amplitudes or define a starting point to pursue the Batalin-Vilkovisky program [138-140].
This step can be actually addressed using the formalism developed so far, and indeed in
this setting? it is straightforward to integrate eq. (3.12) to a full Lagrangian given by

L= /dGO{e‘b} : (3.29)

where by definition

{emf} = {o,...,0} = @ [D,...,0], (3.30)
1
n+ n

with % defined in (2.13) and hence
{1 =0, {®} =0. (3.31)

At this point, having in mind this incarnation of the Noether procedure, it is worthwhile
for the ensuing discussion to give an explicit definition of the n-ary products (3.3) in terms
of some color-ordered kernels Kis. , playing the role of generalized structure constants.
Here, we define

Ki2.n = K12 (Pi,aag ;&',91‘,5@') , 1<i<n, (3.32)

to be any Lorentz invariant function defined over H with ghost number equal to zero. To
be explicit, we have added Oy as the ghost coordinate related to p;, or ; and 0; as the

8Notice that we can go on-shell after having computed the derivatives. Hence in our conventions on-shell
Vo (egﬂ - 1) 40, (3.26)

while
(e[j’] - 1) = 0. (3.27)

9 Analogous results can be obtained in other settings that are different from the triplet system, if the
corresponding pairing is constructed.
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ghost coordinates related to &;. In particular, the building blocks of the bosonic part of

K12..n arel®

& &, i &5, Di Djs (3.33)

while the building blocks of the complete kernel defined over the whole super phase-space
‘H are the ghost-number zero terms (see also [65, 143-145])

&i-&,  pi&j, PiDj, 0i 9o 0;0; . (3.34)
One can then express the n-ary products in terms of the K15, ,’s, writing
@1, 0] (E) = D [Por) (Bo) - Pon) (Zom)]

*1,..n ’COO'(]_)O'(Q)...O'(TL) (év é'la SRR é’”) 90 ) (335)

where the sum is over all permutations ¢ of the external legs and we have used the short-
hand notation

1>

Ei - (plae?aglye’ue_z) 5 —; — <p7,76920’€u67,aél) 5 (336)

for these collections of relevant variables. Let us stress that we have defined the n-ary
products in terms of color-ordered Kernels that, as such, are intimately related to open-
string-like couplings. In the following we will also discuss other types of Kernels that one
can call similarly of the closed-string-type in order to underline how string results actually
reflect interesting field theory properties that are still to be completely understood. As one
can expect, closed-string-like kernels also contribute, along similar lines, to the definition
of n-ary products, thus leading to distinguish two different kinds of couplings. We begin
in the next sections by addressing the problem of finding the structure of the Kj23’s and
K1234’s that is consistent with (3.15), discussing also some implications at the level of the
S-matrix. We shall see in practice the advantages of starting with the on-shell results
in a gauge-fixed system in order to recover eventually a consistent off-shell deformation.
Afterwards, describing in this field theory setting the results of [64], we shall turn to
analyze the problem of the trilinear product and its relation to a tree-level four-point S-
matrix, recognizing along lines that are actually in the spirit of the previous work [112] the
role of non-localities whenever HS fields are taken into account and analyzing the nature
of the difficulties that are to be faced when addressing this problem.

3.3 Binary product

As we have seen in the previous section, a fully consistent binary product is bound to
satisfy the condition

Q[P1(E1), P2(E2)](E) + [Q1P1(E1), P2(E2)](E) + [P1(E1), Q2P2(E2)[(E) = 0. (3.37)

1071 this paper we choose to not consider terms proportional to the Levi-Civita tensor €uy..up that, for

any fixed number of legs in Ki2...», can give rise to non-trivial contributions only for some lower dimensions.
It would be interesting to analyze this kind of options for D = 3.
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In terms of the kernel Kqo3 <é1, ég, ég) this equation translates into

(@1 + Q2 + @3) Kias (3173,?3) 006965 = 0, (3.38)

and, in order to find a solution to (3.38) one can exploit the results obtained in [62, 64] where
a kernel K93 was presented in the on-shell gauge-fixed form, as a consistent deformation
of the universal quadratic action proportional to p? of eq. (1.9), and then extended off-
shell.'! Hence, in the on-shell gauge-fixed form of [64], the binary product so far considered
becomes

(P2, ¢3](p1,61) = Z [%(2) (Po(2),€02) Poe) ( 0(3)750(3))} *23€xp (G1o2)0(3)) »

g
(3.39)
where ¢9 and ¢ 3 are matrix valued, the sum is over the two permutations of the set {2, 3},

Gi23(pi, &) = \/gl[(ﬁl'fwr1)53']012+(§2'€3+1)§1'P23+(§3'§1+1)£2-p31], (3.40)

and by definition
pij = Pi — Dj - (3.41)
The complete off-shell result can then be recovered also in the formalism presented here,

completing (3.40) on the whole H. This step can be afforded with standard techniques [20,
122], and the result is of the form

3 2 1 2 A 3 4 5
GEEM (23) =aljh &+ & & - pu + 9lih 0056 D1+ 9l &+ & ODap + 9lihy 0.0, 0104
1 2 3)) 4 4
T gz(j)gi pjt gfj)@'aeg + gfj)Oiﬁj + gi(j)&--gj, (3.42)
where all terms of G in eq. (3.40) have been supplemented with corresponding partners in
the full H, so that the coefficients satisfy the symmetry relations

o @ _ (3 4 _ 4
Gijikt = Yjikt s Yijit = ikt Jijkt = kg (3.43)

together with a cyclicity property with respect to the external legs. The condition of

eq. (3.38) fixes all the remaining coefficients of the expansion (3.42), so that after some
algebra, one is led to the general solution

G offshell <é2>
=A <9§;;21 €& &k Di+ gy 00 & Pt gl & & 010 g0 + g 0:0; ekzae?)
+ B (fl ‘P23 + &2 p31 + &3-p12 — 010g — 020 — 6386(1)2>
+C (919_1 + 0205 + 0503 + %(51 &1+ &S+ & §3)> ; (3.44)

where A, B and C are free relative coefficients that cannot be fixed simply from (3.38), while

the coefficients gg.zd can be read in table 1. Here, for generality, we have also considered

HFor a brief review of this results see appendix D.
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Index combination g(l) 9(2) g(3) g(4)
1231 1 -2 -1 1
1232 -1 0 1 -1
1233 0 0 0 1
1211 0 0 1 0
1212 -1 2 0 0
1213 -1 2 0 0
1221 1 -2 0 -4
1222 0 0 -1 1
1223 1 0 0 -1
1111 0 0 0 0
1112 -1 -2 1 0
1113 1 2 -1 0
1121 -2 -4 1 1
1122 -6 -12 -5 -4
1123 0 -2 -1 -1
1131 2 4 -1 -1
1132 0 2 1 1
1133 6 12
2131 0
2132 2
2133 0
2111 0
2112 2
2113 0
2121 -2
2122 0
2123 -2

Table 1. Coefficients entering the solution of (3.38). The empty entries can be recovered from the
ones given using cyclicity property of the indices.

the additional gauge-invariant term proportional to C that on-shell is non-zero only for
reducible fields, and in this framework can be considered as a further mixing term among
the components of the various triplets. We stress that one needs to consider the whole

g off-shell

expression for as given in (3.44), choosing!?

A= B, (3.45)

if one wants to reproduce after gauge fixing the same G of eq. (3.40). Moreover, at least in
principle, it should be possible to decompose the vertex related to (3.44) into the Fronsdal
vertices given in [62, 64] for irreducible fields, although ST is naturally formulated in this

12The coefficient C does not play any role on-shell for reducible fields.
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picture that, as we can see, bears also a simpler relation to a FDA. Anyway, we have to say
that any other off-shell completion would be at this stage equally meaningful, as we discuss
in appendix C and D. Both the three-point off-shell vertices and the on-shell amplitudes
thus take the form

Az = Z TY[QZM (P1,€1) Po2) (Po2):é0(2) Do) (pa(3)7£o—(3))] *1,2,3 €XP (Gio(2)0(3)) »

7 (3.46)
with G given by eq. (3.40) or by eq. (3.42), respectively. We emphasize here that the
operator Gio3 encodes the tensor structures that one could recover at the cubic level in any
HS theory and indeed, apart from any specific case, the most general kernel i3 that is

consistent with gauge invariance and does not contain traces, is'?

0,1 0,2 0,3 1
Ki23(pi, &) = CL( §23) ) g§23)= g§23) ) ggQé) ) (3.47)

where a(z1, 29, 23, w) is an arbitrary function symmetric under exchange of the z;’s, that
encodes the overall relative coefficients between the various couplings, while both the gg’;) ’s
and Qgé, after a complete on-shell gauge fixing, reduce to

a’ a’ a’
gg’?}) =\ 3 §1-pa3, 9%32) =\V3 §2-P31, gﬁgf) =15 £3-p12, (3.48)
(1 _ 0/[
G1o3 = 2 §1-8283-p12 + 278381 -pas + §3- 8182 '1031} ; (3.49)
and satisfy individually the conditions
ik
pi- 351 gigg) ~ Oa (350)

where ~ means on-shell and modulo divergence terms. We stress that these equations
implement, at the level of the 3-point functions, the linearized part of the gauge trans-
formations of the fields related to the free system and to the physical requirement of
decoupling unphysical degrees of freedom. In principle, as we have done in (3.44), one
could also consider more complicated functions of three additional totally cyclic arguments
depending on

- 1
9i9i+§§i'fi7 1 =1,2,3, (3.51)

that, being proportional to traces, vanish identically on-shell for irreducible fields. Apart
from terms proportional to traces, the four terms in which Qfog'SheH splits are of order one
and three in the &;’s, and their complete expressions can be easily read off from eq. (3.44).
In the following, in order to simplify the discussion we shall concentrate on a particular
exponential generating function in terms of the single operator (3.44), keeping in mind
however, the possibility of playing with relative coefficients. The important issue of con-
straining the coupling function at this order and the spectrum by purely field theoretic

arguments is left for future work.

3For a on-shell proof of this statement see appendix B.
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/ /
— = TOOO00Y,

Figure 2. Cubic couplings for scalars and gauge boson corresponding to the pieces in which
9123 SplitS.

Finally, we would like to emphasize the simple form of (3.48) and (3.49) and their link
with the cubic tree-level Feynman rules of a theory containing a gauge boson and a scalar
field. It is indeed true that the expressions (3.48) and (3.49) coincide with the corresponding
tree-level expressions for the color-stripped three-point amplitudes of figure 2, where we
have also considered, for generality, a three-scalar amplitude that is just a constant overall
factor and does not affect gauge invariance by definition. Here, &, & and &3 are the
polarization tensors of the gauge boson while the scalar wavefunction is conventionally
set to one. This observation will be important in the following, when we shall generalize
the construction to higher orders. Moreover, since Gjo3 is totally antisymmetric under
permutations of the external legs

G2z = —Gis2, (3.52)

the same is true for any odd power of them. As a result, in this case the sum in (3.46)
will generate the group theory factors that are appropriate, at odd levels, for the classical
groups for which the T%’s belong to the fundamental representation. In this construction, of
course, the levels reflect the spins of the states, rather than their masses as in String Theory.
On the other hand, even powers of Gio3 are totally symmetric under permutations of the
external legs, and this suffices to generate the group theory factors that are appropriate at
even levels.

3.4 Ternary product

In this section we analyze eq. (3.21) in order to recover the general form of a consis-
tent ternary product. As in the previous case, it can be of use to exploit the full super
phase-space H in which the picture provided by the FDA is available. As we have antici-
pated, we consider a kernel representation of the ternary product given by some function
K1234 (él,ég,ég,é4>, whose labels {1,2,3,4} are meant to emphasize that we are re-
stricting the attention to color-ordered kernels, thus splitting eq. (3.21) into independent
color-ordered contributions. Restricting the attention to one of these, eq. (3.21) takes
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the form
(Q1 + Q2 + Q3 + Q1) Ki234 <é1,é27é37é4>} 69 69 63 63
- [/c(ma (él,EQ,éa) 00 *a Kapsa (é&,ég,aﬂ 0999609600, (3.53)
where we have adopted the notation
K21aKaza) = Ki2aKazs + K23aKar4, (3.54)

in order to recover a cyclic quantity under permutations of the external legs. It is now
relatively simple to work out a particular solution of this equation as for instance

K1234 (Eh =9, =3, 54)

= - (/ b K 1214 (él, 2,31) 92) ;?; </ df9 Kyj3) (éa,é3,é4) 92) . (3.55)

This statement can be proved observing that, acting with @1 + Q2 on Ki9,, one can

[1]>

exploit (3.38) obtaining

Q1+ Q2 = —Qa, (3.56)
while acting with @3 + Q4 on K34 one can similarly obtain
Qs + Q1 = —Qa . (3.57)
Now, since by definition
pa+p& :07 (358)
one is finally led to
Q1+ Q2+ Q3 + Qg — — («92 + «92) pg, (3.59)

which cancels the non-locality and yields after few manipulations the right-hand side
of (3.53). The solution so far obtained to the Noether procedure was recognized already
in [64] by standard on-shell techniques, but it is only a particular solution of the non-
homogeneous equation (3.53) and still leaves some freedom that, as we shall see, is closely
related to the possibility of recovering a non-vanishing four-point S-matrix amplitude. In-
deed, one can always add to this solution another contribution that solves identically the
homogeneous equation

(@ + Q2+ Qs + Q1) K234 = 0. (3.60)

Summarizing, the most general form of the solution to (3.53), and hence to the Noether
procedure at this order, is

K1234 (El, =9, 23, 54)

— ([ i (5.2

(11>

*a
2
a

) 02) 26 ([ ot Ko (26.20.24) )

+ K124 é17é2733734) . (3.61)

/N
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This form manifests the relation between Ki934, the current exchange part and simpler
quantities like Ki234 that solve homogeneous equations and entail the linearized gauge
symmetries (tantamount to Ward identities) of the free system (1.9). In this form the
Lagrangian coupling can be, in principle, both local and non-local and in the next sections
we shall analyze its properties. Before going ahead, let us concentrate on four-point S-
matrix amplitudes, that have been over the years a key obstruction to building a consistent
theory of massless HS particles in flat space. The following section is meant to clarify the
meaning of 161234 and its relation to an S-matrix amplitude.

4 Four-point scattering amplitudes

In this section we recover the Feynman rules from the Lagrangian (3.29), computing the
four-point S-matrix amplitudes and clarifying the role of the kernel Kja34 introduced in
the previous section. In order to recover the Feynman rules for the theory (3.29), one
should begin by choosing an appropriate gauge. In analogy with String Field Theory it
is natural to choose the Feynman-Siegel gauge for the superfields ® in (2.6), that in our

notation reads

Opo ®(Z) = 0, (4.1)

and sets to zero all components of ® proportional to #° (C' = 0). The propagator then
simplifies, since the kinetic term takes the diagonal form

L% = % (—p?)®, (4.2)
and one obtains the propagator
*
P ==, 4.3
2 (4.3)

that is nicely expressed in terms of the contraction * in (2.13). The color-ordered Feynman
rules for the cubic and quartic interactions associated to the color-ordered kernels so far
considered can be recovered integrating the Lagrangian vertices over the #° coordinates,

and read
Vi = / d60d63d6Y Ko (él,ég,é;;) 69 69 69, (4.4)
() -
Vigzy = — /Hd@?
i=1
X (/ d60 K 1314 (51525) 92> pé </ d62 Ky (éa,ég,a) 92) 69 9 69 69

4
+ / [T d69K 1234 <é1,é2,ég,é4) 69 9969 09 . (4.5)
1=1
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One can now compute the HS four-point amplitudes, ending up with

Ay =Y Tr (91(21) o(2) (Zo(2) Po3) (o) Pa(Eo))

4
*1,2,3.4 /Hd9? Kio2)0(3)0(4) <E1,52,53,E4) 09050563, (4.6)
-1

where the trace is over the color indices and where only the contribution coming from 161234
is still present, while the contribution given by the current exchanges is completely canceled
by the first contribution to the quartic coupling. In some sense what we have recovered
here is the equivalence between the Noether procedure at the Lagrangian level, together
with its links to a non-abelian deformation of the gauge symmetries, and the decoupling
of unphysical states at the S-matrix level that is intrinsically related to the linearized part
of the gauge symmetry. Moreover, this construction clarifies the role of K234 that, indeed,
coincides on-shell, after a complete gauge fixing, with the four-point amplitude generating
function. In the following we shall provide the general tree-level form for 161234, both in the
framework of the on-shell gauge-fixed system (1.9) and off-shell, extracting the Lagrangian
couplings and commenting on the issue of non-localities, also in relation to the content of
Weinberg’s theorem of [110]. Let us emphasize that we have split the quartic Lagrangian
couplings into portions that are generically non-local, putting on more general grounds
their form along lines that are actually in the spirit of [112]. From this point of view the
quartic couplings are to be regarded as counterterms canceling the non-vanishing linearized
gauge variation of the current exchange amplitude and can be in principle non-local as well,
canceling in this case the portion of the current exchange whose gauge variation cannot be
compensated by local terms. K234 is indeed explicitly non-local if K1234 does not contain
all current exchanges with the correct overall coefficients.

Having relaxed the standard locality hypothesis as we have done so far we need to find
some physical alternative that has to give a rationale for the possibly non-local answer.
This is what we call minimal scheme. It is defined via a number of constraints on the
couplings, and hence on the cubic coupling function together with the spectrum of the
theory, that have to satisfy altogether the following prescriptions:

e any particle propagating in some exchange gives rise to non-vanishing four-point
amplitudes where it plays the role of an external state,

e any quartic coupling does not contain portions that are identically gauge invariant

under the linearized gauge variation,

1WWith this constraint we ensure that the S-matrix be non trivial and that all current exchanges be built
from states present in the spectrum constraining both the latter and the coupling functions of the theory.

15With this requirement we avoid for simplicity local quartic couplings that are proportional to the
amplitude itself multiplied with Mandelstam variables in order to get a local object. This requirement is
not so strict and can be eliminated in the most general case.
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e all exchanges generated that admit a gauge invariant completion (possibly non-local)
whose form does not spoil the initial exchange, have to admit a local gauge invariant
completion to a non-vanishing four-point scattering amplitude,'6

e only those non-vanishing current exchanges that do mot admit a gauge invariant
completion preserving the initial exchange have to be removed by non-local quar-
tic couplings.'”

At the end only the current exchanges of the latter type, if any, will not contribute to the
amplitudes while any residue present in a given scattering amplitude will be associated
with one of the propagating degrees of freedom present in the spectrum. This iterative
procedure fixes the non-vanishing entries of the cubic coupling function and in principle also
the relative coefficients between different cubic couplings and enforces constraints on the
possible spectra playing the same job of locality in the lower-spin cases. Other possibilities
are related to quartic local couplings that are gauge invariant under the linearized gauge
variation. This types of couplings are proportional to K234 but contain a sufficient number
of Mandelstam variables in the numerator in order to give rise to a local object. Any
coupling of this type can give in principle a consistent local field theory with no cubic
coupling but since the tensorial structure is the same of K934, these kinds of options are
clearly encoded into choices of the relative functions of the Mandelstam variables that
weight each different contribution to 161234. In the following, we shall restrict our attention
to the minimal scheme and pursuing this kind of program, that entails the usual Noether
procedure, we are going to explore in which sense the usual notion of local field theory may
be overcome leaving though a systematic analysis of those constraints and of their solutions
for the future.'® Moreover, we want to mention that some solutions that comply to the
minimal scheme explicitly clash with many commonly accepted ideas about the structure
of the S-matrix for massless particles. However, given the enormous difficulties present on
this subject related to various assumptions whose origin cannot be proved in a rigorous
sense starting from the usual causality and unitarity hypothesis [147], we make the choice
of exploring the minimal setting that can give rise to non-trivial HS interactions trying to
understand in which sense their non-triviality makes them different from their lower-spin
counterparts and having always in mind their deformation to non-zero constant curvature
backgrounds and to massive theories. We also leave for the future the important question
of clarifying wheatear the minimal scheme here proposed is sufficient to imply consistent
global symmetries of higher spin, as it does for their lower-spin counterparts.

4.1 The Yang-Mills example

In the previous sections we have obtained the general form of the quartic coupling working
in the framework of FDA and stressing the role of linearized gauge symmetries related to

16This is equivalent to considering the maximal set of gauge invariant amplitudes enforcing a correspon-
dence between residues and the propagating particles present in the spectrum. More in detail if a residue
is present, its coefficient cannot be different from that of the corresponding current exchange.

"Non-localities should never touch the correspondence between residues and exchanges.

181t can be useful to stress that for the lower-spin cases the solutions to the minimal scheme are all local.
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the free system. In order to make the construction explicit let us apply these techniques to
the familiar case of Yang-Mills theory coupled to scalar fields in the adjoint representation.
In order to study this problem, it is instructive to restrict momentarily the attention to
the on-shell gauge-fixed part of the kernel and to begin by finding a solution for K124 up
to divergences and mass-shell conditions for the external states. In this framework the
gauge-fixed part of the kernel K934 can be recovered solving the equations

pi- 0, Kiaza(pj,&5) ~ 0, (4.7)

where ~ means that the result is to hold on-shell for the external states and up to terms
proportional to divergences. Actually, the physical meaning of (4.7), and more generally
of (3.60), amounts to the decoupling condition for unphysical polarizations (Ward identi-
ties) at the level of the S-matrix, that has the form of the linearized gauge symmetry of the
free system. We emphasize here the analogy between these constraints and those satisfied
by the Kernels (3.48) and (3.49). The only difference is that the solution of the decoupling
condition is no more, in general, a Lagrangian coupling, simply because from the quartic
order Lagrangian couplings do not coincide with S-matrix amplitudes but rather differ from
them in the current exchange parts. What happens in the three-point case is actually an
accident from this point of view, and it is actually simpler to solve homogeneous equations
like (3.60) rather than (3.53). Following our strategy, one can start from the current ex-
change amplitude that can be constructed from the cubic Feynman rules encoded in (3.40),
and restricting the attention to a single color-ordered contribution, one is left with

exchn. 1 1
Alged) = - S 9120 *aGass — — Gata *a Gazs, (4.8)

where only the s and w channels contribute, we use the bosonic x of eq. (2.12), and the
Mandelstam variables are

82—(p1+p2)2, tz—(p1+p3)2, u:—(p1+p4)2, (4.9)

with all ingoing momenta. This current exchange (4.8) is not gauge invariant, and its
linearized gauge variation reads
01 A5 =pa- 06, A5 (4.10)
= =28 pa+& patE&s-pa— 26 - 382 pa+ &1 §283 - pa+ &2 - E380 - pa,
so that the whole point of the Noether procedure, as we have stressed, is to produce
a local, or possibly non-local, counterterm whose linearized gauge variation cancels this

contribution. The totally cyclic counterterm can be worked out relatively easily in this
case: it is local, and is given by

Vi =26 &6 -8 — &1-&Gba-83 — &1 -3 & (4.11)
+2E -G +6&) &b & & 8& & — & &,

so that it coincides precisely with the corresponding color-ordered contribution to the
Yang-Mills quartic coupling generating function that can be deduced from the Yang-Mills
Lagrangian coupled to scalar fields.
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Returning to our discussion, we would like to reiterate that we have recovered the
Yang-Mills quartic Lagrangian generating function V%3] following the strategy outlined
in the previous section and imposing the decoupling condition of unphysical degrees of
freedom at the level of the amplitude, that coincides with the linearized gauge invariance
of the free system. One then recovers the full generating function of Yang-Mills four-point
amplitudes in color-ordered form, given by

1 1
91234(}%,&) = - g gl?a*a ga34 - E g41a*a ga23 + Vlg;%, (412)

that is actually a solution for K134 (pi,&:). In a similar fashion, any Lagrangian vertex can
be recovered as a counterterm that guarantees the gauge invariance property of the corre-
sponding amplitude while, as pointed out in the previous section, the key physical content
of the Noether procedure is to produce amplitudes that decouple unphysical degrees of
freedom and encode in principle consistent non-abelian deformations of the gauge symme-
try. Moreover, we want to underline, as also stressed in [112], that from Noether procedure
alone there is no general argument forcing to choose local counterterms for Vjo34. It is then
interesting at least in principle to analyze the most general quartic coupling, studying also
non-local solutions in this simple toy model. In this case, for instance, we can conceive to
define the kernel as

Ki234 = \Giaza, (4.13)

with A an overall coefficient that does not affect the defining property of eq. (4.7). This
choice would led to a non-local quartic Lagrangian coupling of the form

A—1 A—1
Vi) = = 5= Guaaxa Gt — “—— Gnaxa Gazs + AVEM,  (414)

where we have subtracted the current exchange contribution in eq. (4.8). Similarly, one
could have also started from a more general current exchange of the form

. a B
AS?,Z ) = - S G120 *a Ga3a — w Gata *a Ga23 (4.15)
weighted by different constants o« and 3, that can be interpreted as parameterizing a
violation of the Jacobi identity, and yielding to the non-local Lagrangian quartic coupling

A—« A —
V1(24§4<pi7€i) = - G120 *a Gaza — Y B Gila *a Ga2s + A V53 - (4.16)

The meaning, if any, of these class of solutions, that manifest themselves in this setting
creates a sort of ambiguity related to the various choices for the parameters A, a and 3, so
much so that if one wants to relax the locality constraint one clearly needs to replace it with
something else. Our observations move from the fact that, whatever the choice for these
coefficients, the amplitude that one recovers at the end is always given by eq. (4.13), whose
residues have a fixed form matching the current exchange part only if A\ = o = 5. Hence,
we are led again to the conclusion that the only choice leading to a physically meaningful
setting is exactly « = S = A, in which the current exchange contributions extracted
from (4.13) can be entirely related to the cubic part of the theory via the current exchanges,
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as the minimal scheme requires, while all other choices violate it.'? An opposite situation
presents itself when the theory possesses cubic couplings leading to current exchanges
whose violation of gauge invariance leads to amplitudes that cannot factorize on the initial
exchanges. In such cases the quartic coupling becomes intrinsically non-local, as we shall
see in the next sections,?” and either the cubic couplings cannot be pursued to a consistent
theory because non-localities create further inconsistencies or one needs to resort to the
minimal scheme or to other similar frameworks.

The full amplitude generating function is then obtained summing over all color order-

ings as

A(D1, g, B3, Py) = T Y Tr [‘I’l(ﬁl) Po(2)(§o(2) Po(3)(€o(3)) Po(a) (50(4))]
*1234 G10(2)0(3)0(4) (Pi,€i) s (4.17)

where we consider a matrix valued generating function

o(p,&) = o(p) + Alp) - ¢, (4.18)

encoding both the scalar wave-function and the polarization tensor of gauge bosons. The
sum is over all permutations of three elements, in order to recover the usual group theo-
retical factors

fabefcde ~ Tr ([Ta7 Tb} [Tc7 Td]) 7 (4‘19)

together with a sum over the non-cyclic permutations of the external legs. Moreover, we
have also expressed the amplitude in terms of the bosonic contraction (2.12) acting on the
&’s. It is interesting to observe that the kernel G934 satisfies some simple relations like

G1234 + G134 + Gozia = 0, G234 = Gaza1, (4.20)

that, together with the cyclicity in the external legs, leave two independent objects, say
for instance

G1234 , G1243 . (4.21)

This is to be confronted with the case of three-point functions, where a single independent
ordering of the external legs

G123 , (4.22)

was available. Analyzing more in detail what we have gained, as for three-point amplitudes,
one can look more closely at the various contributions to G234, distinguishing them by their

19Whenever a finite number of degrees of freedom were to contribute to the residue, arbitrary choices
of a, B and A would clearly result in violations of tree-level unitarity, since the residue would not match
the current exchange contribution of eq. (4.15) that takes into account the correct degrees of freedom that
ought to be propagating. The situation may well be different if an infinite number of degrees of freedom
contributes to the same residue.

20Notice that in the YM case just presented as well as in all standard low-spin examples, including
classical gravity, the minimal scheme implies locality.
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order in the symbols &;’s. In this case, for each of the independent terms Gio34 and Gio43,
one can extract three different contributions of order 0, 2 and 4 in the symbols, given by

a1, 6w Gl 02) = = (2 = 277) G o)
t— t—
=G1234(Pis A &) o T s L " S; (4.23)
) d\’
Glosa (i &) = <d)\> [G1234(pi, A&)] ‘A:O’ (4.24)
g\
gg?ﬂ(m,fi) = <d)\> [G1234(pi, A&)] ‘/\:0 : (4.25)

The first is a function of the Mandelstam variables that is related to the four-scalar am-
plitude. Here, by convention we have defined 95314) as the factorized contribution with a
scalar exchange, encoding in the function

a_i(s,t,u) = — (275 - 21“) , (4.26)

the residue of the spin-1 exchange. On the other hand, the other two 952)3478 are related,
respectively, to the two scalar — two gauge boson amplitude and to the four gauge boson
amplitude, whose structure has been recovered here enforcing linearized gauge 1nvarlance

To summarize, we have recovered the analogs of the three-point 9123 and 9123
They are:

Gl (pi.&), Gl &), Giphs(pin&), Giis(pi &) (4.27)
and can be related to the tree-level S-matrix amplitudes as
A(p1, p2, A3, Ag) = ZTT [¢1 Po2) Ao3) * €o(3) Aoa) '50(4)] * 1234 Qﬁ)@)g(g)g(@ (pi,&i)
’ (4.28)
A(A1, Ay, A3, Ay) = ZTY[fh 1 452) - €o2) Ao (3)  $o(3) Av() '50(4)]

2
* 1234 g§a—)(2)o—(3)a'(4)(pi7£i) . (429)

The role of the overall constant factor, that at the cubic level corresponds to the three-scalar
coupling, is played here by the basic building block of a four-scalar amplitude given by

1 1 t

g1234 (pi) = T u T su (4.30)

The other g§§)34’s are on the contrary color-ordered amplitudes for the processes involving
two or four gauge bosons. Explicitly

1 1 0 1 1 0 0) (0
Ghutrin€) = |5 (0 = 0 + 08k = 05 + o, )
1 0 1 1 0 0) (0
wr (G0 w0t + 0l w0 + 06| )

26 -8 +868&) -G-8 — &8 -84 -4 &, (4.31)
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and
1 1
G (pin&) = = | Giah %G8 + - i1l %a G (4.32)
+ 281838286 — &8 -8 — §1-68 & .

The Kernels g§i2)34 that we have found here can be used to find the most general solution for
a kernel K934 satisfying (4.7) in a theory with scalars and gauge bosons that is compatible
with the cubic couplings in figure 2. The corresponding solution reads

Kio3s = a_1(s,t,u) ggglzi) + ao(s,t,u) gg?ﬂ + ai(s,t,u) gg)34 + az(s,t,u) 9%4, (4.33)

where the a;(s, t,u) are functions of the Mandelstam variables that do not introduce higher-
order poles with respect to the 952)34’5, laying the freedom left by Noether procedure in
building a consistent theory. They encode the residues of the various processes as well as
further local quartic couplings that are gauge invariant under the linearized gauge sym-
metry. In this case, by consistency, K1234 does not contain exchanges with spin greater
than one, while the Q§§)34’s are defined in eqgs. (4.30), (4.31) and (4.32). Moreover, one
can see the reason why we have left a free slot for 91234, since we can consider a further
contribution linear in the symbols & and defined as

g§3§4 = — % (§1°P2a + & Par + &3-Daa + 4-Da3) (4.34)
- % (&1-poa + & pap + &3Py + &4 P1)
where by convention
Pa = —P1 — P2,  Pa= —Pa, Pb=—DP1—Dpa, Py=-—pp. (435

Hence, the Yang-Mills plus scalar example is finally recovered with the choice
_ su -1 1 2
Kigga = — <2t - t> g§234) + 952%4 + g£2234 : (4.36)

Other non-standard examples related to a theory with gauge bosons and scalars can arise
whenever one takes into account the corresponding quartic amplitudes that can be ex-
tracted from the kernel

2
A=A (4.37)
In this case one can recover the local quartic couplings that are linked to the highest-

derivative cubic couplings involving two or three gauge bosons?! that in generating function
form read

§1-p23&2 - p31 + cyclic, §1-p23&2 3183 P12 - (4.38)

4
2IThe analogous term of the form [91(3324] cannot be considered here, since it gives rise to amplitudes
that propagate HS fields.
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In the following we shall keep always in mind that these amplitudes arise as particular
combinations of powers of the building blocks so far considered. In general one could also
choose, admitting some redundancy in the description, to consider generating functions of
these derived amplitudes together with the previous ones.

To conclude this section, we want to emphasize the role of the scattering amplitudes in
comparison with the Lagrangian couplings as we have recovered in (3.61). As we have seen,
it is possible to work directly at the amplitude level, where the gauge symmetry is realized
linearly, extracting the quartic couplings as counterterms needed in order to guarantee the
linearized gauge invariance. We want to emphasize here that, although the decoupling
condition for the unphysical polarizations does not fix the relative functional coefficients
between Gl(g:)M? Gl(;i)’)ét and Gg:)w these can be completely fixed requiring either locality or
that all current exchanges contained in 161234 match the corresponding ones built from the
cubic couplings and viceversa whenever possible.?? In the following we will push forward
these observations, generalizing the results to HS gauge fields, with special attention to the
nature of the four-point Lagrangian couplings that for gauge bosons can be local, but in
this approach result explicitly from subtractions between different non-local objects and
can be, in general, non-local as well.

4.2 The HS case

In this section we are going to consider the general case of HS four-point couplings, extend-
ing the ideas of the previous section. In order to arrive at a systematic description of HS
four-point amplitudes, we proceed as before, considering the gauge-fixed theory of eq. (1.9)
in which all fields are transverse and carry, for simplicity, an irreducible representation of
the Lorentz group. At the end, we shall comment on the Lagrangian couplings that arise
after subtracting the current exchange portions. In order to achieve this goal we need to
exhibit the general kernel 161234 satisfying

Q1+ Q2 + Q3 + Q1) K234 = 0, (4.39)

that is equivalent on-shell to the simpler condition

pi- O, Kizsa(pj, &) ~ 0. (4.40)

Actually, one can construct a general ansatz for a solution to eq. (4.40) starting from the
results obtained in the previous section and generalizing what happens in the three-point
case where, as we have discussed, the HS couplings are related to the gauge-boson ones.
Focusing on a generating function, it suffices to exponentiate the kernels obtained in the

22We are referring here, in particular, to our minimal scheme and to the portion of the correlation function
related to the current exchanges, leaving aside any local quartic coupling that is gauge invariant under the
linearized gauge transformations and is hence proportional to the amplitude itself.
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previous section, so that a solution to eq. (4.40) can be given by?3

_ 1
Kizsa(pj,€5) = — - exp [— su (gggﬂ + Gl + 9’%4)] : (4.41)

In general, admitting some redundancy as anticipated in the previous section, we could
also add to the exponent all other planar four-point amplitudes gg;f) that can be built
from the higher derivative cubic couplings involving two or three gauge bosons in eq. (4.38).
We could call this result with a little abuse of language, of the open-string-type since it is
planar and hence is naturally associated to Chan-Paton factors [148-152]. Moreover, 161234
should be considered modulo arbitrary relative functions of the Mandelstam variables, that
are not constrained by eq. (4.40) and play the role of relative weights between the various
totally cyclic terms in the expansion of (4.41), while we have considered a fixed ordering
1234 of the external legs so that only the Qg)g 4, 's enter and contribute to the correct channels
reproducing the HS exchanges. The full amplitude, that we can call again of the open-

string-type, is recovered as usual by
A(®y, P2, P3,P4) = ZTF [‘I’l(fl)q’o@)(fo@))@0(3)(50(3))@0(4)(50(4))

1234 K1o(2)o3)o(1) (i §i) (4.42)

where now ®;(;) is an arbitrary matrix valued generating function containing all totally
symmetric HS polarization tensors, while the trace is over the color indices. We clearly
recover the results of the previous section as soon as we restrict the attention to the linear
part in the g§i2)34’s. Going ahead, we have chosen a dependence as

Su 952)34@@':51’) ) (4~43)

multiplying with (su) the kernels, in order to avoid higher-order poles as soon as one
considers HS fields. For instance, the form of a four-point scattering amplitude of the
open-string-type in the case of four spin-2 fields becomes here

~ a 5
Ki2sa ~ — i Yo aapalsitiu) [— SU 9%4} [— sU gggﬂ} [— sU gggﬂ]7 ;
a+28+4y=8 ( )
4.44

where the aq,5(s,t,u)’s are some functions that do not introduce additional poles in the
Mandelstam variables and that are to be fixed, in our minimal scheme, confronting them
with the corresponding current exchange amplitudes, and hence relating them to the cubic
coupling function, whose arbitrariness is in turn constrained by the minimal scheme itself.
The on-shell form of the quartic coupling generating function, or on-shell trilinear product
kernel, can be now extracted exploiting the on-shell version of eq. (3.61) that reads here

P ay Sa %
K234 = —K12)a *a (Eng) *a Kajzay + Ki23a, (4.45)

ZNotice that taking into account the total number of Lorentz invariant quantities available at this order
and counting the number of constraints put by gauge invariance one can see that the solution in eq. (4.41)
is constructed in terms of a sufficient number of color ordered independent building blocks. In general,
considering all possible four-point gauge-boson amplitudes one would end up with a redundant but possibly
more transparent description.
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where P(&,, &) is the propagator numerator, all kernels are considered to be on-shell and,
in order to be explicit,

Kigzq = — i Z A8 (5,1, 0) {— sU gg?ﬂr [— su g&édﬁ [— su gggm . (4.46)
o B,y

This form, as in the spin-1 case, encodes in principle also non-minimal choices, which reflect
some freedom left by Noether procedure, related to local quartic couplings that are gauge
invariant under the linearized gauge variation and whose tensorial structure is exactly
as in the amplitude, but multiplied by a sufficient number of Mandelstam variables that
suffice to eliminate all poles. Moreover, although (4.44) is a generic planar color-ordered
expression consistent with gauge invariance that one can write for four spin-2 fields it does
not exhaust all the possibilities, as it was the case for the cubic couplings. Indeed, we have
at our disposal two independent kernels G934 and G143 and another available option is to
combine them together using Gi243 in place of the color factor. One ends up, in this way,
with the following type of derived kernel

K& &) = (Z Kio@2)0@)0) (0, &) 1610(2)0(4)0(3)(191',52)) ; (4.47)

whose contributions of the form
[Gi243]* [G1243]” | (4.48)
with neither a = 0 nor 8 = 0, could be called, with a little abuse of language, closed-

string-like amplitudes.?* Here we have literally replaced the Chan-Paton contribution in
eq. (4.42) with the kernel K943, again defined in eq. (4.41), so that for tree-level scattering
amplitudes involving totally symmetric fields, one recovers the generating function

1 — S10(2)510(3) () &) +6 €)+g%2 £)
A&, 62,83, 84) = stu Z e o1 (3)( 10(2)o(4)o(3) 1) T 1520 4)03) (i 10(2)o(4)0(3) ( 2)
g

(0) 1) (2)
e S10(2)510(4) (g10(2)0(3)0(4) (€:)+ 910(2)0(3)0(4) (&) + gla(2>a(3>a(4)(§i)) .
(4.49)

Here by definition
Sij = — (pi + pj)Q, (450)

the sum is over all permutation of the three elements {234} and one has, again, the freedom
to multiply each totally cyclic gauge-invariant term in the expansion of (4.49) with arbitrary
relative functions a;(s,¢,u) of the Mandelstam variables that give rise to amplitude with
single poles at most (see e.g. eq. (4.46)). Moreover:

24To be precise, we can call in this way only the contributions with & = 3. The other contributions,
that show up starting from spin-3, do not satisfy the analog of level matching but are not ruled out here
by gauge invariance. We cannot exclude at this stage that they are not ruled out by other arguments, but
we leave a more detailed analysis of these potentially interesting options for the future.
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e one can in principle constrain these functions relating any current exchange contri-
bution belonging to K to the corresponding contribution obtained from the cubic
couplings of the theory via the minimal scheme,

e the only non-local contributions to the quartic Lagrangian coupling are those related
to the exchanged particles that cannot be made gauge invariant with the addition of
a local counterterms and that, for this reason, can never belong to K.

We leave a more detailed analysis of these issues related to non-local field theories for the
future, trying to understand their eventual geometric rationale and eventually in which
sense, if any, they can be consistent with unitarity, even though they clash with commonly
accepted ideas about the structure of S-matrix poles like factorization.

Before going on with our discussion, it can be of interest to comment more in details
on the nature of the couplings that we have obtained for spin-2 external particles as a
toy model of more general cases, extracting the current exchange part and identifying the
cubic couplings involved. It is also important to discuss the difference between the open-
string-like couplings of eq. (4.41) and the closed-string-like ones of eq. (4.49). Let us begin
considering the coupling in eq. (4.49) associated to

1 2 (2) (2)
AlG1:62,88,:80) = -+ ; $i0(2)516(3)5104) T1o(2)0(4)0(3) 10 (2o (@o(a) T -+ (4:51)

and contributing to the four spin-2 scattering amplitude. Explicitly this contribution is
given by

1 1
Al o) == 0[5 (2 00na08) + 1 0o 0 - Vi)

[

1 1
< (S0l dl+ 6l i) ws)

so that one recovers, as expected, a non-planar amplitude and the various contributions
conspire after some algebra to yield

Auss =+ (63) xa (630) — 7 (68) %a (653)" — = (64) %a (98) "+ .

(4.53)
where the ellipses represent local terms and where the current exchange amplitude have
been completely reconstructed so that one can manifestly observe a four-point function
involving the minimal coupling of two spin-2 fields with a propagating spin-2, since the
number of derivatives entering the current exchange is precisely 4. This result resonates
with the fact that this particular four-point function (4.52) is exactly the standard “four-
graviton” four-point function, written in a form analogous to that obtained in the field
theory limit in [154]. On the contrary, let us now consider the open-string-like amplitude

1 2
Ai934 = o (_SUGS:)M) , (4.54)
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that can be recovered from eq. (4.44). In this case we see a different structure that is given
explicitly by

1 1 2
A = —su (3 0 xa G+ L oG8 - V) L

so that, extracting the pole part in order to read off the current exchange contribution,
one recovers
u 1) 2 n\2 s 1) 2 1) 2

Avss = = (G120) a (9051) = 5 (902) a (G0m) + o (450)
Here as before the ellipsis represent local terms while, using functions a;(s, ¢, u) that do not
introduce higher-order poles, one can only increase the power of the additional Mandelstam
variables in the numerator that are actually necessary in order to guarantee both the right
pole structure and the decoupling of transverse unphysical polarizations. This translates
into the fact that the coupling in which the current exchange factorizes this time involves
the exchange of a spin-3 excitation and is of the form

Vs ~ [0 (o] . (457)

as one can see looking at the residue, that is of order six in the momenta. In principle, one
could go ahead, considering higher powers of the Mandelstam variables that are associated
with HS exchanges building a full overall function a(s,t,u) that does not introduce addi-
tional poles. For instance, one possibility could be the following gauge-invariant amplitude

T 2
Aigzs = — Tut ! <u G120 *a Ga3a + 8 Gata *a Gazs — squ%ﬁ) + o, (4.58)

where the exponential of ¢ accounts for an infinite number of exchanges, or more com-
plicated examples related to the results in [64, 88, 89], while the ellipsis stand for terms
containing also powers of gg?m as in egs. (4.41) and (4.44) whose relative functions can be
fixed employing the minimal scheme. In principle, this kind of structure is needed if one
wants to construct a consistent quartic amplitude that factorizes into an infinite number
of exchanges. However, let us stress that here only spins strictly higher than two propa-
gate, even if a coupling to lower-spin fields does in principle exist and in contrast to the
previous case where the exchange of a spin-2 field was present. The counterpart of this
peculiar aspect turns out to be non-localities at the Lagrangian level, as expected from the
result of [99], since some of the corresponding lower-spin exchanges do not admit any local
gauge-invariant completion. Moreover, this means that:

e a massless colored spin-2 field can have a charge of spin strictly higher than 2,

e a full theory producing such four-point functions has to contain an infinite tower of
HS fields.

The latter can be inferred since, by requiring that any propagating HS particle brings
non-trivial interactions, as soon as a spin-3, say, propagates one can look at processes
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with also spin-3 external particles recovering again a propagating particle of higher spin
and so on. Other possibilities are then available, since one can in principle consider also
powers of gggﬂ recovering exchanges where no minimal coupling is present but at the
price of increasing the exchanged particle minimum spin or even other options related to
the other derived kernels gg;? but recovering in the four spin-2 case consistent abelian
self-interactions. It is important to point out that, from this perspective, potential clashes
with tree-level unitarity need to be analyzed taking into account that an infinite number
of exchanges is present. For instance, it is no more clear in this case how to disentangle all
contributing residues outside the radius of convergence of the series of exchanges. Things
would have been clearly different if only a finite number of exchanges had contributed
to any given pole of the tree-level amplitude. Certainly, a deeper understanding of non-
local field theories is needed in order to clarify such peculiar features that actually may be
considered as the counterpart of an infinite number of higher and higher-derivative cubic
couplings contributing to the same residue and might well led to an inconsistent answer
in a Minkowski background. The latter implications could be appreciated deforming these
results to (A)dS backgrounds or to massive fields where concrete examples of this kind are
available or studying the tensionless limit of ST at the quartic order, from which one can
expect to recover similar types of results. More information can also come solving for the
most general theory that is consistent with the minimal scheme, and we plan to address
these problems in the future.

The planar spin-2 example may also clarify the role of the spin-2 excitation present in
the Vasiliev system, that in principle can be dressed with Chan-Paton factors making its
interpretation debatable. For some time the relation of such spin-2 excitation with gravity
and/or with the massive spin-2 excitation present in open string theory was somehow
unclear, as pointed out in [38]. Indeed, it was argued that although the cubic coupling
of two massive open-string spin-2 excitations with a graviton is forbidden by momentum
conservation, this is not true in the tensionless limit, whenever one reaches a regime where
the massive open string spin-2 becomes massless. This observation implies a potential
mixing that can be already appreciated from the results of [63, 64]. In fact, among the
limiting cubic couplings of the massive spin-2, the lowest derivative one is exactly the
same as that of the graviton. Our present discussion puts on clearer grounds these issues,
since at the quartic order two different possibilities show up distinguishing two options.
One of these, given in eq. (4.44), is naturally endowed with Chan-Paton factors while the
other, eq. (4.49), is closely related to gravity. They coexist in the amplitude of four spin-2
excitations and hence one is led to conclude that in the massless case the two options for
spin-2 can give rise indeed to a Cabibbo-like mixing between the combination of spin-2
fields that interacts as gravity and the singlet component interacting with open-string-
like four-point amplitudes, as anticipated in [38]. From this perspective, we can imagine
that the quartic couplings of the Vasiliev system with trivial O(1) Chan-Paton factors, is
of the form in eq. (4.47), up to the usual overall functions a;(s,t,u) that are needed for
consistency to match an infinite number of exchanges. We see, indeed, that expanding
eq. (4.47) we can explicitly recognize the presence of both open-string-like and closed-
string-like couplings both in the spin-2 case and for HS fields. Obviously, the mixing so far
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considered is expected to disappear whenever the theory breaks the HS-symmetry. In this
case, the colored spin-2 field, that brings about non-localities, becomes massive, while a
combination of the massless spin-2 fields remains massless, playing the role of the graviton.
Again, it is tempting to believe that behind the string structure of the interactions there
are some field theory properties that have to be understood and that may be intimately
related to HS theories.

4.3 Off-shell ternary product

Although the on-shell results contain the essential physical information about HS four-
point functions for completeness it is interesting to discuss also the off-shell extension. In
order to solve this problem one can use various off-shell frameworks and in the following
we concentrate on the super phase-space H while other off-shell completions in Fronsdal’s
and other settings will be briefly considered in appendix C and in appendix D. Here, in
analogy with section 3.3, we can simply write the extension of (4.11) over H, recovering
the off-shell structure

Vihioftshell = £ O e -6+ £L6 000+ 13 0:0; 000+ £V €€+ £ 0,0, , (4.59)

where one can see the two contributions that are quartic and quadratic in the symbols £’s
and 0’s. The coefficients can be uniquely fixed by eq. (3.53), that in this case reads

{@+ Qo+ Qs+ QUVE + G505 «, G|} oef0308 = 0, (4.60)

together with the useful boundary condition for Vj934 that is given up to traces and diver-

gences by eq. (4.11). Hence, eq. (4.59) differs from eq. (4.11) only by trace terms and one

can straightforwardly relate the coefficients flgnk% and f; jn) to those in the table 1. In terms

of eq. (4.59) it is relatively easy to write down the kernel k1234 associated to the ternary
product of the theory as

IC1234 = { (/ deo IC(OlfFQﬁzhell (‘—‘17 =2, ‘—‘a) 90) *a </ d90 Icgng)heu (éda é:’)) é4) 0g>
+ Kpggghe! (Hl, =, 53, ~4> } 67 6965 65 , (4.61)

where ICA5hell is the off-shell cubic coupling of section 3.3, while K pfEshell takes the form

o0

~ 1 1 ng
off-shell __ (0) off-shell
Kiazi™™ = — o Z oyl gl Anonins (S, L, ) [—Sug1234 (4.62)
n; =0
1) off-shell 2) off-shell
x [ su g1234 ] [ g1234 ]

fE-shell
Here, the 91530 sheth

in the previous section and can be extracted from the following kernel

s are defined to be the corresponding off-shell completions of the 9123 4'S

) 1 ) 1 o ] g
goﬁ shell - goﬁ shell *q goﬁ shell -~ goff shell *a goff shell + VYM off-shell (463)

1234 = 12a a34 4la a23 1234 ’
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distinguishing quadratic and quartic terms in the symbols. Instead gfgshe“ is given in

eq. (3.44) and finally,

0) off-shell
—Sugkéz TV =u (& p2a + & pa + & paa + & pas)

—u (91‘998 — 0200 + 0309 — 9489g)

+ 5 (& pu+ &Py + & Pgy + & P1)

_s (—01892 + 01090 — 0305 + 02893) , (4.64)
where by definition

Pa = —P1 — P2,  Pa= —DPa, Pp = —p1 — P4, Py = —Db - (4.65)

Analogous equations can be recovered also for closed-string-like couplings along the lines of
the previous discussion so that the definition?® of K is slightly changed, the color-ordering
prescription is not used, and one sums over all channels in the current exchange part.

4.4 Weinberg’s theorem revisited

In this section we take a closer look, in light of the previous discussion, at a key no-go
theorem on the subject, in order to understand as much as possible its assumptions and
in which sense one can go beyond them, clarifying hopefully the meaning of the results
proposed so far. Indeed, one of the strongest arguments that has been presented over
the years is Weinberg’s 1964 Theorem of [110] (see e.g. [111] for a review and also for
an interesting discussion of its interpretation). It is an S-matrix argument based on the
analysis of a would be S-matrix element with N external particles with momenta p;, i =
1,..., N and a massless spin-s particle of momentum ¢ and polarization tensor ¢, . .. (q).
In the following we shall review this argument explicitly in the case with arbitrary massless
particles entering the process and restricting the attention to the consistent cubic vertices
studied in section 3.3. The idea is to analyze the case in which the momentum ¢ of one of
the particles participating in the scattering process tends to zero, called also soft limit. This
limit encodes the long distance behavior, if any, of the interactions, which is dominated
by the pole part, and it is very interesting since it gives constraints coming from very
general and model independent infrared (IR) properties. The dominant pole generates
in this limit a resonance, so that one can factorize the amplitude, eliminating any local
contact interaction and leaving only the contribution associated to the current exchange.?%
Actually, this is the contribution on which Weinberg concentrated in order to develop his
argument, and in the following we shall study precisely the same contribution in our explicit

2We write K without the label (1234) in order to stress that a closed-string-like kernel is not any more
color-ordered and planar.

26We depart here from the original Weinberg proof that has been given in the S-matrix language assum-
ing some commonly accepted ideas about the pole structure of the S-matrix. In this respect, the usual
factorization property translates here into perturbative locality of the corresponding Lagrangian theory in
its on-shell form.
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setting recognizing what vertices contribute to long-distances and what vertices give instead
a vanishing contribution in the same limit and reinterpreting Weinberg’s conclusions. The
explicit form of the S-matrix amplitude becomes in this limit

N
S(P1. 01PN NG D) 2 D S(P1. b1 pi+ ¢, DN ON)
=1
*i 732(51,2) *1 [exp <G123(C1,42,C3)) x23 @i(—pi,C2) #(—q,(3)| , (4.66)

where P(&, (1) is the propagator numerator and, apart from the pole factor, the dependence
on g has been completely factorized solely into Gyo3. Using for the momenta of the particles
participating to the factorized scattering process the parametrization

p1=pi+q, p2=-pi, DP3=—q, (4.67)

one then recovers

Giag =21+ G -C) @B pi+ (1 +¢&-G)CG-(¢g—pi) =21+ G-C) - q, (4.68)

where we have made use of momentum conservation together with the transversality
constraint

pi-G=0. (4.69)

First of all, from this form one can immediately conclude that for s > 3 the relevant tensor
structure contributing at long distances, whenever present, is always given by

(G- i) (4.70)

2pi-q

Second, we are now in a position to see whether or not the amplitude that we are recovering
in this limit decouples the unphysical degrees of freedom and what are the cubic couplings
that contribute. This physical requirement, as we have shown in section 3.4, is precisely the
content of the Noether procedure from a Lagrangian point of view. Hence, let us perform
a linearized gauge transformation for the HS particle ¢ whose momentum ¢ goes to zero.
The unphysical polarizations are given by

66(—q,¢3) = —q-(3A(—q,C3), (4.71)
and performing this substitution in (4.66) one finally ends up with

N

0S(p1:d15- PN, N3 A) & Y S(p1, b1 P+ 4PN EN)
=1

x; P&, G) *1 [(1+ G- &) exp (g123(C1,C2,C3)) *x23 ¢i(—pi, ) A(—q,(3)| , (4.72)

where the offending pole has been canceled by the terms proportional to momentum squared
produced by the x-contraction of ¢-(3 with Gi23. We can recognize here the most dangerous
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contribution?” in the limit ¢ — 0, that is given by

6S(g=0) ~ ZQ’(Q) * Z {<2C3 'pz‘>ai [1 + G G2 <2Cz' (23 'pz')ﬁl} (4.73)

ai,B;
*2,3¢i(—pi,42)A(—q,C3)} ;

where o; > —1 and 8; > —1 are some integers,?® we have called S (¢i) the leftover part
of the S-matrix together with the propagator numerator, and where the sum over «; and
B; runs over all admissible values that are associated to consistent HS cubic couplings that
can be generated from (4.72). This contribution is dangerous since it does not tend to
zero when ¢ — 0, and hence must vanish identically. Restricting the attention to the case
in which all external fields but one are scalars and only one HS field ¢(—gq, &) is present
only the scalar exchange contributes to (4.73) and there is only one possible value for 3,
B = —1. Thus, in order to set to zero (4.73), one recovers a non-trivial constraint given by

Z:gip;1 .ph., =0, (4.74)

where the g'’s are the corresponding coupling constants. As pointed out by Weinberg, this
equation does not admit non-trivial solutions unless in general s = 1, and eq. (4.74) reduces
to charge conservation

d g =0, (4.75)
i
or s = 2, so that eq. (4.74) reduces to g = x for any i since, by momentum conservation

Zp; =0. (4.76)

We then arrive at a potential inconsistency for HS interactions, since the argument ex-
plained so far forces
g" =0 (4.77)

for spin grater than 2. Actually, considering a more general HS theory and referring again
to (4.73), we see that as soon as an insertion of a scalar field is present in the amplitude
there can be similar obstructions. This happens since one can reiterate this argument,
concentrating on the factorized amplitude in which a scalar field is exchanged and in which
¢ in eq. (4.73) is one of the scalar fields participating to the process. This conclusion has
actually a deeper meaning, since it forbids the possibility of having an s — 0 — 0 coupling
whenever s is greater than 2 within the framework of local field theories. This can be
understood simply observing that as soon as such cubic couplings are present one generates
automatically dangerous contributions to some current exchange amplitude. However this

27Tt is important to stress that in the limit ¢ — 0 we recover only the order zero contribution in ¢ while,
by consistency, all contributions have to cancel identically. This underlines the no-go character of this
argument from which one can only extract information about possible obstructions.

2For a; = —1 or f; = —1 we simply define the corresponding contribution to be zero.
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conclusion is true unless, by some mechanism, these dangerous exchanges are eliminated
whenever they give rise to this kind of problems. Hence, the only possible way out is
related to the fact that we have considered in the ¢ — 0 limit only the current exchange
contribution, so that one is led to a clash with perturbative locality on the Lagrangian side
or with commonly accepted S-matrix properties like factorization on the S-matrix side.
These anyway are possibly stronger statements than the fundamental unitarity property,
and a closer look to them is potentially interesting in view of a better understanding of the
tensionless limit of ST.

Let us now turn to see the implications of Weinberg’s argument in more general exam-
ples. Concentrating on eq. (4.73), let us consider an external particle with arbitrary spin
s;. The factorization of the amplitude can give rise to problems in the soft limit only if a
sufficient number of (s is contained in (4.73), otherwise this offending contribution vanishes
identically. Hence, we conclude that a dangerous term of the form (4.73) can be generated
only if

In order to analyze the most general case let us restrict the attention to a factorized process
in which, referring to (4.73), ¢; is a spin-s; particle. If s; > s non-vanishing contributions
cannot be generated and so, without loss of generality, we can concentrate on the cases in
which s; < s. In this case we recover a non-vanishing contribution to (4.73) whenever the
bound (4.78) is satisfied, but we also see that as soon as

-1 <6 <s —1, (4.79)

no contribution can be generated, so that no inconsistency follows by this argument. More-
over, since for §; > s; one gets simply zero in (4.73), there is only one dangerous contri-
bution given by £; = s; — 1 that is associated to an exchanged particle with spin

S exchanged = Si - (480)

We clearly recover the simplest case of before when s; = 0, since in this case there is no
solution for f;, and as soon as s; > 1 one begins to recover non-trivial solutions to (4.79).

Summarizing, one can convince oneself that the only possibly dangerous contributions
come in this limit whenever one considers a current exchange built from a coupling of
the form s; — s; — s with s derivatives when s > s; and the exchanged particle with
spin s;. As concluded by Weinberg, this argument poses strict restrictions on the long
distance behavior of HS fields, that hence cannot interact at zero frequency. In particular
all long-range couplings given by the minimal ones, can be ruled out in a local field theory
while other multipolar couplings are not yet forbidden. The former actually entail exactly
the leading contribution related to long distance physics on which Weinberg concentrated
in [110]. Moreover, since for s < s; the number of derivatives for these couplings is given by

2s; — 5 > s, (4.81)

we have explicitly shown that the content of Weinberg’s argument together with the clas-
sification of all consistent cubic couplings completely forbids the minimal coupling for HS
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particles within the framework of local field theories. 1t is now interesting to compare
this result with the scattering amplitudes constructed in the previous sections. As we
have remarked a possible solution to the problem can arise resorting to non-local quartic
couplings whose job is to cancel the dangerous exchanges contributing in principle to the
amplitudes?? but without setting to zero all non-abelian cubic couplings. This circum-
stances of course would possibly violate unitarity but at present we are not able to come
up with a definite conclusion on this issue and we believe that more effort is needed in
order to clarify the situation. Let us end this section with a simple observation about the
consequences of our results. If we concentrate on String Theory we see that all these mini-
mal couplings are indeed generated in the tension-less limit starting from the simplest one
that concerns two scalars [63, 64]. Hence, we see here a very severe obstruction if we insist
to use the framework of local field theories or the usual factorization properties at the level
of the S-matrix in order to describe a would be tensionless string. Similar considerations
apply to the leading contribution of Fradkin-Vasiliev vertices, as observed in [98]. Hence,
one can argue that if a background independent underlying theory exists it has to include
non-local couplings or, possibly, non-local degrees of freedom, which motivate a closer look
at unitarity and its general implications.

5 Non-local field theories?

In this section we are going to combine and summarize the results obtained so far on
the explicit construction of four-point amplitudes and Weinberg’s argument analyzing in
detail the form of the non-localities in a particular example. We shall concentrate on the
simplest toy-model of open-string-like amplitudes built solely from g$)34 in eq. (4.64) just
to describe the generic setup, even though this example is perhaps a bit too simple. At
any rate, starting from the cubic vertex

K123 = exp (51 P23 + &2-p31 + &3 P12 — 010py, — 020y — 933992) , (5.1)

we can extract the Lagrangian quartic coupling generating function, or ternary product
kernel, from

~oa 2 *q e
Kiogs = — ( / d60 K 1314 <51,5275a> 03) o3 ( / d62 Ky (26,53,54) eg) (5.2)
+ 761234 (él,émé:&,ézx) )
where

¢ 1 <& off-shell ] ™
K234 = —@st,uu) {—Suggéf " H} (5.3)
n=0

and where the relative functions a, (s, t,u) of each single term in K1234 are to be chosen in
such a way that the non-local contributions present in K1234 are canceled and factorization

291t is interesting to comment that as for what concerns the long-distance behavior of HS interactions
Weinberg conclusions are still valid also if non-localities are introduced and one can easily check that the
general solution to the Noether procedure that we have exhibited satisfies this property.
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of the corresponding amplitude holds, albeit on a (infinite) subset of all spins. We can
see explicitly in this example how this physical requirement allows one to fix, up to local
and gauge-invariant quartic couplings under the linearized gauge symmetry, all relative
functions in Ki234. For example, the coefficient of the linear term in Qggﬂ of eq. (4.64)
must be

ai(s,tyu) = e 2 4 ..., (5.4)

while going to the term quadratic in 9824 one should choose

1
as(s,t,u) = - e 2 4 (5.5)

and so on, where the ellipsis stand for terms proportional to s u that kill the pole contribu-
tion and give rise to local quartic couplings that are gauge-invariant under the linearized
gauge symmetry and that reflect the freedom left by Noether procedure in building a con-
sistent theory. However, we can see that if we want to cancel the non-local contribution
given by the scalar exchange we need to introduce an additional pole term proportional to

1

- 5.6

t (56)
in the four-point functions (5.3). Interestingly, had one chosen functions a;(s,t,u) with no
poles in the Mandelstam variables, like for instance

as(s,t,u) = —% (e —1) + ..., (5.7)

and so on for the other a;(s,,u)’s, not all non-local contributions in (5.2) would have been
canceled, starting from the scalar exchange given by’

1
K1234 ~ - exp (&1-P20 + & Dat + &3 -Daa + & pa3) (5.8)
1
+ o exp (&1-poa + &2 pgj + &3 Djy + &4 P1)

and so on, considering higher powers of g{ggﬁ. Both possibilities reflect the fact that lower-
spin exchanges with respect to the external particles participating in the process can be
problematic, as was already discussed in the analysis in section (4.4). This is manifest
here, since one is either forced to introduce higher-order poles in the Mandelstam variables
at the level of the four-point amplitude, ruining causality, or alternatively one needs to
consider quartic Lagrangian couplings containing explicit non-localities thus affecting the
factorization property of the corresponding S-matrix amplitude. Since we want to preserve
causality, we choose to avoid seemingly unphysical higher-order poles. Hence, we are led to
believe that the amplitude still factorizes but on a subset of all available spins, such that the
current exchanges admit local completions that make them gauge-invariant. Non-localities
of this kind at the Lagrangian level are actually a mechanism to avoid the dangerous

39To be precise only part of this non-local coupling is required by the minimal scheme since for instance
amplitudes built from abelian non-deforming cubic couplings can be made gauge invariant without any
quartic coupling up to field redefinitions.
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1/s

Figure 3. Decoupling condition for unphysical polarizations at the level of the amplitude.

contributions that have been pointed out in Weinberg’s argument, and represent, together
with our minimal scheme, the mildest form of non-locality that one can choose in order
to recover a gauge-invariant result also at the four-point level. Of course we stress that
one has to exercise some care when talking about non-local field theories whose properties
and systematics are still completely unknown. Turning briefly to the case involving also
91(21324 and (]1(22324, one can give a lower bound for the lowest spin propagating into a process

described by a single monomial®!

Russe ~ == [—sugl]” [~ sudh]” [-suoih] 65.9)

where the external particles have spin s1, s9, s3 and s4. Indeed it contains current exchanges
among which the lowest propagating spin present is

Smin = @ + B + 2y — 1, (5.10)

so that considering a four-point amplitude with external spin-si, s2, s3 and sy particles
one has

4y + 28 + a = 81 + S3 + S3 + S4, (5.11)

and hence, generically,

—_

Smin = 5 (51+82+83+84)+%—HZ% (s1 + s + s3 + s4) — K, (5.12)
where £ = 1 for open-string-like amplitudes while x = 2 for closed-string-like amplitudes.
Then, as expected since four-point functions encode the fusion rules of the HS algebra, one
can prove that an infinite tower of HS fields is required, if the theory involves non-trivial HS-
excitations. In fact, considering a four-point amplitude with four external spin-s particles
we recover exchanged particles of spin higher than s unless s = 1 for open-string-like
amplitudes, or s = 2 for closed-string-like ones. To reiterate, the key difference between

local and non-local couplings is that the latter modify in a dramatic way the residue of

310ther options related to the possible derived kernels introduced in the previous sections should be
considered in the most general case.
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Figure 4. The decoupling condition can be read as an associator equation in which the cubic
coupling is considered as a product and the quartic coupling as a trilinear product.

the current exchange restricting the sum over all propagating spins to a given (infinite)
subset. This means that the kind of non-local couplings discussed here can be somehow
eliminated translating the information that they carry into a choice of an (infinite) subset
of the exchanges in which scattering amplitudes factorize. Finally and most importantly,
potential clashes with unitarity need to be analyzed taking into account that an infinite
number of degrees of freedom ought to contribute to the same residue. We leave further
discussions on this important feature, that is intimately related to the still unexplored realm
of non-local QFT, for the future awaiting for a better understanding of these problems and
of the deformations to (A)dS backgrounds, although we can expect that the corresponding
flat limit presents difficulties similar to those encountered here.

In light of these observations, let us analyze diagrammatically the requirement of de-
coupling of the unphysical states at the level of the four-point amplitude. The cubic
coupling generating function can be interpreted in full generality as an on-shell bi-product
and the decoupling conditions of unphysical states translate into the diagrammatic equa-
tion in figure 3. Evaluating the gauge variation of the amplitude in a diagrammatic form,
figure 3 becomes equivalent to the diagrammatic equation in figure 4, that has a key phys-
ical meaning since it relates amplitudes in different channels and computes the associator
related to the on-shell bi-product encoded by the cubic coupling. If we now consider the
Britto-Cachazo-Feng-Witten (BCFW) recursion relations [155-159], relating the n-point
S-matrix to three-point functions, we can reinterpret, in view of the present discussion, the
constructibility criterion

A2 0) = A (0) (5.13)

where the label in the amplitudes identifies what momenta and particles are deformed into
the complex plane. Indeed, it is very tempting to interpret again this crossing equality
as an associator equation pointing out this time an associative nature of the on-shell bi-
product encoded into the on-shell cubic coupling (figure 5). It is suggestive to interpret
the non-localities found here as wviolations of this criterion that translate into an intrinsic
non-associative nature of the latter bi-product. This is associated to the fact that HS
cubic couplings contain higher derivatives and require, somehow, to select a subset of the
available spins that can be exchanged in the four-point amplitude, with the end result that
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Figure 5. Associative bi-product.

one recovers in this way again a constructible theory but in a different sense. Moreover, it
is also tempting to say that local four-point couplings can be reabsorbed, somehow, into
the current exchange part, and taken care by the BCFW recursion relations, while the
non-local contributions have, in some sense, a different meaning. This reasoning actually
justifies the special role of gravity and Yang Mills theory as constructible local theories,
while HS theories, as we have seen, are constructible only in a generalized sense. This
puts on totally different grounds local and non-local quartic couplings, although we stress
that also the latter turn out to be related to the current exchange amplitudes and hence
to the cubic couplings, since their role is to compensate some of them. In conclusion, the
graphic interpretation that we have presented may give us a view of non localities in terms
of associative or non-associative bi-products. Along this line we can wonder wether the
non-associative behavior that one can observe for HS external particles may be related to
a possible pole at infinity in the recursion relations recently studied in [160].

6 Conclusions

In this paper we have studied the Noether procedure drawing some inspiration from the
structure encoded into the theory of FDA. We propose to relax the locality hypothesis usu-
ally considered in all standard settings in favor of the minimal scheme defined in section 4
along lines that are actually in the spirit of the previous work [112]. Reversing the usual
perspective of focusing on four-point Lagrangian couplings, we have recovered directly a

2 involving massless HS fields as well as low-spin fields from the

class of 4-point functions?
linearized gauge invariance of the free system. Our key result is perhaps the construction
of an infinite class of HS 4-point functions that are related in a relatively simple way to
powers of the standard 4-point functions in a theory with a scalar, a spin-1/2 fermion
and a gauge boson. This generalizes the construction of [64], making it possible to define

similar color-ordered kernels in the general case that include, as a particular example, the

32Gee the appendix A for the extension of the classification to n-points, fermions and mixed symme-
try fields.
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simpler Gjo3 kernel from which all cubic couplings originate. One is then able to extract,
subtracting the current exchange parts, four-point and in general n-point couplings. These,
together with the fully non-linear deformation of the linearized gauge symmetries, contain
as a special case the familiar low-spin examples as well as an infinite set of local couplings,
but manifest also a non-local nature as soon as one considers more exotic cases, as for
instance a colored spin-2, or more generally HS fields. The non-local nature so far ob-
served has an interesting and peculiar structure of the form pointed out in the appendix
of [64], although the meaning of non-localities is here to restrict the spins propagating
within the amplitude to those whose violation of gauge invariance can be compensated by
local counterterms. This fact entails the key obstruction that has been recognized long ago
by Weinberg in [110], as well as other inconsistencies at the level of Jacobi identity and
so on [79-82], that disappear as soon higher-derivative and explicitly non-local couplings
are considered, as already noticed in [112]. Of course a non-local solution to the problem,
even if explicit, cannot be satisfactory without a full understanding of its implications and
in particular of the status of the minimal scheme proposed here. In this respect the only
thing we can say is that it is conceivable that potential clashes with the standard form of
tree-level unitarity, that can come together with non-localities, do not materialize as soon
as an infinite number of degrees of freedom are present. Even considering the case in which
the latter option does not hold, it can be interesting to extract from the classification just
presented its deformation to constant curvature backgrounds and we leave this for the near
future. Nonetheless, let us stress that any residue of the set of amplitudes so far recovered
can be related to lower-point couplings via exchange amplitudes if the minimal scheme is
enforced in place of the stronger locality constraint. In this respect it can be interesting
to ask what plays the role of locality in constant curvature backgrounds and whether the
solution will still contain similar non-localties even if controlled by some expansion param-
eter, thinking to push forward our analysis in order to understand more clearly the possible
need of resorting to this kind of picture. Finally, a deeper understanding of the peculiar
features involved by HS interactions that seem to imply a clash with commonly accepted
ideas about the pole-structure of the S-matrix, can be hopefully related to the difficulties
that are encountered in the definition of an S-matrix, and we believe that they deserve a
better understanding motivated at least by their appearance within ST in its tension-less
limit or within the Vasiliev system in its flat limit [98].

Although the subject of non-local field theories is still a completely unexplored arena,
the aforementioned properties of the amplitudes may open the way to a deeper under-
standing of Field Theory. In this respect, ST appears to contain the seed for interesting
generalizations, and hides, in our opinion, some key field theory properties that have sur-
faced in this work. To wit, the remarkable construction of Closed String Field Theory
in [129] is very general in its starting point, but the mechanical model definition of the
interactions hides somehow their non-local nature that has long been felt to be related to a
broken phase of the HS symmetry. The mechanical model may hide somehow the non-local
features that we have presented here linking them to the string tension.?®> A similar kind of

33Gee e.g. [162-178] where other examples in which the mechanical model appears to provide an incomplete
description are discussed.
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situation may arise in the Vasiliev system, whose spectrum contains a massless spin-2 field
whose interpretation in terms of gravity has been debated, since it can be dressed with
Chan-Paton factors in a much closer analogy with the massive spin-2 excitation present in
the open string. Indeed, the intrinsic non-local form of the couplings of a colored spin-2
exhibited here may shed some light on the non-local nature of Vasiliev’s system, that seems
to be obscured by the presence of the cosmological constant A, whose role is similar to that
of the string tension in ST and provides an expansion of local terms in which operators
like % could split in terms of A.

Other questions then arise in order to attain a meaningful quantization of systems of
this kind, that at any rate can be naturally formulated in terms of the Batalin-Vilkoviski
formalism [138-140] or in terms of a usual loop expansion. Those can be recovered from
the Feynman rules here considered or, alternatively, from recursion relations techniques.
Other issues regard the freedom in building a theory of massless HS that we have recursively
related to the freedom of choosing a consistent cubic coupling function with what we have
called minimal scheme. We leave this as well as other questions, like the extension of these
resulte to constant curvature backgrounds, that can be naturally addressed in our setting,
for future works.
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A Comments on N-point functions, fermions and mixed symmetry fields

In this appendix we would like to extend the analysis carried out in previous sections to the
n-point functions and to theories with fermions and mixed-symmetry fields. We shall see
that the construction done so far at the level of four-point functions suffice to understand
at least in principle how the same problem can be addressed to all orders. The basic idea
is again to underline the key role of gauge-invariant amplitudes together with the technical
trick of identifying simple objects that are capable of encoding the physical information
about the interactions. We first describe how to generalize the previous discussion to n-
point functions and then we turn to consider the most general theory containing fermions
and mixed-symmetry fields, leaving for the future a more detailed discussion of the coupling
functions and spectra that are consistent with the minimal scheme.

A.1 n-point functions

In order to construct n-point functions a key observation concerns the form of both three-
and four-point amplitudes for HS fields here proposed. Indeed both K193 and K934 can be

— 48 —



Figure 6. Cubic building blocks for G5 4.
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Figure 7. Quartic tree-level diagrams associated to the Ql(égm.

e

related to the color-ordered cubic and quartic amplitudes in a theory with a scalar and a
gauge boson. This simple fact suggests an interesting generalization to n-points, described
here by n-ary products associated to color-ordered kernels K12, . Indeed, one can classify
for any n all possible color-ordered n-point functions that can be constructed from the
cubic couplings in figure 6, where the first diagram is just a trivial constant coupling and
needs to be considered since it gives non-trivial contributions starting from the quartic
order. As we have noticed in section 4.1 one can identify 91(3324, 91(213))4 and 91(223))4 by the
S-matrix diagrams in figure 7, where the polarization tensor of the gauge boson has to
be replaced by corresponding symbols & and where one is able to recover automatically
the quartic contact terms by requiring gauge invariance of the corresponding color-ordered
current exchanges. For instance, one can extend this result to the fifth order, considering
analogous objects that we call 91(33245, g1(§§45, g1(22§45 and 91(5’3245, defined to be respectively
the scattering amplitudes of figure 8, where the polarization tensor of the gauge bosons
have been again replaced by the corresponding symbols &;’s so that one recovers again a
kernel generating function exponentiating the 91(5%,45% as

~ 1
Ki2345 = — X (A1)
512 523 534 S45 S51

X eXp | — 812 523 534 545 S51 <g1(§?)>45 + g1(21?)>45 + g1(22?245 + g1(§§45)}

Here we have used five independent Mandelstam-like invariants that enter as poles into each
952)345 in order to recover at the exponential a pole-less object. In this form, in analogy
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Figure 8. Quintic tree-level diagrams associated to the ggg%.

with the four-point case, we have still to multiply each totally cyclic combination of the &;’s
with functions of all Mandelstam-like invariants that do not introduce higher-order poles
and that can be constrained, in our minimal scheme, in order to recover factorization on
an infinite subset of all the exchanges matching those exchanges that are built from lower-
point amplitudes. This fact implies, in general, that even at this order non-local quintic
interactions can come into play since, as soon as one considers spins higher than one, in
the case of open-string-like amplitudes, or higher than two, in the case of closed-string-like
amplitudes, higher powers of the Mandelstam-like invariants arise, which accompany higher
and higher propagating spins with respect to the ones propagating at the quartic order.
In general, one is thus forced to select different infinite subsets in which the amplitudes
factorize at each order. Leaving aside the n-scalar exchange, that is just a function of
the Mandelstam-like invariants, at n-points we have n — 1 different color-ordered Q’l(;?”n’s
associated respectively to amplitudes with n, n —2, n —3 down to 1 gauge bosons while the
others are scalars.>* The formal expression for the color-ordered kernel generating function
/612_,_n is then

1
p(Pij)

where the general form of an exchanged momentum is

Kizn = — exp [~ p(Py) (950 + 95+ + 950 (A2)

Pj=(pi+...+pj)°, i<y, (A.3)

34 Admitting further redundancies one can also consider amplitudes built from the higher derivative
couplings of two gauge bosons and one scalar and three gauge bosons in eq. (4.38).
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while p(FP;;) is defined to be a product of all possible exchanged momenta, in which a
color-ordered Gy, factorizes, containing the minimum number of them that eliminates
all poles from the gg“n’s. Within this setting, the only freedom left is a choice of relative
functions of the Mandelstam-like invariants that do not introduce unphysical poles playing
here the role of some arbitrary generalized relative coefficients. For instance, from eq. (A.2)
one recovers objects of the form

n—2
¢ __ 1 s L ey 1™
Ki2.n = P(Pij) Aay...om—2 ({SU} ) {SZJk} yent) 11;[0 ol { P(Pz]) gl2...n:| ) (A.4)

where we have explicitly considered a function aq,. .o, » ({Sij},{sijk},...) of all
Mandelstam-like invariants for any available choice of the «;’s. We stress again that, apart
from local n-point couplings that are gauge invariant under the linearized gauge transfor-
mations and that arise whenever the relative functions of the Mandelstam-like invariants
cancel the pole factor, the minimal scheme continue to impose constraints on the propa-
gating spins and on the consistent coupling-functions that have to be chosen accordingly.
Indeed, at higher points all the functions of the Mandelstam-like invariants that weight the
various gauge invariant contributions can be recursively related to the exchanges involving
lower-point functions, enforcing factorization on the available exchanges and associating the
missing residues, that cannot belong to a K, to the presence of non-local n-point couplings.
Before concluding this section we want to point out that further interesting options, that
can be considered as a kind of generalized closed-string-like kernels, show up from the fifth
order, since more than two permutations with respect to the external legs of the kernels
G19..n are independent. The result has, in general, the following structure

K& ,....g") = (Z H’6%(1)%(2)%(3)...0&@)(pz',5?)) ; (A.5)
perm o€l

where the first sum over the permutations of the external legs is the usual sum that give

rise to a non-planar kernel (see e.g. the sum over o in eqgs. (1.21) and (4.47)) while the

product over « encodes the possible independent Gio. ,’s associated to some non-cyclic

permutations of {1,2...,n}. We leave a more detailed analysis of these kind of potentially

interesting options for the future.

A.2 Fermions

In order to address the fermionic case it is very instructive to analyze the structure of the
three-point couplings of two fermions and one boson recovered in [64]. One can naturally
generalize the kernels Ko, adding y-matrix contributions in order to deal also with
fermions without changing the formal structure discussed in this paper. In the following
we shall concentrate mostly on the on-shell gauge-fixed results, involving irreducible ~-
traceless tensor-spinors, since the off-shell extension works exactly as in the bosonic case
and all physical information is encoded already at this simpler level. Actually, the fermionic
cubic couplings recovered in [64] can be translated in the generating function

Kizs = (1 + £, + {5 + £3) 9%, (A.6)

— 51 —



— — o — —

Figure 9. Cubic couplings respectively related to g1(§§ 7 and g1(§§ 7

where the fermionic indices are left implicit, Giog is defined in eq. (3.40) and where one
is free, at this level, to choose arbitrary relative coefficients between the various totally
cyclic contributions.?® The form of these on-shell gauge-fixed couplings is again relatively
simple, and one recovers two different kinds of structures. One is directly related to the
bosonic couplings discussed previously, and is obtained contracting together the fermionic
indices with a Kronecker ¢. In this way one ends simply with a generalization of the Pauli
coupling, that on-shell takes the form

As -pra1¢s . (A7)

The second type, on the contrary, generalizes the Yang-Mills minimal coupling

1 A3ia, (A.8)

and is related to the term proportional to

f1+ £+ &5 (A.9)

It is actually possible to reduce on-shell to this form any other combination of ~-matrices,
so that there are no other options at the cubic order. The crucial observation is now to
insist with the same idea of the bosonic case noticing that the cubic coupling kernel is
nothing but

0 1 b 0
K2z = (gl(zzz),f + g1(23),f> et = <g1(2:>),f + 91(213),f> K23 (A.10)

where we have defined gl(ggf and gf;%f to be respectively the cubic couplings of one scalar
field with two fermions and of one gauge boson with two fermions drawn in figure 9,
while labeling with a “b” the bosonic ones, that are respectively drawn in figure 2 and
are encoded in Gl,;. We observe here a peculiar feature of fermionic amplitudes: they
cannot be exponentiated, since the non-commutative nature of «-matrices would lead to
violations of gauge invariance, and hence eq. (A.10) exhausts all the possibilities. Starting
from eq. (A.10) one can now generalize the cubic results just presented to the most general

35See appendix B for more details on the most general form for this result.
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Figure 10. Quartic amplitudes respectively related to gl(§§4f and 91(21§4f . We have not displayed here
the amplitudes without a gauge boson insertion whose tensorial structure contains only d-functions
contracting the fermionic indices.

tree-level n-point functions containing also massless HS fermionic fields. The result can
be expressed again, in analogy with the bosonic case, in terms of some gg?“n’s that by
definition are linked with the color-ordered scattering amplitudes of a theory with scalars,
fermions and gauge bosons and that can be constructed combining the cubic couplings in
figure 2 and figure 9 and completing the result with possible quartic terms. For instance,
eliminating redundant pieces, for four-point functions we recover the following result

~ 0 . _
’C1f234 = (gl(z%z{ + g1(2:%4{> Kp34 - (A.11)

Here I€f234 is exactly the bosonic generating function given in eq. (4.41), while gl(g?),j
and 91(21;[ can be related to the four-point amplitudes in figure 10, and can be

computed obtaining3®

1
(91@3{) = (012 + 023 + 034 + 641 + 012034 + 613024 + 14 923) , (A.12)

where the §;; contracts the fermionic indices between the fields v; and v ;, and

1 1 1 b b 1 1 1
(91(29241[) (pi,&i) = — [8 ( 1(23f *a ga(éé)L + 91(23 *a ga(:az)xf + %Zf ga(sz)xf c _0> (A.13)

1 1 1)b b 1 1 1
b (90 ol + o el + o el )]

with the bosonic Gly; given in section (3.3), the fermionic ones 91];3 defined in this section
and where, by convention, a contraction between the left-over fermionic indices in the four-
fermion case is understood. To conclude, in the general case of n-point functions one is led

36The contribution of the amplitude with two fermions, one gauge boson and one scalar turns out to be
automatically produced by the combination of gfzﬁ’;j together with gl(ggf coming from the bosonic part of
the kernel.
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to the Bose-Fermi kernel

(d) bose
Z] z :ng n '_'Z

_ _ ) fermi =
Ki2..n (:z) = - 1 - P 1] § glg ermi :z ] exp
deB

p(Fij) =

(A.14)

where the sums run over all possible structures related to some n-point function in a theory
containing a scalar a spin-1/2 and a gauge boson, the terms proportional to 1 within the
first parenthesis entail the purely bosonic case already discussed in the previous section,
while all the other ingredients have been defined in previous sections. Again, we consider
this object as a generalized generating function whose relative coefficients are arbitrary
functions of the Mandelstam-like invariants that do not introduce additional higher-order
poles. For instance, a generic portion that one can recover from eq. (A.14) is of the form

1

’612...n = - @ Acsory ... ({Sw} {SUk} -2) (A.15)

< [ olRy) )" (2 }ﬁ;[ Py Gt =)™

The discussion then extends to (generalized) closed-string-like amplitudes along similar
lines as in the bosonic case.

A.3 Mixed-symmetry fields

Let us conclude this discussion mentioning the generalization of these results to the case
of mixed-symmetry fields. A mixed-symmetry field is a Lorentz tensor of the form

P sy 1V s (A.16)

where each index family (say (p ... us)) is totally symmetrized and no definite symmetriza-
tion is enforced between different families in the reducible case, or a projection into some
Young tableaux is enforced in the irreducible case. Here, for simplicity, we restrict the
attention to reducible mixed-symmetry fields leaving open the option of choosing later a
Young projection. The symbol calculus that we have developed so far extends naturally to
the mixed-symmetry case simply defining more sets of variables

= (p27€1 7800797, 79’{”)7 (A17)

as discussed in [20, 122, 161]. Here the label m identifies the index family to whom the
symbol is related. We then define analogous generating functions, whose purely bosonic
part is given by

1 1 1M5 2v 2vg
bi(pi, M) = Z W@’“ oy G 22 (A1)
S1 892 ...

together with related ghost parts, in the FDA framework. The corresponding BRST charge
extends to
Q=0%%+0,p- 0, + 05 p-& — 0,95 9o, (A.19)
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with an implicit sum over n, while the various *-contractions become

* <<I>1(p1 L&), ‘1)2(]92,55”))

[ P exp(z Dep a@) (1 &) ®op2, &), _ o (A20)

i

where £]" and £ are only the commuting symbols, or, in the FDA framework,

Eo (1 006707 07)  Balpa, 08,657, 05',65) -
(pl * (pg = exp (8£In . 855” — 891n ae'gn -+ aé{n 89?)

X (I)l(plaeoag{n’ 71%75?1) (I)Q(p%eoaggl? ?79_7271) ‘ﬁm om 9m207 (A21)

and

* <@1(p1)9(1]7€{n) {n)gqln)7 ¢2(p27037§£n79£n7g£n)> — (pl* @2:/6190 [@l;éﬂ 90)
(A.22)

where by convention

p1 +p2 =0. (A23)

The two latter contractions over the super phase-space ‘H for mixed-symmetry fields reduce
then to eq. (A.20) if one restricts the attention to the bosonic coordinates and ghost-number
zero super-fields. Remarkably, it turns out that with a trick it is possible to extract mixed-
symmetry color-ordered kernels l@lg._,n from the totally symmetric ones. In the case of
mixed-symmetry (spinor-)tensors one is then able to obtain the result

Rin (2) = - p(;j) — (P S G0ET L (28) (A24)

k; ceF
o a0 L (2]
k;j deB
where the following generalized building blocks
G577 = Gro.n(E), 55, .. ED), (A.25)

have been used.?” In this way we avoid a manifest symmetrization that is intrinsic in the
definition of the kernel for totally symmetric fields, recovering the possibility to extract
mixed-symmetry components from the generating function. Moreover, as before, the gen-
erating function needs to be interpreted in a generalized fashion modulo arbitrary relative

37T want to thank Euihun Joung and Luca Lopez for discussions on this point.
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functions of the Mandelstam-like invariants. The generic portion of 1612,”” reads

Kio. n (Ef) ~ — ! a({sij,Sijk>---})

p(Pi)
n—2
fermi —k; 1 d)b - Qd,l
x [_ p(Pij) gii)lzekgnkn (:fl)} H H gy [_ p(B) gill)Qljejnln (:jj)} )
lj d=0 &

(A.26)

where the a ({s;;, Siji ,-..}) are functions of all Mandelstam-like invariants that do not in-
troduce higher-order poles and encode both local n-point couplings that are gauge invariant
under the linearized gauge transformations and the exchanges built from lower-point am-
plitudes so that, in our minimal scheme, are constrained once a consistent choice for the
cubic coupling function has been found accordingly.

B Cubic couplings for bosonic and fermionic totally symmetric fields

In this appendix we describe briefly the results of [64] from a field theory perspective.®
From this point of view we analyze the constraints that Lorentz invariance, together with
gauge invariance, impose on the generic on-shell and gauge-fixed generating function of
bosonic and fermionic cubic couplings for totally symmetric (spinor-)tensors. We exploit
the simplification of the on-shell gauge-fixed system that we describe in more detail in the
following appendices in order to recognize simple objects that are actually the building
blocks of any HS three-point function and contain the main physical information about cu-
bic interactions. Considering irreducible HS bosonic fields and leaving aside the possibility
of using the totally anti-symmetric tensor €, .., that gives non-trivial options only for
lower dimensions, at three points the most general kernel that one can write down requiring
Lorentz symmetry is given by

Koy = A(€1-pas, & D31, D12, &1 -E2,60-E3,63-&1) . (B.1)
Here we have enforced the transversality and traceless constraints by
&-& =0, &-pi=0, (B.2)
while
A(z1, 22, 233 Y1, Y2, Y3) » (B.3)

is a function such that lClbgg is totally cyclic under permutations of the labels {1,2,3}.
Gauge invariance then puts constraints on the dependence on y;, y2 and ys3 since the
on-shell equations

Pi- ({')gi ]Clbz3 ~ 0 s (B.4)

are nothing but the differential equations

pi-Og A& -pas,&a-p31,8 - p12,61 &, 6 -&,86-&) = 0, i=1,2, 3, (B5)

381 wish to thank Euihun Joung for very useful discussions and comments on the content of the first part

of this appendix.
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that actually, by cyclic symmetry, reduce to 2 independent conditions on
A(z1, 22, 23; Y1, Y2, y3). Hence, considering the following useful change of variable

A& -pas,&e-p31,83-p12,&1 - 62,8 - &,83 - &)
= A& pas. & P31, p12, 61 &6 p12, & &6 P, &G & pa1), (B.6)

one ends up with the following differential equations for fl(zl, 29,233 Y1, Y2, Y3 ):

8yij A(217227Z3;y17y27y3) = 07 <B7)

where, as usual
6%‘;‘ = 8?4'

-0, (B3)

i
The solution is then shown to be
A(z1, 22, 23391, Y2, y3) = a(z1, 22, 23,91 + Y2 + U3), (B.9)

where a(z1, 22, z3; w) is the coupling function that was introduced in section 3.3, and where
the term y; + y2 + ys gives rise to the object that we call gg% in eq. (3.49).

Turning now to the fermionic case we need to study the general gauge-invariant object
containing at least one y-matrix. The basic additional ingredients are then

Pir i (B.10)

so that labeling the two tensor-spinors with indices 1 and 2 we can use momentum conser-
vation in order to reduce the number of building blocks to

P Py g, . (B.11)

Exploiting the standard relations

dh + bd = 2a-b, (B.12)

one can easily convince that any monomial of the form

U1 (---pl ) Pa, (B.13)

will generate terms proportional to pio - {3 or p31 - &2 while all other being zero by mass-
shell condition of the three external states. Iteratively we are then able to eliminate all
pi’s leaving out only the ¢,’s. Among those, we are again able to eliminate all terms
proportional to ¢, and ¢, since we can anticommute them till they act on the polarization
spinor-tensors giving zero by the ~-traceless constraint but leaving out terms of the form
& - & that we have dealt with previously, in the bosonic case. To reiterate, we are actually
left only with a single possible object given by

1+ X2g)"7, (B.14)
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with A\ a constant, that exhausts all the possibilities for cubic fermionic couplings described
in section A.2 once combined with the terms of the form & - pj, and & - §; that have to
satisfy the same equations discussed for bosons before. Hence,

(Kfs) = (1 + 81 + £ + £5) Kb, (B.15)

where we have written the result in a totally cyclic form. We have thus recovered that the
most general gauge-invariant cubic HS coupling is built from those of a gauge boson, a spin
1/2 fermion and a scalar. Similar arguments can be used to construct the results for the
higher correlation functions that we have found in this work.

C “Off-shell” theory vs. “on-shell” theory: quadratic level

This appendix is devoted to clarifying the relation between the on-shell gauge-fixed theory
and the various off-shell completion one can in principle consider, revisiting the construc-
tions so far known [31, 32, 34-37, 46, 47| as well as other possible options and putting them
on the same footing. For brevity, we consider only the bosonic case while we expect similar
considerations to be possible for fermions and mixed-symmetry fields. In order to try and
be general and to clarify the basic viewpoint of the present paper, our starting point is
Lorentz invariance. It is indeed well known that any massive bosonic totally symmetric
and unitary representation of the Poincare group can be described by the Fierz system

(p® + m?) ¢(p,&) =0,
p-0: p(p,§) =0,

where ¢(p,£) is a generating function, the first equation selects the value of the Casimir

(C.1)

operator p? and the second enforces the cancelation of ghosts projecting the various polar-
ization tensors into their positive definite components. We stress that these two equations
encode the physical requirements needed to select a generic massive bosonic representation
of the Poincare group. To this system one usually adds, starting from the works of Fierz
and others [23-28], the third algebraic equation

De-0c ¢(p,§) =0, (C.2)

that is meant to select an irreducible representation, and hence has a slightly different
origin than the first two. If one insists in using a covariant formalism also in the massless
case, subtleties will soon arise since a Lorentz transformation A ,” for massless fields will
generate transverse components to the polarization tensors

$(p,&) — elE0%) 4(p,6) — p-EA(p,€) (C.3)

so that in general the covariance, that one would like to preserve when using a tensorial
representation, is lost unless one requires on-shell gauge invariance. The on-shell description
of a massless HS particle can then be carried out considering the analogous Fierz system

p?o(p.&) =0,

C4
p-8§¢(p,§)=0, ( )

— 58 —



where the field has to be considered as an equivalence class defined by the relation

o(p,&) ~ d(p,§) +p-EAD,E) - (C.5)

In this fashion one is able to recover manifest covariance for the transformation properties
of tensors in terms of their equivalence classes. By consistency with gauge invariance one
then recovers an analogous Fierz system for the gauge parameter A(p, &) given by

p?Alp,€) =0,

p-OA(p,£) =0 (0

Moreover, any constraint added to the system, selecting some particular representation of
the Poincare group, will propagate to the gauge parameter as well selecting the needed
degrees of freedom that serve in order to maintain covariance of the representation. For
instance, if we choose to impose the traceless constraint (C.2) this automatically propagates
over the gauge parameter that is to be chosen in a way that preserves such constraint.
Hence, one is led to consider a constrained gauge parameter

Jg -0 A(p,&) = 0. (C.7)

We want to stress that, starting from an on-shell system together with a choice of the
propagating degrees of freedom gives a completely meaningful setting to address the prob-
lem of consistent deformations, that acquires in this way its simplest covariant form. One
should then address the tedious issue of off-shell completion, that here we refer to as the
procedure of relaxing the transversality constraint on ¢(p,&) as well as other possible con-
straints depending on the particular representation that has been considered and also on
the kind of off-shell completion. Hence, we decide to start from the Lagrangian

1

ﬁ - §¢(_p7§1) *p2¢(p7€2)7 (CS)

written in terms of the bosonic * of eq. (2.12) and that is gauge invariant if the transversality
constraint

p-O:o(p,§) =0, (C.9)

is enforced. Additional constraints like

O¢ - 0 d(p, &) = 0, (C.10)

that select irreducible representations are not required here by gauge invariance and will
be considered in detail in the following depending on the off-shell completion. We begin
by analyzing the standard cases of spin-1 and spin-2 fields before going on to consider the
most general case of arbitrary spin.

In the spin-1 case the quadratic action reads

Ay (p?) A, (C.11)
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where now we want to relax the constraint p- A = 0. In order to complete this action to
a fully gauge-invariant one we can start computing its gauge variation under 04, = p, A
recovering

SL = A,p*plA. (C.12)
This term can nonetheless be compensated adding a divergence that now is non-vanishing
and whose gauge variation produces
S(p-A) = p2A. (C.13)
To reiterate, a counter-term proportional to the divergence of A, cancels the unwanted
non-zero gauge variation (C.12) and leads off-shell to

L= [A M)A + 02, - 4] (C.14)

In a similar fashion for spin-2 the starting point is

1
L= 5 b %) (C.15)

where h ,, is a transverse polarization tensor, and we would like to relax this constraint.
Computing as before the gauge variation of (C.15), under the gauge transformation

Shuw =puhy + P Ay, (C.16)
one obtains the result
S§L = 2h, (pH)phAY. (C.17)

In order to cancel again the unwanted gauge variation, one can proceed as in the spin-1
case, constructing a tensor proportional in general to traces and divergences that maintains
the useful gauge transformation (C.13), but now for a spin two field. Hence, it is convenient
to define a generalized de Donder tensor D by the condition

6D = p?A(p), (C.18)

with the ansatz
Dy=p-hy+puAh), (C.19)

so that eq. (C.18) translates into the equivalent condition
0Au(h) = —p-Alp), (C.20)

and hence the full gauge-invariant Lagrangian is given in a manifestly self-adjoint form by

1 1
L=3hw (p*) " + D, D" — 5A(h)p?A(h). (C.21)

This is a very general form for the Lagrangian and A(h) can in principle depend also on
additional auxiliary fields. Solving now equation (C.20) for spin-2 one has various options.
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If one chooses to describe a reducible spin-2 field, the h,, would not be constrained on-
shell by
h' =0, (C.22)

and this means that one is not allowed to introduce traces in order to solve for A. If
one insists not adding auxiliary fields, one can easily convince oneself that the solution is
non-local and is given by

1
DY = (p-h), — 5,2 P ph),
(C.23)
AL = _

On the other hand, if one chooses to describe an irreducible spin-2 field the previous
solution is still admissible, since one can excite only the spin-2 components with a further
projection, but since terms proportional to the trace can now be considered in the solution
for D, other solutions show up like, for instance

1
DY = (p'h)# - ip#h,’ (C.24)

1
A? = '
2
The latter, if substituted into (C.21) give rise to the standard linearized Einstein-Hilbert
Lagrangian whose equations of motion can be expressed in the usual form

1
R;LV - 577;11/7?// = 07 (025)

where R ,,,, is the linearized Ricci tensor.
The spin-2 discussion generalizes directly to the HS case, so that starting from the con-
strained system identified by the Lagrangian (C.8) one recovers the full off-shell Lagrangian

1

L =5 b1(p1,€1) * pada(p2,&2) + Di(p1,&1) * Dapa, &) (C.26)

— Ai(p1,&) * p3Aa(p2,&)| ,

where by convention
p1+p2 =0, (C.27)

that is gauge invariant without requiring any transversality constraint on the field or on
the gauge parameter if D(p, &) and A(p, &) satisfy

D(p,§) = (p-9)d(p,§) +p-EAD,E),  dA[, & = —p-0:ADp,E),  (C.28)

and where A is needed in order to relax the on-shell constraint

PO A(p,€) = 0. (C29)
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At this point we have recovered a general form for a quadratic manifestly self-adjoint and
gauge-invariant Lagrangian in terms of two objects D and A that can depend on the field
o(p, &) as well as other auxiliary fields. The next step is to solve egs. (C.28), and in order
to do this one needs to specify as before whether one is restricting the attention to a single
irreducible HS tensor enforcing the traceless constraint on-shell or, alternatively, one is
describing a reducible representation containing, for instance, spin-s down to spin 1 or 0
polarizations respectively for s odd or even, or also other intermediate possibilities. The
second option, as for the spin-2 case, brings about non-localities since one is not allowed
to add to the completely gauge-fixed Lagrangian trace terms being them non-zero already
at the gauge-fixed level. Then, a solution to eqgs. (C.28) can be given as

-9 (p-ao]: (0 90) (0. 5).
(C.30)

<p.§)(p.a£>]: —1) (0-06) 6(p.6),

that actually, when substituted into the Lagrangian (C.26), produces the result obtained
by Francia in [46, 47]

s—1
L = TRi(p1,61) * <1912) Ra(p2,&2) - (C.31)

The other option is to consider solutions for D(p,&) and A(p,&) containing single traces
together with divergences trying to address the case in which a single irreducible spin-s
polarization is propagated. A solution is in this case the usual de Donder term

D6 = (000 — 30906 0¢] 600.). (©32)

together with .
Alp,€) = —50¢-9¢9(p. ). (C.33)

Their gauge variation turns out to be

1
1 (C.34)
0A(p,€) = —p- O Ap,§) — 59 E0e- e A, ),

so that eq. (C.32) is a solution only for traceless gauge parameters. This reflects the
traceless constraint on the gauge parameter that we have discussed at the beginning of this
appendix, in eq. (C.6). Therefore, while the transversality constraints can be relaxed, this
is not true for the traceless constraint

O¢ - 0 Mp, &) = 0, (C.35)

that has to be enforced also off-shell in order to maintain the same number of gauge
symmetries, while an additional number of them would spoil the original Fierz system if
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no auxiliary field is added. Then, having recovered a constrained gauge parameter, one
can also prove that the double trace of the field is gauge invariant, so that it is no more
possible in general®® to choose a gauge of the form

D(p,§) = 0, (C.36)

to return to the on-shell system we started from. This actually reflects the fact that no
gauge-invariant massless field can carry a covariant tensorial representation of the Poincare
group. Hence, to avoid inconsistencies, one is also forced to put in general the addi-
tional constraint

(O - 0e)* o(p,€) = 0, (C.37)

that, from a more general point of view, serves here to recover an off-shell system that is
equivalent to the one we started from on-shell. We have seen here that the constraints on the
gauge parameters and on the fields originate already at the level of the Fierz system (C.4).
Hence, it is tempting to consider the on-shell system (C.8) as more most fundamental so
that if one wants to recover an unconstrained gauge symmetry one can think to address
the problem starting from the traceless constraint in the Fierz equations. One option is to
introduce compensators via a Stuckelberg shift so that the traceless constraint becomes

Oe-0:d(p,§) =0 = 0c-0:0(p,&) —p-Ea(p,§) =0, (C.38)

with
da(p,§) = O¢ -9 Ap,€) . (C.39)

With this choice one can eliminate the traceless constraint on the gauge parameter, recov-
ering a situation analogous to the first example. One can then eliminate the transversality
constraints with the Lagrangian (C.26) and we can solve for D(p, &) and A(p, £) recovering
now the solution

)

D.&) = |(0-00) = 5 (0606 60.9) + 5 (-9 (0. 8).

(C.40)

Ap.&) = = 5(0- 96(p,6) = (- ) alp &)

1
2
that satisfy (C.28) without any constraint on the gauge parameter. Still there is a subtlety
that is related to the fact that there exists a completion of the double trace of the field that
is now gauge invariant so that in order to have the possibility of fixing the gauge recovering
the on-shell system we started from one still needs to add the constraint

D¢ D¢ |- 0c0(p. ) — (- alp.&)] = 0, (C.41)

that can be enforced with the addition of a Lagrange multiplier as in [34-37] and reduces
to the previous double-traceless constraint once the gauge symmetry is fixed in order to
eliminate the compensator «(p,&). To conclude this appendix, let us stress again the key
role of the on-shell system that actually is the common origin of any off-shell completion

39More explicitly when the double trace of the field is not a scalar.
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since even the BRST charge @ defined in (2.5) is a gauge-invariant completion of p?2
whose Lagrangian can be obtained along the same lines starting from the corresponding
Fierz system enlarged in order to contain the auxiliary fields C' and D. We expect that
changing the constraints on the field ¢ one is able to recover, in principle, any kind of
theory propagating intermediate subset of the fields contained into a polarization tensor
of spin-s. The same logic that we have discussed at length in the relatively simple case
of the free Lagrangian is expected to apply also at the cubic and quartic level, so that
a consistent deformation of the on-shell system should be extendable off-shell. In this
work we have restricted the attention to the formalism associated to the super phase-space
‘H that has been, somehow, a source of inspiration, but any other off-shell completion
should be equally meaningful modulo the fact that some of them can be more convenient
to recover a covariant representation of HS gauge symmetry and for this reason deserve
a closer study. Analogous observations are expected to work for fermionic fields, as well
as for mixed-symmetry fields, of course, with different solutions for D and A, together
with different options depending on the kind of representation of the Lorentz group that
is being considered.

D “Off-shell” theory vs. “on-shell” theory: interactions

Considerations similar to those present in the previous appendix are expected to hold at
each order. Here, for brevity, we consider the general result for the cubic bosonic case
in the irreducible Fronsdal setting, while higher-order results as well as the extension to
the fermionic case can be recovered in a similar way starting from the deformations of the
on-shell system (1.9) that we have discussed or from the corresponding deformation of the
fermionic system (1.10). The on-shell n-point functions are solutions of eq. (4.40) that we

can rewrite in the following form*°

Ki2.n(& — 0¢,),pi-&| ~ 0, (D.1)

where the symbol ~ means that the equation is satisfied in the on-shell system (1.9). In
order to go off-shell one is to relax the transversality constraint so that eq. (D.1) holds
modulo the full off-shell EoM’s. The procedure is tedious but straightforward and rests on
finding the needed counterterms proportional to traces and divergences that compensate
the traces and divergences coming from the original on-shell result. Moreover, since any K
is recursively related to Gios in eq. (3.40), one can recognize the off-shell completion of the
former exploiting the off-shell completion of the latter paying attention to the fact that the
analog of the x-contraction is off-shell the propagator numerator.
Restricting the attention to the off-shell completion of

K123 = exp (Gias) , (D.2)

we can exploit the general setting of the previous appendix considering the
following identity

p2o(p.&) = —F(p.€&) + p-£D(p,§), (D.3)

“0Tn what follows for convenience we make the substitution & — 9, in all the G(V’s.
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where we may call F(p,&) generalized Fronsdal tensor and where the EoM’s coming from
the off-shell system are exactly
F(p,&) ~0. (D.4)

Hence, evaluating the linearized gauge variation of the vertex on-shell in the sense of
eq. (D.4) the following commutators show up

Gi23, p1-&1] P12 Az~ —p2'§2[(353'352 + 1)Dy + p2‘5’53¢42}¢11\3
+53[(3§2 Ogy +1) D3 + p3'3§2«43} ¢1b2,

[Q123;P2’§2]¢1¢2A3%pl‘&{(agg O¢; +1)Dy +p1'353A1]¢2A3

(D.5)
*53[(551 ¢y + 1) D3 + p3- 0, «43} P12,
(G123, p3- &3] P12 A3 %m'fz{(agl 0¢, +1)Do + p2-3§1A2]¢1A3
— P11 [(Oe, 9, + VD1 + p1- O A 924,
so that defining the tensor structure
Hij = (O¢, -0, + 1)Dj + pj- 0O, Aj, (D.6)

one can determine recursively all totally cyclic counterterms whose gauge variations cancel
the contributions that are not proportional to the EoM’s. In the Fronsdal setting one then
ends up with the full off-shell result

. 23 31 12

R offshell _ (1 +de + de, + @, ) exp <Q123>
3
2

A~

/ !
1+ % HioHiz + < > s HorHzoHaz: + CyChC]
al - a .. (D.7)
+ exp (9123> {35112 \/; Hoz + 5 7—[327-113]

2 | [a o o - :
*3512 [ 57'[13 - 57{317‘123 +CyChC}7

where we have considered also fermionic labels that give zero contribution in the purely

X

o Q

bosonic case, so that for instance (?ij contracts the fermionic indices between the field v;
and 1) ; while the 1 simply contracts the two fermionic indices together, whenever they are
present. Moreover, we have defined ’1':[,~j by

Hij = Hijo,, (D.8)

while, regarding the terms of order 73, an ordering prescription simplifies the expressions
in the appendix of [64]. Explicitly, in each term the de Donder operators are to be put
to the right, making them act directly on the generating function of the fields, so that
for instance,

7
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Similar results supplemented by eventual further terms should hold in all off-shell extensions
reviewed in the appendix C. In the n-point case analogous completions should be recovered
by a recursive procedure starting from the results so far presented in the main body of the
paper and exploiting eq. (D.7) and its generalizations.

References
[1] E. Fradkin and M.A. Vasiliev, Cubic interaction in extended theories of massless higher spin
fields, Nucl. Phys. B 291 (1987) 141 [nSPIRE].

[2] E. Fradkin and M.A. Vasiliev, On the gravitational interaction of massless higher spin
fields, Phys. Lett. B 189 (1987) 89 [nSPIRE].

[3] M.A. Vasiliev, Consistent equations for interacting massless fields of all spins in the first
order in curvatures, Annals Phys. 190 (1989) 59 [InSPIRE].

[4] M.A. Vasiliev, Dynamics of massless higher spins in the second order in curvatures,
Phys. Lett. B 238 (1990) 305 [nSPIRE].

[5] M.A. Vasiliev, Consistent equation for interacting gauge fields of all spins in
(3 + 1)-dimensions, Phys. Lett. B 243 (1990) 378 [INSPIRE].

[6] M.A. Vasiliev, Properties of equations of motion of interacting gauge fields of all spins in
(3 + 1)-dimensions, Class. Quant. Grav. 8 (1991) 1387 [INSPIRE].

[7] M.A. Vasiliev, Algebraic aspects of the higher spin problem, Phys. Lett. B 257 (1991) 111
[INSPIRE].

[8] M.A. Vasiliev, More on equations of motion for interacting massless fields of all spins in
(3 + 1)-dimensions, Phys. Lett. B 285 (1992) 225 [INSPIRE].

[9] M. Vasiliev, Higher spin gauge theories in various dimensions, Fortsch. Phys. 52 (2004) 702
[hep-th/0401177] [INSPIRE].

[10] M.A. Vasiliev, Higher spin gauge theories in four-dimensions, three-dimensions and
two-dimensions, Int. J. Mod. Phys. D 5 (1996) 763 [hep-th/9611024] [INSPIRE].

[11] M.A. Vasiliev, Higher spin gauge theories: star product and AdS space, hep-th/9910096
[INSPIRE].

[12] M. Vasiliev, Actions, charges and off-shell fields in the unfolded dynamics approach,
Int. J. Geom. Meth. Mod. Phys. 3 (2006) 37 [hep-th/0504090] [INSPIRE].

[13] M. Vasiliev, Higher-spin gauge theories, in the proceedings of the First Solvay Workshop,
May 12-14, Brussels, Belgium (2004).

[14] M. Bianchi and V. Didenko, Massive higher spin multiplets and holography,
hep-th/0502220 [INSPIRE].

[15] D. Francia and C. Hull, Higher-spin gauge fields and duality, hep-th/0501236 [INSPIRE].

[16] N. Bouatta, G. Compere and A. Sagnotti, An introduction to free higher-spin fields,
hep-th/0409068 [INSPIRE].

[17] X. Bekaert, S. Cnockaert, C. Tazeolla and M. Vasiliev, Nonlinear higher spin theories in
various dimensions, hep-th/0503128 INSPIRE].

[18] A. Sagnotti, E. Sezgin and P. Sundell, On higher spins with a strong Sp(2, R) condition,
hep-th/0501156 [INSPIRE].

— 66 —


http://dx.doi.org/10.1016/0550-3213(87)90469-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B291,141
http://dx.doi.org/10.1016/0370-2693(87)91275-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B189,89
http://dx.doi.org/10.1016/0003-4916(89)90261-3
http://inspirehep.net/search?p=find+J+AnnalsPhys.,190,59
http://dx.doi.org/10.1016/0370-2693(90)91740-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B238,305
http://dx.doi.org/10.1016/0370-2693(90)91400-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B243,378
http://dx.doi.org/10.1088/0264-9381/8/7/014
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,8,1387
http://dx.doi.org/10.1016/0370-2693(91)90867-P
http://inspirehep.net/search?p=find+J+Phys.Lett.,B257,111
http://dx.doi.org/10.1016/0370-2693(92)91457-K
http://inspirehep.net/search?p=find+J+Phys.Lett.,B285,225
http://dx.doi.org/10.1002/prop.200410167
http://arxiv.org/abs/hep-th/0401177
http://inspirehep.net/search?p=find+EPRINT+hep-th/0401177
http://dx.doi.org/10.1142/S0218271896000473
http://arxiv.org/abs/hep-th/9611024
http://inspirehep.net/search?p=find+EPRINT+hep-th/9611024
http://arxiv.org/abs/hep-th/9910096
http://inspirehep.net/search?p=find+EPRINT+hep-th/9910096
http://dx.doi.org/10.1142/S0219887806001016
http://arxiv.org/abs/hep-th/0504090
http://inspirehep.net/search?p=find+EPRINT+hep-th/0504090
http://arxiv.org/abs/hep-th/0502220
http://inspirehep.net/search?p=find+EPRINT+hep-th/0502220
http://arxiv.org/abs/hep-th/0501236
http://inspirehep.net/search?p=find+EPRINT+hep-th/0501236
http://arxiv.org/abs/hep-th/0409068
http://inspirehep.net/search?p=find+EPRINT+hep-th/0409068
http://arxiv.org/abs/hep-th/0503128
http://inspirehep.net/search?p=find+EPRINT+hep-th/0503128
http://arxiv.org/abs/hep-th/0501156
http://inspirehep.net/search?p=find+EPRINT+hep-th/0501156

[19]

[20]

[26]

[27]

[28]

[29]

[34]

[35]

[36]

[37]

[38]

[39]

D. Francia and A. Sagnotti, Higher-spin geometry and string theory,
J. Phys. Conf. Ser. 33 (2006) 57 [hep-th/0601199] [INSPIRE].

A. Fotopoulos and M. Tsulaia, Gauge invariant lagrangians for free and interacting higher

spin fields. A review of the BRST formulation, Int. J. Mod. Phys. A 24 (2009) 1
[arXiv:0805.1346] [INSPIRE].

A. Campoleoni, Metric-like lagrangian formulations for higher-spin fields of mixed
symmetry, Riv. Nuovo Cim. 033 (2010) 123 [arXiv:0910.3155] [INSPIRE].

A. Sagnotti, Higher spins and current exchanges, arXiv:1002.3388 [INSPIRE].

E. Majorana, Relativistic theory of particles with arbitrary intrinsic momentum,
Nuovo Cim. 9 (1932) 335 [INSPIRE].

P.A.M. Dirac, Relativistic wave equations, Proc. Roy. Soc. Lond. A 155 (1936) 447.

M. Fierz and W. Pauli, On relativistic wave equations for particles of arbitrary spin in an
electromagnetic field, Proc. Roy. Soc. Lond. A 173 (1939) 211 [INSPIRE].

W. Rarita and J. Schwinger, On a theory of particles with half integral spin,
Phys. Rev. 60 (1941) 61 [INSPIRE].

E.P. Wigner, On unitary representations of the inhomogeneous Lorentz group, Annals Math.
40 (1939) 149 [Nucl. Phys. Proc. Suppl. B 6 (1989) 9].

V. Bargmann and E.P. Wigner, Group theoretical discussion of relativistic wave equations,
Proc. Nat. Acad. Sci. 34 (1948) 211 [INSPIRE].

L. Singh and C. Hagen, Lagrangian formulation for arbitrary spin. 2. The fermion case,
Phys. Rev. D 9 (1974) 910 nSPIRE].

L. Singh and C. Hagen, Lagrangian formulation for arbitrary spin. 1. The boson case,
Phys. Rev. D 9 (1974) 898 [INSPIRE].

C. Fronsdal, Massless fields with integer spin, Phys. Rev. D 18 (1978) 3624 [INSPIRE].

J. Fang and C. Fronsdal, Massless fields with half integral spin,
Phys. Rev. D 18 (1978) 3630 [nSPIRE].

B. de Wit and D.Z. Freedman, Systematics of higher spin gauge fields,
Phys. Rev. D 21 (1980) 358 [INSPIRE].

D. Francia and A. Sagnotti, Free geometric equations for higher spins,
Phys. Lett. B 543 (2002) 303 [hep-th/0207002] [INSPIRE].

D. Francia and A. Sagnotti, On the geometry of higher spin gauge fields, Class. Quant.
Grav. 20 (2003) S473 [hep-th/0212185] [INSPIRE].

D. Francia, Geometric Lagrangians for massive higher-spin fields,
Nucl. Phys. B 796 (2008) 77 [arXiv:0710.5378| [INSPIRE].

D. Francia and A. Sagnotti, Minimal local Lagrangians for higher-spin geometry,
Phys. Lett. B 624 (2005) 93 [hep-th/0507144] [INSPIRE].

D. Francia, J. Mourad and A. Sagnotti, Current exchanges and unconstrained higher spins,
Nucl. Phys. B 773 (2007) 203 [hep-th/0701163] [INSPIRE].

A. Pashnev and M. Tsulaia, Dimensional reduction and BRST approach to the description
of a Regge trajectory, Mod. Phys. Lett. A 12 (1997) 861 [hep-th/9703010] [INSPIRE].

— 67 —


http://dx.doi.org/10.1088/1742-6596/33/1/006
http://arxiv.org/abs/hep-th/0601199
http://inspirehep.net/search?p=find+EPRINT+hep-th/0601199
http://dx.doi.org/10.1142/S0217751X09043134
http://arxiv.org/abs/0805.1346
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.1346
http://dx.doi.org/10.1393/ncr/i2010-10053-2
http://arxiv.org/abs/0910.3155
http://inspirehep.net/search?p=find+EPRINT+arXiv:0910.3155
http://arxiv.org/abs/1002.3388
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.3388
http://dx.doi.org/10.1007/BF02959557
http://inspirehep.net/search?p=find+J+NuovoCim.,9,335
http://inspirehep.net/search?p=find+J+Proc.Roy.Soc.Lond.,A173,211
http://dx.doi.org/10.1103/PhysRev.60.61
http://inspirehep.net/search?p=find+J+Phys.Rev.,60,61
http://inspirehep.net/search?p=find+J+Proc.Nat.Acad.Sci.,34,211
http://dx.doi.org/10.1103/PhysRevD.9.910
http://inspirehep.net/search?p=find+J+Phys.Rev.,D9,910
http://dx.doi.org/10.1103/PhysRevD.9.898
http://inspirehep.net/search?p=find+J+Phys.Rev.,D9,898
http://dx.doi.org/10.1103/PhysRevD.18.3624
http://inspirehep.net/search?p=find+J+Phys.Rev.,D18,3624
http://dx.doi.org/10.1103/PhysRevD.18.3630
http://inspirehep.net/search?p=find+J+Phys.Rev.,D18,3630
http://dx.doi.org/10.1103/PhysRevD.21.358
http://inspirehep.net/search?p=find+J+Phys.Rev.,D21,358
http://dx.doi.org/10.1016/S0370-2693(02)02449-8
http://arxiv.org/abs/hep-th/0207002
http://inspirehep.net/search?p=find+EPRINT+hep-th/0207002
http://arxiv.org/abs/hep-th/0212185
http://inspirehep.net/search?p=find+EPRINT+hep-th/0212185
http://dx.doi.org/10.1016/j.nuclphysb.2007.12.002
http://arxiv.org/abs/0710.5378
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.5378
http://dx.doi.org/10.1016/j.physletb.2005.08.002
http://arxiv.org/abs/hep-th/0507144
http://inspirehep.net/search?p=find+EPRINT+hep-th/0507144
http://dx.doi.org/10.1016/j.nuclphysb.2007.03.021
http://arxiv.org/abs/hep-th/0701163
http://inspirehep.net/search?p=find+EPRINT+hep-th/0701163
http://dx.doi.org/10.1142/S0217732397000881
http://arxiv.org/abs/hep-th/9703010
http://inspirehep.net/search?p=find+EPRINT+hep-th/9703010

[40] A. Pashnev and M. Tsulaia, Description of the higher massless irreducible integer spins in
the BRST approach, Mod. Phys. Lett. A 13 (1998) 1853 [hep-th/9803207| [INSPIRE].

[41] C. Burdik, A. Pashnev and M. Tsulaia, The lagrangian description of representations of the
Poincaré group, Nucl. Phys. Proc. Suppl. 102 (2001) 285 [hep-th/0103143] [INSPIRE].

[42] 1. Buchbinder, A. Pashnev and M. Tsulaia, Lagrangian formulation of the massless higher
integer spin fields in the AdS background, Phys. Lett. B 523 (2001) 338 [hep-th/0109067]
[INSPIRE].

[43] I. Buchbinder, A. Pashnev and M. Tsulaia, Massless higher spin fields in the AdS
background and BRST constructions for nonlinear algebras, hep-th/0206026 [INSPIRE].

[44] X. Bekaert, I. Buchbinder, A. Pashnev and M. Tsulaia, On higher spin theory: strings,
BRST, dimensional reductions, Class. Quant. Grav. 21 (2004) S1457 [hep-th/0312252]
[INSPIRE].

[45] 1. Buchbinder, V. Krykhtin and A. Pashnev, BRST approach to lagrangian construction for
fermionic massless higher spin fields, Nucl. Phys. B 711 (2005) 367 [hep-th/0410215]
[INSPIRE].

[46] D. Francia, On the relation between local and geometric lagrangians for higher spins,
J. Phys. Conf. Ser. 222 (2010) 012002 [arXiv:1001.3854| [INSPIRE].

[47) D. Francia, String theory triplets and higher-spin curvatures, Phys. Lett. B 690 (2010) 90
[arXiv:1001.5003] [INSPIRE].

[48] X. Bekaert and N. Boulanger, Tensor gauge fields in arbitrary representations of GL(D, R):
duality and Poincaré lemma, Commun. Math. Phys. 245 (2004) 27 [hep-th/0208058]
[INSPIRE].

[49] X. Bekaert and N. Boulanger, On geometric equations and duality for free higher spins,
Phys. Lett. B 561 (2003) 183 [hep-th/0301243] [iNSPIRE].

[50] P. de Medeiros and C. Hull, Geometric second order field equations for general tensor gauge
fields, JHEP 05 (2003) 019 [hep-th/0303036] [INSPIRE].

[61] T. Curtright, Massless field supermultiplets with arbitrary spin, Phys. Lett. B 85 (1979) 219
[INSPIRE].

[52] T. Curtright, Generalized gauge fields, Phys. Lett. B 165 (1985) 304 [INSPIRE].

[53] C. Aulakh, I. Koh and S. Ouvry, Higher spin fields with mized symmetry,
Phys. Lett. B 173 (1986) 284 [INSPIRE].

[54] S. Ouvry and J. Stern, Gauge fields of any spin and symmetry,
Phys. Lett. B 177 (1986) 335 [InSPIRE].

[65] J. Labastida and T. Morris, Massless mized symmetry bosonic free fields,
Phys. Lett. B 180 (1986) 101 [INSPIRE].

[56] W. Siegel and B. Zwiebach, Gauge string fields from the light cone,
Nucl. Phys. B 282 (1987) 125 [inSPIRE].

[67] W. Siegel, Gauging ramond string fields via OSp(1,1/2), Nucl. Phys. B 284 (1987) 632
[INSPIRE].

[58] J. Labastida, Massless bosonic free fields, Phys. Rev. Lett. 58 (1987) 531 [INSPIRE].

— 68 —


http://dx.doi.org/10.1142/S0217732398001947
http://arxiv.org/abs/hep-th/9803207
http://inspirehep.net/search?p=find+EPRINT+hep-th/9803207
http://dx.doi.org/10.1016/S0920-5632(01)01568-7
http://arxiv.org/abs/hep-th/0103143
http://inspirehep.net/search?p=find+EPRINT+hep-th/0103143
http://dx.doi.org/10.1016/S0370-2693(01)01268-0
http://arxiv.org/abs/hep-th/0109067
http://inspirehep.net/search?p=find+EPRINT+hep-th/0109067
http://arxiv.org/abs/hep-th/0206026
http://inspirehep.net/search?p=find+EPRINT+hep-th/0206026
http://arxiv.org/abs/hep-th/0312252
http://inspirehep.net/search?p=find+EPRINT+hep-th/0312252
http://dx.doi.org/10.1016/j.nuclphysb.2005.01.017
http://arxiv.org/abs/hep-th/0410215
http://inspirehep.net/search?p=find+EPRINT+hep-th/0410215
http://dx.doi.org/10.1088/1742-6596/222/1/012002
http://arxiv.org/abs/1001.3854
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3854
http://dx.doi.org/10.1016/j.physletb.2010.05.006
http://arxiv.org/abs/1001.5003
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.5003
http://dx.doi.org/10.1007/s00220-003-0995-1
http://arxiv.org/abs/hep-th/0208058
http://inspirehep.net/search?p=find+EPRINT+hep-th/0208058
http://dx.doi.org/10.1016/S0370-2693(03)00409-X
http://arxiv.org/abs/hep-th/0301243
http://inspirehep.net/search?p=find+EPRINT+hep-th/0301243
http://dx.doi.org/10.1088/1126-6708/2003/05/019
http://arxiv.org/abs/hep-th/0303036
http://inspirehep.net/search?p=find+EPRINT+hep-th/0303036
http://dx.doi.org/10.1016/0370-2693(79)90583-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B85,219
http://dx.doi.org/10.1016/0370-2693(85)91235-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B165,304
http://dx.doi.org/10.1016/0370-2693(86)90518-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B173,284
http://dx.doi.org/10.1016/0370-2693(86)90763-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B177,335
http://dx.doi.org/10.1016/0370-2693(86)90143-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B180,101
http://dx.doi.org/10.1016/0550-3213(87)90679-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B282,125
http://dx.doi.org/10.1016/0550-3213(87)90053-8
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B284,632
http://dx.doi.org/10.1103/PhysRevLett.58.531
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,58,531

[59]

[60]

[61]

[62]

[63]
[64]

[76]

[77]

[78]

J. Labastida, Massless particles in arbitrary representations of the Lorentz group,

Nucl. Phys. B 322 (1989) 185 [InSPIRE].

A. Campoleoni, D. Francia, J. Mourad and A. Sagnotti, Unconstrained higher spins of mized
symmetry. I. Bose fields, Nucl. Phys. B 815 (2009) 289 [arXiv:0810.4350] [INSPIRE].

A. Campoleoni, D. Francia, J. Mourad and A. Sagnotti, Unconstrained higher spins of mized
symmetry. II. Fermi fields, Nucl. Phys. B 828 (2010) 405 [arXiv:0904.4447] [INSPIRE].

R. Manvelyan, K. Mkrtchyan and W. Riihl, General trilinear interaction for arbitrary even
higher spin gauge fields, Nucl. Phys. B 836 (2010) 204 [arXiv:1003.2877] [INSPIRE].

M. Taronna, Higher spins and string interactions, arXiv:1005.3061 [INSPIRE].

A. Sagnotti and M. Taronna, String lessons for higher-spin interactions,
Nucl. Phys. B 842 (2011) 299 [arXiv:1006.5242] [iNSPIRE].

A. Fotopoulos and M. Tsulaia, On the Tensionless limit of string theory, off-shell higher
spin interaction vertices and BCFW recursion relations, JHEP 11 (2010) 086
[arXiv:1009.0727] [INSPIRE].

R. Manvelyan, K. Mkrtchyan and W. Ruehl, A generating function for the cubic
interactions of higher spin fields, Phys. Lett. B 696 (2011) 410 [arXiv:1009.1054]
[INSPIRE].

R. Manvelyan, K. Mkrtchyan, W. Riihl and M. Tovmasyan, On nonlinear higher spin
curvature, Phys. Lett. B 699 (2011) 187 [arXiv:1102.0306] [INSPIRE].

A K. Bengtsson, I. Bengtsson and L. Brink, Cubic interaction terms for arbitrary spin,
Nucl. Phys. B 227 (1983) 31 [INSPIRE].

A K. Bengtsson, I. Bengtsson and L. Brink, Cubic interaction terms for arbitrarily extended
supermultiplets, Nucl. Phys. B 227 (1983) 41 [INSPIRE].

R. Metsaev, Cubic interaction vertices of totally symmetric and mized symmetry massless
representations of the Poincaré group in D = 6 space-time, Phys. Lett. B 309 (1993) 39
[INSPIRE].

R. Metsaev, Generating function for cubic interaction vertices of higher spin fields in any
dimension, Mod. Phys. Lett. A 8 (1993) 2413 [INSPIRE].

E. Fradkin and R. Metsaev, Cubic scattering amplitudes for all massless representations of
the Poincaré group in any space-time dimension, Phys. Rev. D 52 (1995) 4660 [inSPIRE].

R. Metsaev, Cubic interaction vertices for higher spin fields, hep-th/9705048 [INSPIRE].

R. Metsaev, Cubic interaction vertices of massive and massless higher spin fields,
Nucl. Phys. B 759 (2006) 147 [hep-th/0512342] [INSPIRE].

R. Metsaev, Cubic interaction vertices for fermionic and bosonic arbitrary spin fields,
Nucl. Phys. B 859 (2012) 13 [arXiv:0712.3526] [INSPIRE].

F.A. Berends, G. Burgers and H. van Dam, Ezxplicit construction of conserved currents for
massless fields of arbitrary spin, Nucl. Phys. B 271 (1986) 429 [INSPIRE].

F.A. Berends, G. Burgers and H. Van Dam, On spin three selfinteractions,
Z. Phys. C 24 (1984) 247 [INSPIRE].

F.A. Berends, G. Burgers and H. van Dam, On the theoretical problems in constructing

— 069 —


http://dx.doi.org/10.1016/0550-3213(89)90490-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B322,185
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.019
http://arxiv.org/abs/0810.4350
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.4350
http://dx.doi.org/10.1016/j.nuclphysb.2009.08.025
http://arxiv.org/abs/0904.4447
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.4447
http://dx.doi.org/10.1016/j.nuclphysb.2010.04.019
http://arxiv.org/abs/1003.2877
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.2877
http://arxiv.org/abs/1005.3061
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.3061
http://dx.doi.org/10.1016/j.nuclphysb.2010.08.019
http://arxiv.org/abs/1006.5242
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.5242
http://dx.doi.org/10.1007/JHEP11(2010)086
http://arxiv.org/abs/1009.0727
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.0727
http://dx.doi.org/10.1016/j.physletb.2010.12.049
http://arxiv.org/abs/1009.1054
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.1054
http://dx.doi.org/10.1016/j.physletb.2011.03.069
http://arxiv.org/abs/1102.0306
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.0306
http://dx.doi.org/10.1016/0550-3213(83)90140-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B227,31
http://dx.doi.org/10.1016/0550-3213(83)90141-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B227,41
http://dx.doi.org/10.1016/0370-2693(93)91500-M
http://inspirehep.net/search?p=find+J+Phys.Lett.,B309,39
http://dx.doi.org/10.1142/S0217732393003706
http://inspirehep.net/search?p=find+J+Mod.Phys.Lett.,A8,2413
http://dx.doi.org/10.1103/PhysRevD.52.4660
http://inspirehep.net/search?p=find+J+Phys.Rev.,D52,4660
http://arxiv.org/abs/hep-th/9705048
http://inspirehep.net/search?p=find+EPRINT+hep-th/9705048
http://dx.doi.org/10.1016/j.nuclphysb.2006.10.002
http://arxiv.org/abs/hep-th/0512342
http://inspirehep.net/search?p=find+EPRINT+hep-th/0512342
http://dx.doi.org/10.1016/j.nuclphysb.2012.01.022
http://arxiv.org/abs/0712.3526
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.3526
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B271,429
http://dx.doi.org/10.1007/BF01410362
http://inspirehep.net/search?p=find+J+Z.Physik,C24,247

[79]

[80]

[81]

interactions involving higher spin massless particles, Nucl. Phys. B 260 (1985) 295
[INSPIRE].

X. Bekaert, N. Boulanger and S. Leclercq, Strong obstruction of the Berends-Burgers-van
Dam spin-3 vertex, J. Phys. A 43 (2010) 185401 [arXiv:1002.0289] INSPIRE].

N. Boulanger and S. Leclercq, Consistent couplings between spin-2 and spin-3 massless

fields, JHEP 11 (2006) 034 [hep-th/0609221] [INSPIRE].

X. Bekaert, N. Boulanger, S. Cnockaert and S. Leclercq, On Killing tensors and cubic
vertices in higher-spin gauge theories, Fortsch. Phys. 54 (2006) 282 [hep-th/0602092]
[INSPIRE].

N. Boulanger, S. Leclercq and S. Cnockaert, Parity violating vertices for spin-3 gauge fields,
Phys. Rev. D 73 (2006) 065019 [hep-th/0509118] [NSPIRE].

Y. Zinoviev, On massive spin 2 interactions, Nucl. Phys. B 770 (2007) 83
[hep-th/0609170] [INSPIRE].

Y. Zinoviev, On spin 3 interacting with gravity, Class. Quant. Grav. 26 (2009) 035022
[arXiv:0805.2226] [INSPIRE].

Y. Zinoviev, On spin 2 electromagnetic interactions, Mod. Phys. Lett. A 24 (2009) 17
[arXiv:0806.4030] [INSPIRE].

Y. Zinoviev, On massive spin 2 electromagnetic interactions, Nucl. Phys. B 821 (2009) 431
[arXiv:0901.3462] INSPIRE].

Y. Zinoviev, Spin 3 cubic vertices in a frame-like formalism, JHEP 08 (2010) 084
[arXiv:1007.0158] [INSPIRE].

X. Bekaert, E. Joung and J. Mourad, On higher spin interactions with matter,
JHEP 05 (2009) 126 [arXiv:0903.3338] [INSPIRE].

X. Bekaert, E. Joung and J. Mourad, Effective action in a higher-spin background,
JHEP 02 (2011) 048 [arXiv:1012.2103] [INSPIRE].

D.J. Gross and P.F. Mende, The high-energy behavior of string scattering amplitudes,
Phys. Lett. B 197 (1987) 129 [INSPIRE].

D.J. Gross and P.F. Mende, String theory beyond the Planck scale,
Nucl. Phys. B 303 (1988) 407 [nSPIRE].

D.J. Gross, High-energy symmetries of string theory, Phys. Rev. Lett. 60 (1988) 1229
[INSPIRE].

D. Amati, M. Ciafaloni and G. Veneziano, Superstring collisions at planckian energies,
Phys. Lett. B 197 (1987) 81 [INnSPIRE].

D. Amati, M. Ciafaloni and G. Veneziano, Classical and quantum gravity effects from
planckian energy superstring collisions, Int. J. Mod. Phys. A 3 (1988) 1615 [INSPIRE].

D. Amati, M. Ciafaloni and G. Veneziano, Can space-time be probed below the string size?,
Phys. Lett. B 216 (1989) 41 [INSPIRE].

M. Bianchi, J.F. Morales and H. Samtleben, On stringy AdSs x S° and higher spin
holography, JHEP 07 (2003) 062 [hep-th/0305052] [INSPIRE].

N. Beisert, M. Bianchi, J.F. Morales and H. Samtleben, Higher spin symmetry and N = 4
SYM, JHEP 07 (2004) 058 [hep-th/0405057] [INSPIRE].

— 70 —


http://dx.doi.org/10.1016/0550-3213(85)90074-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B260,295
http://dx.doi.org/10.1088/1751-8113/43/18/185401
http://arxiv.org/abs/1002.0289
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.0289
http://dx.doi.org/10.1088/1126-6708/2006/11/034
http://arxiv.org/abs/hep-th/0609221
http://inspirehep.net/search?p=find+EPRINT+hep-th/0609221
http://dx.doi.org/10.1002/prop.200510274
http://arxiv.org/abs/hep-th/0602092
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602092
http://dx.doi.org/10.1103/PhysRevD.73.065019
http://arxiv.org/abs/hep-th/0509118
http://inspirehep.net/search?p=find+EPRINT+hep-th/0509118
http://dx.doi.org/10.1016/j.nuclphysb.2007.02.005
http://arxiv.org/abs/hep-th/0609170
http://inspirehep.net/search?p=find+EPRINT+hep-th/0609170
http://dx.doi.org/10.1088/0264-9381/26/3/035022
http://arxiv.org/abs/0805.2226
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.2226
http://dx.doi.org/10.1142/S0217732309028874
http://arxiv.org/abs/0806.4030
http://inspirehep.net/search?p=find+EPRINT+arXiv:0806.4030
http://dx.doi.org/10.1016/j.nuclphysb.2009.04.027
http://arxiv.org/abs/0901.3462
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.3462
http://dx.doi.org/10.1007/JHEP08(2010)084
http://arxiv.org/abs/1007.0158
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0158
http://dx.doi.org/10.1088/1126-6708/2009/05/126
http://arxiv.org/abs/0903.3338
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3338
http://dx.doi.org/10.1007/JHEP02(2011)048
http://arxiv.org/abs/1012.2103
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.2103
http://dx.doi.org/10.1016/0370-2693(87)90355-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B197,129
http://dx.doi.org/10.1016/0550-3213(88)90390-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B303,407
http://dx.doi.org/10.1103/PhysRevLett.60.1229
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,60,1229
http://dx.doi.org/10.1016/0370-2693(87)90346-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B197,81
http://dx.doi.org/10.1142/S0217751X88000710
http://inspirehep.net/search?p=find+J+Int.J.Mod.Phys.,A3,1615
http://dx.doi.org/10.1016/0370-2693(89)91366-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B216,41
http://dx.doi.org/10.1088/1126-6708/2003/07/062
http://arxiv.org/abs/hep-th/0305052
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305052
http://dx.doi.org/10.1088/1126-6708/2004/07/058
http://arxiv.org/abs/hep-th/0405057
http://inspirehep.net/search?p=find+EPRINT+hep-th/0405057

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]
[115]

[116]

[117]

N. Boulanger, S. Leclercq and P. Sundell, On the uniqueness of minimal coupling in
higher-spin gauge theory, JHEP 08 (2008) 056 [arXiv:0805.2764] INSPIRE].

N. Boulanger, T. Damour, L. Gualtieri and M. Henneaux, Inconsistency of interacting,
multigraviton theories, Nucl. Phys. B 597 (2001) 127 [hep-th/0007220] [INSPIRE].

S.R. Coleman and J. Mandula, All possible symmetries of the S matrix,
Phys. Rev. 159 (1967) 1251 [INSPIRE].

R. Haag, J.T. Lopuszanski and M. Sohnius, All possible generators of supersymmetries of
the S matriz, Nucl. Phys. B 88 (1975) 257 [INSPIRE].

S. Weinberg and E. Witten, Limits on massless particles, Phys. Lett. B 96 (1980) 59
[INSPIRE].

C. Aragone and S. Deser, Consistency problems of hypergravity,
Phys. Lett. B 86 (1979) 161 NSPIRE].

C. Aragone and S. Deser, Consistency problems of spin-2 gravity coupling,
Nuovo Cim. B 57 (1980) 33 [INSPIRE].

T. Damour and S. Deser, Higher derivative interactions of higher spin gauge fields,
Class. Quant. Grav. 4 (1987) L95 InSPIRE].

M. Porrati, Universal limits on massless high-spin particles, Phys. Rev. D 78 (2008) 065016
[arXiv:0804.4672] [INSPIRE].

M. Porrati and R. Rahman, Intrinsic cutoff and acausality for massive spin 2 fields coupled
to electromagnetism, Nucl. Phys. B 801 (2008) 174 [arXiv:0801.2581] iNSPIRE].

M. Porrati and R. Rahman, A model independent ultraviolet cutoff for theories with charged
massive higher spin fields, Nucl. Phys. B 814 (2009) 370 [arXiv:0812.4254] [INSPIRE].

M. Porrati and R. Rahman, Causal propagation of a charged spin 3/2 field in an external
electromagnetic background, Phys. Rev. D 80 (2009) 025009 [arXiv:0906.1432] [INSPIRE].

S. Weinberg, Photons and gravitons in s matriz theory: derivation of charge conservation
and equality of gravitational and inertial mass, Phys. Rev. 135 (1964) B1049.

X. Bekaert, N. Boulanger and P. Sundell, How higher-spin gravity surpasses the spin two
barrier: no-go theorems versus yes-go examples, arXiv:1007.0435 [INSPIRE].

G. Barnich and M. Henneaux, Consistent couplings between fields with a gauge freedom and
deformations of the master equation, Phys. Lett. B 311 (1993) 123 [hep-th/9304057]
[INSPIRE].

D.Z. Freedman, P. van Nieuwenhuizen and S. Ferrara, Progress toward a theory of
supergravity, Phys. Rev. D 13 (1976) 3214 [INSPIRE].

S. Deser and B. Zumino, Consistent supergravity, Phys. Lett. B 62 (1976) 335 [INSPIRE].

A K. Bengtsson, A unified action for higher spin gauge bosons from covariant string theory,
Phys. Lett. B 182 (1986) 321 [iNSPIRE].

M. Henneaux and C. Teitelboim, First and second quantized point particles of any spin, in
Quantum mechanics of fundamental systems 2, C. Teitelboim and J. Zanelli eds., Plenum
Press, New York U.S.A. (1988).

G. Bonelli, On the tensionless limit of bosonic strings, infinite symmetries and higher spins,
Nucl. Phys. B 669 (2003) 159 [hep-th/0305155] [INSPIRE].

— 71 —


http://dx.doi.org/10.1088/1126-6708/2008/08/056
http://arxiv.org/abs/0805.2764
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.2764
http://dx.doi.org/10.1016/S0550-3213(00)00718-5
http://arxiv.org/abs/hep-th/0007220
http://inspirehep.net/search?p=find+EPRINT+hep-th/0007220
http://dx.doi.org/10.1103/PhysRev.159.1251
http://inspirehep.net/search?p=find+J+Phys.Rev.,159,1251
http://dx.doi.org/10.1016/0550-3213(75)90279-5
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B88,257
http://dx.doi.org/10.1016/0370-2693(80)90212-9
http://inspirehep.net/search?p=find+J+Phys.Lett.,B96,59
http://dx.doi.org/10.1016/0370-2693(79)90808-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B86,161
http://dx.doi.org/10.1007/BF02722400
http://inspirehep.net/search?p=find+J+NuovoCim.,B57,33
http://dx.doi.org/10.1088/0264-9381/4/4/005
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,4,L95
http://dx.doi.org/10.1103/PhysRevD.78.065016
http://arxiv.org/abs/0804.4672
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.4672
http://dx.doi.org/10.1016/j.nuclphysb.2008.05.013
http://arxiv.org/abs/0801.2581
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.2581
http://dx.doi.org/10.1016/j.nuclphysb.2009.02.010
http://arxiv.org/abs/0812.4254
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.4254
http://dx.doi.org/10.1103/PhysRevD.80.025009
http://arxiv.org/abs/0906.1432
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1432
http://dx.doi.org/10.1103/PhysRev.135.B1049
http://arxiv.org/abs/1007.0435
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0435
http://dx.doi.org/10.1016/0370-2693(93)90544-R
http://arxiv.org/abs/hep-th/9304057
http://inspirehep.net/search?p=find+EPRINT+hep-th/9304057
http://dx.doi.org/10.1103/PhysRevD.13.3214
http://inspirehep.net/search?p=find+J+Phys.Rev.,D13,3214
http://dx.doi.org/10.1016/0370-2693(76)90089-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B62,335
http://dx.doi.org/10.1016/0370-2693(86)90100-0
http://inspirehep.net/search?p=find+J+Phys.Lett.,B182,321
http://dx.doi.org/10.1016/j.nuclphysb.2003.07.002
http://arxiv.org/abs/hep-th/0305155
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305155

[118] A. Sagnotti and M. Tsulaia, On higher spins and the tensionless limit of string theory,
Nucl. Phys. B 682 (2004) 83 [hep-th/0311257| [INSPIRE].

[119] G. Barnich, M. Grigoriev, A. Semikhatov and I. Tipunin, Parent field theory and unfolding
in BRST first-quantized terms, Commun. Math. Phys. 260 (2005) 147 [hep-th/0406192]
[INSPIRE].

[120] G. Barnich and M. Grigoriev, BRST extension of the non-linear unfolded formalism,
hep-th/0504119 [INSPIRE].

[121] M. Grigoriev, Off-shell gauge fields from BRST quantization, hep-th/0605089 [INSPIRE].

[122] A.K. Bengtsson, BRST approach to interacting higher spin gauge fields,
Class. Quant. Grav. 5 (1988) 437 [INSPIRE].

[123] M.B. Green, J.H. Schwarz and E. Witten, Superstring theory, 2 volumes, Cambridge
University Press, Cambridge U.K. (1987).

[124] J. Polchinski, String theory, 2 volumes, Cambridge University Press, Cambridge U.K.
(1998).

[125] B. Zwiebach, A first course in string theory, Cambridge University Press, Cambridge U.K.
(2004).

[126] K. Becker, M. Becker and J.H. Schwarz, String theory and M-theory: a modern
introduction, Cambridge University Press, Cambridge U.K. (2007).

[127] E. Kiritsis, String theory in a nutshell, Princeton University Press, Princeton U.S.A. (2007).

[128] E. Witten, Noncommutative geometry and string field theory,
Nucl. Phys. B 268 (1986) 253 [iINnSPIRE].

[129] B. Zwiebach, Closed string field theory: quantum action and the B-V master equation,
Nucl. Phys. B 390 (1993) 33 [hep-th/9206084] [INSPIRE].

[130] R. D’Auria and P. Fré, Geometric supergravity in D = 11 and its hidden supergroup,
Nucl. Phys. B 201 (1982) 101 [Erratum ibid. B 206 (1982) 496] [INSPIRE].

[131] R. D’Auria and P. Fré, Cartan integrable systems, that is differential free algebras, in
Supergravity 1982, September 6-18, Trieste, Italy (1982).

[132] R. D’Auria, P. Fré, P. Townsend and P. van Nieuwenhuizen, Invariance of actions,
rheonomy and the new minimal N = 1 supergravity in the group manifold approach,
Annals Phys. 155 (1984) 423 [INSPIRE].

[133] L. Castellani, Group geometric methods in supergravity and superstring theories,
Int. J. Mod. Phys. A 7 (1992) 1583 [INSPIRE].

[134] D. Sullivan, Infinitesimal computations in topology, Publ. Math. IHES 47 (1977) 269.
[135] J. Stasheff, Homotopy associativity of H-spaces, I, Trans. Amer. Math. Soc. 108 (1963) 293.

[136] J. Stasheff, H-spaces from a homotopy point of view, Lecture Notes in Mathematics 161,
Springer, U.S.A. (1970).

[137] T. Lada and J. Stasheff, Introduction to SH Lie algebras for physicists,
Int. J. Theor. Phys. 32 (1993) 1087 [hep-th/9209099] [INSPIRE].

[138] I. Batalin and G. Vilkovisky, Relativistic S matriz of dynamical systems with boson and
fermion constraints, Phys. Lett. B 69 (1977) 309 [NnSPIRE].

— 72 —


http://dx.doi.org/10.1016/j.nuclphysb.2004.01.024
http://arxiv.org/abs/hep-th/0311257
http://inspirehep.net/search?p=find+EPRINT+hep-th/0311257
http://dx.doi.org/10.1007/s00220-005-1408-4
http://arxiv.org/abs/hep-th/0406192
http://inspirehep.net/search?p=find+EPRINT+hep-th/0406192
http://arxiv.org/abs/hep-th/0504119
http://inspirehep.net/search?p=find+EPRINT+hep-th/0504119
http://arxiv.org/abs/hep-th/0605089
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605089
http://dx.doi.org/10.1088/0264-9381/5/3/005
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,5,437
http://dx.doi.org/10.1016/0550-3213(86)90155-0
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B268,253
http://dx.doi.org/10.1016/0550-3213(93)90388-6
http://arxiv.org/abs/hep-th/9206084
http://inspirehep.net/search?p=find+EPRINT+hep-th/9206084
http://dx.doi.org/10.1016/0550-3213(82)90376-5
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B201,101
http://dx.doi.org/10.1016/0003-4916(84)90007-1
http://inspirehep.net/search?p=find+J+AnnalsPhys.,155,423
http://dx.doi.org/10.1142/S0217751X92000697
http://inspirehep.net/search?p=find+J+Int.J.Mod.Phys.,A7,1583
http://dx.doi.org/10.1007/BF00671791
http://arxiv.org/abs/hep-th/9209099
http://inspirehep.net/search?p=find+EPRINT+hep-th/9209099
http://dx.doi.org/10.1016/0370-2693(77)90553-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B69,309

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147)

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

I. Batalin and G. Vilkovisky, Gauge algebra and quantization, Phys. Lett. B 102 (1981) 27
[INSPIRE].

M. Alexandrov, M. Kontsevich, A. Schwartz and O. Zaboronsky, The geometry of the
master equation and topological quantum field theory, Int. J. Mod. Phys. A 12 (1997) 1405
[hep-th/9502010] [INSPIRE].

G. Barnich and M. Grigoriev, First order parent formulation for generic gauge field
theories, JHEP 01 (2011) 122 [arXiv:1009.0190] [INnSPIRE].

M. Grigoriev, Parent formulation at the lagrangian level, JHEP 07 (2011) 061
[arXiv:1012.1903] [INSPIRE].

I. Buchbinder, A. Fotopoulos, A.C. Petkou and M. Tsulaia, Constructing the cubic
interaction vertex of higher spin gauge fields, Phys. Rev. D 74 (2006) 105018
[hep-th/0609082] [INSPIRE].

A. Fotopoulos and M. Tsulaia, Interacting higher spins and the high energy limit of the
bosonic string, Phys. Rev. D 76 (2007) 025014 [arXiv:0705.2939] [INSPIRE].

A. Fotopoulos and M. Tsulaia, Current exchanges for reducible higher spin multiplets and
gauge fizing, JHEP 10 (2009) 050 [arXiv:0907.4061] INSPIRE].

S. Deser, Selfinteraction and gauge invariance, Gen. Rel. Grav. 1 (1970) 9 [gr-qc/0411023]
[INSPIRE].

R.J. Eden, P.V. Landshoff, D.I. Olive and J.C. Polkinghorne, The analytic S-matriz,
Cambridge University Press, Cambridge U.K. (1966).

J.E. Paton and H.-M. Chan, Generalized Veneziano model with isospin,
Nucl. Phys. B 10 (1969) 516 [INSPIRE].

J.H. Schwarz, Gauge groups for type I superstrings, presented at 6** Johns Hopkins
workshop on current problems in high-energy particle theory, June 2—4, Florence, Italy
(1982).

N. Marcus and A. Sagnotti, Tree level constraints on gauge groups for type I superstrings,
Phys. Lett. B 119 (1982) 97 [InSPIRE].

N. Marcus and A. Sagnotti, Group theory from quarks at the ends of strings,
Phys. Lett. B 188 (1987) 58 [INSPIRE].

D. Gao and K. Hori, On the structure of the Chan-Paton factors for D-branes in type 11
orientifolds, arXiv:1004.3972 [INSPIRE].

Z. Bern, J.J.M. Carrasco and H. Johansson, Perturbative quantum gravity as a double copy
of gauge theory, Phys. Rev. Lett. 105 (2010) 061602 [arXiv:1004.0476] [INSPIRE].

H. Kawai, D. Lewellen and S. Tye, A relation between tree amplitudes of closed and open
strings, Nucl. Phys. B 269 (1986) 1 [INSPIRE].

E. Witten, Perturbative gauge theory as a string theory in twistor space,
Commun. Math. Phys. 252 (2004) 189 [hep-th/0312171] INSPIRE].

F. Cachazo, P. Svréek and E. Witten, MHV vertices and tree amplitudes in gauge theory,
JHEP 09 (2004) 006 [hep-th/0403047] [INSPIRE].

R. Britto, F. Cachazo and B. Feng, New recursion relations for tree amplitudes of gluons,
Nucl. Phys. B 715 (2005) 499 [hep-th/0412308] [INSPIRE].

— 73 —


http://dx.doi.org/10.1016/0370-2693(81)90205-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B102,27
http://dx.doi.org/10.1142/S0217751X97001031
http://arxiv.org/abs/hep-th/9502010
http://inspirehep.net/search?p=find+EPRINT+hep-th/9502010
http://dx.doi.org/10.1007/JHEP01(2011)122
http://arxiv.org/abs/1009.0190
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.0190
http://dx.doi.org/10.1007/JHEP07(2011)061
http://arxiv.org/abs/1012.1903
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.1903
http://dx.doi.org/10.1103/PhysRevD.74.105018
http://arxiv.org/abs/hep-th/0609082
http://inspirehep.net/search?p=find+EPRINT+hep-th/0609082
http://dx.doi.org/10.1103/PhysRevD.76.025014
http://arxiv.org/abs/0705.2939
http://inspirehep.net/search?p=find+EPRINT+arXiv:0705.2939
http://dx.doi.org/10.1088/1126-6708/2009/10/050
http://arxiv.org/abs/0907.4061
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.4061
http://dx.doi.org/10.1007/BF00759198
http://arxiv.org/abs/gr-qc/0411023
http://inspirehep.net/search?p=find+EPRINT+gr-qc/0411023
http://dx.doi.org/10.1016/0550-3213(69)90038-8
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B10,516
http://dx.doi.org/10.1016/0370-2693(82)90253-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B119,97
http://dx.doi.org/10.1016/0370-2693(87)90705-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B188,58
http://arxiv.org/abs/1004.3972
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.3972
http://dx.doi.org/10.1103/PhysRevLett.105.061602
http://arxiv.org/abs/1004.0476
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.0476
http://dx.doi.org/10.1016/0550-3213(86)90362-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B269,1
http://dx.doi.org/10.1007/s00220-004-1187-3
http://arxiv.org/abs/hep-th/0312171
http://inspirehep.net/search?p=find+EPRINT+hep-th/0312171
http://dx.doi.org/10.1088/1126-6708/2004/09/006
http://arxiv.org/abs/hep-th/0403047
http://inspirehep.net/search?p=find+EPRINT+hep-th/0403047
http://dx.doi.org/10.1016/j.nuclphysb.2005.02.030
http://arxiv.org/abs/hep-th/0412308
http://inspirehep.net/search?p=find+EPRINT+hep-th/0412308

[158]

[159]

[160]

[161]

[162]

[163]

164]
[165]

[166]

[167]

168

169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

R. Britto, F. Cachazo, B. Feng and E. Witten, Direct proof of tree-level recursion relation
in Yang-Mills theory, Phys. Rev. Lett. 94 (2005) 181602 [hep-th/0501052] [INSPIRE].

P. Benincasa and F. Cachazo, Consistency conditions on the S-matriz of massless particles,
arXiv:0705.4305 [INSPIRE].

P. Benincasa and E. Conde, On the tree-level structure of scattering amplitudes of massless
particles, JHEP 11 (2011) 074 [arXiv:1106.0166] INSPIRE].

K. Alkalaev, M. Grigoriev and I. Tipunin, Massless Poincaré modules and gauge invariant
equations, Nucl. Phys. B 823 (2009) 509 [arXiv:0811.3999] [INSPIRE].

A. Sagnotti, Open Strings and their Symmetry Groups, in Cargese ’87: non-perturbative
quantum field theory, G. Mack et al., Pergamon Press, U.K. (1988), hep-th/0208020
[INSPIRE].

G. Pradisi and A. Sagnotti, Open string orbifolds, Phys. Lett. B 216 (1989) 59 [INSPIRE].
P. Hotava, Strings on world sheet orbifolds, Nucl. Phys. B 327 (1989) 461 [INSPIRE].

P. Hofava, Background duality of open string models, Phys. Lett. B 231 (1989) 251
[INSPIRE].

M. Bianchi and A. Sagnotti, On the systematics of open string theories,
Phys. Lett. B 247 (1990) 517 [InSPIRE].

M. Bianchi and A. Sagnotti, Twist symmetry and open string Wilson lines,
Nucl. Phys. B 361 (1991) 519 [inSPIRE].

M. Bianchi, G. Pradisi and A. Sagnotti, Toroidal compactification and symmetry breaking
in open string theories, Nucl. Phys. B 376 (1992) 365 [INSPIRE].

A. Sagnotti, A note on the Green-Schwarz mechanism in open string theories,
Phys. Lett. B 294 (1992) 196 [hep-th/9210127] [INSPIRE].

E. Dudas, Theory and phenomenology of type-I strings and M-theory,
Class. Quant. Grav. 17 (2000) R41 [hep-ph/0006190] [INSPIRE].

C. Angelantonj and A. Sagnotti, Open strings, Phys. Rept. 371 (2002) 1 [Erratum ibid. 376
(2003) 339-405] [hep-th/0204089] [xSPIRE].

S. Sugimoto, Anomaly cancellations in type-I D9-D9 system and the USp(32) string theory,
Prog. Theor. Phys. 102 (1999) 685 [hep-th/9905159] [INSPIRE].

1. Antoniadis, E. Dudas and A. Sagnotti, Brane supersymmetry breaking,
Phys. Lett. B 464 (1999) 38 [hep-th/9908023] [iNSPIRE].

C. Angelantonj, Comments on open string orbifolds with a nonvanishing B(ab),
Nucl. Phys. B 566 (2000) 126 [hep-th/9908064] [INSPIRE].

G. Aldazabal and A. Uranga, Tachyon free nonsupersymmetric type IIB orientifolds via
brane-anti-brane systems, JHEP 10 (1999) 024 [hep-th/9908072] [INSPIRE].

C. Angelantonj, I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Type I vacua
with brane supersymmetry breaking, Nucl. Phys. B 572 (2000) 36 [hep-th/9911081]
[INSPIRE].

E. Dudas and J. Mourad, Consistent gravitino couplings in nonsupersymmetric strings,
Phys. Lett. B 514 (2001) 173 [hep-th/0012071] InSPIRE].

— 74 —


http://dx.doi.org/10.1103/PhysRevLett.94.181602
http://arxiv.org/abs/hep-th/0501052
http://inspirehep.net/search?p=find+EPRINT+hep-th/0501052
http://arxiv.org/abs/0705.4305
http://inspirehep.net/search?p=find+EPRINT+arXiv:0705.4305
http://dx.doi.org/10.1007/JHEP11(2011)074
http://arxiv.org/abs/1106.0166
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0166
http://dx.doi.org/10.1016/j.nuclphysb.2009.08.007
http://arxiv.org/abs/0811.3999
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.3999
http://arxiv.org/abs/hep-th/0208020
http://inspirehep.net/search?p=find+EPRINT+hep-th/0208020
http://dx.doi.org/10.1016/0370-2693(89)91369-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B216,59
http://dx.doi.org/10.1016/0550-3213(89)90279-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B327,461
http://dx.doi.org/10.1016/0370-2693(89)90209-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B231,251
http://dx.doi.org/10.1016/0370-2693(90)91894-H
http://inspirehep.net/search?p=find+J+Phys.Lett.,B247,517
http://dx.doi.org/10.1016/0550-3213(91)90271-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B361,519
http://dx.doi.org/10.1016/0550-3213(92)90129-Y
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B376,365
http://dx.doi.org/10.1016/0370-2693(92)90682-T
http://arxiv.org/abs/hep-th/9210127
http://inspirehep.net/search?p=find+EPRINT+hep-th/9210127
http://dx.doi.org/10.1088/0264-9381/17/22/201
http://arxiv.org/abs/hep-ph/0006190
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0006190
http://dx.doi.org/10.1016/S0370-1573(02)00273-9
http://arxiv.org/abs/hep-th/0204089
http://inspirehep.net/search?p=find+EPRINT+hep-th/0204089
http://dx.doi.org/10.1143/PTP.102.685
http://arxiv.org/abs/hep-th/9905159
http://inspirehep.net/search?p=find+EPRINT+hep-th/9905159
http://dx.doi.org/10.1016/S0370-2693(99)01023-0
http://arxiv.org/abs/hep-th/9908023
http://inspirehep.net/search?p=find+EPRINT+hep-th/9908023
http://dx.doi.org/10.1016/S0550-3213(99)00662-8
http://arxiv.org/abs/hep-th/9908064
http://inspirehep.net/search?p=find+EPRINT+hep-th/9908064
http://dx.doi.org/10.1088/1126-6708/1999/10/024
http://arxiv.org/abs/hep-th/9908072
http://inspirehep.net/search?p=find+EPRINT+hep-th/9908072
http://dx.doi.org/10.1016/S0550-3213(00)00052-3
http://arxiv.org/abs/hep-th/9911081
http://inspirehep.net/search?p=find+EPRINT+hep-th/9911081
http://dx.doi.org/10.1016/S0370-2693(01)00777-8
http://arxiv.org/abs/hep-th/0012071
http://inspirehep.net/search?p=find+EPRINT+hep-th/0012071

[178] G. Pradisi and F. Riccioni, Geometric couplings and brane supersymmetry breaking,
Nucl. Phys. B 615 (2001) 33 [hep-th/0107090] [INSPIRE].

— 75—


http://dx.doi.org/10.1016/S0550-3213(01)00441-2
http://arxiv.org/abs/hep-th/0107090
http://inspirehep.net/search?p=find+EPRINT+hep-th/0107090

	Introduction
	Symbol calculus
	Structure of the interactions
	HS covariant equations and gauge transformations
	Lagrangian form
	Binary product
	Ternary product

	Four-point scattering amplitudes
	The Yang-Mills example
	The HS case
	Off-shell ternary product
	Weinberg's theorem revisited

	Non-local field theories?
	Conclusions
	Comments on N-point functions, fermions and mixed symmetry fields
	n-point functions
	Fermions
	Mixed-symmetry fields

	Cubic couplings for bosonic and fermionic totally symmetric fields
	``Off-shell'' theory vs. ``on-shell'' theory: quadratic level
	``Off-shell'' theory vs. ``on-shell'' theory: interactions

