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Abstract

There exists a unique class of local Higher Spin Gravities with propagating massless
fields in 4d — Chiral Higher Spin Gravity. Originally, it was formulated in the light-cone
gauge. We construct a covariant form of this theory as a Free Differential Algebra up to
NLO, i.e. at the level of equations of motion. It also contains the recently discovered
covariant forms of the higher spin extensions of SDYM and SDGR, as well as SDYM and
SDGR themselves. From the mathematical viewpoint the result is equivalent to taking
the minimal model (in the sense of L.,-algebras) of the jet-space extension of the BV-
BRST formulation of Chiral Higher Spin Gravity, thereby, containing also information

about (presymplectic AKSZ) action, counterterms, anomalies, etc.
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1 Introduction

Higher Spin Gravities (HiSGRA) are defined to be the smallest possible extensions of gravity
with massless fields of arbitrary spin. While there are good reasons to expect higher spin states
to play an important role in general, e.g. string theory, the masslessness should imitate the high
energy behavior and, for that reason, HISGRA can be interesting probes of the quantum gravity
problems since some of the issues can become visible already at the classical level. Indeed, it is
quite challenging to construct HISGRA due to massless higher spin fields facing numerous issues.
As a result, all concrete HISGRA’s available at the moment are quite peculiar: topological
models 3d with (partially)-massless and conformal fields [1-7]; 4d conformal HiISGRA [8-10]
that is a higher spin extension of Weyl gravity; Chiral HISGRA [11-15] and its truncations
116, 17]H In this paper we covariantize the interactions of Chiral HISGRA.

Chiral HiISGRA is easy to describe due to its simplicity — interactions stop at the cubic
level in the action. It is built from the standard cubic interactions, even though the formulation
available before the present paper is in the light-cone gauge. It is advantageous that the light-
cone gauge and the spinor-helicity formalism are closely related [23-27]. As is well-known
[28, 129], the Lorentz invariance fixes cubic amplitudes Vj, 1, x, and for any triplet of helicities

A1 + Ao + A3 > 0 there is a unique vertex and the corresponding amplitude:

V)\17>\27>\3 ~ [12]>\1+>\2—>\3 [23]>\2+>\3—>\1[13])\1+>\3—>\2 ) (1.1)

on-shell

Chiral Theory can be defined as a unique combination of vertices |[11-13] that (a) contains at
least one nontrivial self-interaction of a higher spin state with itself; (b) leads to a Lorentz-
invariant theory; (c) does not require higher order contact vertices. These assumptions imply
that the spectrum of the theory has to contain massless fields of all spins s = 0,1,2, ..., i.e.

helicities A € (—o0, +00) and all coupling constants are uniquely fixed to be

K (lp)/\1+A2+>\3—1
(AL + Ao+ A3)

Vehiral = E Cxinons Var o ns 5 Cridons =

A1,A2,A3

(1.2)

Here, [, is a constant of dimension length, e.g. Planck length, and x is an arbitrary dimensionless
constant. In principle, there exists the ¢3-vertex, i.e. \; = 0, but it is not present in Chiral
Theory. We also see that the I'-function restricts the range of summation to A; + Ay + A3 > 0.
All such vertices are present. For example, one has the half of the usual +2, +2, —2 Einstein-

Hilbert vertex and, provided the Yang-Mills groups are turned one, the Yang-Mills interaction

2There are also other interesting recent ideas, e.g. [18,19] and [20-22].



+1,+1, —1. Importantly, the higher derivative corrections are also needed, e.g. the half of the
Goroff-Sagnotti counterterm [30], which is 42,42, 4+2. Such higher derivative terms originate
from string theory as well, e.g. [31].

It was shown that the tree-level amplitudes vanish on-shell |14, [15]. At one-loop there are no
UV divergences and the one-loop amplitudes are proportional to the all helicity plus amplitudes
of QCD or SDYM at one loop [32]. They also have a higher spin kinematical factor and a factor
of the total number of degree of freedom ), 1. The latter is infinite and, as in any QFT with
infinitely many fields, see e.g. [33], has to be given a prescription for. A great deal of vacuum
one-loop results [34-43] suggest that this has to be regularized to zero.

The power of the light-cone gauge is in that it excludes unphysical degrees of freedom and
evades ambiguities of covariant (gauge) descriptions. However, many interesting questions, e.g.
nontrivial backgrounds, exact solutions, higher order quantum corrections, are easier to tackle
within a covariant description. Until recently a subtlety has been that Chiral Theory requires
all vertices ([ILT]), some of which cannot be written within the most common covariant approach
to higher spin fields [44], where a massless spin-s field is represented by a symmetric rank-s

tensor ® This puzzle has been resolved in [17], where it was shown that the most basic

fi1fis
problematic interactions of higher spin fields — Yang-Mills and gravitational — can easily be
constructed by employing the covariant field variables discovered first in Twistor Theory [45-
48]. This should not be surprising since Chiral Theory was shown to admit a formulation similar
to self-dual Yang-Mills and self-dual gravity [16] and Twistor techniques are most natural for
self-dual theories.

In the present paper we extend these results to Chiral Theory and construct its minimal
model or, equivalently, its classical equations of motion as a Free Differential Algebra [49] to
NLO. In other words, Chiral Theory can be written as a sigma-model d® = Q(®), where ® are
maps from 17 M (the algebra of differential forms on a manifold M) to another supermanifold
N equipped with a homological vector field @, Q@ = 0. All essential information about a
given theory, e.g. action, anomalies, etc., is encoded in its minimal model as the ()-cohomology
[50, 51]. Therefore, the results of the paper can be used to investigate the quantum properties
of Chiral Theory, as well as to construct an action and look for classical solutions.

The paper is organized as follows. After a brief introduction in section [2] into Free Dif-
ferential Algebras and minimal models, we give in section Bl a concise overview of [17] where
covariant actions for the higher spin extensions of self-dual Yang-Mills and self-dual Gravity
were constructed. These results give important hints on how to extend them to Chiral Theory,

which these two classes are contractions of [16]. To find the right gauge algebra (higher spin



algebra) is the first step and it was done in [52]. We then proceed in section [l to the main part
and construct L..-structure maps/interaction vertices. We also check that some three-point
amplitudes (L2) are correctly reproduced. The latter means that the FDA incorporates all the
physically relevant information at NLO. There are still some higher structure maps to be found
that are required for the complete covariantization of Chiral Theory. We leave this problem to

the future work.

2 Minimal Models

There is a very useful L..-algebra, better say a ()-manifold, that can naturally be associated to
any (gauge) theory and encodes all relevant information about it, which is called the minimal
model. As is explained in [51, 53-59], one begins with the jet space BV-BRST formulation
of a given (gauge) theory. This way one gets a huge L..-algebra which has been quite useful
in the analysis of numerous problems in (quantum) field theories, see e.g. [55, 56]. One can
then consider various equivalent reductions of this algebra that are quasi-isomorphic to it. An
important step is to take a usually much smaller equivalent L..-algebra, called its minimal
model. The minimal model is, in some sense, the smallest possible L..-algebra associated to
a given field theory. Nevertheless, modulo the usual topological issues, it contains the full
information about invariants, conserved currents, actions, counterterms, anomalies, etc. of the
initial field theory [50, 51].

Given a BRST complex that is non-negatively graded, e.g. the minimal model, one can

consider an associated sigma model whose fields are coordinates on the above @)-manifold [57]:

4o = Q(d). (2.1)

Here, ® = ®(x,dx) are maps [IT M — N from the exterior algebra of differential forms on a
space-time manifold M to a supermanifold A that is equipped with a homological vector field
Q, QQ = 0. Equations (2])) and their natural gauge symmetries are equivalent to the initial
field theory)] thereby providing its reformulation as a Free Differential AlgebraH

If @A are coordinates on N, QQ = 0 is equivalent to (Z1II) being formally consistent (that

3In general, the equations describe the parameterized version of the initial gauge field theory [57].

4Sullivan introduced Free Differential Algebras in [49] together with minimal models in the case of differential
graded Lie algebras. FDA were re-introduced into physics [60, [61] in the supergravity context and a bit later
in the higher spin gravity context in [62].



is dd = 0 does not lead to any algebraic constraints on the fields), which can be rewritten as

0

Q2 :0 <~ QBW

Q'=0. (2.2)
The latter condition, when Taylor expanded in @, is equivalent to the L..-relations [63, [64]
that define an L..-algebra. This shows that FDA, L., and @)-manifolds are all closely related.
In many practical applications of minimal models, e.g. gauge field theories including gravity
coordinates on the formal graded manifold N consist of two subsets: degree-one and degree-
zero. We denote the coordinates and, then, the corresponding fields w and C', respectively.
From the space-time point of view w becomes a one-form connection of some Lie algebra and
zero-form C' becomes a matter field taking values in some representation p. The simplest system
one can write

dw = 3w, w], dC = p(w)C', (2.3)

consists of the flatness condition for w and of the covariant constancy equation on C'. These
two equations will describe a background and the physical degrees of freedom propagating on

it. The most general non-linear deformation read

dw = l(w,w)+l3(w,w,C)+ ly(w,w,C,C)+ ...,

(2.4)
dC = ly(w,C) +1l3(w,C,C) + ... .

This algebraic structure can also be identified as a Lie algebroid. Here the initial data — Lie
algebra and its module — are encoded in the bilinear maps ly(w,w) and ly(w, C'), respectively.
The higher spin algebra for Chiral Theory was guessed in [52] based on its truncation to the
self-dual gravity sector. The module structure is easy to identify, see below. The problem is to

find the higher order vertices. In the paper we determine [3(e, e, o).

SFor some of the supergravities forms of higher degree need to be introduced.

6Tt was first proposed in [62] to look for Higher Spin Gravities in the form of an FDA. However, it is
important to constrain the vertices by further conditions: (a) to restrict to a basis of independent interaction
vertices (otherwise one and the same interaction can be present in infinitely many equivalent but differently
looking forms); (b) to impose some form of locality (otherwise any deformation can be completed with higher
orders [65], or, in the light-cone gauge, any function can serve as a Hamiltonian unless we care about locality
of the boost generators). All these issues are present |66, 67] in [62]. Therefore, unless (a) and (b) are taken
into account () just gives the most general ansatz for interactions consistent with symmetries rather than any
concrete theory. These issues are under control in the present paper.



3 HS-SDYM and HS-SDGR

Since the full covariant form of Chiral HISGRA is not known and this is exactly the problem
we address in the paper, a good starting point is to extract some useful information from the
two contractions of Chiral Theory [16, [17], which can be understood as higher spin extensions
of SDYM and SDGR. We begin by reviewing some necessary facts about free fields. Impatient

readers familiar with the formalism can skip to section [4]

3.1 Free fields

Free massless fields of any spin can be described by equations proposed by Penrose [GS]H
VBA/ \I]BA(2S_1) =0 ’ VAB/ \I]B’A/(Zs—l) =0. (31)

The equations help to separate helicity eigenstates: one of them describes, say positive, and
another the negative helicity states. Twistor theory is very handy in constructing self-dual

theories. It requires positive and negative helicity states be described asymmetrically [47, 48, 69)]

VAA’ (I)A,A’(2s—1) _ O, 5(I)A,A’(2s—1) _ VAA’é—A’(2s—2) ’ (32)

where ®41-42:-1.4" {5 5 gauge potential. For s = 1 it coincides with the usual one Ay~ pAA",
For s = 2 it can be identified with a component of the spin-connection. A bit more geometrically

one can [46] introduce a one-form connection
wA’(2s—2) _ (I)B,A’(2s—2)’B’dl,BBl ) (33)
It can be decomposed into two irreducible spin-tensors

WA= = o GBA QDB | o A QBA(25-3) (3.4)

AA’

where e = eﬁA' dz* is the vierbein one-form. With the help of gauge transformations

6WA,(28—2) _ VEA,(ZS_” + eCA’ nC,A’(2s—3) : (35)

"We also introduce a compact notation for symmetric indices: all indices in which some tensor is symmetric
or to be symmetrized are denoted by the same letter. In addition a group of k symmetric indices A;... Ay can
be abbreviated as A(k).



we get ([3:2) for @ and can eliminate ©. Eqs. (3.1 and (3.2)) follow from a simple action [17, 46]H
S = /‘I’Al@s) N Hgrgr A VwA/(gs_g) . (3.6)

Here HAP' = e NeCP’. For s = 1 we have the action of the free SDYM theory. By replacing
Vw with F' = Vw — %[w,w] and promoting w and ¥ to a Lie-algebra-valued one-form we get
the complete SDYM action [17].

Free equations of motion as Free Differential Algebra. Let us star‘ﬂ with the variational

equations of motion, which do not have an FDA-form yet:
VIUAYCINHup =0, HAY A VA2 — (3.7)
Indeed, we need V¥ = ... and Vw = .... The equations are equivalent to

VQA/(2S) _ eBB/\I]B7AI(2S)BI : VwA/(2s—2) — eBA/ wB’A(28_3) ’ (3.8)

2s+1 A,A"(2s-3

where we introduced a zero-form W44 2s+1) and one-form w ). These fields are known
to be relevant for free higher spin fields since [71] Of course, we need to know what V of
these new fields is, which encourages one to introduce other fields and so on. It is clear that

the free equations are easy to write as

dwADA (=) — o AT ADBA (n=im1) i=0,...,n—1, (3.9a)
dw™ = HppCAMBE (3.9b)
ACATHRF2,A W) — (O BA+k+2), B A (k) ’ k=012, ... (3.9¢)
AUAR A (4k+2) _ o BAR)A (0 k42) B k=01,2,... (3.94)

8This action also can be derived as the presymplectic AKSZ action [70].

9The content of this paragraph has a large overlap with original paper |71]. Apart from the self-dual subtleties
the material is standard and can be found, e.g., in [72].

OTndeed, since |71] introduces fields to parameterize all on-shell nontrivial derivatives of massless fields, any
other covariant formulation has to employ at least some of them. Note, however, that the fields of (1) appeared
first thanks to the twistor approach [47, 48, 168, 169].



where C' and W are zero forms and w are one-forms. It is convenient introduce generating

functions:

W) =Y mwamaem vy T T (3.10)

n,m

idem. for C, where we pack both CAFRA (n+k+2) apnd QAC++2),4(F) into a single generating
function C(y, 7). On top of that C(y,7) contains CA*)4"(*) which describe a free massless scalar
field. Note that the scalar field is necessarily present in Chiral Theory. We can summarize the

free equations as (recall that V2 = 0)
Vw = PPy pdpw + HPBOgo5C(y, 7 = 0), VC = PP 9505 C . (3.11)

These equations form a boundary condition for the non-linear theory.

3.2 Initial data for interactions

It can be useful to have a look at the two contractions of Chiral Theory [16, [17] in order to
understand how interactions can be introduced. Both HS-SDYM and HS-SDGR [17] operate
with holomorphic fields w?'(?=2) and WA (%) Tt is still useful to package them into generating

functions w(y) and V(7).

HS-SDYM. In order to construct Yang-Mills type interactions of higher spin fields, we pro-
mote w and U to Lie-algebra-valued fields, e.g. w4 ® = wA®ie T, It is convenient to realize
T, as matrices Maty for some N, e.g. w(y) = w(y)’;. We will omit the matrix indices and the
only trace they leave is that we cannot swap various w and ¥ factors, the order is important,
e.g. VAw # wAW. The action of HS-SDYM can be written as

S = Z ﬁtr/@A’@S) A HA’A' AN FA/(28—2) , (312)
s=1

where the curvature is F(7) = Vw — w A w. Note that indices contracted with 74" are sym-

metrized automatically:

/

1 A
wAw= Zo 5l [warnys Warmy) G G A (3.13)



The action is invariant under the Yang-Mills transformations:

It is also invariant under the algebraic symmetries (thanks to eB4° A HA4" = 0):

A B — g A pCA (=1) (3.15)
which is vital for w to have the right number of degrees of freedom. See [17] for detail and [21]
for the twistor reformulation.

In principle, we can write down the variational equations of motion and try to represent
them as an FDA. Two important hints will play a role in what follows: (a) interactions must
contain (B13)), i.e. dw(y) = w(y) Aw(@) + ...; (b) ¥(7) takes values in the module that is dual

to that of w, which follows from the structure of the action.

HS-SDGR. Higher spin extension of SDGR [73] is more peculiar [17]. Let us start with its

version on constant (non-zero) curvature spacetimes. The flat-space version [52] is a simple

limit. To proceed we introduce a Poisson structure on the space C[g] of functions in 74 {1

{f.9} =0 focrg=">_ mfA’(n—l)C, gam-ne 7Y (3.16)

n,m

Since Poisson implies Lie, we can define a curvature as usual
F=dw— 3{w,w}, dw =dé —{w, &} = DE. (3.17)

In particular, the Poisson bracket reproduces the standard FAP = dwA? 4+ wie A w? in the

spin-two sector. The action reads:

1 B
S=LW|FAF) =Y m/w( A Farimy A Farm) - (3.18)

n,m=0

It is again important that there is a generalization of the shift symmetry that leaves the full

action invariant [17]. To this effect, one first needs to induce the module structure on ¥, which

"UThis algebra is also know as wj o, see e.g. |74] for the latest applications.



is a module dual to the Poisson algebra as a Lie algebra:

(fi{&9}) = (fo&:9). (3.19)
That it is a module structure is manifested by
Ry(¥):=—Vof, Ry Rol(¥) = Rysg) (V). (3.20)

The structure of the action and of the gauge symmetries gives a strong support to the idea that
U has to be in the dual (coadjoint) representation of the higher spin symmetry. The flat-space
limit is easy to take: one just needs to drop {w,w}-term in the curvature, which is equivalent
to taking the commutative limit for 7. While we could discuss the FDA formulation of this
theory, an example of SDGR gives enough information about the gauge algebra to attack the

main problem.

SDGR in flat space. It may be useful to recall the first few terms of the FDA for self-dual
gravity [75, [76] in flat space [77]. The action reads [52]

/\IIAIBICIDI A de/B/ N dwchr . (321)
The equations of motion are (FA'5" = dwA'?")
F(A’B’ AN FC’D’) =0, dUABCD A Fop =0. (3.22)

The first equation implies that there is no 5-dimensional representation of sls in the symmetric
tensor product of two FA'B'. Therefore, F4'P" can be represented as ez A eP4’ for some field
eA . Indeed, it is easy to see that FAA A FA4" = 0. Now, it is not surprising that the first

few equations in the FDA read

1 / / / 1 !
dw = eBA A eB4 , de :wAB A eB4 , dw™? :wAc /\wCA—i-HBBC'AABB.

We note that the non-abelian terms with w?'4" are missing here-above as compared to the
standard curvature of so(3,2) ~ sp(4). However, we do not recognize the curvature of the

Poincare algebra either. As for W, the equation can be rewritten as

dUABCD N Hpp =0, (3.23)

10



which is equivalent to
V\IIA’A'A’A' — eBB/\I]B,A'A’A'A'B' ) (324)

One can see that we employ exactly the same fields as for the full gravity, but certain structures
"abelianize’. Half of the Lorentz symmetry becomes global rather than originating from a local

gauge symmetry.

4 FDA for Chiral Higher Spin Gravity

After the preliminary steps above we proceed to constructing the Free Differential Algebra of
Chiral Theory. Firstly, we summarize the known initial data and boundary conditions for the

L structure maps.

4.1 Initial data

Coordinates/fields, on-shell jet. The coordinates on the )-manifold or, alternatively, the

fields of the minimal model are exactly the same as for the free fields discussed in Section [3]

h=+s: WARACTZR) cAQH)AG) 0 25—2, i=0,1,2,.., (4.1a)
h=—s: CADAQsH) i=0,1,2,..., (4.1b)
h=0: CcAOAE 5 =0,1,2, ... (4.1¢)

As before, it is convenient to keep all components of w and C' confined in generating functions
w(y,y), C(y,y). Chiral Theory is known to admit Yang-Mills gaugings [15] that, however,
come in a very restricted Chan-Paton-like fashion. To be precise, one can have U(N), O(N)

and USp(N) gaugings. Therefore, we assume that w and C take values in Maty '3

General form. Given all the data above, we are looking for Chiral Theory in the form

dw =V(w,w) +V(w,w,C) + ..., (4.2a)
dC =U(w,C)+U(w,C,C) + .... (4.2b)

12Tt was shown in [78-80] that this assumption allows one to reduce a complicated Chevalley-Eilenberg
cohomology problem to a much simpler Hochschild one. In other words, it is important to remember that
usually higher spin algebras originate from associative ones.

11



Here, V and U are some L., structure maps to be determined. It would be sufficient if the
expansion stops at the quartic terms. This can be justified on the basis of the light-cone action
of Chiral Theory: interactions stop at the cubic level. One might argue that they have to stop
then at quadratic terms for equations. However, this does not have to be the case since the
light-cone gauge theory requires a background, i.e. some specific wy. Therefore, V(w,w, C) is
legit, as well as V(w, w, C, ('), while higher order terms may not be necessary. One can also see
that V(w,w) cannot account for all of the interactions, e.g. w does not contain the scalar field
at all.

An important subtlety is that covariantization of a given theory (going from the light-cone
gauge to a covariant formulation) may require more terms in the perturbation theory that are
there only for the sake of covariance. Such contact terms will not give any contribution to phys-
ical amplitudes. Another subtlety is due to field redefinitions: it is easy to perform a nonlinear
field redefinition in the cubic theory and generate spurious interactions. Alternatively, when
looking for V’s and U’s one can find oneself in an unfortunate field frame with such spurious
interactions all around. We check in Appendix [C] that certain cubic amplitudes are reproduced
correctly. Therefore, (4.2) contains all the physically relevant information. Comparing the
Chiral Theory FDA to those of SDYM and SDGR [77] we find that the former contains only

the terms essential for consistency, which fixes field redefinitions.

Boundary conditions. There are some boundary conditions for V’s and U’s that we learned
from the free equations (B.I1)):

V(e,w) + V(w,e) = e““ Ochow (4.3a)
Ule,C) +U(C,e) = e““ 00 C, (4.3b)
Vie,e,C) = e p e 000:C(y, 7 =0). (4.3¢)

To summarize we are looking for a theory with the spectrum of fields given in (4.1]), in the form
of FDA (4.2)) such that it reproduces the boundary conditions (£.3), i.e. the free equations.

4.2 FDA

In what follows we will have to write down ansétze for L,.-maps. Given that we have packaged

the coordinates into generating functions w(y,y) and C(y,7), the L..-structure maps can be

12



represented by poly-differential operators:

V(fis oo fu) = V(y, 01, 02) f(yr)--f(yn)| (4.4)

yi=0

where f;’s are w’s or C’s and we have explicitly indicated dependence on y, omitting y which
can be treated similarly. With further details on the operator calculus collected in Appendix
[T} we only note that (i) we abbreviate 74" = pi’, 9% = p'y, v* = ¢!, 9% = ¢/y; (ii) contractions
Pij = Pi-Dj = —€app;'py = p{'p;a are done in such a way that exp(po - pil f(y:) = f(y: +y); (iii)
all operators are Lorentz invariant in the most naive sense of having all indices contracted either
with eap or e4p/; (iv) we usually omit explicit arguments y; in f’s, drop |,,—o and sometimes
write down only the operator itself whenever it is clear what the arguments are. Of course, all
poly-differential operators are assumed to be local, i.e. they map polynomials to polynomials,
which, after Taylor expansion means, that the operators contract a number of Lorentz indices
on the arguments To give a couple of useful examples, the usual commutative product on g

and the Moyal-Weyl star-product on y correspond to the following symbols

exp (7(01 + 92)) = exp[po - p1 + po - P2] = explpor + po2) , (4.5a)
exp (y(01 + 0a) 4+ 0102) = explqo - ¢1 + Qo - G2 + ¢1 - ¢2] = exp[qo1 + o2 + G12) - (4.5b)

We also would like to rewrite the boundary conditions (43]) in the operator language:

V(e,w) + V(w,e) ~ po1qiz €022 (ecclyéy};,) w(y2, Ya) g0’ (4.6a)
1,2=Y1 2=

U(e,C) +U(C,€) ~ quapig ePo2T92 (ecclyé@}],) C(y2,75) g oo’ (4.6b)
1,2=Y1 0=

V(e,e,C) ~ qi3qaapra €™ (22 yiuh) (e“ yage) Cys, ) ; (4.6¢)

Y1,2,3=Y1,2,3=0

where the ~ sign means that in the actual FDA we only care about reproducing these structures
up to an overall coefficient. The last boundary condition, if satisfied, ensures the nontriviality

of the full vertex. We will also give a rigorous proof of this fact.

13Note that this locality is just a requirement for V to imply some contraction of Lorentz indices (hidden by
y) on the arguments, which is a type of locality used in [62]. The locality in the field theory sense is more subtle
— one has to control the number of derivatives in interactions. The interactions in the present paper are local
as in Chiral Theory, i.e. vertices contain a finite number of derivatives provided the helicities of the fields at a
given vertex are fixed.

13



Higher spin algebra. The L.-relations or the formal consistency of (Z.2)) at order w? imply
the Jacobi identity for V(e e)

VOV (w,w),w) —V(w,V(w,w))=0. (4.7)

The presence of the matrix factors reduces the Jacobi identity to a much simpler and more
restrictive associativity condition, i.e V(a,b) must define an associative product, where a,b €
Cly,9]. Given the nonlinear pieces of various (sub)theories there are not so many associative

algebras one can think of. In fact, the only option [52] is to deﬁn

=fxg, (48)

Yi=Y;=

V(f,9) = cexp[qo1 + qo2 + qr2) exp [po1 + po2l f (Y1, 71) A 9(y2, Uo)

with ¢ an undetermined prefactor. In words V(f, g) = f x ¢ is the commutative product on 7
and the star-product on y. Therefore, as the higher spin algebra hs we take the tensor product
of the Weyl algebra in y and of the commutative algebra of function in 7, hs = A; @ C[g]. In
addition we assume the matrix factor Maty. This choice for V(w,w) is also consistent with the

boundary conditions in equation [L.6at
V(e,w) + V(w, e) = 2cePP 705w, (4.9)

which encourages us to set ¢ = %, so that

V(f,9) = %exp [qo1 + qoz2 + q12] exp [po1 + Poz] (4.10)

Coadjoint module. Similarly, the formal consistency implies that U(e,e) defines a repre-

sentation of the higher spin algebra:
UV (w,w),C) —U(w,U(w,C)) =0. (4.11)

The actions of HS-SDYM and HS-SDGR strongly suggest that C'(0, %) lives in the space dual to
w(0,7). The action on the dual space (dual to the commutative algebra of functions in 7) can
be defined via ¥, — ada, where « is any number. In other words, the commutative algebra

of functions in 7 acts on the dual space via differential operators In terms of symbols of

14 A very similar algebra in the same context, but in the light-cone gauge, appeared even before [16].
15Since understanding that C' lives in the dual module has been important for the present paper and this idea
is slightly different from the folklore in the literature, we elaborate on it more in Appendix
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operators we can write

w(f) = exp [poz + aprz] (@) f(72)|__ - (4.12)

Yi=
With indices explicit we find
w(f) = Z % WB/(i)fA’(n)B’(i) ?Al.-@Al . (4.13)

It is plausible to extend the idea with the dual space to the complete space C(y,7), it is unclear
how to induce the module structure, otherwise. Now it is time to remember about the matrix

factors. We consider functionals based on their ordering of w and C"
Z/{(M,C) :Z/ll(w,C)+U2(C,w). (414)
The consistency condition splits into the following equations.

Ul(V(w,w),C) — Ul(w,ul(w, C)) = 0,
Ug(ul(w,C),w) —Z/Il(w,l/{g(C',w)) = 0,
UQ(UQ(C,W),W) —l—Z/{Q(C, V(W,W)) =0.

(4.15)

In words, we have a right and a left actions of the higher spin algebra on C(y,7). The actions
must be compatible with each other, which is the middle equation. Given that C should be in

the dual module, the structure maps U, o are easy to fix to be:

Uy (w, C) = +35 exp [qo1 + oz + qr2) xp [poz + P12] W(Y1, 71)C (Y2, Ta) |
vt (4.16)
Us(C,w) = =5 exp [go1 + qoz + q12] €xP [por — P12] C(y1, U1 )w (Y2, o)

yi=y;=0

It is easy to check that boundary condition (4.6D]) is satisfied with coefficient 1.

Cubic Vertex V(w,w,C). As a next step we turn to the cocycle V(w,w, C). It has a right
to be called a cocycle. Indeed, the bilinear structure maps of any FDA (more generally, of any
L..-algebra) define a graded Lie algebra. Let us pack them into Q, (Qo)? = 0. Next we look
for the first order deformation ) of Q)g. It is clear that ()1 must be in the cohomology of
(Qo. The action of Q)y on () is that of the Chevalley-Eilenberg differential, according to which

V(w,w, () is a two-cocycle with values in hs ® hs: it takes values in hs and C is in hs*. To find
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the equation for V(w,w, C') we evaluate the w3C' terms after applying d to B2l which leads to

VOV (w,w,C),w) —V(w, V(w,w,C))+VV(w,w),w,C)
—V(w,V(w,w),C) + V(w,w,U(w,C)) =0. (4.17)

Like we did for U(w, C'), we can split V(w,w,C) into three vertices, with different ordering of
w and C:

V(w,w,C) =V (w,w,C)+ Vo(w,C,w) + V5(C,w,w) . (4.18)

The consistency condition should now be evaluated for each ordering of w and C' separately,
which leads to

ViV(w,w),w,C) = V(w, Vi (w,w,C)) + V1 (w,w,Us(w,C)) = V1w, V(w,w),C) =0,
VWV (w,w,C),w) + Vi (w,w,Us(Ciw)) + Vo(V(w, w), C,w) — V(w, Va(w, C,w))
—Vo(w, Uy (w,C),w) =0,
(4.19)
V (Vs w),w) — Wao(w, C, V(w,w)) — Vo(w,Us(C,w), w) — V(w, V3(C,w,w))

V(V3 Ca W, w), w)— Vg(C, w, V(W, w)) + VS(Ca V(wa w), w) + V3(u2(ca w)» w, w) =0.

In Appendix [D] we rewrite the equations here-above in terms of symbols of operators. In
Appendix [El we find a nontrivial solution. The idea is to look for regular vertices in the form of
singular field-redefinitions. In other words, if the cocycle is formally trivial but the coboundary
does not belong to the required functional class, the cocycle is nontrivial. The final result can

be written as

Vi(w,w,C): + P12 5/ exp[(1 —t1) por + (1 — t2) po2 + tip13 + tapas), (4.20a)
Ag
—P13 5/ exp|[(1 — t2) po1r + (1 — t1) pos + tapia — t1pas)+
Va(w, C,w) : A2 (4.20b)
—P13 5/ exp[(1 — t1) por + (1 — t2) pos + tip12 — tapas) .
Ao
Vi(C,w,w) : + po3 S/ exp((1 — t2) po2 + (1 — t1) pos — tap12 — tipas) - (4.20c)
As

16



Here, A, is an n-dimensional simplex t5 = 0 < ¢t; < ... < t, < 1. The nontriviality of the

solution is proved in Appendix [El There is an overall factor S

S = explgo1 + qo2 + qo3 + q12 + Q13 + qa3] (4.21)

that computes the star-product over all y variables. In other words, the vertex factorizes

Vi(a(y) @ a(@), b(y) @ b(@), c(y) @ ¢(y)) = axbxc@ (@, b,7), (4.22)

and similarly for the other vertices.

Remark. As it was pointed out in [81-83], constructing FDA’s of higher spin gravities calls
for an extension of the deformation quantization of Poisson manifolds to Poisson orbifolds,
which is an open problem. Nevertheless, the traces of Kontsevich and of Shoikhet-Tsygan-
Kontsevich formality are sometimes visible [84]. The key point in the proof of the formality
theorems is to find the right configuration space and the right closed form on it, so that the
proof amounts to a simple application of the Stokes theorem. As we show in Appendix [E] one
can find a closed two-form €2, d{2 = 0, on Aj such that its integral over the four boundaries of
the simplex reduces to the four terms in the equation for V; and similarly for other vertices.
In this regard let us note that the integral form is not unique. It arises as an integral over the
configuration space of ordered points on a circle. With the help of translation invariance one
can (gauge) fix the times of different points and also use the reflection symmetry of the circle.
Altogether there are six different forms.

Remark. The cubic vertex has an interesting property: if we remove for a moment the
matrix factors Maty, make y commutative (by taking the A = 0 limit after introducing A into

the Moyal-Weyl star-product) and bring w’s and C' to the same wwC-ordering, we get zero:

Vl(W7 w, C) + V2(w7 Cu w) + V3(Cv w, w)

h=0,N=1

Il
o

(4.23)

This does not have to be the case. However, erasing matrix factors together with the com-
mutative limit in y must give a trivial vertex. Indeed, there is no such truncation of Chiral
Theory. Therefore, the vertices we found enjoy some kind of minimality, giving zero whenever
they should.

Remark. It can be shown that V; 23 # 0. In all the cases considered before C' takes values in
the (twisted)-adjoint representation of a higher spin algebra. This allows one to set Va3 = 0 and

choose V(a,b,c) = ¢(a,b) x ¢, where ¢(a,b) is a certain Hochschild two-cocycle that deforms
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the higher spin algebra. Indeed, assuming Vs, 3 = 0 we find
V(Vi(a,b,c),d) + Vi(a,b,Us(c,d)) =0. (4.24)

Here, Us(c,d) = —cx d and V(a,b) = a x b in the previously studied cases. Therefore, setting
¢ = 1 leads to Vi(a,b,d) = Vi(a,b,1) x d. Moreover, ¢(a,b) = Vi(a,b,1) turns out to be a
Hochschild two-cocycle. For Chiral Theory this cannot be true. Indeed, it is easy to see that
while in the second term of (£.24) d has all of its indices contracted with ¢, the same indices are
free in the first term, i.e. (L24]) cannot be satisfied. Therefore, we have to look for a solution
with all V; 93 # 0, as we did.

Cubic Vertex U(w,C,C). The previously found vertex V(w,w, C') serves as a source for

U(w,C, ). As before, we split it according to different orderings:
Uw,C,C)=U(w,C,C) +Us(C,w, C) +Us(C, C,w) . (4.25)

There are six equations that can be obtained as various w?C?-terms after applying d to (Z2).
We rewrite them in terms of symbols of operators in Appendix [Dl and solve in Appendix [El
The final form of the solution reads

Uy (w,C,C) : +po1 S exp[(1 — t2) poz + tapos + (1 — t1) P12 + tipis), (4.26a)
Ao

—Po2 S expltepor + (1 — t2) pos — t1p12 + (1 — t1) pas]+

Us(C,w,C) a2 (4.26b)
—Po2 S expltipor + (1 — t1) pos — tap1a + (1 — t2) pas],
Ao
Us(C,C,w) : + pos3 S exp[(1 — t1) por + t1poz + (t2 — 1) p13 — tapas], (4.26¢)
Ao

where S is the star-product over y’s, ([A.21]).

16 A resemblance to some of the formulas in the literature [62] is striking, of course. However, as different
from [62], all vertices in the present paper are local and do not contain infinite (divergent) sums over different
representations of the same interactions |66, [67]. Therefore, we are constructing an actual theory rather than
the most general ansatz for interactions compatible with symmetries.
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4.3 Summary and Discussion

The main result of this paper are the boxed formulas above that define vertices V(w,w), U(w, C),
V(w,w,C), U(w,C,C). Altogether they satisfy the L.-relations up to order O(C?). These
vertices determine both the free equations and the essential interactions of Chiral Theory. By
essential we mean those that contribute to the cubic amplitude and which fully determine
Chiral Theory. Let us recall that one can switch on very few higher-spin interactions and it
is the consistency of the theory that will enforce the unique completion [11-13]. However, the
covariantization may require more contact vertices, which is an interesting problem for the
future.

In Chiral Theory there is one dimensionful coupling constant, {p, which is needed to com-
pensate for higher powers of momenta in the vertices. The power of momenta equals the sum
of the helicities, A\ + Ay + A3, of the fields that meet at the vertex. Given that the action of
SDGR (with cosmological constant) contains dw'?" + w4’ v A wCP'| it makes sense to assign

A'(25=2) and, hence, mass dimension zero to all U439 Similarly,

A'(25—2—k), A(k)

mass dimension 1 to all w

. . ! _ .
are expressed as derivatives of w?'(?=2) It is then
A/
)

e has dimension one. All w
tempting to extend this to the whole w and C. To recover [p we need to introduce it into e
e.g. e;‘A' ~ l;laﬁ‘A’ in Cartesian coordinates.

The dimensionless coupling s simply counts the orders of w and C' in the perturbative
expansion. In the light-cone gauge the expansion stops at the cubic terms. This does not have
to be the case after covariantization. Let us compare the general structure of interactions in
the light-cone gauge and in the FDA expanded over Minkowski vacuum wy = e. We will be
sketchy here. It is convenient to pack all positive helicity fields into ® and all negative helicity

fields plus scalar into W. The action reads (very schematically)
L=v1d + C+++q)q)q) + C++_q)q)‘;[] + C+__q)\I]\I] s (427)

where we drop the helicity labels and omit the detailed structure of interactions. The equations

of motion would be
D(I) = C++_q)q) —+ C+__q)\I] s D\I] = C+++q)q) + C++_q)\I] + C+__\II\II . (428)

This should be compared with (D = d — wy is the background covariant derivative in the
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appropriate representations of the higher spin algebra)

Dw = V(w,w) + V(wo,w, C) + V(wy, wy, C, C), (4.29a)
DC=U(w,C)+U(wo, C,C), (4.29Db)

where we indicated all terms that can potentially contribute to the cubic amplitude. We
recall that w carries positive helicity and, hence, is a cousin of ®, while C' contains both ¥
and descendants of w. We show in appendix [Al that V(w,w) and U(w,C) give the correct
amplitudes. There is a unique theory that has such amplitudes, which is a consistency check.

Another valuable consistency check is to restrict interactions to the spin-two and to the
spin-one sectors to reproduce the recently obtained FDA’s of SDYM and SDGR [77]. To be
precise, the restriction has to give FDA’s that are quasi-isomorphic to those of SDYM and
SDGR. Luckily, this exercise directly leads to the interactions of [77]. The latter were found in
the most minimal form, i.e. we have not introduced any nonlinear terms into the FDA beyond
what is necessary, which fixes all field redefinitions. It is encouraging that the FDA of Chiral
Theory is also minimal in this sense.

By the same token the higher spin extensions of SDYM and SDGR [17], which were previ-
ously discovered as contractions of Chiral Theory in |16], must be consistent contractions of the
present FDA as well. We note that in the latter two cases the FDA of this paper should provide

a complete solution of the problem. Indeed, the actions of these two theories are schematically
L=v1d+ oV, (4.30)

which is much simpler than the structure of interactions of Chiral Theory. Therefore, it is
tempting to argue that we have determined all interaction vertices in these theories since this
is the case for SDYM and SDGR.

A very interesting observation made in [16] is that the coupling constants of Chiral Theory
determine a certain (kinematic) algebra in the light-cone gauge and the product in this algebra
is a remnant of the star-product. This statement covers all vertices. For the FDA at hand, it
is the P WU-vertex where the star-product structure is manifest. The other vertices correspond
to the Chevalley-Eilenberg cocycles of the higher spin algebra. Nevertheless, according to [16],
what survives of these vertices in the light-cone gauge is the same star-product. It would be

interesting to clarify this statement.
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5 Conclusions

The main result of this paper is the covariant form that incorporates some essential interactions
of Chiral Theory which was previously known in the light-cone gauge only. By essential we
mean those interactions that, if present, unambiguously fix the theory. Technically, the result is
the minimal model of Chiral Theory — a Free Differential Algebra consistent to order O(C?).

The FDA of the present paper contains FDA’s of SDYM, SDGR [77] and of the higher spin
extensions thereof [17]. For these four cases the FDA should be complete. For Chiral Theory
certain higher order vertices may still be required for formal consistency and covariantization.
One can also look for supersymmetric extensions that would combine SDYM and SDGR and
higher spin extensions thereof [85] as well as for the full supersymmetric Chiral Theory [86, 87].

Even though we found a covariant form for the essential interactions of Chiral Theory, there
might still be an obstruction to getting the complete theory in a manifestly Lorentz invariant
form if some of the interactions cannot be written with the help of the new field variables
(w72 and W49 as compared to the old ®,, ,.) . In Appendix [Al we also show that the
most problematic V=~ amplitudes can also be reproduced. Independently of that, a simple
extension [88] of the cohomological arguments along the lines of [80] indicates that there are no
obstructions to the FDA of this paper. Therefore, the complete Chiral Theory can be written
in a manifestly Lorentz invariant form as an FDA.

As is well-understood [51,, 57, 58], the minimal model of a (gauge) field theory contains all the
essential information about the theory (local BRST cohomology), e.g. actions/counterterms,
anomalies, conserved charges, deformations, etc. It is a very encouraging statement given that
the differential () can be extracted from classical field equations rewritten as a Free Differential
Algebra. Therefore, the results of this paper should help to address the problems where having
a covariant form of the theory is an advantage, i.e. all of them. Chiral Theory was shown to be
one-loop finite in the light-cone gauge [14, [15, 32], but extending these results to higher loop
orders should be simpler within a covariant approach. It would also be interesting to look for
exact solutions where generalizations of Ward/Penrose/ADHM [89-91] constructions to Chiral

Theory together with its twistor formulation should be of great help.
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A Cubic Amplitude

A useful check for a given interaction is to compute the amplitude. The amplitudes of Chiral
HiSGRA are known up to one-loop [14, [15, 132]. We do not have to go that far and should just
check if the cubic amplitude is nontrivial. Let us first construct the plane wave solutions. We

recall that the free equations in Minkowski space read
dw = PPy 5,050 + HPPOR05C(y, 7 = 0), dC = PP 050 C, (A.1a)
where U (0,7) = C(0,7) describes negative helicity and w(0,7) describes positive helicity
TAC) — o kA kY exp [ kaka], (A.2)
wA'(25=2) . BB L pap g exp [£a Y kaka] . (A.3)

= Q45 7 €
+ (qc kC,)2s—l

Here ay, is a normalization factor. Eq. is solved by

’ k d ’ 1 ’ -
wlely, ) = P P exp(rt hakly + yk) . Claly,7) = 5 exp(Er ¥ kakly + vk + F)
q yq

Laplace transform allows us to rewrite the solution for w(z|y,7) as
w(xhy,y)=:egykquu/’ dw exp (2 kakly + yk — (@k + 7)) .
0
In order to compute cubic amplitudes we can isolate the equation for w? (2= and WA (2s).

Dw =V(w,w)

: DC =U(w,C)| . (A.4)

y=0 y=0

"Note that we use the Moyal-Weyl star-product without i. Therefore, the fields need to obey less natural
reality conditions. This is not an obstacle to compute the amplitude. In particular, the plane wave exponents
are taken without i (for appropriate ). What matters is the helicity structure.
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Let us have a look at the first term V(w,w) contracted with WA ?s=2) [, 4 to get an on-shell

cubic vertex:

1 1 A ! n ! m

ﬁ / \IfAl(zsl)HAA CUB(I)’A( ) N wB(l)’A( ) . (A5)
Here we assume [+n = 2s, — 2, m+1 = 2s3— 2 and, of course, m+n = 2s; — 2. The coeflicient
in front of the action originates from the star-product. Plugging in the on-shell plane-wave

values for ¥ and w we find

1
F[—Sl + S9 + 83]

Vg tprsy ~ [12] =51 Hs2-ss[g3]satsstan[ 3] —sitsa—s2 (A.6)
which, up to normalization of each of the plane-waves, is the right structure for Chiral Theory.
It corresponds to Wdd-vertex of sketch (A.27). The presence of the simplest self-interaction
V_s +s+s leads unambiguously to the Chiral Theory class since it requires all other spins (at
least even) together with all other possible interactions that enter with weight 1/I'[A; + Ag + A3].

Similarly, we can extract the amplitudes corresponding to ®®P and ®PW vertices from
U(w, C). Note that since C' contains both positive and negative (as well as zero) helicities, we

get an access to two types of vertices. The final amplitude is

1
F[Sl + )\2 + 83]

Vig, dsss ~ [12]51 22 =53] i tAatss[] 3]s —atss

Let us also comment on the possibility to reproduce V., _, s, amplitudes, s; — so — s3 > 0.
From the standard covariant approach vantage point, where the dynamical variables are ®,,, ..,
these vertices are the most problematic ones [44]. They cannot be written at all as local
expressions. Fortunately, it is easy to write down the candidate on-shell cubic vertices in terms
of the new variables, where the dynamical fields are w?'(?*=2 and WA (39 For example, any of

the following two expressions
WA/(81_2)\IIA(k)B,A’(m),B’\I]A(k)A’(n) WBB wAl(sl_z)\I’A(k)B,A'(m)‘I’A(k)A'(n)B' BB
leads to the correct amplitude
[12]51—52+53[13]51+52—53 [23]—51—52—53

Therefore, all possible types of cubic vertices/amplitudes present in Chiral Theory can be

written in a manifestly Lorentz invariant way. This eliminates the very last obstruction and we
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can claim that Chiral Theory admits a manifestly Lorentz invariant formulation.

B Coadjoint vs. twisted-adjoint

Let us make a historical remark on representations of higher spin symmetries. It was known
since |71] that the FDA of free massless fields in (anti)-de Sitter space contains the following

subsystem
VC = e (yaTa — 0404)C(y,7) - (B.1)

It splits according to spin into an infinite set of (still infinite) subsystems. For a given s > 0
the subsystem splits further into one for helicity +s and another one for helicity —s. The very

first equations in these subsystems are equivalent to [6§]
VBA’ CBA(2S—1) — 0’ VAB’ CB’A’(2S—1) =0. (B2)

Operator Paar = (yaJa — 0a0a) realizes the action of (A)dS, translations, which commute
to a Lorentz transformation. Since the equations are assumed to be derived by linearizing a
nonlinear theory, where the higher spin symmetry is manifest, it is important to understand

where such P44 can come form. It originates from the twisted-adjoint action [92]:

a(fy=axf—f*a, (B.3)

where @ is an automorphism of the Weyl algebra that flips the sign of 7, a(y) = a(—y). In
fact, the action arises as a typical coadjoint action. Indeed, there is a nondegenerate pairing
between A; and Aj: (a|f) = trla x f] = tr[f x a], where tr[a] = a(y = 0). The canonical
bimodule structure of the higher spin algebra on itself (left/right actions) induces the twisted-
adjoint representation on the dual module. What the results of the present paper show
is that the coadjoint interpretation seems to be correct even for such a strange case as Chiral

Theory, while the twisted-adjoint interpretation is no longer valid.

C Operator calculus

As was already sketched at the beginning of Section d] we work with poly-differential operators

that are represented as symbols. Let us illustrate all operations with 3 and 8%} = p'y. The
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translation operator is exp [y - pi] f(¥;) = f(¥; + 7). Operators acting on n functions a;(y) are

understood as functions of pg =7, p1 = 01, ..., Pn = On:

V(ala ) an) = U(ga 51) "'752)a1(y1)“‘an(yn)

y;=0

(C.1)

Therefore, the commutative product f(7)g(y) and the Moyal-Weyl star-product f(y)*g(y) are

represented by the following symbols:

exp(po - p1 + Po - P2] = exp[por + Po2],
explqo - @1+ qo - @2 + @1 - 2] = explgor + qo2 + ¢12] -

Then we need the following identifications for symbols of the operators:

ar x> V{(ag, ..., @ni1) = v(qo + G, @2, oy Gua1)e O

V(ay, ..., an) * Gngr = V(G0 = Gui1, Qs -oos Q) e 0095

4qp-
V(ah vy Qg K Qpy 1y -0y an-l—l) — U(QO; ces Qk—1, 4k + Qre+15 G+25 «--) qn—‘rl)e k1 )

alv(a2’ R an‘l'l) - U(p07p27 ---,pn+1)€+p0'p1

Y

V(al’ o an)a"+l - ,U(pOapla "'>pn)€+p0.p”+1 ,

V(a'l7 ceey a’k‘ak-i-l) ceey a'n-i-l) — 'U(pOa voos Pk—15 Pk +pk‘+lapk‘+2a "'7pn+1) )

ui(ar, V(ag, ..., ans1)) = v(po + 01,02, s Pnt1)

UI(V(CLI’ Y an)’ an+1) — U(_pn—i-lvplv _._7pn>€+p0'pn+1 ,

T
Vi(ar, .oy w1 (@, Qks1), oos @ns1) = V(D0y ooy Dh—1s Dkt1s Dot 2 vy D1 )€ PR PEHL

u2(a1> V(ag, ey an+1)) — ’U(—pl,pg, ...,pn+1)e+po~p1 ’
u2(V(a1, ceny an)u an—l—l) — U(po + Pn+1, 01, 7pn> ,

V(a'la sy Ug(ak, a’k-i—l)a sy an—i—l) — 'U(pOa ooy Pk—15 Pks Pk+2, "'7pn+1)6_pk.pk+1 3

where we defined

uy(a,b) = exp [po2 + P12 , us(a,b) = exp [po1 — pi2] .
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D Cochain complex

For completeness let us rewrite the L..-relations in terms of symbols of operators. We do so
for the y-part only since the dependence on y is captured by the star-product and factorizes
out. The Lh.s. of the equations for V; 5 3 read:

— eP'V1 (po, p2,p3,p1) — Vi (Po, p1,p2 + p3,pa) + Vi (Po, P1 + P2, 3, pa) + €P** Vi (po, p1, P2, p4)

— eP'Va (po, p2, p3, pa) + €' Vi (po, p1, p2, p3) — e~ P**Vi (po, p1, P2, p3) + Va (po, p1 + p2, 3, pa) — €**Va (po, p1,p3, pa)
— eP' V3 (po, p2, p3, pa) + €' Va (po, p1, p2, p3) — Va (Po, P1, P2, p3 + pa) + e P2 P3Va (po, p1, p2, pa) + €2 V3 (po, p2, p3,pa)
eP* V3 (po, p1, p2, p3) — e V3 (po, p1, 3, pa) — V3 (po, p1, P2, p3 + pa) + V3 (po, p1, p2 + p3,pa) -

Similarly, for U 2 3 we find

Ui (po; p1 + p2,p3,pa) — Ut (po + p1,p2,p3, pa) — €"*2 Uy (po, p1,p3, pa) + €' Vi (=pa, p1, 2, p3)

e P Uy (po, p1,p2,p4) — Uz (po + p1,D2,03),pa) — €P* Uy (po, p1, D2, pa) + €P2Us (po, p2, p3, pa) + €X' Vo (—pa, p1,D2,3) s

e P22 Uy (po, p1,p2,p3) — Ut (Po + pa, p1,p2,p3) — Uz (po + p1, D2, p3,pa) + €2Us (po, D2, P3, Pa) ,

— e P2Us (po, p1,ps, pa) + € P*Us (po, p1,p2,p3) — Uz (po + pa, p1, 02, p3) + €722 Us (po, p1, 3, pa) — €X' Vo (—p1, p2, p3, pa) ,
— e P2U; (po, p1,p3,pa) + Uz (po, p1, p2 + p3,pa) — €Uz (po, p1, P2, pa) — €' Vi (=p1, p2, p3, pa) + €' V3 (=pa, p1,p2,3) 5
— e P2Us (po, p1,p2,Pa) + Uz (po, p1,p2,p3 + pa) — Uz (po + pa, p1,p2, p3) — €' V3 (—p1, p2, p3, pa) -

When looking for nontrivial solutions, it is important to understand which ones are trivial. The

latter are given by field redefinitions that act as follows on V) o3

Vi = e’ g1 (po, P2, P3) — g1 (Do, 1 + P2, p3) + €72 g1 (Po, P1,D3)
Vo = € gy (po, P2, p3) + €791 (po, p1,p2) — € P2 g1 (o, p1,P2) — €292 (Po, P2, P3)
Vs = €eP gy (po, p1,p2) + € 292 (Do, P1, P3) — g2 (Po, P1, D2 + P3)

and on U o3

0Uy = h(po + p1,p2,p3) — €"2h (po, P2, p3) + €”% g1 (—p3, P1,D2)
Uy = e P2h (po, p1,p3) — €’ h (po, p1, p3) — €7 g1 (—p1, P2, p3) + €7 go (—ps, p1, p2) ,
0Us = e P2 h (po, p1,p2) — h (po + D3, D1, D2) — €7 go (—p1, P2, P3)

It can easily be checked that the redefinitions lead to solutions of the equations. The expressions

above define a particular realization of the Chevalley-Eilenberg complex, but we do not extend
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the action of the differential to cochains with more arguments. At the bottom level we find

dg1 = €& (po, p2) — €& (po, p2)
(592 = epozg (p07p1) - e—p12£ (p()vpl) )
0h = epozg (_p27p1) - ep()lg (_p17p2) )

which leads to redefinitions that yield vanishing vertices.

E Vertices

In order to find nontrivial cubic vertices we employ a number of ideas, see also [62, 184] that were
used for inspiration. Firstly, Lorentz symmetry has to be preserved, i.e., in practice, we cannot
mix primed and unprimed indices. The higher spin algebra is the tensor product of two algebras,
which via the Kiinneth theorem suggests to look for the two-cocycle as a tensor product of two,
one of them being trivial. The free equations, in particular the boundary condition for V(e, e, C),
reveal that something interesting should happen on the 7 side. Therefore, for homogeneous
arguments a(y,7) = a(y) ® a(y), etc. we assume that all vertices have the star-product over

the y-dependent factors:

Vi(a(y) @ a(@), b(y) @ b(©), c(y) @ (7)) = axbxc@vi(a,b,7). (E.1)

As a result, all terms in the cocycle equations have the same overall factor for the y-dependence
and we can concentrate on 7 only. The cocycle conditions for the 7-part are collected in
Appendix [Dl

Now, we need to solve the equations in Appendix It is clear that the solution should
contain some exp(p;;]-factors, otherwise they cannot cancel the exp [p;;] already present in the
cocycle condition. The boundary condition for V(w,w, C) restrict the exponents a little bit.
For example, we cannot allow for exp poz in V;(w,w, C'). The crucial step is to look for V and
U as singular field redefinitions, i.e. we look for g; » and h, see Appendix [Dl For any ¢; » and
h, the vertices solve the cocycle equations. We just need to make sure that (i) the vertices
are regular, i.e. Taylor expandable in p;;; (ii) the redefinitions themselves, i.e. g2 and h, are
irregular. Irregular field redefinitions are not allowed. Therefore, if (i) and (ii) are satisfied,
we have a nontrivial cocycle. Let us note that the singularity of g; 2 and h must be essential
and cannot be removed with the help of "redefinitions for redefinitions” with £. Looking for

singular redefinitions is more economic than looking for nontrivial vertices since they depend
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on less arguments. Long story short, we arrived at the following redefinitions:

61712 611701
g = Po1 _ Do1 7 (E.2a)
Po2 (p01 - P12) Po2 (P01 - plz)
61702p p e—p12
go = 02 M , (E.2b)
po1 (Poz +p12)  Po1 (Po2 + Pi2)
b €p01p01 61002]902 (E 2C)

B P12 (p01 - P02) a D12 (P01 - poz) .

The vertices, which we do not write here as fractions, have a similar structure and their reg-
ularity is not obvious. It is very important to take advantage of the Fierz/Schouten/Pliicker
identities

(a-b)(c-d)+(b-c)(a-d)—(a-c)(b-d)=0, (E.3)

which are a consequence of the fact that any three vectors in two dimensions are linearly
dependent. Still, the regularity is not manifest. One can prove it by showing that the numerator
and denominator have the same zeros.

A more convenient way to make the regularity manifest to write the vertices as integrals
over the 2d-simplex, as in the main text. The nontriviality of the cocycles is then less obvious.
A simple way to check if the cocycle is nontrivial is to extract the boundary condition V(e, e, C')
since this part cannot be redefined away. Therefore, once the boundary condition is satisfied
we can be certain that the cocycle is worthy. It would be interesting to compute the Chevalley-
Eilenberg cohomology following the techniques of [80], which would give a rigorous answer
regarding the number of independent vertices within the covariant approach.

Given the relation between the algebraic structures of higher spin gravities and deformation
quantization and formality, it is also possible to recast the proof into the familiar language of
Stokes theorem. For example, to check that the equation for V; is satisfied we can construct a

closed two-form €2,

Ql = (p12 dtl A\ dtz + P23 dtz A\ dtg + P13 dtl VAN dtg)Fl ,

(E.4)
Fy =exp|[(1—t1)por + (1 —t2) po2 + (1 — t3) po3 + t1p14 + tapas + t3psal -

With the help of Stokes theorem we get

Az 0A3

There are four boundaries that correspond to ” collisions of points” on the circle: t; = 0, t; = to,

28



to =tz and t3 = 1. It can be seen that {2; at these boundaries reduces to exactly the four terms
in the equation for V;. Similar arguments are true for the rest of the equations. The closed

two-form for the other equations are

QQ = (plg dtl A\ dtQ + Po4 dtg A\ dtg + P14 dtl A\ dtg)FQ s
- (p14 dtl A dtQ — P12 dtQ N dt3 + Po4 dtl N dtg)F3 s

Fy =exp [(1 —t1) por + (1 —t2) poz + (1 — t3) poa + t1p13 + tapaz — t3psal (F60)
Fy = exp [(1 —t2) por + (1 —t3) poz + (1 — t1) pos + tap1s + t3paz — tipsal
for the second and for the third we need
Qg = —(psa dty N dty + prsdta Adts + pradty Adts)Fy,
+ (pradty A dty — paadta A\ dts + prg dty A dts)F, (E6D)

Fy=exp|[(1—t3)por + (1 —t2) pos + (1 — t1) poa + tspia — tapasz — t1pad)
Fs =exp[(1 —t1)po + (1 —t3) pos + (1 — t2) poa + t1p12 — t3pag — tapad] -

Note that the 2nd and 3rd equations have more terms since they mix vertices with different
orderings and for this reason two exact forms are required. There is some mutual cancellation

between them. For the last equation we have

Q4 = —(p34 dtl VAN dtQ —|—p23 dtQ N dt3 —|—p24 dtl N dt3)F6 y (E 6 )
.0C

Fs =exp (1 —t3) po2 + (1 — t2) pos + (1 — t1) poa — tap1a — tap1z — t1p1a) -

The two-forms can be understood as follows: the first term in 25 is €2y with the labels 3 and 4
swapped, whereas the second term arises from cyclic permutation of the labels (1234 — 2341).
Subsequently, €24 is the mirror image of 2, i.e. 1234 — 4321, and (23 is the mirror image of

Q5. This can be understood from the different orderings of w,w,w, C in the equations.

Bibliography
[1] M. Blencowe, “A Consistent Interacting Massless Higher Spin Field Theory in D = (2+1),”

Class. Quant. Grav. 6 (1989) 443.

[2] E. Bergshoeff, M. P. Blencowe, and K. S. Stelle, “Area Preserving Diffeomorphisms and Higher Spin
Algebra,” Commun. Math. Phys. 128 (1990) 213.

[3] A. Campoleoni, S. Fredenhagen, S. Pfenninger, and S. Theisen, “Asymptotic symmetries of

29



[13]

[14]

[15]

three-dimensional gravity coupled to higher-spin fields,” JHEP 1011 (2010) 007,
arXiv:1008.4744 [hep-th]l

M. Henneaux and S.-J. Rey, “Nonlinear W, as Asymptotic Symmetry of Three-Dimensional Higher Spin
Anti-de Sitter Gravity,” JHEP 1012 (2010) 007, [arXiv:1008.4579 [hep-th]l

C. N. Pope and P. K. Townsend, “Conformal Higher Spin in (2+1)-dimensions,” Phys. Lett. B225 (1989)
245-250.

E. S. Fradkin and V. Ya. Linetsky, “A Superconformal Theory of Massless Higher Spin Fields in D =
(241),” Mod. Phys. Lett. A4 (1989) 731. [Annals Phys.198,293(1990)].

M. Grigoriev, I. Lovrekovic, and E. Skvortsov, “New Conformal Higher Spin Gravities in 3d,” JHEP 01
(2020) 059, |arXiv:1909.13305 [hep-th].

A.Y. Segal, “Conformal higher spin theory,” Nucl. Phys. B664 (2003) 59-130,
arXiv:hep-th/0207212 [hep-th]|

A. A. Tseytlin, “On limits of superstring in AdSs x S°” Theor. Math. Phys. 133 (2002) 1376-1389,
arXiv:hep-th/0201112 [hep-thl, [Teor. Mat. Fiz.133,69(2002)].

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

R. R. Metsaev, “Poincare invariant dynamics of massless higher spins: Fourth order analysis on mass
shell,” Mod. Phys. Lett. A6 (1991) 359-367.

R. R. Metsaev, “S matrix approach to massless higher spins theory. 2: The Case of internal symmetry,”
Mod. Phys. Lett. A6 (1991) 2411-2421.

D. Ponomarev and E. D. Skvortsov, “Light-Front Higher-Spin Theories in Flat Space,” J. Phys. A50
no. 9, (2017) 095401, arXiv:1609.04655 [hep-th]l

E. D. Skvortsov, T. Tran, and M. Tsulaia, “Quantum Chiral Higher Spin Gravity,” Phys. Rev. Lett. 121
no. 3, (2018) 031601, arXiv:1805.00048 [hep-th]l

E. Skvortsov, T. Tran, and M. Tsulaia, “More on Quantum Chiral Higher Spin Gravity,” Phys. Rev.
D101 no. 10, (2020) 106001, [arXiv:2002.08487 [hep-th].

D. Ponomarev, “Chiral Higher Spin Theories and Self-Duality,” JHEP 12 (2017) 141,
arXiv:1710.00270 [hep-thl].

K. Krasnov, E. Skvortsov, and T. Tran, “Actions for Self-dual Higher Spin Gravities,”
arXiv:2105.12782 [hep-thl].

R. de Mello Koch, A. Jevicki, K. Suzuki, and J. Yoon, “AdS Maps and Diagrams of Bi-local
Holography,” JHEP 03 (2019) 133, |arXiv:1810.02332 [hep-th].

O. Aharony, S. M. Chester, and E. Y. Urbach, “A Derivation of AdS/CFT for Vector Models,”
arXiv:2011.06328 [hep-thl].

M. Sperling and H. C. Steinacker, “Covariant 4-dimensional fuzzy spheres, matrix models and higher
spin,” J. Phys. A50 no. 37, (2017) 375202, arXiv:1704.02863 [hep-th]l

T. Tran, “Twistor constructions for higher-spin extensions of (self-dual) Yang-Mills,”
JHEP 11 (2021) 117, [arXiv:2107.04500 [hep-th]!

30


http://arxiv.org/abs/1008.4744
http://arxiv.org/abs/1008.4579
http://arxiv.org/abs/1909.13305
http://arxiv.org/abs/hep-th/0207212
http://arxiv.org/abs/hep-th/0201112
http://arxiv.org/abs/1012.2103
http://arxiv.org/abs/1609.04655
http://arxiv.org/abs/1805.00048
http://arxiv.org/abs/2002.08487
http://arxiv.org/abs/1710.00270
http://arxiv.org/abs/2105.12782
http://arxiv.org/abs/1810.02332
http://arxiv.org/abs/2011.06328
http://arxiv.org/abs/1704.02863
http://dx.doi.org/10.1007/JHEP11(2021)117
http://arxiv.org/abs/2107.04500

[22] H. Steinacker and T. Tran, “A Twistorial Description of the IKKT-Matrix Model,”
arXiv:2203.05436 [hep-thl].

[23] G. Chalmers and W. Siegel, “Simplifying algebra in Feynman graphs. Part 2. Spinor helicity from the
space-cone,” |Phys. Rev. D59 (1999) 045013, [arXiv:hep-ph/9801220 [hep-phll

[24] D. Chakrabarti, J. Qiu, and C. B. Thorn, “Scattering of glue by glue on the light-cone worldsheet. I.
Helicity non-conserving amplitudes,” Phys. Rev. D72 (2005) 065022, [arXiv:hep-th/0507280 [hep-th].

[25] D. Chakrabarti, J. Qiu, and C. B. Thorn, “Scattering of glue by glue on the light-cone worldsheet. II.
Helicity conserving amplitudes,” |Phys. Rev. D74 (2006) 045018, arXiv:hep-th/0602026 [hep-th]l
[Erratum: Phys. Rev.D76,089901(2007)].

[26] A. K. H. Bengtsson, “Notes on Cubic and Quartic Light-Front Kinematics,” larXiv:1604.01974.

[27] D. Ponomarev, “Off-Shell Spinor-Helicity Amplitudes from Light-Cone Deformation Procedure,”
JHEP 12 (2016) 117, arXiv:1611.00361 [hep-th]l

[28] A. K. H. Bengtsson, I. Bengtsson, and N. Linden, “Interacting Higher Spin Gauge Fields on the Light
Front,” Class. Quant. Grav. 4 (1987) 1333.

[29] P. Benincasa and E. Conde, “Exploring the S-Matrix of Massless Particles,”
Phys. Rev. D 86 (2012) 025007, arXiv:1108.3078 [hep-thl!

[30] M. H. Goroff and A. Sagnotti, “The Ultraviolet Behavior of Einstein Gravity,”
Nucl. Phys. B266 (1986) 709—-736.

[31] R. R. Metsaev and A. A. Tseytlin, “Curvature Cubed Terms in String Theory Effective Actions,”
Phys. Lett. B 185 (1987) 52-58.

[32] E. Skvortsov and T. Tran, “One-loop Finiteness of Chiral Higher Spin Gravity,”
arXiv:2004.10797 [hep-thl].

[33] E. S. Fradkin and A. A. Tseytlin, “Quantum Properties of Higher Dimensional and Dimensionally
Reduced Supersymmetric Theories,” |Nucl. Phys. B 227 (1983) 252.

[34] R. Gopakumar, R. K. Gupta, and S. Lal, “The Heat Kernel on AdS,” JHEP 11 (2011) 010,
arXiv:1103.3627 [hep-th]l

[35] A. A. Tseytlin, “On partition function and Weyl anomaly of conformal higher spin fields,” Nucl. Phys.
B877 (2013) 598631, arXiv:1309.0785 [hep-thl.

[36] S. Giombi and I. R. Klebanov, “One Loop Tests of Higher Spin AdS/CFT,” JHEP 12 (2013) 068,
arXiv:1308.2337 [hep-th]l

[37] S. Giombi, I. R. Klebanov, and A. A. Tseytlin, “Partition Functions and Casimir Energies in Higher Spin
AdSq41/CFTy,) Phys. Rev. D90 no. 2, (2014) 024048, |arXiv:1402.5396 [hep-th].

[38] M. Beccaria, X. Bekaert, and A. A. Tseytlin, “Partition function of free conformal higher spin theory,”
JHEP 08 (2014) 113, |arXiv:1406.3542 [hep-th]!

[39] M. Beccaria and A. A. Tseytlin, “Higher spins in AdS; at one loop: vacuum energy, boundary conformal
anomalies and AdS/CFT,” JHEP 11 (2014) 114, larXiv:1410.3273 [hep-th]l

[40] M. Beccaria and A. A. Tseytlin, “On higher spin partition functions,” J. Phys. A48 no. 27, (2015)
275401, arXiv:1503.08143 [hep-th].

31


http://arxiv.org/abs/2203.05436
http://dx.doi.org/10.1103/PhysRevD.59.045013
http://arxiv.org/abs/hep-ph/9801220
http://dx.doi.org/10.1103/PhysRevD.72.065022
http://arxiv.org/abs/hep-th/0507280
http://dx.doi.org/10.1103/PhysRevD.76.089901, 10.1103/PhysRevD.74.045018
http://arxiv.org/abs/hep-th/0602026
http://arxiv.org/abs/1604.01974
http://dx.doi.org/10.1007/JHEP12(2016)117
http://arxiv.org/abs/1611.00361
http://dx.doi.org/10.1103/PhysRevD.86.025007
http://arxiv.org/abs/1108.3078
http://dx.doi.org/10.1016/0550-3213(86)90193-8
http://dx.doi.org/10.1016/0370-2693(87)91527-9
http://arxiv.org/abs/2004.10797
http://dx.doi.org/10.1016/0550-3213(83)90022-6
http://arxiv.org/abs/1103.3627
http://arxiv.org/abs/1309.0785
http://arxiv.org/abs/1308.2337
http://arxiv.org/abs/1402.5396
http://arxiv.org/abs/1406.3542
http://arxiv.org/abs/1410.3273
http://arxiv.org/abs/1503.08143

[41]

[42]

=
Al

= e
i ENE2Y

=
i)

M. Giinaydin, E. D. Skvortsov, and T. Tran, “Exceptional F'(4) higher-spin theory in AdSg at one-loop
and other tests of duality,” JHEP 11 (2016) 168, [arXiv:1608.07582 [hep-th]l

J.-B. Bae, E. Joung, and S. Lal, “One-loop test of free SU(N) adjoint model holography,” JHEP 04
(2016) 061, |arXiv:1603.05387 [hep-thl].

E. D. Skvortsov and T. Tran, “AdS/CFT in Fractional Dimension and Higher Spin Gravity at One
Loop,” |Universe 3 no. 3, (2017) 61, larXiv:1707.00758 [hep-th].

E. Conde, E. Joung, and K. Mkrtchyan, “Spinor-Helicity Three-Point Amplitudes from Local Cubic
Interactions,” JHEP 08 (2016) 040, arXiv:1605.07402 [hep-thl.

M. F. Atiyah, Geometry of yang-mills fields. 1979.

N. J. Hitchin, “Linear field equations on selfdual spaces,” |Proc. Roy. Soc. Lond. A370 (1980) 173-191.
M. G. Eastwood, R. Penrose, and R. O. Wells, “Cohomology and Massless Fields,”

Commun. Math. Phys. 78 (1981) 305-351.

N. M. J. Woodhouse, “Real methods in twistor theory,” |Class. Quant. Grav. 2 (1985) 257-291.

D. Sullivan, “Infinitesimal computations in topology,” Publ. Math. IHES 47 (1977) 269-331.

G. Barnich and M. Grigoriev, “A Poincare lemma for sigma models of AKSZ type,”

J. Geom. Phys. 61 (2011) 663-674, arXiv:0905.0547 [math-ph].

M. Grigoriev and A. Kotov, “Gauge PDE and AKSZ-type Sigma Models,”

Fortsch. Phys. 67 no. 8-9, (2019) 1910007, larXiv:1903.02820 [hep-th].

K. Krasnov and E. Skvortsov, “Flat self-dual gravity,” |[JHEP 08 (2021) 082,

arXiv:2106.01397 [hep-thl].

F. Brandt, “Gauge covariant algebras and local BRST cohomology,” |Contemp. Math. 219 (1998) 5367,
arXiv:hep-th/9711171.

F. Brandt, “Local BRST cohomology and covariance,” Commun. Math. Phys. 190 (1997) 459-489,
arXiv:hep-th/9604025.

G. Barnich, F. Brandt, and M. Henneaux, “Local BRST cohomology in the antifield formalism. 1.
General theorems,” |Commun. Math. Phys. 174 (1995) 57-92, larXiv:hep-th/9405109.

G. Barnich, F. Brandt, and M. Henneaux, “Local BRST cohomology in the antifield formalism. II.
Application to Yang-Mills theory,” |(Commun. Math. Phys. 174 (1995) 93-116, larXiv:hep-th/9405194.
G. Barnich and M. Grigoriev, “First order parent formulation for generic gauge field theories,” JHEP
1101 (2011) 122, /arXiv:1009.0190 [hep-th]l

M. Grigoriev, “Parent formulations, frame-like Lagrangians, and generalized auxiliary fields,”

JHEP 12 (2012) 048, arXiv:1204.1793 [hep-th]l

M. Grigoriev, K. Mkrtchyan, and E. Skvortsov, “Matter-free higher spin gravities in 3D:
Partially-massless fields and general structure,” Phys. Rev. D 102 no. 6, (2020) 066003,
arXiv:2005.05931 [hep-thl].

P. van Nieuwenhuizen, “Free graded differential superalgebras,” in Group Theoretical Methods in Physics.

Proceedings, 11th International Colloquium, Istanbul, Turkey, August 23-28, 1982, pp. 228-247. 1982.

R. D’Auria, P. Fre, and T. Regge, “Graded Lie Algebra Cohomology and Supergravity,” Riv. Nuovo
Cim. 3N12 (1980) 1.

32


http://arxiv.org/abs/1608.07582
http://arxiv.org/abs/1603.05387
http://dx.doi.org/10.3390/universe3030061
http://arxiv.org/abs/1707.00758
http://dx.doi.org/10.1007/JHEP08(2016)040
http://arxiv.org/abs/1605.07402
http://dx.doi.org/10.1098/rspa.1980.0028
http://dx.doi.org/10.1007/BF01942327
http://dx.doi.org/10.1088/0264-9381/2/3/006
http://dx.doi.org/10.1016/j.geomphys.2010.11.014
http://arxiv.org/abs/0905.0547
http://dx.doi.org/10.1002/prop.201910007
http://arxiv.org/abs/1903.02820
http://dx.doi.org/10.1007/JHEP08(2021)082
http://arxiv.org/abs/2106.01397
http://dx.doi.org/10.1090/conm/219/03067
http://arxiv.org/abs/hep-th/9711171
http://dx.doi.org/10.1007/s002200050248
http://arxiv.org/abs/hep-th/9604025
http://dx.doi.org/10.1007/BF02099464
http://arxiv.org/abs/hep-th/9405109
http://dx.doi.org/10.1007/BF02099465
http://arxiv.org/abs/hep-th/9405194
http://arxiv.org/abs/1009.0190
http://dx.doi.org/10.1007/JHEP12(2012)048
http://arxiv.org/abs/1204.1793
http://dx.doi.org/10.1103/PhysRevD.102.066003
http://arxiv.org/abs/2005.05931

[62] M. A. Vasiliev, “Consistent equations for interacting massless fields of all spins in the first order in
curvatures,” Annals Phys. 190 (1989) 59-106.

[63] J. D. Stasheff, “Homotopy associativity of H-spaces. I,” Trans. Amer. Math. Soc. 108 (1963) 275-292.

[64] M. Alexandrov, M. Kontsevich, A. Schwarz, and O. Zaboronsky, “The Geometry of the Master Equation
and Topological Quantum Field Theory,” Int. J. Mod. Phys. A12 (1997) 1405-1429,
arXiv:hep-th/9502010 [hep-th].

[65] G. Barnich and M. Henneaux, “Consistent couplings between fields with a gauge freedom and
deformations of the master equation,” Phys. Lett. B311 (1993) 123-129,
arXiv:hep-th/9304057 [hep-th].

[66] N. Boulanger, P. Kessel, E. D. Skvortsov, and M. Taronna, “Higher spin interactions in four-dimensions:
Vasiliev versus Fronsdal,” J. Phys. A49 no. 9, (2016) 095402, |arXiv:1508.04139 [hep-th].

[67] E. D. Skvortsov and M. Taronna, “On Locality, Holography and Unfolding,” JHEP 11 (2015) 044,
arXiv:1508.04764 [hep-thl].

[68] R. Penrose, “Zero rest mass fields including gravitation: Asymptotic behavior,”
Proc. Roy. Soc. Lond. A284 (1965) 159.

[69] L. P. Hughston, R. S. Ward, M. G. Eastwood, M. L. Ginsberg, A. P. Hodges, S. A. Huggett, T. R. Hurd,
R. O. Jozsa, R. Penrose, A. Popovich, et al., eds., Advances in twistor theory. 1979.

[70] A. Sharapov and E. Skvortsov, “Higher Spin Gravities and Presymplectic AKSZ Models,”
arXiv:2102.02253 [hep-thl].

[71] M. A. Vasiliev, “Free massless fields of arbitrary spin in the de sitter space and initial data for a higher
spin superalgebra,” Fortsch. Phys. 35 (1987) 741-770.

[72] V. Didenko and E. Skvortsov, “Elements of Vasiliev theory,” arXiv:1401.2975 [hep-thl.

[73] K. Krasnov, “Self-Dual Gravity,” |Class. Quant. Grav. 34 no. 9, (2017) 095001,
arXiv:1610.01457 [hep-thl].

[74] T. Adamo, L. Mason, and A. Sharma, “Celestial w1, Symmetries from Twistor Space,”
SIGMA 18 (2022) 016, larXiv:2110.06066 [hep-thll

[75] W. Siegel, “Selfdual N=8 supergravity as closed N=2 (N=4) strings,” Phys. Rev. D47 (1993) 25042511,
arXiv:hep-th/9207043 [hep-th].

[76] M. Abou-Zeid and C. M. Hull, “A Chiral perturbation expansion for gravity,” JHEP 02 (2006) 057,
arXiv:hep-th/0511189.

[77] E. Skvortsov and R. Van Dongen, “Minimal models of field theories: SDYM and SDGR,”
arXiv:2204.09313 [hep-thl].

[78] A. Sharapov and E. Skvortsov, “A., algebras from slightly broken higher spin symmetries,”
JHEP 09 (2019) 024} arXiv:1809.10027 [hep-th]l

[79] A. Sharapov and E. Skvortsov, “Formal Higher Spin Gravities,” Nucl. Phys. B941 (2019) 838-860,
arXiv:1901.01426 [hep-thl].

[80] A. Sharapov and E. Skvortsov, “Characteristic Cohomology and Observables in Higher Spin Gravity,”

JHEP 12 (2020) 190, [arXiv:2006.13986 [hep-th]l

33


http://arxiv.org/abs/hep-th/9502010
http://arxiv.org/abs/hep-th/9304057
http://arxiv.org/abs/1508.04139
http://arxiv.org/abs/1508.04764
http://dx.doi.org/10.1098/rspa.1965.0058
http://arxiv.org/abs/2102.02253
http://arxiv.org/abs/1401.2975
http://dx.doi.org/10.1088/1361-6382/aa65e5
http://arxiv.org/abs/1610.01457
http://dx.doi.org/10.3842/SIGMA.2022.016
http://arxiv.org/abs/2110.06066
http://dx.doi.org/10.1103/PhysRevD.47.2504
http://arxiv.org/abs/hep-th/9207043
http://dx.doi.org/10.1088/1126-6708/2006/02/057
http://arxiv.org/abs/hep-th/0511189
http://arxiv.org/abs/2204.09313
http://dx.doi.org/10.1007/JHEP09(2019)024
http://arxiv.org/abs/1809.10027
http://arxiv.org/abs/1901.01426
http://dx.doi.org/10.1007/JHEP12(2020)190
http://arxiv.org/abs/2006.13986

[81] P. Gerasimenko, A. Sharapov, and E. Skvortsov, “Slightly broken higher spin symmetry: general
structure of correlators,” JHEP 01 (2022) 097, arXiv:2108.05441 [hep-th]l

[82] A. A. Sharapov and E. D. Skvortsov, “A simple construction of associative deformations,” Letters in
Mathematical Physics (Jul, 2018) ,larXiv:1803.10957 [math-phl.

[83] A. Sharapov and E. Skvortsov, “Integrable Models From Non-Commutative Geometry With Applications
to 3D Dualities,” in 21st Hellenic School and Workshops on Elementary Particle Physics and Gravity. 4,
2022. |arXiv:2204.08903 [hep-th]l

[84] A. A. Sharapov and E. D. Skvortsov, “Formal higher-spin theories and Kontsevich—Shoikhet—Tsygan
formality,” Nucl. Phys. B921 (2017) 538-584, larXiv:1702.08218 [hep-th]l

[85] C. Devchand and V. Ogievetsky, “Interacting fields of arbitrary spin and N > 4 supersymmetric selfdual
Yang-Mills equations,” Nucl. Phys. B 481 (1996) 188214, [arXiv:hep-th/9606027.

[86] R. R. Metsaev, “Cubic interaction vertices for N=1 arbitrary spin massless supermultiplets in flat space,”
JHEP 08 (2019) 130, arXiv:1905.11357 [hep-th].

[87] R. R. Metsaev, “Cubic interactions for arbitrary spin A -extended massless supermultiplets in 4d flat
space,” JHEP 11 (2019) 084, |arXiv:1909.05241 [hep-th].

oo

A. A. Sharapov and E. D. Skvortsov in preparation .
R. S. Ward, “On Selfdual gauge fields,” |[Phys. Lett. A 61 (1977) 81-82.
R. Penrose, “Nonlinear Gravitons and Curved Twistor Theory,” |Gen. Rel. Grav. 7 (1976) 31-52.

M. F. Atiyah, N. J. Hitchin, V. G. Drinfeld, and Y. I. Manin, “Construction of Instantons,”
Phys. Lett. A 65 (1978) 185—-187.

92] M. A. Vasiliev, “Higher spin gauge theories: Star-product and ads space,” hep-th/9910096.
g gaug %

09
Ne)

©

=)

34


http://dx.doi.org/10.1007/JHEP01(2022)097
http://arxiv.org/abs/2108.05441
http://arxiv.org/abs/1803.10957
http://arxiv.org/abs/2204.08903
http://arxiv.org/abs/1702.08218
http://dx.doi.org/10.1016/S0550-3213(96)90129-7
http://arxiv.org/abs/hep-th/9606027
http://dx.doi.org/10.1007/JHEP08(2019)130
http://arxiv.org/abs/1905.11357
http://dx.doi.org/10.1007/JHEP11(2019)084
http://arxiv.org/abs/1909.05241
http://dx.doi.org/10.1016/0375-9601(77)90842-8
http://dx.doi.org/10.1007/BF00762011
http://dx.doi.org/10.1016/0375-9601(78)90141-X
http://arxiv.org/abs/hep-th/9910096

	1 Introduction
	2 Minimal Models
	3 HS-SDYM and HS-SDGR
	3.1 Free fields
	3.2 Initial data for interactions

	4 FDA for Chiral Higher Spin Gravity
	4.1 Initial data
	4.2 FDA
	4.3 Summary and Discussion

	5 Conclusions
	A Cubic Amplitude
	B Coadjoint vs. twisted-adjoint
	C Operator calculus
	D Cochain complex
	E Vertices
	Bibliography

