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1 Introduction

The idea of Higher Spin Gravities (HSGRA) is to construct viable models of Quantum
Gravity by looking for extensions of classical gravity with massless higher spin fields. Con-
ceptually, ‘masslessness’ is important for modelling the high energy behaviour of massive
fields. Technically, it also plays a crucial role in constraining interactions by the gauge
symmetries associated with massless spinning fields. An extension of gravity by higher
spin states is one of the key features of string theory and it also seems to be unavoidable in
AdS/CFT scenarios since any CFT? in d > 3 has single-trace operators of any spin. Higher
spin symmetry is supposed to leave no room for relevant counterterms and thus construct-
ing a classical HSGRA is almost sufficient for having a quantum theory. However, there
are many no-go-type results that prevent this simple scenario from happening, leaving us
at present with only a handful of HSGRA’s that avoid them.

Let us mention some Higher Spin Gravities wherein various observables and quantum
corrections can be studied. (Partially-)massless [1-5] and conformal [6-8] higher spin grav-
ities in 3d have to have the Chern-Simons form [5], which facilitates the study thereof, but
there are no local degrees of freedom. There is a higher spin extension of the 4d conformal
gravity [9-11]. The 4d chiral theory [12-15] is the smallest higher spin theory with massless
propagating fields; it is shown to be one-loop finite [16-18]. In this paper, we address a
class of as yet hypothetical 4d HSGRA’s that should be AdS/CFT dual of free/critical
vector models [19-22] and, generally, of Chern-Simons Matter theories [23].

As long as the dynamics of higher spin fields are supposed to be entirely fixed by the
higher spin symmetry, many important questions can be approached from the symmetry
point of view even before a complete theory is constructed (symmetry, if powerful enough,
can even eliminate the need for a theory). In the present paper we classify invariant
and covariant functionals of fields in 4d HSGRA, 3d HSGRA and with some remarks on
HSGRA'’s in higher dimensions as well. The functionals are constructed to the lowest
nontrivial order in fields. Various obstructions to extend them to higher orders are also
given and discussed.

The holographic HSGRA’s, we are interested in, are known to exhibit a certain degree
of nonlocality [24—26] that goes beyond the usual field theory approach, but have a perfectly
local closed subsector represented by the chiral theory in 4d. Indeed, free and weakly-
coupled CF'T’s, like free and large- N critical vector models, do not have a large gap in the
dimensions of single-trace operators. Therefore, the holographic duals face infinitely many
fields from the onset and infinitely many derivatives starting from the quartic order [24].
This is not yet a concern for the paper since the observables we classify are consistent with
the equations of motion to the lowest order, where such nonlocalities do not arise.

Of interest are either unintegrated observables that are strictly gauge-invariant or
observables that are gauge-invariant up to an exact differential (hence, one can integrate the
these latter over appropriate cycles to produce genuine gauge invariants). On-shell closed
forms (conserved currents) represent another class of dynamical invariants. In fact the
last two classes coincide [27]. As long as covariant, rather than just invariant, functionals
go, cocycles with values in the higher spin algebra determine the interaction ambiguity



in the higher spin equations themselves or represent possible deformations of extensions
thereof with higher-degree forms, see e.g. [28, 29]. They can also be contracted with global
symmetry parameters to give conserved p-form currents. All these possibilities are studied
in detail. The spectrum of p-form currents indicates that HSGRA’s can give examples of
higher form symmetries [30].

What is surprising is that there exist a great many higher spin invariant and covariant
functionals, as will be seen from our classification. This should be confronted with the
lower spin gauge theories, e.g. Yang-Mills theory or Gravity, and more generally, with the
Weinberg-Witten theorem [31]. This also contradicts a naive expectation that a bigger
symmetry should be more restrictive. The study of invariants of higher spin symmetry
and of observables in HSGRA was pioneered in [32], where several different classes of
invariants/observables were discovered, with an important prelude in [33]. See also [34-36]
for closely related results and alternative approaches. As different from [32], we ignore all
global aspects of the problem, non-local invariants like Wilson loops and off-shell invariants;
instead, we give a complete classification of local invariants.

More technically, the problem of classification of covariant and invariant functionals
can be reduced to that of computing Chevalley-Eilenberg cohomology. The latter can
further be related to the cyclic and, eventually, to the Hochschild cohomology of a given
higher spin algebra:

Chevalley-Eilenberg = Cyclic = Hochschild

The relationship owes its existence to a very special form of the Lie algebra associated to a
given (associative) higher spin algebra. It is the Lie algebra of big matrices with elements
belonging to the higher spin algebra. The matrix extension of higher spin symmetries is
well-motivated by the AdS/CFT correspondence: one can always add global symmetries
to the free (and critical) vector models, i.e., to the CFT duals of HSGRAs.

The free higher spin fields on a maximally-symmetric backgrounds can be described
by a simple system of equations

dw=w*w+0(C), dC =wxC — Cxw+ O(C? (1.1)

for a one-form w and a zero-form C both taking values in a higher spin algebra [37], upon
neglecting the higher-order corrections in C. Here, x is the product in a properly extended
higher spin algebra. As is seen, the zeroth-order approximation is given by a flat connection
w associated with a higher spin algebra. The free fields are then described by a covariantly
constant zero-form C.

Therefore, the problem we solve is to classify all nontrivial multi-linear forms

J(w,...,w,C,...,C) (1.2)
——— ——

m n

of w and C that are on-shell closed or gauge-invariant up to an exact differential. A part
of our results on 4d HSGRA can be summarized by table 1 with derivation and explicit
expressions left to the main text.



cllct|c?|cdlct|c|ch|C
W’ 1|1 1|1 1|1 1
w1 ]o0olo0o]O0o|O0O]O0]|O0]oO
W20l 2122 12]2|]2]2
w3l 3]0l 0]0|O0O]0|0]O
w0 | 1] 1 1|1 1|1 1
WSl 4]0l 0]0lO0]0|0]O
WSLo ol O[O0O|[O0O] 0] 0] O

Table 1. Observables in 4d HSGRA to the lowest order (both in the physical and unphysical
sectors). The number in each cell is the number of independent observables that are of w™C"-type.
The table extends trivially in both directions; here, we kept a part that shows some irregularity (for
higher m and n everything stabilizes). The multiplicities along the diagonal m + n = const add up
to 2,1,6,3,8,4,8,4,....

We also make some comments on HSGRA’s in d > 4 and in 3d, even though the
latter are somewhat special in not having propagating degrees of freedom in the higher
spin sector. One interesting finding in 3d is a new invariant of Chern-Simons theory that is
based on the Weyl algebra. This type of invariant does not exist for SU(V), for example.

The outline of the paper is as follows. We begin in section 2 with the concept of formal
equations of motion that any field-theoretic system can be fit in. In section 3, we briefly
discuss the problem of HSGRA in this language. In section 4, we present and discuss our
classification results, the mathematical details being left to the appendices A, B.

2 FDA approach to classical field theory

In this paper, we will study field theories formulated in terms of Free Differential Algebras.
These algebras became popular after the seminal paper by D. Sullivan [38]; in physics, they
were introduced in [39, 40]. Closely related topics include Q-manifolds, L.-algebras and
AKSZ-models [41].

2.1 FDA, L, Q-manifolds and all that

Recall that a Differential Graded Algebra (A,0d) is a graded k-vector space A = @ A,
endowed with an associative (dot) product and a differential § such that

Ap-Ap CApym,  0A, CAppr, and 6%2=0. (2.1)
The two operations are related by the Leibniz rule
§(a-b)=da-b+(=1)a-6b, (2.2)

where |a| = n stands for the degree of a homogeneous element a € A,,. The cohomology of
0 is denoted by H(A,d) = @ HP(A,J).



Below we are interested in DGA’s that are free, commutative, and non-negatively
graded. This implies the existence of a finite (or countable) set of generators w4 € A
obeying no relations other than graded commutativity:

wiw? = (—1) 4Bl Byd Al = [w] > 0. (2.3)

The general element of A is given then by a polynomial a(w) in w’s. In physics, the
DGA’s of this type are usually called Free Differential Algebras (FDA). Given a set of
free generators, the structure of FDA is completely determined by the differentials of its

generators
dw? = QM (w), QY (w) e A. (2.4)

The r.h.s. of these relations can further be expanded into homogeneous polynomials as
QA:Qf‘FQI;‘FQ?‘F”‘ , Q;?:lﬁynAnU)Al"'wAna (2'5)

for some structure constants lﬁlm A,

By definition, a FDA (A,§) is called linear if Qf = 0 for all £ > 1. If in addition
H(A,8) ~ H°(A,6) ~ k, then the algebra is said to be linear contractible. An algebra
(A,6) is called minimal if Q7 = 0.

The main theorem on the structure of FDA’s states that each algebra is decomposed
into the product A = Ajc ® Apin of a linear contractible algebra Aj. and a minimal algebra
Amin, see e.g. [42, section 4.5.1]. This implies the existence of a generating set w? =

(u®,v*, w*) such that
u® = v, =0, w® = Q5 (w) + Q5(w) + - - . (2.6)

Here u’s and v’s generate the linear contractible part Aj., while w’s are generators for Apin.
In particular, this implies the isomorphism H (A, ) ~ H(Ampin,0).

The nilpotency condition 62 = 0 for the differential imposes a sequence of quadratic
relations on the structure constants I’s. These read

> 1841--~AnlgBl.-.Bm) =0, k=1,2,..., (2.7)
n+m=k

where the round brackets stand for the (graded) symmetrization of the indices enclosed.
The concept of Loo-algebras (aka strongly homotopy Lie algebras) delivers an alterna-
tive interpretation of these relations as generalized Jacobi identities for a system of
multi-brackets [43]. The multi-brackets are naturally defined on the graded vector space
V = A*[1], that is, the space dual to A and with the degree of homogeneous subspaces
shifted by one.! In terms of the dual basis e4 € V, |ea| = |w?| + 1, the structure of an
Loo-algebra on V is given by the sequence of multi-brackets

__jA _
1 =14,..A, €A, =1,2,.... .
[6,4 ,...,eAk]k 4 ALEA k=1,2 (28)

1Upon the shift the even subspaces go odd and vice versa; hence, symmetrization in (2.7) becomes
anti-symmetrization from the viewpoint of V.



It follows from the first identity in (2.7) that the unary bracket [—]; defines a differential
d : V,, — V41 making V into a cochain complex. Then, the second identity (k = 2) tells us
that d differentiates the binary bracket [—, —]o by the Leibniz rule. For minimal algebras
the unary bracket is absent and the first nontrivial relation in (2.7) identifies [—, —]2 as a
graded Lie bracket with the structure constants lgc. Hence, with each minimal FDA one
can associate a graded Lie algebra? £ = £(A) on the dual vector space V. This graded Lie
algebra is the starting point for and the most crucial part of the entire Lo.-algebra structure
dual to (A, ). In particular, the next ternary bracket [—, —, —|3 appears to be nothing else
but a 3-cocycle of the Chevalley-Eilenberg cohomology of the graded Lie algebra £ with
coefficients in the adjoint representation. We will return to this point in section 2.4.

There is also a nice geometric approach to the algebraic structures above. It treats
the FDA (A, ) as the algebra of smooth functions on a graded manifold N ‘coordinatized’
by the generators w? € A. Upon this interpretation the differential § gives rise to an odd
vector field () on N, whose coordinate expression is as follows:

0

An 8wA . (29)

oo

n=1
Then the whole set of Jacobi identities (2.7) is compactly encoded by a single equation
[Q, Q] = 2Q? = 0. In mathematics, such an odd vector field Q is called homological and
a pair (N, Q) is referred to as a @Q-manifold [41, 44]. The terminology is justified by the

fact that the cohomology of the operator (2.9) acting in the space of smooth functions
C*°(N) = A coincides with the cohomology of the initial FDA (A, 9).

2.2 Formal dynamical systems

In order to formulate a field theory on a space-time manifold M with local coordinates
x# one introduces the total space of the ‘shifted” tangent bundle T'[1]M, i.e., the tangent
bundle of M with tangent space coordinates 0 assigned degree 1. The algebra C*°(U) of
‘smooth functions’ on a trivializing coordinate chart U C T'[1]M is then a linear contractible
FDA with the generators (z#,0") and the differential

U [y (2.10)

This FDA is clearly isomorphic to the algebra of exterior differential forms on U N M upon
the identification
f(z,0) <  f(z,dx). (2.11)

Geometrically, one can regard d = 9”% as a canonical homolological vector field on T[1] M
that mimics the de Rham differential.

Let N be another Q-manifold with coordinates w* and a homological vector field Q.
Given a triple (M, N, Q), we define classical fields to be smooth maps

W :T[1]M — N (2.12)

2By a graded Lie algebra we mean that the bracket is graded antisymmetric and not just the fact that
the underlying space is graded. More pedantic would be a “graded Lie superalgebra”.



of degree zero from the source @-manifold T'[1]M to the target @-manifold N. The true
field configurations (=maps) are, by definition, those relating the homological vector field
on T[1]M to that on N; in symbols Wy (d) = Q. In terms of local coordinates the last
condition amounts to the differential equations

dW4 = QA(W), (2.13)

where the functions w4 = W4(x, #) provide the coordinate description of the map (2.12).
With identification (2.11) the Lh.s. of (2.13) is given by the de Rham differential of the form
fields W4, while the r.h.s. involves their exterior products. It is known that any system
of PDE’s can be reformulated in the form (2.13), perhaps, at the expense of introducing
an infinite collection of the forms W4, see e.g. [45]. Numerous examples of the field
equations (2.13) are provided by the AKSZ-models [41]. In the context of HSGRA, bringing
field’s dynamics into the form (2.13) is known as an unfolded representation [37, 46].
Besides apparent general covariance the system (2.13) enjoys the gauge symmetry of
the form
S WA = de? + ePopQA (2.14)

¢4 being infinitesimal gauge parameters (the forms of appropriate degrees). Applying the
de Rham differential to both sides of (2.13) one can also see that the system is formally
consistent whenever Q? = 0.

It follows from the decomposition theorem (2.6) that the contractible pairs of fields as-
sociated with the generators of A). completely decouple from the system (2.13). Moreover,
the subsystem dU® = V*, dV* = 0 appears to be tautological, and hence, dynamically
empty: the first equation just introduces the fields V* as names for the differentials dU“
and the second equation trivially follows from the first. Therefore, without loss in general-
ity, one may always assume the FDA underlying the field equations (2.13) to be minimal,
in which case

AWA =18 WEAWE + 15, WEAWEAWD 4.0 (2.15)

A word of caution is needed about these equations: even though any PDE can be
brought into the form (2.15), only specific infinite-dimensional FDA’s and only very par-
ticular choices of coordinates therein lead to well-defined differential equations. In practice,
most of the fields W4 appear to be auxiliary, being expressible via derivatives of a small
(or even finite) subset of dynamical fields. If the number of auxiliary fields is infinite,
they can encode an infinite number of derivatives. As a result, the effective dynamics may
happen to be far from those described by genuine PDE’s. In this paper, we leave aside
all subtle analytical issues related to the field equations (2.15) focusing upon their formal
consistency.

2.3 (Q-cohomology vs characteristic cohomology

Suppose we are given a collection of fields ¢° living on a space-time manifold M and obeying
a set of PDE’s

To($,8u,...) = 0. (2.16)



Apart from the equations of motion in themselves, there are many other quantities of
interest (like actions, Lagrangians, conserved currents, surface charges etc.) that can be
attributed to a given field-theoretic system. All these quantities are defined in terms of
differential forms that look like

J = Ty, (2, 0,040, .. )dx! N\ - N dat'P (2.17)

Here the coefficients of a p-form J on M are assumed to be smooth functions of the space-
time coordinates z*, the fields ¢ and a finite number of their derivatives. On integrating
the form J over a p-cycle X C M one gets a local functional of fields of the form

CM@:éJ. (2.18)

For want of a better term we refer to (2.17) as a current of degree p (p-current for short)?
and call the functional (2.18) an observable associated to the current J. In general, the
value of Ox[¢] depends both on a particular field configuration ¢’ and a chosen cycle .
This value, however, does not change if we add to J the differential dI of any other current
I of degree p — 1, since 0¥ = 0. Therefore, if we are interested in observables alone, it
makes sense to consider currents (2.17) modulo the equivalence relation

J~J+dl. (2.19)

A typical example of a current of top degree is a Lagrangian density; the corresponding
observable is an action functional. A p-current J is said to be conserved if

dJ ~0, (2.20)

where ~ means “equal when the equations of motion hold”. Clearly, observables (2.18)
associated to conserved p-currents depend only on homotopy classes of p-cycles ¥ when-
ever evaluated on solutions to the field equations (2.16). Such observables are usually
called charges. On restricting to the subspace of conserved currents, a stronger equivalence
relation can be imposed: two conserved p-currents J and J' are considered equivalent if

J—J ~dl (2.21)

for some (p — 1)-current I. Clearly, equivalent currents result in equal charges for all so-
lutions of the field equations. The equivalence classes of conserved currents associated to
PDE’s were intensively studied in mathematics under the name of characteristic cohomol-
ogy [47, 48], [49, section 6.2].

In the presence of gauge symmetries the above definition of an observable should be
modified a little. To justify its name the functional (2.18) must be invariant under the
gauge transformations d.¢° of fields and this implies that

5.0 ~ dI (2.22)

3Conventional currents correspond to forms of degree dim M — 1. With a metric tensor one can dualize
them to get vector fields of the form J*(z, ¢, 09, ...).



for some (p—1)-current I that depends linearly on the gauge parameters e*. Then 6.0y = 0
for any cycle X. Notice that all conserved currents are automatically gauge invariant in
the sense of (2.22). Indeed, by definition, 6.7, ~ 0 and ddé. = d.d; whence it follows that

5.dJ =ds.J~0 = O.J~dl. (2.23)

For a more systematic discussion of currents and observables in (non-)Lagrangian gauge
theories we refer the reader to [49, 50].

When dealing with formal dynamical systems (2.13) it seems natural to start with
currents and observables associated with certain elements of the underlying FDA (A, 9).
To any element j(w) € A, or, what is the same, homogeneous function on the @-manifold
N, we can assign the p-current J = j o W:

. A An
J=> > GALA, WAL A ATV AR (2.24)
o Ar 44 An|=p

As distinguished from the general expression (2.17) these currents do not involve the partial
derivatives of the fields W# and for this reason one may call them algebraic. Checking the
gauge invariance (2.14), we find

6.0 = de?0pT + e204QP 0BT ~ d(e194J) + P05 (QA04T) (2.25)

(by abuse of notation we omit the wedge product sign). The current .J is seen to be gauge
invariant iff the last term vanishes. The forms ¢ being arbitrary, this means QJ = const.
Since |QJ| > 0 and there are no constants of positive degree, we are lead to conclude that
QJ = 0. In other words, the current .J is gauge invariant® iff the corresponding function
j(w) on N is @Q-invariant. On the other hand, for any algebraic current

dI ~ QI (2.26)

and hence, all Q-invariant conserved currents of the form J = QI are trivial and any gauge
invariant current J is conserved. Let us summarize the above considerations as follows:

e the equivalence classes of gauge invariant p-currents of the form (2.24) are in one-to-
one correspondence with the elements of the cohomology group HP(A,d);

e all gauge-invariant algebraic currents are conserved and all conserved currents are
gauge invariant.

Thus, the gauge invariant currents (2.17) constitute a part of characteristic cohomology.
The characteristic cohomology of the PDE’s of the form (2.13) was studied in [27]. In that
paper, the authors argue that, under mild assumptions, each gauge invariant current is
equivalent to an algebraic one. This reduces the study of characteristic cohomology and
observables to a pure algebraic problem of computing the cohomology groups H(A,4).

4We would like to stress that for a current ‘gauge invariance’ means gauge-invariance up to an exact
differential.



2.4 Homological perturbation theory in action

Generally computation of cohomology groups H(A,J) is a rather nontrivial problem for
infinite-dimensional algebras. What alleviates the problem significantly for FDA’s is the
use of the natural filtration on A by the polynomial degree of its elements. At this point it is
convenient to switch to the dual picture considering A as the algebra of functions on some
@-manifold N. The homological vector field associated to a minimal FDA decomposes
then into the sum @ = Q2 + Q3 + - -+ of homogeneous components (2.9) and the same
decomposition for the equation @2 = 0 yields the sequence of relations

[Q2,Q2] =0, [Q2,Q3] =0, (Q3,Q3] = —2[Q2,Q4], ..., (2.27)

which are perfectly equivalent to the generalized Jacobi identities (2.7) for the L.o-
algebra (2.8). As we have mentioned earlier, the leading term Qo = wiw?B1§z0/0w"
is a homological vector field by itself, the expansion coefficients lgB being the structure
constants of some graded Lie algebra £. Then the action of Q2 on C°°(N) models the
Chevalley-Eilenberg complex computing the cohomology of the graded Lie algebra £ with
trivial coefficients. This action extends naturally from scalar functions to arbitrary ten-
sor fields on N through the operation of Lie derivative Lg,. The corresponding complex
of tensor fields splits into the direct sum 7T = @ TP? of various subcomplexes composed
of (g,p)-type tensors. Moreover, all natural tensor operations (the tensor product, con-
traction and permutation of indices, commutator of vector fields, etc.) pass through the
cohomology, so that we may speak of the tensor algebra of QQ2-cohomology H(L,T). The
scalar functions on N give rise to a graded commutative subalgebra H (£, 7°?) that we are
most interested in.

Second in importance is the @Qs-cohomology with coefficients in vector fields on V.
The space H(L,T'°) carries the natural structure of a graded Lie algebra, induced by
the commutator of vector fields, along with the structure of H(L,7°")-module, cf. ap-
pendix A.4.3. Notice that egs. (2.27) hold true if one rescales the homogeneous components
as Qn — ¢"2Qp, g being an arbitrary parameter. This results in a family of homological
vector fields Q(g), which can be viewed as a one-parameter deformation of the quadratic
vector field Q2 = Q(0). In particular, the first-order deformation is determined by a vector
field @3 that must be a Q2-cocycle as suggested by eq. (2.27). If this cocycle happens to
be trivial, i.e., Q3 = [Q2, X], then one can ‘gauge it out’ by the formal diffeomorphism
e9X . N — N. Thus, all the nontrivial first-order deformations are in one-to-one corre-
spondence with the degree-1 elements of the cohomology group H?3(L£,7%9).5 To study
higher-order deformations it is convenient to rewrite eqs. (2.27) in the following form:

L@,Qn = An(Qs, ..., @n-1),

—1
1n (2.28)
A, = -5 > [Qm, Qn-m+2] n=34,....
m=3
5Tt is conceivable that all Qs, ..., Qk_1 vanish and the deformation starts in effect with the k-th order.

Then the leading term Qj, defines and is defined by an element of H® (£, T"%). Formal deformations with
k > 3 are called on occasion irregular.



These equations can be handled effectively by the ‘step-by-step obstruction’” method of
homological perturbation theory [49, section 7], [51]. Proceeding by induction on n, one can
see that the vector field A, is a ()2-cocycle provided all previous equations for Qs, ..., Qn—1
are satisfied. The existence of the n-th order deformation @),, amounts then to the triviality
of the cocycle A,. This allows one to interpret the degree-2 elements of the cohomology
groups H™(L,T'Y), n > 2, as potential obstructions to deformation of Q. If all these
groups are happen to be trivial, then each first-order deformation (03 extends to all higher
orders giving a family Q(g).

In the context of formal dynamical systems of section 2.2, one may regard the defor-
mation procedure above as inclusion of a consistent interaction, with g playing the role of a
coupling constant. The three- and four-dimensional HSGRA’s that we discuss in section 4
provide major examples of such interactions.

A similar perturbative analysis applies to the cohomology groups H(d, A) associated
with the algebraic conserved currents (2.24). Writing j = jx + jxy1 +--- fora j € A, we
find that the function j is Q-invariant if

n—k+2
Loyjn=— Y. Lgujn-mt2, n=kk+1,.... (2.29)

m=3

Again, the r.h.s. of the n-th equation is a (J2-cocycle providing all previous equations are
satisfied. The triviality of this cocycle ensures the existence of a function j, obeying (2.29).
The sequence (2.29) starts with the equation Lg,j; = 0 identifying the leading term jj,
as a (Jo-cocycle. This may be assumed nontrivial: otherwise one could remove it by the
equivalence transformation j — j — 0f with jr = Qof, so that Taylor’s expansion for j
would start actually with jxi1. In homological algebra, such a perturbative approach to
computation of )-cohomology is known as a spectral sequence technique [52, Ch. XI].

All in all, much of the structure of a minimal FDA (A,d) as well as its cohomology
groups are controlled by the cohomology of the associated Lie algebra L(A).

3 Basics of Higher Spin Gravity

We setup the problem of Higher Spin Gravity in the language of formal equations of
motion (2.13), as was first suggested in [37]. An immediate benefit is that we can capture
relevant algebraic structures that are hard to see, if at all, within any standard perturbative
approach like Noether procedure. A drawback is that there is a long way to any such
standard field theory approach. For instance, the problem of extracting proper interaction
vertices appears to be highly nontrivial and may require further structures that are not yet
fully understood. Fortunately, the problem starts to be effective at the second order and
does not affect any result of the present paper.

According to [37] the formal equations of motion for a HSGRA are formulated in terms
of a one-form field w and a zero-form field C', both taking values in a higher spin algebra hs,
i.e., WA = (w,C). At this point, hs may be any associative algebra. By the form-degree
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counting the equations should have the following general form:

dw = wxw + V3(w,w, C) + Vi(w,w,C,C) + O(C?) = Q*(w,w|C), (3.1a)
dC = wxC — C*7(w) + V3(w,C,C) + O(C?) = Q° (w|C). (3.1b)

Here, * combines the wedge product of forms with the associative product in hs and 7 is
a certain automorphism of hs.® Thus, the bilinear vertices are completely determined by
the pair (hs, ), which is a starting point for the deformation problem. As was explained
in the previous section, a formal consistency of the field equations (3.1) implies the r.h.s.
to be given by some homological vector field @ = (Q*, Q%) on the target space of fields
(w,C). A central problem of formal HSGRA is to construct interaction vertices Vi for a
given (hs, ) respecting formal consistency.

The first particular solution of this problem was given in [53]. The general solution
applicable to any higher spin (or arbitrary associative) algebra was proposed in [54]. There
are a number of such and very similar models in the literature [29, 53-62].

Quasi-holographic interlude. We refer to [46, 63, 64] for clarifications on the general
structure of eqs. (3.1). Let us make just a few AdSg,;/CFT%inspired comments that
hopefully explain the origin of the basic ingredients.

The first and foremost fact about general HSGRA’s is that the graded Lie algebra £
governing the quadratic part of equations (3.1) always comes from an associative algebra
hs of infinite dimension in d > 3. The easiest way to perceive this fact is through the
perspective of AdS/CFT correspondence. All HSGRA’s are thought to be holographically
dual to free CFT’s [19-22, 65, 66] for an appropriate choice of boundary conditions. The
simplest of such CFT’s are free vector models, i.e., free fields valued in vector representa-
tions of some weakly-gauged symmetry group.” Free CFT’s, e.g. free scalar theory (¢ = 0,
always feature an infinite-dimensional algebra of symmetries. Here, by symmetries we un-
derstand [67] just differential operators S = S(z,d) that map any solution to a solution
again.® In particular, the generators of conformal symmetries so(d,2) are realized by S
that are operators of the first order at most. The composition of differential operators
endows the symmetries with the structure of an associative algebra. Moreover, the sym-
metry algebra most likely to be infinite-dimensional. Indeed, each symmetry operator S
gives rise to an infinite sequence of higher-order symmetries S™, most of which may happen
to be nontrivial. In this respect linear theories differ greatly from nonlinear ones: in the
latter case, the symmetries form a ‘weaker’ structure of a Lie algebra, which is normally
finite-dimensional.

5In a more general context, where hs is just an associative algebra, the automorphism represents a natural
option to change the adjoint action of hs on itself (assuming that the field content is already fixed to be w
and C valued in hs). It does not have to be nontrivial, in general, but it is so for the higher spin problem.

7An ambiguity in the choice of boundary conditions for fields in AdSqy; — Neumann vs. Dirichlet —
allows for more interesting dualities, e.g. the large-N critical vector models [20, 21].

8This is equivalent to ES = S’E, where E is the Lh.s. of the equations of motion (E = O in the example
above) and S’ is some other operator that pops up when S is pushed through the equations of motion.
Indeed, ES¢ = S’E¢ = 0 whenever E¢ = 0. Two symmetries S; and S are equivalent if S; = S + RE for
some differential operator R. The symmetries of the form RE annihilate any solution and for this reason
they are called trivial.
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The same symmetries can also be understood as the usual Noether symmetries asso-
ciated with conserved tensors of schematic form?

Ji1-~~is = ¢811 813(254- . (3.2)

From the AdS/CFT point of view J;,...;,, together with the degenerate member of this
family J = ¢, are single-trace operators. According to the standard AdS/CFT lore, they
should be dual to the fields of the AdS/CFT-dual gravitational theory. Since the tensors
are conserved, the fields have to be gauge fields, and hence, massless.

As with any associative algebra, we may consider the Lie algebra L(hs) generated by
commutators in hs. In the AdS/CFT context, this Lie algebra always contains the con-
formal algebra so(d,2) as a finite-dimensional subalgebra. The existence of an associative
structure on symmetries allows one to define the higher spin algebra as the quotient of
the universal enveloping algebra of so(d,2) by a certain two-sided ideal [67]. Denoting the
universal enveloping by U, we can write hs = U/ J. The ideal 7, called the Joseph ideal,!”
is known to be primitive, meaning the existence of a representation p : YU — End(V)
such that ker p = J. The representation p is given by a Verma module V = span{|¢)}
for the Lie algebra so(d,2). The corresponding lowest weight vector |A,s) is specified by
a conformal weight A — the eigenvalue of the dilatation operator D — and the weight
s = (81,...,8[4/2) of the Lorentz subalgebra so(d — 1,1) generated by L;;. By definition,
|A,s) is annihilated by the conformal boosts Kj;, so that each vector |¢) € V is obtained
from |A,s) by applying translations P;.!! For the free scalar CFT above, A = (d — 2)/2
and s =0, i.e., Lij|A,0) = 0.

The higher spin algebra hs associated with the Verma module V is just the algebra of
all (local) operators p(U) that act on V. In particular, the conformal algebra generators
belong to hs. As usual, we can represent (some of) operators from End(V') in the form
|$)(¢'] € V @ V*. The single-trace operators, being bilinear in ¢, belong to the tensor
product V@V = span{|¢)|¢')}. Normalizable on-shell bulk fields form, basically, the same
representations as the currents (3.2).!2

Since the higher spin symmetry bs is a global symmetry on the CFT side, it has to be
gauged in the bulk. To this end, one should begin with a one-form connection w taking
values in bs, that is, in End(V'). The flatness condition (3.1a) describes then the maximally
symmetric backgrounds with hs symmetry. The bulk degrees of freedom can be described
by taking a zero-form C with values in V ® V' and requiring it to be covariantly constant
w.r.t. w, as in (3.1b). One small tweak in (3.1b) is that the hs-modules V@V, V @ V* and
End(V) are formally isomorphic to each other.!®> Therefore, one can choose C' to assume

In the AdS/CFT context one needs to take ¢ to be vectors of some global symmetry group, e.g. O(N)
or U(N), and take N large. We will ignore this additional complication in a heuristic explanation below.

"The relation to the Joseph ideal was clarified e.g. in [68, 69]. The term higher spin algebra was
introduced in [70].

Ulet Tap = —Ta the standard basis for so(d,2), A,B=0,...,d+ 1. In the conformal basis, we split
the indices as A = i, +, — and use the light-cone form of the metric: XA XPnap = 2X+TX~ + X XIn,5.
Then, Lij = Tij, D = —Ta,a41, P; = Ti,av1 — Tia, Ki = T a1 + T a.

128ee e.g. [71, 72] for a careful treatment of the real forms and basis adapted to the so(d, 2) representation
theory at the boundary and in the bulk.

130f course, care is required in dealing with such tensor products, see e.g. [72, 73] for some subtleties.
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values in the algebra hs itself and account for the difference between |¢) and (¢| with the
help of a certain automorphism 7. In the conformal basis, 7 is related to the inversion:
n(D) = —D, n(K;) = P, m(P;) = K;, and w(L;j) = L;j. In the AdSgq; setup 7 acts as
7(Py) = —Py, 7(Lag) = Lag, [37, 46, 63].14

Though not rigorous enough, the above consideration should hopefully explain, at
least heuristically, why both w and C' are needed, why either takes values in hs, and what
is the role of the automorphism 7 in (3.1b). Now, the problem is to look for nonlinear
deformations of (3.1) and to relate them with hs and 7. B

We note that one can construct certain higher-spin Lie (super)algebras with the help
of (anti-)automorphisms, see e.g. [74]. These algebras are genuine Lie (super)algebras,
where the Lie bracket does not result from the commutator in an associative algebra.
Nevertheless, they are still obtained as truncations of certain associative algebras. In
these cases, the relation is similar to that between glny and o(V), the latter resulting from
truncation 7(a) = —a of the former, where 7(a) = a’ is an anti-automorphism. Therefore,
one always begins with an associative algebra hs. At the end, possible truncations of the
nonlinear equations (3.1) can be studied, if needed.

In accordance with section 2.4 all relevant quantities, e.g. vertices and invariants,
should correspond to the Chevalley-Eilenberg cohomology of the Lie algebra associated
with the higher spin algebra. Nevertheless, the fact that the Lie algebra comes from an
associative algebra is very helpful in computing the cohomology of the former.

As a side remark, let us mention that the problem of completing (3.1) with inter-
action vertices makes sense for any associative algebra, with 7w being e.g. the identity
automorphism. This leads to a new class of integrable models as the classical equations of
motion (3.1) can be solved explicitly via an auxiliary Lax pair [54].

3.1 Higher Spin Cohomology

Let us explain in a few words, avoiding technical details, how the problem of classifying all
relevant deformations and observables can be approached. The initial data are given by a
higher spin algebra hs, which is always an associative algebra, and by an automorphism 7.

These data allow us to write down the free equations of motion'®
dw =w*w, dC =wxC - C*7(w), w,C ebs. (3.3)
Tn order to relate the two basis we choose ap = (—, +,--- ,+, —). In the AdSqy; basis we split A as
A ={A,5}, etc., where A, B=0,...,d are the indices of the AdS-Lorentz algebra so(d, 1) and 5 is an extra
dimension, n°® = —1. Then, the Lorentz and translation generators are L% = T8 PA = 745 5o that
[PA,PB] — L'ABA

151t is worth stressing, and this is one of the crucial advantages of our approach, that the equations
are not free in the usual sense. They describe propagation of free fields C in the background given by a
flat connection w of a higher spin algebra. In the simplest case when only the spin-two subsector of w is
turned on, the equations reduce to the usual Bargmann-Wigner type equations on the Maxwell tensor, Weyl
tensor, and higher spin generalizations thereof (usually called higher-spin Weyl tensors) as well as to the
Klein-Gordon equation for the scalar field. A generic flat w describes a collection of topological background
Fronsdal fields and ‘free’ equations (3.3) result in equations for the Maxwell-, Weyl-tensors and the scalar
field that are highly nonlinear in the background fields. Probing different backgrounds is a useful way to
probe interactions. Egs. (3.3) probe the maximally-symmetric backgrounds, of which AdS441 is the simplest
case. Within the Noether procedure the higher spin algebra becomes visible at the quartic level only, [75].
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Now, suppose we are interested in deformations of this free system or in the conserved
currents that are d-closed on-shell to the leading order. For example, we can be looking

for an algebraic current

J(w,...,w,C,...,C)eC, (3.4)

or for an interaction vertex

V(w,w,C,...,C) € bhs (3.5)

that can deform the r.h.s. of the first equation in (3.3). In either case, we see that (i) the
free equations take advantage of the associated Lie algebra L(hs); (i) the second equation
in (3.3) suggests that the field C' takes values in the m-twisted adjoint representation hs
of L(hs). Therefore, we face quite a difficult problem of computing Chevalley-Eilenberg
cohomology of L(hs) with nontrivial coefficients. One may think of multi-linear functions
of C' as functions with values in the symmetric tensor product S(hs}) of the module hs}
that is conjugate to hs_.. We will reduce the problem to a much simpler one in a few steps:

e Firstly, we would like to consider the matrix extension of the higher spin algebra
Mat, (hs) = hs @ Mat,, i.e., n X n-matrices with entries in hs. The associated Lie
algebra gl,,(hs) = L(Mat,(hs)) is much more handy: for n big enough the Chevalley-
Eilenberg cohomology of gl,,(hs) can be effectively reduced to the Hochschild coho-
mology of hs, see appendix A.7. Apart from being just a simplifying assumption, the
matrix extension is well-motivated by the AdS/CFT correspondence. Indeed, with
appropriate boundary conditions each HSGRA is dual to a certain free CFT and in
a free CFT there is always an option to add global symmetries.'6

e Secondly, we absorb 7 by extending the higher spin algebra to the smash product
algebra A = hs x Zo, where the cyclic group Zs is generated by s and imitates
the action of the involutive automorphism m: sfsx = w(f), »* = 1, [72]. The
multiplication in A is given by formula (B.10). Upon such an extension m becomes
an inner automorphism of A. The fields are, however, doubled

C=K+Csn, w=w+uwr. (3.6)
The free equations (3.3) can be rewritten as

dw =w*w, dC =w+C - Crw, w,CeA (3.7)

18For example, one can take the U(N)-vector model with free complex conjugate fields ¢' and ¢;. In
the simplest case the higher spin fields are dual to the conserved currents J, = ¢'9°¢;. The bulk coupling
constant is of order 1/ V/N, which justifies taking the large-N limit (even though the CFT is free and not
much can change with V). The dual HSGRA gauges the higher spin symmetry algebra hs that is induced
by Js. There is always a simple extension: one takes vector fields ¢** and ¢s; of U(M) x U(N), then
U(N) is to be weakly gauged, while U(M) is left as a global symmetry. Therefore, the higher spin currents
Jsty = ¢"19°p s, are U(M) valued and the higher spin algebra is gla(hs) = hs ® Maty (its appropriate
real form, to be precise). Now the dual HSGRA has to gauge glar(hs).
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without any mentioning of 7. The problem of completing (3.1) with vertices is now
reduced to a more concise problem of completing

dw = w*w+ V3(w,w,C) + Vi(w,w,C,C) + O(C?), (3.8a)
dC =wxC — Cxw+V3(w,C,C) +0(C?), (3.8b)

(no 7 in the second equation). Once we solve any higher spin problem for A, we get
the sought for solution for hs by setting w’ = 0 and K = 0. As we discuss below, K
from (3.6) can also be useful sometimes.

e Finally, we need to take into account that (3.7) comprises two fields, w and C. As
was discussed at length in section 2, the quadratic vertices of any formal dynamical
system (2.15) define and are defined by a graded Lie algebra L. It is easy to see that
the graded Lie algebra at hand can be modelled by taking the tensor product of A
with the Grassmann algebra A on one generator, A = C[f], #* = 0. This allows us
to combine the fields w and C' into a single ‘superfield’” ® = w + 0C subject to the
equation

dd = O xd +V3(P,®,®) + O(dY). (3.9)

The superfield ® being odd, the star-product reduces in fact to the commutators of
component fields inducing thus the graded Lie algebra structure L.

We may now summarize that the majority of HSGRA problems boil down to computing
the Chevalley-Eilenberg cohomology of the graded Lie algebra £ = gl,(A ® A), where
A = bs X Zo. The matrix extension allows one to reduce the complicated Chevalley-
Eilenberg problem to a much simpler problem of Hochschild cohomology;!” the details are
left to appendices A, B. The following general arguments will be used repeatedly below:

e Given that the form-degree should not exceed the space-time dimension, it is impor-
tant to decompose the cohomology groups H(L,T) into representatives w™C" that
have a definite degree in C and w.

e If a relevant structure corresponds to a cohomology class of H(L,7T) in form-degree
p, then the same cohomology group in degree p + 1 contains possible obstructions to
extending this structure to higher orders in deformation. Depending on the situation
the same cohomology class can give either a nontrivial (p+1)-current or an obstruction
to the deformation of some other p-current.

e As we compute the cohomology of the extended higher spin algebra, A = hs x Zo,
there is an extra information that may be helpful. Both w and C consist of the

17 An important question is how big the matrices are, i.e., what is the lower bound on n such that the
Chevalley-Eilenberg cohomology can be reduced to the Hochschild one. Theorem A.1 implies that n has to
be greater or equal to the number of arguments that a given cocycle has. However, our preliminary study
of the Chevalley-Eilenberg cohomology of the Weyl algebra A; indicates that all the results in the paper
are true all the way down to n = 1, i.e., without any matrix extension (the whole Chevalley-Eilenberg
cohomology of A; is induced from the Hochschild one).
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physical and unphysical parts (3.6). Upon setting w’ = 0, so that w = w, we see that
the second equation in (3.7) reduces to'®

dC =w+C —C*7(w), dK =wrxK — K xw. (3.10)

C appears as expected and K takes values in the adjoint representation of L(hs).
Therefore, K corresponds to a global symmetry parameter in the w-background.™

First of all, it is important to see if a given cocycle survives upon projecting onto
the physical sector: w’ = 0 and K = 0. If it does so, we have a physically relevant
p-form current. If it does not, then setting w’ = 0 to zero, all but one C to C, and
the remaining one to K gives a nonvanishing form of the type

J(w,...,w,C,...,C,K). (3.11)

This can be interpreted as a collection of conserved p-currents parameterized by a
global symmetry parameter K. One can also project several C’s onto K’s, which
gives a conserved p-current that depends on a global symmetry with values in the
tensor product of several adjoint representations of the higher spin algebra.?’

e Instead of scalar p-form currents one may be interested in the Chevalley-Eilenberg
cocycles with values in a given higher spin algebra. They correspond either to possible
deformations of the free equations or to introducing higher-degree forms with values
in the higher spin algebra and adding some sources there, see e.g. [29, 76]. In order
to get such cocycles, one can simply remove one C' factor from the scalar ones, i.e.,
by representing them as Tr(f(w,...,C)xC). This agrees, of course, with the honest
computation of cohomology in the present paper.

Supersymmetric extensions of the bosonic 4d HSGRA can also be of some interest, see [19,
77] for discussion. In practice, these are obtained [77] by appending hs with the generators
of the Clifford algebra. This is equivalent to taking the tensor product with an additional
matrix factor, which does not change the cohomology. Therefore, all the results on the

higher spin cohomology below apply to various supersymmetric extensions as well.

3.2 Algebraic structure of interactions

The general solution of the problem on how to construct the interaction vertices in (3.1)
was given in [54]. Let us recall a few details from that work as we are going to discuss not
only the observables of the free theory, but also possible obstructions to their deformation
by interaction.

The problem of constructing the vertices V,, in (3.8) can be solved whenever the algebra
A which determines the bilinear terms in (3.8) admits a nontrivial deformation as an

1830 far we have not been able to take advantage of one-forms w’ in the twisted-adjoint representation.
They do not seem to have any physical interpretation.

¥Indeed, suppose we have a flat connection w (maximally-symmetric background). Global symmetries
are the gauge transformations that leave w invariant, d¢w = 0. This leads to the equation d§ = w*& — &+ w,
which is identical to the second equation in (3.10).

20Tn the actual examples we find below, the nonlinearity in C is of simple form C*.
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associative algebra. This means that there exists a one-parameter family of associative
algebras with the product

a*b:a*b+z¢k(a,b)uk, (3.12)
k>0

u being a formal deformation parameter. As usual associativity requires the first-order
deformation ¢; to be a Hochschild two-cocycle. According to the general definition (A.2)
it obeys

(0¢1)(a,b,c) = ax ¢1(b,c) — p1(axb,c) + ¢1(a,bxc) — ¢1(a,b) xc=0. (3.13)
Given the ¢p’s, one can write down immediately all the vertices. For example,
Vi(w,w,C) = ¢1(w,w) xC (3.14)
and
Vi(w,w,C,C) = ¢pa(w,w) * CxC + ¢1(¢1(w,w),C) *C'. (3.15)

Of course, the vertices are determined up to an isomorphism of the corresponding L..-
algebra (or FDA), which corresponds to field redefinitions in the field theory language or
to a change of coordinates in the language of Q)-manifolds.

Eq. (3.13) and ¢y is the simplest example of the higher spin cohomology and the size
of the cohomology group has a clear physical meaning:?!

AdS-side: # independent coupling constants,

dim H3(£, T"°) = (3.16)

CFT-side: # marginal deformations + 1.

It is worth stressing that the deformation of equations (3.8), i.e., the condition for Vs, leads
to a more complicated Chevalley-Eilenberg problem for the Lie algebra £ = gl,,(A ® A).
Under the assumptions discussed briefly above and in more detail in appendices A, B, this
problem can be reduced to a much simpler problem of Hochschild cohomology. Therefore, in
many instances we expect that the higher spin cohomology is obtained from the Hochschild
cohomology HH*®(A, A) in the sense that the knowledge of HH®(A, A) and applying the
standard cohomological operations allows one to reconstruct H®(L,T).

This means that the number of independent deformations of the star-product on A is
equal to the number of independent coupling constants in the HSGRA that gauges A.%?
On the dual CFT side the same number is equal to the number of marginal deformations
plus one. Indeed, one coupling constant in the bulk just counts the degree in C' and it is

2IThe superscript n in H (L, 7'1’0) denotes the number of arguments that representative cocycles have.
The deformation of (3.8) has to be cubic, therefore n = 3. We can prove, under the assumptions above,
that this cohomology is equivalent to the second Hochschild cohomology of A, that is, HH?(A, A).

22Tt is important to check whether these deformations survive on physical configurations w = w and
C = (Cx, i.e., whether the deformation is along s or it is the higher spin algebra bhs itself that gets
deformed. In the latter case, deformation has nothing to do with interaction, see the 3d example below.
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proportional to 1/ VN on the CFT side. The rest of the couplings should parameterize the
space of CFT’s, i.e., the marginal deformations (at least in the large-N limit).

In general dim HH?(A,A) = 1, so that there is a single bulk coupling constant of
order 1/v/N. An interesting example with dim HH?(A, A) = 2 is provided by Chern-
Simons Matter theories that feature one more coupling constant — the Chern-Simons level
k — and the corresponding effective t’Hooft coupling A = N/k becomes a continuous
parameter in the large- IV limit. Accordingly, the extended higher spin algebra A admits a
two-parameter deformation. For more detail we refer to [78, 79].

That all nonlinear terms in (3.8) follow, up to equivalence, in a simple way from a
one-parameter family of associative algebras is an enormous simplification of the problem.
There is a variety of nonlinear equations of type (3.8) in the literature that do not seem
to use this structure at all [56, 58, 60], use it implicitly [29, 53, 55, 57, 59], and use
it explicitly [54, 61].23 There are some general methods to deform associative algebras
in a constructive way, e.g. deformation quantization [42, 82] and the injective resolution
technique [83, 84], which help to construct models of this kind.

4 Characteristic cohomology and observables

The main case of interest for us is 4d HSGRA wherein the higher spin algebra is based on
the Weyl algebra As, i.e., the noncommutative algebra of functions in two pairs of creation
and annihilation operators. Nevertheless, all the observables turn out to be made out of
the building blocks that exist already for the smallest Weyl algebra A;. This is due to the
obvious isomorphism Ay ~ A; ® A;. Therefore, we first go through the case of A;, which
can be of some interest by itself, e.g. in the context of 3d HSGRA or specific Chern-Simons
theories.

4.1 Three-dimensional HSGRA: warming up with A,

Let us consider the algebra of complex polynomials in creation and annihilation operators:
[a,af] =1 — (o> 5] = =260, G = (V2a',V/2a). (4.1)

We prefer to work with f(f),) instead of f(a,a'). As one more improvement, one can
consider commuting variables y, and endow the algebra of polynomial functions in y, with
the Weyl-Moyal star-product:

(f*9)(y) =expp1-p2] fly+y1)g(y + y2) (4.2)

b
y1,2=0

where pg = y, p¥ = 0/0Yia, and the symplectic inner product is defined as p; - po =

—p‘f‘eagpg . Note that the derivatives are defined to act as p?yf = ¢*% and the indices are

raised and lowered according to y® = eaﬁyg, yg = yaea5.24 The star-product (4.2) can be

ZThere are two more models: the collective dipole approach, see e.g. [80], which we discuss below, and
the higher spin IKKT model of [81], whose relation to the above is yet to be clarified.

24The same rule applies to derivatives. Starting from the canonical day® = 6.7 we get 9%y® = ¥,

which is not the same as to lower the index on y, and then take the derivative. Note, €12 = 1, eage“’ﬁ =0.".
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rewritten in a more concise form as2’

(f*x9)(y) =exp[po - p1+po-p2 + p1 - p2] f(y1)g(y2) (4.3)

y1,2=0

In general, any operator R (cochain) that takes a number of elements from the Weyl algebra
— complex polynomial functions f(y) — can be written as

R(f1,.., fa)(y) = R(po,p1, .. on) f1(y1) - fr(yn)

y1==yn=0 (4'4)

Let us assume for a moment that the higher spin algebra of interest is hs = A;. It
is well known that the algebra A; is rigid, i.e., it cannot be deformed nontrivially as an
associative algebra. This is due to the fact that HH?(A;, A1) = 0, so that eq. (3.13) has
only trivial solutions ¢1 = 9¢. The only nonzero cohomology group of HH®(A;, Ay) is
HHY(A1, A1) ~ C. Tt is naturally identified with the center of the Weyl algebra C C Aj,
see appendix B.1.

A more interesting case is the groups HH®(Ay, A%). This time dim HH?(A;, A7) =1
and most of nontrivial cohomology considered in the present paper takes its origin in this
fact. This means that there is a nontrivial two-cocycle with values in the module dual to
Aq. It is this cocycle that will lead to the deformation of the extended higher spin algebra
in the case of 4d HSGRA. Therefore, it is important to discuss it in more detail. The dual
module A7 can be realized in two different ways.

1. With the help of the supertrace?® Strf = f(0) one can define a nondegenerate pairing
Str(f x g), which identifies A} with A;. The action of A; on A} can be derived from
the equalities Str(f x g) = Str(n(g) » f) = Str(g x w(f)), where 7 is the involutive
automorphism of A; defined by

()W) = f(=y)- (4.5)
The group HH?(A1, A}) is now generated by a nontrivial solution to
a*¢(b,c) — plaxb,c)+ ¢la,bxc) — ¢(a,b) xm(c) =0, a,b,c€ Ay . (4.6)

It is illuminating to see how far from the star-product (4.3) such ¢ is. It can be written
in two different forms. First, there is an explicit expression of the form (4.4):

¢rrs(y = po, p1,p2)a1(y1)az(ye) (4.7)

b
y1,2=0
where

z[(x = 2)e" VT2 4 (y + 2)e "V — (2 4 y)e V7]
Az +y)(z—2)(y+2) ‘

Prrs = (4.8)

25The only trick here is that exp[po - p1]f(y1) = exp[y”(%)u]f(yl) = fly+y1).
26Tt is a supertrace in the sense that even/odd functions f(y) are considered to be even/odd elements of
the superalgebra A;, which is the same A;, but understood as a Zs-graded associative algebra.
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Note that ¢rpg is nonsingular despite the way it is written. The cocycle condition (4.6)
can be rewritten in terms of the symbols of operators as

P(po+p1,p2,p3)eP —d(po, p1+p2,p3) e +d(po, p1,p2 +p3) e —d(p3+po, p1,p2)e P0* =0.

For reference, the symbol of the star-product is just e*T¥+2

7

. Second, the cocycle ¢prg

can be rewritten as an integral over a two-simplex,?” namely,

drrs = 2 / exp (1 — 2t1) +y(1 — 2) + 2(1 +2(t1 — t2)] . (4.9)
0<t1<t2<1

2. Operators with values in A} can be thought of as linear functionals on A;:

(ao, a1, a2) = d(50 = po, p1,p2)ao(yo)a1 (y1)az(yz) (4.10)

Y0,1,2=0

The first argument a( accounts for taking values in Aj. The cocycle condition now reads
dlaxb,c,d) — p(a,bxc,d) + ¢(a,b,cxd) — dp(d*a,b,c) =0. (4.11)

With the help of the pairing between A; and Aj via Str, we can express the cocycle
with three-arguments (still called two-cocycle since the first argument is of a different
nature) as

¢(a,b,c) = Str(a*¢(b,c)). (4.12)

The last formula links representations (4.7) and (4.10).

Associated to the Hochschild cocycle (4.10) is a cyclic cocycle, which is a representative
of cyclic cohomology, see appendix A.2 for precise definitions. The cyclic complex is
a subcomplex of the Hochschild one, where the cochains are invariant under the cyclic
permutations of arguments up to sign. In particular, our cyclic two-cocycle has to obey

oc(a, b, c) = (e, a,b) . (4.13)

Note that (4.12) is not a cyclic cocycle. Moreover, one cannot obtain ¢¢ by averag-
ing (4.12) over the cyclic permutations. Nevertheless, both the cocycles are known to
be cohomologous to each other. In our case, it is possible to find a cyclic representative
directly:

(y2 _ IL‘2) eTTY=z | (x,? _ 22) ex—i—y-l—z 4 (22 _ yQ) e—x—y-{—z

pelen) = S+ 9~ 2y + 2 -

One can also represent it as the sum of integrals over two- and one-simplices:

¢c=¢>ms+i / {el0=2002)42] _ (l0-20(40)+4] 1 o0-20G=-l)  (4.15)
o<t<1

"1t follows from the Kontsevich-Shoikhet-Tsygan Formality [85], but implicitly was found for A; even
earlier in [37].
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Extended higher spin algebra. Let 7 be the involutive automorphism (4.5) of our
higher spin algebra A; and we would like to deform the free equations (3.3).2® According
to the general recipe we should introduce a new algebra generator s such that

=1, sk fly)xx=f(-y) S kYo = Yo,

Now, the extended algebra A is A1 x Zo and its generic element reads f = f1(y) + f2(y) .2

From now on, somewhat strange structures on A; that we defined above — the supertrace
Str and the two-cocycle ¢ with values in A} — acquire a simple interpretation for A (or
for its mw-invariant subalgebra Af).

A trace Tr on A is given by a cyclic zero-cocycle, which may be viewed either as an
element of A* or a linear functional on A. The cocycle condition takes the familiar form
Tr[a * b] = Tr[bx a]. The supertrace on A; gives rise to the usual trace on A defined by

Tr[f] = Str[f x 2] = £2(0), f=h)+ faly)x e A. (4.16)

That the group HH?(A1, A) is nonzero translates into the fact that dim HH?(A, A) = 1
and the algebra A admits a nontrivial deformation. The second cohomology group is
generated by the two-cocycle ¢1(a,b) = ¢(a,b) * >, where ¢ from (4.6) can be taken to be
¢rrs. Now, ¢1 obeys the condition

a*@1(b,c) — d1(axb,c) + ¢1(a,bxc) — p1(a,b) xec =0, a,b,ce A, (4.17)

and determines an infinitesimal deformation of A. Since HH?(A,.A) = 0, the deforma-
tion is not obstructed and there exist all higher-order corrections ¢x(—, —) that define an
associative x-product (3.12). It is also true that the m-invariant subalgebra, A{, admits a

one-parameter deformation.?”

Relation to HSGRA in three dimensions. Although the structures discussed above
are intended to be building blocks for a more complex case of 4d HSGRA, it is also of
interest to adapt them to 3d HSGRA. As is well-known, due to the isomorphisms so(2,2) ~
spa @ sp2, spa ~ sl the Einstein-Hilbert action for 3d gravity can be rewritten as the
difference of two sly Chern-Simons actions [88]:

Sppt = ;SCS[AL] _ 4£SCS[AL] . Ses[A] = /Tr (A AdA — %A AAN A) C(18)
™ s

This admits a straightforward generalization to the case where sly is replaced by any Lie
algebra bigger than sly [1-4] with a specific embedding of sls such that decomposition

28 An alternative point of view is that we would like to ‘gauge’ the discrete Zy-symmetry and to project
onto the m-invariant subalgebra, i.e., to consider w and C' assuming values in the even subalgebra A{ C A;.

29Tt makes sense to omit x between y and » whenever no confusion arises. Such s’s are called the Klein
operators [86] sometimes.

39The one-parameter family of algebras that goes through A is not mysterious and can be obtained as
the quotient of the universal enveloping algebra U(sl2) by the two-sided ideal associated with the quadratic
Casimir operator Co — (—3/4 — u) [87]. The even subalgebra A7 corresponds to Ca = —3/4. This family
was dubbed gl in [87] as it interpolates between gl, in some sense.
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into slo-modules contains representations bigger than the adjoint one. In particular, one
may consider the even subalgebra A C A;. The associated Lie algebra L(Af) contains
spy ~ sly as a subalgebra generated by quadratic polynomials {ya,ys}.. Decomposition
into spo-modules looks as

A=VyaVieVe- -, dimV; =2j 4+ 1. (4.19)

The singlet Vj corresponds to the unit of A{ and results in the direct u(1)-factor in L(AY).
V1 is given by the embedding of spy. All HSGRA’s with massless, partially-massless, and
conformal higher spin fields in 3d must be of the Chern-Simons form [5]. One can try to
look for more complicated theories with matter fields (scalars or fermions). As was shown
in [89, 90], the matter fields (we consider the scalar field for simplicity) can be described
by the equations

dAL:AL*AL, dAR:AR*AR, dC:AL*C—C*AR, (4.20)

where Ap, Ag, and C take values in A§. This system can be reduced to the standard
one (3.7) with the help of an additional extension by 2 x 2-matrices [89, 90].3! Finally, the
relevant algebra is A = (A; x Z2) ® Mate, where Zs is to be gauged to reduce the equations
to even functions of y,. As was discussed in section 3.1, all our results are obtained in

32

conditions where the matrix extension is always possible.”* Therefore, we can go back

to A = Ay x Zo at any time as the matrix factor does not make any difference for the
classification of observables.

4.1.1 Conserved currents and interactions

In this section, we present a complete classification of conserved (and hence, gauge-invariant
up to an exact differential) currents for the free system

dw=w*rw, dC =w+xC - C*w, w,CecA, (4.21)

associated with the extended higher spin algebra A = A; x Zy. The results can be sum-
marized by table 2, which can be extracted from table 4 in appendix B and where we do
not list those currents that have more than five w’s.

Now, we give an account of the expressions that explain the multiplicities here-above.

Class C™. This is the simplest class comprising the zero-form invariants3?

n

—N—
Jon = Tr[C"] = Tt[C % -- -+ C (4.22)

31Representing Mats as the Clifford algebra v = 77 = 1, 4071 + 7170 = 1, one can associate Ar g
with the entries on the diagonal and C' as a component along the matrix [(0,1),(1,0)]. The remaining
components are similar to the those considered around (3.6).

32There might exist some sporadic Chevalley-Eilenberg cocycles for L(hs ® Mat,,) with small n’s, but we
are not aware of any example.

33Note that the supertrace Str on A; reduces to a trace on A§.
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cl'lct|c?|c?|ct
w? 1 1|1 1
w1 0] 0] 070
w2 0| 1 1|1 1
w3l 21 0] 0] 010
wtl ol O] 0] 0] O
WSl 21 0] 01] 010

Table 2. On-shell closed/gauge-invariant currents in the A; toy model. The table shows the number
of independent currents that are of w™C"-type, i.e., involve m one-forms w and n zero-forms C.

that are obviously gauge invariant and d-closed on-shell. For an appropriately chosen wave-
function C' it can give correlation functions of O = x2, where y is a generalized free scalar
field on the 2d CFT boundary of AdSs. The significance of this is unclear since the dual
CFT is expected to have a much bigger W-symmetry.3* These invariants are unobstructed.

2k+1 " Chern-Simons forms. This class consists of the on-shell closed Chern-

Class w
Simons forms

2k+1

Jort10 = Trfw ) = Tr[Gx - x@]. (4.23)

It is easy to see that they are gauge invariant up to an exact differential. In fact, the
Chern-Simons forms with & > 0 are all generated from Tr|w] by the standard S-operation,
see appendix A.4.5. The k£ = 0 member is obstructed, but the others are not.

Class ¢¢c(w,w,w). The importance of the cyclic cocycle ¢¢ found in section 4.1 is that
it allows us to construct a new 3-current, namely,

J30(w) = ¢o(w,w,w). (4.24)
It is closed on-shell:
dJs0(w) = 3pc(w*w,w,w) =0. (4.25)

Here we used the equations of motion (4.21), the cyclic property (4.13), and the cocycle
condition (4.11). One should also take into account that w is a one-form. Equivalently, we
can show that the current (4.24) is gauge-invariant on-shell up to an exact differential:

%5&]3,0("") = gf)c(dé,&),(d) - QSC([W,S]*,LU,W) ~ dgf)o(ﬁ,&],&)) . (426)

Therefore, J3(w) can be integrated to give a gauge-invariant observable in Chern-Simons
theory. This current is specific to the gauge algebra being the Weyl algebra (its even

34There are a number of important differences between HSGRA in d > 4 and d < 4. In the latter case
higher spin fields do not have propagating degrees of freedom, while the higher spin algebra does not seem
to play much role on the CFT side since the conformal symmetry gets extended to the Virasoro algebra
and even further to W-algebras [3, 4, 91].
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subalgebra). For the classical Lie algebras we have just Tr[w?]. We can use this additional
observable to modify the Chern-Simons action as follows:

ﬁr/ﬂ(w/\dw— gw/\w/\w) —i—g/(bc(w,w,w) +0(g%). (4.27)

The new current J3o owes its existence to the fact that the algebra A{ admits a one-
parameter deformation and the same deformation gives the one-parameter family (4.27)
of Chern-Simons theories. The cyclic cocycle ¢ determines the first-order deformation at
the action level, while the corresponding Hochschild cocycle ¢ does the same at the level
of algebra. Lastly, J3 o is unobstructed.

Class S*¢c(w,w,w). With the help of the S-operation on cyclic cohomology one can
generate a family of forms of the type w3 by applying S to ¢c. Applied ones, it gives

2

J50 = (S¢c)(w,w,w,w,w) = 3¢C(w3,w,w) — ¢C(w2,w W) . (4.28)

In order to check the gauge-invariance of the resulting current directly one may use the
following identities, which are obtained by splitting w® into the four arguments that enter
the cocycle condition:

200 (wh, w,w) — do(w?, w? W) + do(w?, w,w?) =0, (4.29)

¢C(w27w27w2) - ¢C(w37w7w2> + ¢C(w3aw27w) + ¢C(w4>w7w) =0. (430)

As the S-operation can be applied repeatedly, cyclic cohomology is unbounded from above
as distinct from the case of Hochschild cohomology. We do not discuss invariants whose
form degree is significantly higher than the space-time dimension. All members of this
class, including the case k = 0, are unobstructed.

Class ¢¢c(w,w, C*). All members of this class are two-forms. The first its representative
is obtained by replacing one w with C in ¢¢(w,w,w). This yields

Jo1 = do(w,w,C). (4.31)
It can also be rewritten through the Hochschild two-cocycle as
J271 ~ Tr[(b(w, w) * C] (4.32)

and the cyclic property (4.13) is not needed anymore to check that d.Jo; ~ 0. The other
members of this family are obtained by replacing C with C*:

k
k . >
Jog = ¢c(w,w,C") = ¢pc(w,w,Cx---%C). (4.33)

The family contains infinitely many two-forms and all of them are unobstructed. Canon-
ically, on-shell closed two-forms in 3d lead to conserved charges and we seem to have too
many of them. The physically relevant charges should be finite. However, quite generally
one can show that the charges built out of Jy; are divergent. We leave the discussion of
possible applications of these observables to future publications.

Lastly, all of the here-above p-forms serve as the generators of the algebra of scalar
invariants, i.e., the exterior product thereof gives new invariants.
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H(L,T*9), class ¢(w,w)CF. So far we discussed the scalar observables, i.e., H(L,T7%Y),
but cocycles with values in the higher spin algebra are also of interest as they determine the
deformation of equations. They can be obtained by undressing one C' in the observables
above. Since this is rather a trivial exercise, we consider just one example — the leading
deformation of the equation

dw = wxw + d(w,w) x C* + O(CFY)., (4.34)

If £ = 0 the r.h.s. comes form the deformation of the algebra itself. This case is also covered
by the deformation with k = 1 as the field C can be set constant in space and proportional
to the unit of A. This is a major difference with the case of 4d HSGRA. The 3d higher
spin algebra A§ admits a nontrivial deformation and this is the only deformation of the
extended algebra A as well. Therefore, one can tell straight away that the end result of
this deformation is a system of the form

dw = w*w, dC =w+C —C *w, (4.35)

where the only difference is that the fields assume their values in the deformed algebra
with the x-product (3.12), see also [90]. This system is clearly inconsistent with AdS/CFT
since there is no backreaction from matter fields C' to the gravitational sector of w. The
backreaction cannot be captured by the formal consideration and requires locality to be
taken into account.?®

Everything we said about the observables above holds true for any generic point of
the one-parameter family of algebras that passes through A§ or A = A; X Zs. Indeed, at
any generic u there is a Hochschild two-cocycle ¢, (a,b) = 9y(a * b). This ¢, can be used
in place of ¢ above provided the *-product is replaced with % at u. One only needs to be
careful about whether or not a given observable descends to the physical sector.

4.2 HSGRA in four dimensions

As was known already to Dirac [94], the algebra that naturally acts on the free 3d massless
scalar field is the even subalgebra A$ of the next to the smallest Weyl algebra As = A; ®A;.
This algebra is the same as in [67, 70]. Also, this is the same as the algebra of symmetries
of the free 3d massless fermion field, which is a necessary condition for the 3d bosonization
duality [23, 95-99] to work at least in the large- N limit. To realize As we simply double the
variables, as compared to the previous section, and introduce the star-product language
from the onset:

[Ya, Yslx = —2€a3, [Ya ygle = —2€45.- (4.36)

350ne obvious difference between the formal scheme and the physical one is that the stress-tensors are
formally exact, i.e., do not correspond to nontrivial cocycles. Indeed, the stress-tensor contribution has to
be a cocycle of type w?C?. The exactness of such stress-tensors for w being the AdSs vacuum was shown
in [92] and discussed further in [93]. If (4.34) begins with the k = 1 deformation and the w?C?-deformation
is also added, the latter can be obtained via C — C + C * C redefinition from the w?C-deformation and is
no longer a nontrivial deformation. Vertices with £ > 1 are examples of irregular deformations mentioned
in footnote 5.
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The higher spin algebra bs is the star-product algebra of even functions, f(y,y)= f(—y, —9).
Note that both As and A$§ are rigid and do not have nontrivial deformations as associative
algebras (cf. A; vs. A, the latter being deformable).

The m-automorphism is defined to flip the sign of the AdS-translation generators
P, [37, 46, 63]. Given that Pag ~ YaYa, one can realize 7 either as m1(f)(y,y) = f(—y,7)
or as ma(f)(y,y) = f(y,—y). Both m; and 7o are equivalent on A§, but not on As. Since
Ay = A1 ® Ai, the extended higher spin algebra 2 is constructed by taking the tensor
product of two copies of A = Ay X Zy. Therefore, we introduce the pair of generators k
and k such that k? = k? = 1 and>°

{yaa k} =0, [gda k] =0, {gdn ]2} =0, [yaa k] =0. (4'37)

As for Aj, there is a unique supertrace Str on Ay. It induces the usual trace Tr on AS.
Projection onto the subspace spanned by kk gives a trace on 2.

In order to extract the physical sector of fields associated with (A$§, ) one has to gauge
the diagonal Zs in A ® A. In practice, one takes

where w and C are even functions. The relation to footnote®® is that the element E =
$(1 + kk) is central on the subalgebra of even functions and s = 3(k + k) plays the role
of s on this subalgebra, »? = E. If one wishes to keep the global symmetry parameters,
then C = EK(y,y) for any even K.

4.2.1 Conserved currents and interactions

The conserved currents associated with the free system
dw=w+*w, dC =wxC - Cxw, w,C e, (4.38)

are summarized in table 3, which can be extracted from table 6 of appendix B. The structure
of cyclic cohomology here is such that, translating it to the physics language, there are
representatives of arbitrarily high form degree. Those that have the form degree much
above the space-time dimension are hardly relevant for HSGRA studies.

H(L,T%%). We will also discuss (obstructions to) the extension of observables to higher
orders. Before doing that it is important to understand what are the options to deform the
free equations (4.38). Since either factor in A = A ® A admits a nontrivial deformation, it

35Tnstead of taking the tensor product one could define a single s satisfying 52 = 1 and s« Paa*s = —Pag.
However, there are general theorems that allows one to compute the cohomology of the tensor product A® A
whenever the cohomology of A is known. The higher spin cohomology corresponds to 20p = A5 x Z2 and,
as is shown in appendix B.5, it coincides with that of 2l = A ® A, which is more natural to compute. Note
that the algebra with k and k was introduced in [100] as A/ = 2 SUSY higher spin algebra, which is not an
interpretation we use here.
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o ok C? c? ct | ¢ C*t Cc’
w? 0+1[140{0+1|1+0/0+1[140|0+1
wt{14+0] 0 0 0 0 0 0 0
w?| 0 |240[04+2[240[0+2|2+0|0+2|2+0
w3 [ 142 0 0 0 0 0 0 0
wt| 0 [04+1[140|0+1[1+0|0+1[14+0|0+1
W | 242 0 0 0 0 0 0 0
WO 0 0 0 0 0 0 0 0

Table 3. On-shell closed/gauge-invariant currents in 4d Higher Spin Gravity to the lowest order.
The sum in each cell gives the number of independent currents that are of w™C"-type, i.e., involve
m one-forms w and n zero-forms C, cf. table 6. The (first) boldface number is the number of
currents that do not vanish upon projection to the physical sector.

is not surprising that the there are two independent cubic vertices3”

dw =w*w+ g1o(w,w) * C + gadp(w,w) *C + - - . (4.39)

The notation is that the cocycle ¢ entering in V3 acts on y’s, while the Weyl-Moyal star-
product is taken over y. More explicitly,

V3(a®a,b@b,c®¢) = ¢la,b)xc@axbxc, (4.40)

where a, b, ¢ depend on y and @, b, ¢ depend on §. Both the vertices descend to the physical
sector and give V3 = ¢(w, w)*7(C) and likewise for V3. There are two independent coupling
constants gi 2. Unless we need one of the two deformations, ¢ or 6, we will assume that
® = g1 + g2¢ is the most general one.

The 4d case should be confronted with the 3d one. Here, the higher spin algebra does
not have any deformations. Only its Zs-extension does; the deformation happens along
any of the k or k directions, that is, along C' in the m-twisted representation. Therefore, we
do not include bare ¢(w,w) in (4.39) since its projection onto the physical sector vanishes.

The cocycles ¢ and ¢¢, being inherited from A1, can always be made to respect the sps-
subalgebra. Identifying the Lorentz algebra with sl(C), one can realize it by the complex
conjugate generators y,ys and Yalp- In particular, the spin-connection is represented by its

self-dual @ and anti-self-dual =’ parts. The Hochschild two-cocycle ¢ can be adjusted
such that ¢(w,w) + ¢(w,w) = 0 whenever w € sps and w is arbitrary. This guarantees
that the equations are manifestly Lorentz-covariant, i.e., the spin-connection appears only
inside the Lorentz-covariant differential D = d — [w + @, —]« and its curvature two-form
R = P — wy A P, idem. R This is a form of the Equivalence Principle.

Now we explain the multiplicities in the table with concrete expressions.

3"These vertices were found in [37], but the proof of uniqueness was not given there. The uniqueness is
important in view of the 3d bosonization duality conjecture. Had we found more nontrivial deformations,
Chern-Simons Matter theories would have had more free parameters. The deformations can be extracted
from table 5 of appendix B.
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Class C™, holographic correlation functions. This is the simplest class of invariants
and the only class of gauge-invariant functionals that are strictly gauge-invariant:

n

——~
In, =Tr[C"] = Tx[C *--- % C]. (4.41)

Therefore, these are the only observables that do not have to be integrated. Iy, are of
physical significance since, for appropriately chosen wave-functions C, they compute the
correlation functions of the single-trace operators in the free CFT duals (these are the free
3d scalar or free 3d fermion) [35, 101-105].3® Invariants of this type were first proposed
in [33] to distinguish between different solutions, were related to topological string theory
in [106] and were explored further in [32, 34, 35].

We note, however, that what is plugged in are zero-forms C' = IIK in the adjoint
representation that are obtained from those in the twisted-adjoint as K = C % §, where
0 is the star-product delta-function. This transformation between the adjoint and the
twisted-adjoint representations takes the form of the Fourier transform and is ill-defined
in general. Nevertheless, the fact that it needs to be employed to compute the correlation
functions and is well-defined for certain physical configurations indicates that there is no
sharp difference between the two representations. Therefore, the above splitting into the
physical and unphysical configurations, as in table 3, has to be treated with care.

Another important property of the invariants I, is that they do not depend on x.
Indeed, dIp, = 0 by construction. It is also instructive to see how the z-dependence gets
washed away. In general, C can be solved as g~ ! « Cy g, where w = —g~! x dg and
Cp is an z-independent element of the (extended) higher spin algebra. Upon taking the
trace the z-dependence of Ij,, which is in g, gets erased. As a consequence, all Iy, are
diffeomorphism invariant. This is an example of ‘gravitationally dressed’ observables, see
e.g. [107]. In this case, the dressing is via Wilson’s line.

Being z-independent, the invariants Iy, are implicitly nonlocal. The relation to the
correlation functions implies that Iy, can be represented as an integral of a certain n-point
‘contact vertex’ in AdSg4yq [24]. This is not in contradiction with I, being seemingly local
as they are obtained by sewing several C(z), all taken at the same point z. Indeed, C' is a
generating function of auxiliary fields that are expressed by virtue of the equations of motion
as derivatives (of unbounded order) of the higher-spin Weyl tensors. A knowledge of all on-
shell derivatives of the higher spin fields allows one to compute certain space-time integrals
as star-products (and other functionals in the Y-space), i.e., on the higher spin algebra.

The zero-form invariants are also very close to the vertices of the collective dipole
action, see e.g. [80], which by definition gives the correlation functions of higher spin
currents, see [104, 105] for details. The collective dipole action should correspond to the
sum of all Iy, with certain numerical prefactors. Other ideas to employ I, as building
blocks of an action can be found e.g. in [108].

38The correlation functions of the higher spin currents (Js, s > 0) in the critical vector model and in the
Gross-Neveu model are given by the same formulas in the large- N limit. Those with insertions of the scalar
operator Jy differ structurally between free and critical models. For three-point functions those with two
and three scalar operators Jy are fixed by the conformal symmetry up to a constant.
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The second raw in table 3 shows that there are no obstructions to the extension of
Iy, in the nonlinear theory. The deformed Iy, are expected to give correlation functions
in Chern-Simons Matter theories [78]. This was conjectured in [78], while the new results
prove the uniqueness of these invariants. Therefore, if the slightly-broken higher spin
symmetry [95] is realized in Chern-Simons Matter theories, then the deformed observables

Iy, seem to provide a unique answer for the correlation functions.

Class w?!*1, Chern-Simons forms. This class consists of the on-shell closed Chern-
Simons forms

2k+1
Lopi10 = Trfw? ™) = Tr[Gx - @] (4.42)

Clearly, I 9 = Tr[w] is just the spin-one gauge potential A, dz" = w,(y = 0,y = 0) dx*.
This first member of the family does not survive the inclusion of interaction. Indeed, a

simple computation with the help of (4.39) gives
dTrjw] =~ Tr[®(w,w) x C], (4.43)
which is a nontrivial cocycle.?® The next current I3 is not obstructed at the first order
dTr[w x W w + ®(w,w) *Cxw + O(C*] =0, (4.44)

where the ‘expansion parameter’ is C; hence, we use (4.39) for dw and (4.38) for dC.
However, it is obstructed at the second order for g1g2 # 0 in (4.39). The obstruction is of
w*C?-type, which is clear from table 3 and is discussed below.

The invariant I3 o, being a three-form, looks like a conventional conserved current. It
is felt that I3 can appear as a boundary term. The projection of I3 onto the physical
sector can be uplifted to an off-shell invariant, which is the Chern-Simons action for the
higher spin algebra hs = AS:

k 2
47T/Tr[w/\dw—Bcu/\w/\w . (4.45)

It gives the action of one of the 3d conformal higher spin gravities [6-8]. The higher
Chern-Simons forms can lead to exotic higher spin theories discussed recently in [109].
The Chern-Simons forms are unobstructed.

Classes ¢¢(w,w,w) and ¢c(w,w,w). In addition to Tr[w?] there are two more three-
forms. They can be constructed by applying the cyclic cocycle (4.14) to either A-factor of
A =A% A and tracing over the rest of the variables:

J30 = ¢o(w,w,w), J30 = do(w,w,w). (4.46)

According to table 3, there is only one obstructing cocycle. Therefore, depending on the
values of g2 in (4.39) or which linear combination of ¢c and éc is taken, we can face

39Tt is a nontrivial cocycle for the free equations of motion. Here, we used the first-order deformation of
the free equations.
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an obstruction. The obstruction is of type ¢¢, see below. Therefore, at go = 0 the
cocycle ¢¢ is unobstructed (the interaction vertex contains only ¢), but at g; = 0 it is
obstructed. We are lead to conclude that there is a linear combination of J3¢ and jg,()
that survives switching on interaction. Together with Tr[w?] we have three candidates for
global symmetry currents, but only Tr[w?] projects to the physical sector.

Classes S*¢¢c(w,w,w) and S*pc(w,w,w). With the help of the S-operation on cyclic
cohomology one can generate two families of type w23 by applying S to ¢¢ and ¢¢. For
example,

JS,O = S@C[w] = 3¢C(w37 w, w) - ¢C(w2a w2’ w) ) (447)
Jro = S%¢c(w] = 26¢ (W, w,w) — de(w?, w? w?), (4.48)

and likewise for ¢¢. They vanish upon the physical projection and are unobstructed.

Classes ¢¢(w,w,C*) and ¢c(w,w,CF). 1t is easy to see that the following families
of two-forms are closed on-shell:

Jo = dp(w,w,C¥), Jo g = p(w,w,CF). (4.49)
They can also be rewritten in an equivalent, if not identical, way
Tr[p(w,w) x C*], Tr[p(w,w) x C*]. (4.50)

These are candidates for the role of surface currents and there are infinitely many of them.
We do not expect those with k£ > 1 to give a finite charge in general. All these currents are
unobstructed and can easily be continued to higher orders. Those with k& odd do not vanish
when projected onto the physical sector. For example, the current Tr[¢(w,w) » C] gives
Tr[¢(w,w)*m(C)]. To the lowest order we obtain h%; AhP“C,g, which is the self-dual part
of the Maxwell tensor F),,, and likewise for the anti-self-dual part and ¢. See also [32, 36]

for other discussions and proposals of two-forms.

Class ¢¢(w,w,w,w,w). The fourth Hochschild cohomology group H H*(Az, A%) of the
second Weyl algebra A, is one-dimensional. This fact implies that the corresponding
cyclic cohomology group HC*(Aj3) is one-dimensional too. It is quite difficult to find an
explicit expression for the Hochschild four-cocycle of As. It was first obtained in [85]
as a consequence of the Kontsevich-Shoikhet-Tsygan formality theorem. An alternative
construction was proposed in our paper [79]. The cocycle can be represented as a function
of four arguments in As with values in Ay. The cocycle condition reads

a*¢(bv Gy d7 6) - ¢(a*b7ca da 6) + ¢(a,b*c, da €)+

(4.51)
— ¢(a,b,cxd,e) + ¢(a,b,c,dxe) — p(a,b,e,d) xII(e) = 0.

Here, I[f(y,§)] = f(—y, —7), the effect that can also be achieved with kk. The automor-
phism II = 77y takes into account the difference between As and A3 understood as As
bimodules.

— 30 —



The Hochschild four-cocycle ¢ is known to be cohomologous to a cyclic cocycle ¢¢.
The latter is defined by the conditions

oc(a,b,c,d,e) = —¢pc(e,a,b,c,d), (4.52)
¢C(a*b7c7d7e7f) —gbc(a,b*c,d,e,f)—i—cbo(a,b,c*d,e,f)-i-

(4.53)
—¢c(a,b,c,d*e,f)+¢c(a,b,c,d,e*f) —(bc(f*a,b,c,d,e) =0.

Since As = A1 ® Ay, the cyclic four-cocycle ¢c can be obtained as the cup product of
the two-cocycles ¢o and ¢, see eq. (A.32). However, this representative enjoys the spy
symmetry only. A manifestly spys-invariant cocycle can be written as a sum of integrals
over 4-, 3-, and 2-simplicies, cf. (4.15). With the help of the cyclic four-cocycle we define
the five-form

J5,O = ¢C(waw>wawaw) ; (454)

which is on-shell closed and nontrivial. This form is a well-defined observable in the five-
dimensional Chern-Simons theory based on hs = AS whenever we consider solutions to
the zero-curvature equation F' = 0 rather than /' A F' = 0. The five-form descends to the
physical sector and is unobstructed.

Class S*¢c(w,w,w,w,w) Applying the S-operation to the four-cocycle above one can
generate w®T2*_forms. For example, applying S once we get a nontrivial seven-form

J70 = 5¢c (wg,w,w,w,w) + ¢c (wQ,w,w2,w,w> — 3¢¢ (w2,w2,w,w,w) . (4.55)
All these forms survive the projection onto the physical subsector and are unobstructed.

Class w* C. This class is obtained by replacing one w in the cyclic four-cocycle with C:
J4,1 = gf)C(W,Ld,QJ,LU,C) . (456)

Its physical projection vanishes as C' has to be in the adjoint representation of the higher
spin algebra. At the same time, this implies that there is an on-shell closed four-form that
depends on a global symmetry parameter. In this case, there is no need to use a cyclic
representative and we can replace (4.56) with the equivalent current*’

Ju1 = Tr[K x ¢(w,w,w,w)]. (4.57)

This four-form current does not have any physical interpretation at the moment.
There is a general property of FFS cocycles [85], which we have already used for the
Aj case. In the case being considered it says that

¢(Q7 w, W, w) + ¢(w7 Qv w, OJ) + ¢(w7 w, Qa w) + ¢(w7 w, W, Q) =0 (458)

4%Tn checking d.Js,1 = 0 one should remember that IT leaves AS invariant. Therefore, ¢ also determines a
representative of HH?*(AS, AS).
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whenever ) belongs to the sps-subalgebra generated by y.yg, Yalsp, and Yalp- As a
consequence, Jy; = 0 on purely gravitational backgrounds. The flat connection 2 of
spy ~ so(3,2) describes the empty AdS, space provided that the vierbein component of
2 is nondegenerate. To make J4 1 nontrivial w is required to contain genuine higher spin
components. Another comment is that similar to the zero-form invariants, one can map
certain field configurations C' to the adjoint representation and still take the advantage of
Jy,1. This class is unobstructed.

Class w* C2. This is obtained by inserting the product CxC into the cyclic four-cocycle:
Ji2 = ¢c(w,w,w,w,C+C). (4.59)

The importance of this current is that it is the first four-form that does not vanish on
generic physical configurations. Upon projecting onto the physical sector it can also be
written as

Jio = Tr[p(w,w,w,w) x* Cx7(C)]. (4.60)

In view of the property (4.58), Jy2 vanishes whenever w is purely gravitational, i.e., for
w € spy. This four-form is unobstructed.

Class w* C*. The two classes above are the first members of the family
J4,k = ¢C(w7w7w7wack)7 (461)

of which we make no special comments, except we do not expect those with k£ > 2 to lead
to convergent integrals in general.

The expression for the cyclic four-cocycle ¢¢ in terms of its two-cocycle constituents
is quite cumbersome. Nevertheless, there is a much simpler expression for Jy j in terms of
the Hochschild two-cocycle ¢, which is equivalent to

Jig = Trjwo(w, X) + ¢(w, Xw)], (4.62)

where the two-form X can be chosen simply as C"¢(w,w) or C" *p(w,w)C*, k =0,...,n.
A general comment about the invariants J, ;, that do not vanish identically on physical
configurations is that they are natural building blocks for the on-shell action. In particular,
we see that there is no analog of the cosmological term of w-type in 4d HSGRA. Also
there is no tadpole of w*C-type. All Jy1 are unobstructed and extend to higher orders.

Final note. It is worth stressing that all the invariants presented above form a multi-
plicative basis for the graded-commutative algebra of invariants under the exterior product
of differential forms, see Proposition B.4. Therefore, we have even more invariants.

Coming back to the deformation of the equations of motion (3.8) by interaction. Ac-
cording to our classification the two-form currents Tr[¢(w,w) » C*] with one C removed
determine all the possible deformations of the free equations. Those that remain nontrivial
upon the physical projection are of the form

d(w,w) *7(C)x (C*7(C))" (4.63)
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and the same for ¢. This interaction ambiguity was first observed in [110]. The terms with
n > 0 are similar to the zero-form invariants*' and are too nonlocal, as interaction vertices,
even for HSGRA [111, 112].

Lastly, after the complete classification of invariants is presented, it is worth comment-
ing on which are the new ones. All invariants that contain the cyclic cocycles ¢¢o, ®¢
are new and have never been mentioned in the literature. In particular, this leads to a
new invariant of Chern-Simons theory that is based on the Weyl algebra. The zero-form
invariants are definitely not new, but they do not a priory coincide with those in [32, 33],
except for the leading order where one or another prescription adopted in [35, 103] gives
the same results. Surprisingly, what we call the Chern-Simons forms are also new, at
least in this context. In addition, there are infinite series of invariants generated via the
S-operation. All these are new as well. Nevertheless, there are other types of invariants
proposed in [32], which are not captured by the present analysis: off-shell invariants, (dec-
orated) Wilson lines and observables that are invariant under the Lorentz subalgebra of
the higher spin algebra. It would be interesting to obtain a complete classification of these
classes as well.

5 Discussion

After the classification is presented, it is high time to glance over table 3 and notice that
we have many more observables than we expected to find for a theory of quantum gravity,
see e.g. [113]. Surprisingly, the higher spin symmetry, being much bigger than the gauge
symmetries in Yang-Mills theory or GR, enjoys a wealth of conserved p-form currents that
the low spin theories do not normally have.

For example, the surface charges are known to correspond to reducibility parameters,
that is, those gauge parameters that leave the field configuration invariant on-shell, see
e.g. [114] in the higher spin context. The surface charges are of no surprise in free gauge
theories, but it is hardly probable to find them in nonlinear models. In GR and YM, the
surface charges can be defined only in the asymptotic region, where they correspond to the
symmetries of the asymptotically free background. However, most of the conserved p-form
currents we found are not obstructed and their nonlinear completion does exist in the full
theory. This might indicate that the nonlinear theory is still free in a sense. Indeed, this
is just what AdS/CFT duality between HSGRA’s and free CFT’s suggests. Interacting
higher spin fields, if not free in themselves, are dual to ‘mesons’ J;,...;., = ¢0;, - - 0 ¢+ - - -
that are bilinear in the free ‘parton’ fields ¢ of the corresponding CFT.

This also reincarnates in the bulk as hidden integrability of any formal HSGRA. As
was shown in [54] all solutions to the nonlinear equations (3.8) can be obtained from a ‘free

“The y = § = 0 component of (C x w(C))™ is just Tr[(C % 7(C))"]; hence, it does not even depend on ,
which is not what is expected from an interaction vertex.

*2We note that there is a doubly-infinite series of zero-form invariants introduced in [32]. The classification
in the present paper reveals that not all of them are independent and /or reduce to finite zero-form invariants
in terms of C.

— 33 —



system’ of the same form
do =@, dC=0+xC—-Cxw. (5.1)

The only difference is that @ and C take now values in the deformed higher spin alge-
bra (3.12) and depend on the deformation parameter u. There is an explicit map that
takes solutions of egs. (5.1) to those of egs. (3.8), see also [90]. The existence of such a
map is due to an inevitable nonlocality of HSGRA that goes far beyond what is allowed in
conventional field theory. The presence of infinitely many conserved surface charges also
agrees with general conclusions of [36].

Another comment is about local gauge invariant operators: there are plenty of such
operators in YM and none in GR. In GR, however, we find infinitely many local scalars
(they are scalars under diffeomorphisms) that are built out of the Riemann tensor and
its covariant derivatives. Our results imply that there are no local ‘curvature invariants’
in HSGRA. The only true scalars are Tr[C"], but they are (i) nonlocal and (ii) do not
actually depend on the point and thus are diffeomorphism invariant. The reason is that
the diffeomorphisms are actually part of gauge transformations (2.14).

It is possible to foresee the higher dimensional generalization of table 3. Generically,
there is just one Hochschild two-cocycle ¢ on a higher spin algebra [78]. Associated to it is
a cyclic two-cocycle ¢o. Together with the trace Tr they generate the following families:

T[CF],  Trw®],  SEpc(wH),  do(w,w,CF).

In addition, there should be a Hochschild cocycle v of degree d — 2 (in 4d this results in
that we have ¢ and ¢), which also gives rise to families similar to those originating from ¢,
i.e., SFp(wm2k=1) and (w2, C*). The cup products ¢Li---LI¢ do not seem to generate
nontrivial classes. Nevertheless, we expect x = ¢ LI to give a nontrivial d-cocycle and the
corresponding two families: S¥x(w@t2+*+1) and y(w?, C*).

Finally, all conventional gauge theories do not have any characteristic cohomology in
degree less than d — 2 provided that gauge symmetries are irreducible [49]. On the contrary
in HSGRA we always have zero-form invariants and for d > 4 there is an infinite family of
two-form currents at the very least. Therefore, HSGRA’s may give interesting examples of
higher form symmetries [30].

Acknowledgments

We are grateful to Xavier Bekaert, Maxim Grigoriev, Yasha Neiman, David de Filippi,
Ergin Sezgin and Stefan Theisen for useful discussions. We also benefited a lot from
illuminating discussions with Dennis Sullivan, Xiang Tang and Boris Tsygan on various
mathematical aspects of the present work. The results of section 2-4 on observables in
HSGRA were obtained under support of the Russian Science Foundation grant 18-72-
10123 in association with the Lebedev Physical Institute; the results of section A, B on
cohomology of higher spin algebras were obtained under support of the Ministry of Science
and Higher Education of the Russian Federation, Project No. 0721-2020-0033.

~ 34—



A The essentials of Hochschild, cyclic, and Lie algebra cohomology

This appendix collects, in a highly condensed form, some basic facts on different cohomol-
ogy theories for graded algebras. A systematic exposition of the material can be found
in [87, 115, 116]. For a quick introduction to the subject we refer the reader to [117].
Throughout, k is a ground field of characteristic zero and M is a bimodule over a
graded associative k-algebra A, that is, A = @,z An and M = @, 5 M,, such that

Ay Am C Anemn and Ay - My, © Mypin O My - Ay

The degrees of homogeneous elements a € A, and m € M, will be denoted by |a|] = n,
|m| = n. Both the algebra and bimodule are supposed to be unital. All unadorned tensor
products ® and Hom’s are taken over k. Given two graded algebras A and B, we define
the tensor product A ® B to be a graded algebra with

(A®@B)n= P 4,®B, and (a®b)-(d @)= (-1)1"laa’ @ bV’
p+gq=n
In a similar way one can define the tensor product of graded bimodules over A and B.
Notice that the sign in the definition of the product above agrees with the Koszul sign
convention: if in manipulation with monomial expressions involving graded objects an
object a jumps over an object b, then the sign (—1)‘“'“" appears in front of the expression.
For example, if f and g is a pair of homomorphisms of graded modules, then (f®g)(a®b) =
(—=1)ldllel f(a) ® g(b) and the dual bimodule M* = Hom(M, k) is defined by the relation

(afb)(c) = (=1)lUFFPIFHED £(bea), Ve M* Va,bce A, (A1)

We follow this sign convention throughout the paper. Many formulae below are simplified
significantly if one uses the shifted degree a = |a| — 1 that results from the desuspension
A — A[-1], where A[—1],, = Ap—1.

Finally, we will use Zy to denote the cyclic group Z/2Z and Spa,(k) to denote the
symplectic group Sp(n, k) since this is notation prevalent in the physical literature.

A.1 Hochschild cohomology

The Hochschild cohomology HH®(A, M) of a graded algebra A with coefficients in M is
the cohomology of the Hochschild cochain complex C*®(A, M):

0 02,01 9, 2 9

with

Cp:Hom(A®p,M), AP = AR ---®A,

—_—————
p
and the differential
(af)(ah ce 7a/p+1) = (_1)(61+1)(f+1)a1f(a2, RN ap+1) - (_1)61+“'+apf(a17 vee 7ap)ap+1
P
+ ) ()BT fay, L agagg, - Q) - (A.2)
k=1
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The complex C*(A, M) contains a large subcomplex C®(A, M) of cochains that vanish
whenever at least one of their arguments is equal to unit e € A. The latter is called the
normalized Hochschild complex. Tt is not hard to see that the inclusion map i : C(A, M) —
C(A, M) induces an isomorphism in cohomology. On restricting to normalized cochains,
one concludes immediately that HH®(k, M) ~ HH°(k, M) ~ M, where the ground field k
is regarded as a one-dimensional unital k-algebra.

Of particular interest are two special cases of bimodules: M = A and M = A*. The
cohomology groups HH?®(A, A) arise naturally in deformation theory of the algebra A,
while the groups HH*®(A, A*) behave functorialy in A: each k-algebra homomorphism
h: A — B indices a homomorphism in cohomology h* : HH®*(B, B*) — HH*(A, A*).

Upon identification C?(A, A*) ~ Hom(A®®+) k), formula (A.2) takes the form

P

(09)(ao, ar, - .., app1) = > _(=1)*F"+%g(ag, ay, ..., apags1, - - -, apr1)
k=0 (A.3)

+ (1)@ tD@ -+ gy ay apiag)

where g(ag, . ..,ap_1,ay) = (=1)1%|f(ag, ... ap_1)(ap).

A.2 Cyclic cohomology

The complex C*(A, A*) contains a subcomplex C¢(A) of cyclic cochains, i.e., cochains

g € Hom(A®®+1) k) satisfying the symmetry condition
glag,ai,...,ap) = (—1)%0l@rttap) g, ,Ap, Ap) - (A.4)

The cohomology of the complex C¢ .(A) is called the cyclic cohomology of A and the

cyc

corresponding cohomology groups are denoted by HC®(A). Upon restricting to cyclic

cochains, one can bring the differential (A.3) into a more familiar form*3
P
(ag)(a07a17--'aap+1 Z a0+ T+ (a07a17-"7akak+1a"'aap+l) (A 5)
=0 .

T (- )ap+1 (@o+- +‘1P+1)g(ap+1ao,a1,---aap)'

Let us consider the ground field k£ as a one-dimensional algebra over itself. It follows
from the cyclicity condition (A.4) that C27.(k) ~ k and C?%F!(k) = 0. Hence, HC*" (k) ~

cyc cycC cycC

k and HCE;LC“(I@) = 0. On the other h}z;nd, HH'(k‘,k:*)y_ HHO(k, k*) ~ k. \{7e thus
conclude that HH®(A, A*) # HC®(A) in general. In particular, the cyclic subcomplex
Céyc(A) is not a retract of C*(A, A*).

There is a general construction to produce cyclic cocycles. It is based on Connes’ notion
of a cycle over an algebra [116, Ch. ITI]. Recall that each differential graded algebra (€2, d)
possesses a canonical decreasing filtration Q O F1Q > F2Q O ..., where the differential
subalgebra FP€) is given by the p-th power of the ideal generated by df2. In other words,

the k-space FP() is spanned by elements of the form a = agday - - - da,.

43Notice that the signs in either form obey the Koszul rule if one shifts the degree of all a’s by —1, so
that the dot product acquires degree 1. Upon this interpretation the dot product and cyclic permutation
of a’s go first and the map g after.
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Following Connes, we define a p-cycle to be a triple (2, d, [) consisting of a differential
graded algebra endowed with a closed trace [ : € — k vanishing on FP*1(Q); that is,

/[a,b]:O, /dazO, /c=o, Va,be Q, Vee FPHQ.

By definition, a p-cycle over an algebra A is given by a p-cycle (2,d, [) together with a
homomorphism p : A — Q of graded algebras. Let us denote a = p(a) for all a € A.
Given a p-cycle over an algebra A, we define its character 7 : AP*! — k by the rule

T(ag,a1,...,ap) = /aoda1 - day, .
One can check that 7 is a cyclic p-cocycle. When manipulating with cycles the following
multiplication formulae are useful:
a(aopday ---day) = aaoda; - - - day, (A.6)

A A A A A A —_— A A A A A
(Goday ---dap)ap1 = aoday - - - dapap 11— (—1)|“i"| (Goday - - - dap—1)apday1
P
= Z(_1)Iak+1|+--~+\ap|+p—k&0dd1 - dagapy - ~daip i +(—1)"“|+"'+|a1"+pa651d€12 cdlp -

With the help of these relations one readily finds
(87’)(@0, e ,ap+1) == (*1)ao+"'+6’p /[&oddl ce ddp, Elp+1] =0. (A?)

It can be shown that each cyclic cocycle can be represented by a character of an appropriate
cycle over A, see [116, III.1.«, Prop. 4].

A.3 Cohomology of Lie algebras

Let V. = @ V" be a Z-graded module over a Z-graded Lie algebra L = @ L". We use
the square brackets [—, —| to denote both the Lie bracket in L and the action (represen-
tation) of L in V. The Chevalley-Eilenberg cochain complex consists of the sequence of
groups CP(L,V) = Hom(APL,V') endowed with a coboundary operator d : CP(L,V) —
CPHL(L,V). By definition,

clar,...,ap, Qgt1,- .., 0p) = (—1)%%%+1c(ay, ... apy1, Gk, - - - ap) (A.8)

and

p+1
(de)(ar, ... app1) = — Z(fl)ek [clar, ... a4k, ... ,aps1), ak]
k=1 (A.9)
+ Z (_1)€klc([akaal]7ala"'7&167"'7dlv"'7ap+1)a

1<k<I<p+1

where

€ =1+ + a1+ g1+ o+ A1+ ap(@rrr + o0+ Apra),

g = Qg + ap(@r + -+ ag-1) + (@ + -+ ag-1 + g1 + oo+ A1)
The hats indicate omitting of the corresponding arguments. For trivial coefficients V = k
the sum in the first line of (A.9) is absent. By definition, the Lie algebra cohomology with

coefficients in V' is the cohomology of the Chevalley-Eilenberg complex above. The corre-
sponding cohomology groups are denoted by H®(L, V') or just H®*(L) for trivial coefficients.
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A.4 Cohomological operations
A.4.1 Cotrace map and Morita invariance

Let Mat, (k) denote the algebra of n X n-matrices over k. One may regard the tensor
product Mat, (A) = A ® Mat, (k) as the algebra of n x n-matrices with entries in A and
endow the k-space Mat,(M) = M ® Mat, (k) with the natural bimodule structure over
Mat,,(A). Define the cotrace map

cotr : CP(A, M) — CP(Mat,,(A), Mat,(M)), p=0,1,..., (A.10)
by the relation
cotr(f)(a1 @ my,...,ap @ mp) = flai,...,ap) ®mq---my (A.11)
for f € CP(A, M) and a; ® m; € A ® Mat, (k). It is stated that (A.10) is a cochain map
inducing an isomorphism

cotr* : HHP(A, M) — HHP(Mat,(A), Mat, (M)), (A.12)

in Hochschild cohomology [115, section 1.5.6]. In the case of cyclic p-cochains (A.4) the
map (A.11) takes the form

cotr(g)(ap ® mo, ..., ap @ mp) = g(ao, - .., ap)tr(mg - - - my) (A.13)
and gives rise to the isomorphism
cotr* : HC?(A) — HCP?(Mat,(A)) (A.14)

of cyclic cohomology groups [115, section 2.4.6].

The isomorphisms above are particular manifestations of the Morita invariance of
Hochschild and cyclic cohomology. By definition, two algebras A and B are said to be
Morita equivalent (A ~ B) if there is an isomorphism between their categories of (left)
modules. In other words, there exist a B-A-bimodule M and an A-B-bimodule N such
that M ® 4 N ~ B and N ®p M ~ A. For example, A ~ Mat,(A) for any associative
algebra A and two commutative algebras are Morita equivalent iff they are isomorphic.
Hence, the phenomenon of Morita equivalence is essentially noncommutative. It is known,
see e.g. [115, section 1.2], that the Hochschild and cyclic cohomology functors are Morita
invariant, that is,

HH®*(A,A*)~ HH*(B,B*) and HC*®(A)~ HC*(B) (A.15)
whenever A ~ B.

A.4.2 The Gerstenhaber algebra structure on HH®(A, A)
Given a pair of cochains f € CP(A, A) and g € C1(A, A), we set

(ng)(alv ce ,aerq) = (_1)@_1)(&14_.”4_&2))]0(&17 ce 7ap)g(ap+1v oo ,aerq) ) (Alﬁ)

p—1
f{g} = Z(_l)g(a1+m+ak)f(ala o 7ak7g(ak‘+17 . '7ak+q)7ak+q+17 . -7ap+q—1)>
k=0

(A.17)
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and
[f.9] = flg} — (~1) g{f}. (A.18)

The first operation (A.16), called the cup product, makes C*(A, A) into a graded associative
algebra, while the commutator (A.18) equips the space C*®(A, A) with the structure of a
graded Lie algebra. As is seen, the latter structure makes no use of the associative product
on the k-space A. The product, however, gives rise to a Maurer-Cartan element of the
graded Lie algebra. Setting

m(a,b) = (—1)%b, Va,be A, (A.19)

one can easily see that [m,m] = 2m{m} = 0. With the help of m the Hochschild differen-
tial (A.2) for M = A can be written as

of = [f,m], (A.20)

so that the condition 82 = 0 becomes a simple consequence of the Jacobi identity. As
another consequence, one finds that the operator 0 differentiates the Lie bracket (A.18).
A straightforward calculation shows that it is also a (right) derivation of the cup product:

AfuUg)=fUdg+ (—DMaruyg. (A.21)

As a result both the multiplication operations pass through cohomology. Furthermore, at
the level of cohomology, the cup product appears to be graded commutative and compatible
with the bracket in the sense of the graded Poisson relation. This follows from the identities

fug— (=1 lguf =—(0f){g} = (~1)a(f{g})+(-1)¥ f{ag}, (A.22)

[f.gUR)—[f.glUh—(~1)719gU1 f,h] = —0(f){g,h} £O(f{g,h}) £ f{Dg,h} % f{g,OR}.
(A.23)

The r.h.s. of the second identity involves a higher cohomological operation, called a two-
brace, whose definition can be found in [118]. In such a way the space HH®(A, A) is
endowed with the structure of a Gerstenhaber algebra [119].

A.4.3 Operations in Lie algebra cohomology

There are various multiplicative structures on the Lie algebra cohomology depending on
coefficients. For instance, the natural multiplication of scalar cochains C*(L, k) as exterior
forms on L*® makes C*(L, k) a differential graded algebra with the same differential (A.9).
As a result, the cohomology space H®(L) acquires the structure of graded commutative
algebra:

[e1] - [e2] = [e1 - 2] = (1) [ez - ] (A.24)

¢; being cocycles representing the cohomology classes [¢;].
Denoting H$ (L) = @,~¢ HP(L), we define the space of indecomposable elements of
the algebra H*®(L) as the quotient Indec H*(L) = H*(L)/H$ (L) - H}(L).
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Another type of multiplication arises in the case of cohomology with coefficients in the
adjoint representation. By analogy with (A.17) we put

01<02>(a1,...,aq+p) = Z (—1)6’701(02(%1,...,al-q),ajl,...,ajp). (A.25)

ij-unshuffles

Here the sum is taken over all unshuffle sequences
1 <tg < <ldg, J1<J2<-<Jp,
of {1,2,...,q¢+ p} and (—1)% is the Koszul sign of the permutation

(at,...,ag4p) = (@i, .., G40, a5, ... aj,),

where the degree of each homogeneous element a; € A is shifted by —1, cf. (A.8). Then
the bracket

[Cl, CQ] =C <02> - (—1)615262<Cl> (A26)

gives C'*(L, L) the structure of a differential graded Lie algebra with the differential (A.9).
Passing to cohomology, one can speak of the graded Lie algebra of cohomology H®(L, L).

Using the above formulae for the dot (A.24) and composition (A.25) products and
taking the algebra of functions and vector fields on a graded manifold as a model, one can
easily guess how to endow H*®(L, L) with the structure of H*(L)-module and turn H*(L)
into a module over the graded Lie algebra H®(L, L).

Observe that multiplication (A.24) makes sense for [¢;] € H®*(L) and [c2] € H*(L,V),
since the L-module V is simultaneously a k-vector space. This allows one to regard
H*(L,V) as a (left) module over H®(L) and to identify the space of indecomposable ele-
ments of H*(L,V) with the quotient Indec H*(L,V) = H*(L,V)/H$(L) - H*(L,V).

A.4.4 Cup products in Hochschild and cyclic cohomology

These cup products** relate the cohomology groups of algebras A and B with those of the
tensor product A ® B. The case of Hochschild cohomology appears to be simpler than the
cyclic one as it is possible to define the desired product at the level of cochains. Let M
and N be bimodules over algebras A and B, respectively. Then one puts

(fug)(ar ®by,...,aq4p @ byip)

. (A.27)
= (=1)f(a1,...,aq)agr1 - agrp @ b1+ bgg(bgs1, ..., bgtp)

for any f € C1(A,M) and g € CP(B,N). Here (—1)¢ is the Koszul sign resulting from
permutations of a’s, b’s, and g. By construction, f g € C?"P(A® B,M ® N). The
cup product (A.27) is differentiated by the Hochschild coboundary operator (A.2) thereby
inducing a product in cohomology:

U: HHY(A,M)® HH?(B,N) - HH""?(A® B,M ® N). (A.28)

44Do not mix with the cup product of A.4.2.
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By way of example let us consider the case wherein B is the matrix algebra Mat,, (k)
viewed as a bimodule over itself. Then A ® B = Mat,(A) and M ® N = Mat,(M). In
view of the Morita equivalence Mat,, (k) ~ k, we have

HH*(Mat, (k), Mat, (k) ~ HH®*(k, k) ~ HH(k, k) ~ k. (A.29)

The group H H°(Mat,,(k), Mat,,(k)), being the center of the matrix algebra, is generated by
the unit matrix 1 € Mat, (k). Then one can see that fLI1 = cotr(f) for any f € CP(A, M).
Thus, the cotrace map (A.12) is induced by the cup product with the generator of the
group H H*®(Mat, (k), Mat, (k)).

The simplest way to introduce the cup product for cyclic cohomology is through the
notion of a cycle over an algebra, see section A.2. Given a pair of cycles Q and ' of
dimensions p and p’, one can define their tensor product Q” = Q ® ', which is a cycle of
dimension p + p’. As a differential graded algebra Q" is given by the tensor product of the
algebras Q and € and the closed trace is defined by

/w@w’ = (—1)'“”“’/|/w/w’, Vwe, W' e.

This definition naturally extends to the tensor product of cycles over algebras inducing a
cup product in cyclic cohomology:

U: HCUA) @ HCP(B) — HCP*(A® B). (A.30)

Specifically, the cup product of cyclic cocycles is defined as the product of their characters:
If

¢(a0,a1,...,aq) :/aodal---ddq, ¢(a0,a1,...,ap) :/&Oddl'”d&p,
then

(pU)(ap @ bo, .-, Gprg @ Aprg) = /(ao @bo)d(ay @ b1) - d(Gpsq @ bprg) . (A.31)

Consider for example the cup product of 1-cocycles ¢ and v reresented by the characters

P(ag,a1) = /aodal, Y(bo,b1) = /bodbl-

(To simplify expressions we omit hats.) One can find
(pU)(ap @ by, ar ® by, az ® by) = /(ao ® bo)d(a ® b1)d(as @ bo)
= /(ao ® bo)(day ® by + (—1)!"lay @ dby)(daz ® by + (—1)1*?lag ® dbs)
— / \b0| lax|+az|+1)+Haz|(1b1141) 40 dq 1 as @ bobydby
+ (- )|¢11|(\50\+1) (laz|+1)(lbol+1b1[+1) g 4 dag ®b0dblb2)

_ / ((_1)\bo|(|a1|+|a2|+1)+|a2|(\a0\+\a1H—Ibl|)a2a0da1 % bobydbs

+ (_1)|a1|(\b0\+1)+(\a2|+\b2\+1)(|b0|+\b1\+1)a0a1da2 ® beodbl)
= (—1)61/a2a0da1/bobldbg + (—I)EQ/aoaldag/beodbl
= (=1)"¢(azao, a1)y(bob1, b2) + (—1)?d(aoar, az)y(b2bo, b1) ,
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where

= (|br| + [b2| + 1) (Jao| + [ax| + [az| + 1) + |az[(|ao| + |ai] + [b1]) + [aol[bo| ,
€2 = |b2|(lao| + [a1] + |az| + |bo| + [b1]) + |ao|([bo| + [b1] + 1) + [a1][b1].
Note that it is impossible to define the cup product at the level of cyclic cochains. Cyclicity

takes place only for cocycles.
For reference we also present the cup product of two cyclic 2-cocycles

¢(a07a17a2)7 1/J(bo,b1,b2>

for the case of nongraded algebras A = Ay and B = By. Applying the general for-
mula (A.31), one can find

(9 U)(ao @ bo, a1 ® b1, az ® by, a3 @ bs, as @ bs) (A.32)
= ¢(azasap, a1, az2)y(bobibe, b3, bs) + dasapar, az, az)(b1bzbs, ba, bo)

+ ¢(a1a2a3, ag, ag)y(babobi, ba, b3) + ¢(apaiaz, as, as)(bsbabo, b1, ba

o( ) (bob1ba, b3, by) — ¢(apaiaz, as, as)(bsbobr, ba, b3
d(aparag, ag, as)(babo, b1bz, b3) + ¢(asao, araz, az)y(bobiba, bs, by

o( )1 (bob1, babs, by) — P(apar, azas, as)y(babg, biba,bs) .

a4a0a17 az, as

\_/\_/\_/\_/

¢(agap, araz, a3

As one more example, consider the group HC®(Mat,,(k)) ~ HC®(k) ~ k. The group
is clearly generated by the matrix trace tr : Mat,, (k) — k. Then A ® Mat, (k) = Mat,,(A)
and one can check that gUtr = cotr(g) for any g € CP(A), where the cotrace map is defined
by (A.13).

Suppose now that A is a bialgebra. Then the comultiplication A : A - A ® A, being
a k-algebra homomorphism, induces the map

A* HC*(A® A) — HC*(A)

(recall that HC®(—) is a contravariant functor of algebra). Composing this map with the
cup product in cyclic cohomology (A.30), we get a new product

A*oll: HC*(A)®@ HC*(A) — HC*(A) (A.33)
that makes HC*®(A) into a graded associative algebra.

A.4.5 Periodicity map

As was mentioned in section A.2, HC?"(k) = k. Let 0 € HC?(k) be a generator in degree
2 and let (2,d, [) be a cycle over k = ke such that

1=o(eee) = /edede.

Note that for each k-algebra A, there is the isomorphism A ® k ~ A. Using this
isomorphism and the generator o € HC?(k), we can define a homomorphism

S:HCP(A) — HCPT2(A) (A.34)
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by setting
Sf=cUf=fUo, Vfe HCP(A). (A.35)
The homomorphism S of degree 2 is called the periodicity map. For example, applying S

to a 1-cocycle ¢, we get

(S6)(ao, ar,az,az) = / (ao®e)d(a1 ®e)d(as@e)d(as ®e)
:/(a0®e)(da1®e+(—1)‘“%1®de)(da2®e+(—1)‘a2|a2®de)(da3®e+(—1)|a3|a3®de)
:(_1)\a2l+\asl/(ao®e)(da1®e>(a2®de)(a3®de)

+(—1)lailHasl / (a0@e) (a1 @de)(das®e)(as @ de)

(1)l / (a0®e) (a1 @de)(as@de) (daz®e)
:(—1)‘“2'/aoda1a2a3®edede+(—1)‘all/aoalazdag,@ededee

:(_1)\a3|+<|a2|+|a3|><|ao|+\a1|>/a2a3da1/edede+(_1)\a1\/aoala?d%/edede

= (_1)\a3|+(|02|+|a3|)(|a0|+\a1|)¢(a2a3a0’ a)+ (—1)|a1‘¢(a0a1a2, as).

The above calculations are simplified if one uses the following identities, which hold for
any idempotent e:
de = de* = dee + ede = edee = 0.

Actually, treating k = ke as a bialgebra, one can make HC®(k) into a graded commutative
algebra w.r.t. the product (A.33). This algebra appears to be isomorphic to k[o] with
the generator o of degree 2. Eq. (A.35) defines then the action of the algebra HC*®(k)
on HC®(A). This allows us to view HC®(A) as a module over the graded commutative
algebra HC*® (k).

A.5 Example: the cyclic cohomology of A = k[0)]

By way of illustration let us consider a simple, yet important, example of a graded algebra.
This is given by the Grassmann algebra A = k[0] with the only generator 6 of degree 1
subject to the relation 62 = 0.

Using the normalized Hochschild complex shows that HH"(A, A*) ~ k? for all n > 0.
Indeed, since the Hochschild differential vanishes identically upon normalization, one can
define a basis of n-cocycles ¢ € Hom(A®("*+1 k) by the relations

ol(e,0,...,0)=1, 0 (0,0,...,0) =0,

(A.36)
907;(6)97"'70):()» 907’:(9’07"‘79):1’

e being the unit of A. For the same reason, HH"(A,A) ~ k? and we can choose the basis
n-cocycles ¥ € Hom(A®", A) to satisfy the normalization condition and

Yr@,....0)=e, P, (0,...,0)=10. (A.37)
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In particular, the equalities
HHY(A,A)=Z(A)=A,  HHY(A,A) = Der(A) (A.38)

trivially follow from the graded commutativity of A. Notice that the odd derivation ;"
makes A into a differential graded algebra and

YUYt =yt e Uyt =y, b, Uy, =0, (A.39)

where the cup product U is defined in section A.4.2. Geometrically, one may regard -
as n-vector fields on a graded manifold with the only (odd) coordinate #. Then the cup
products (A.39) become the exterior products of polyvector fields.

The cyclic cohomology of A is also known [120, Prop. 3.1.1]:

HC*™(A)~k*,  HC™ MY A)~Ek, n=0,1,2,... (A.40)

Writing the elements of A as a = aTe + a~6, where a®™ € k, we can choose the following
basis cocycles:

A (ag, a1, ... a,) = agay - a3, A\, (ag,a1,...,an) =agay ---a, . (A.41)

n’ n

The cyclicity condition (A.4) is obviously satisfied for A*’s.

Actually, A is a bialgebra with the coproduct defined by Af = fRe+e®0. As explained
in section A.4.4, the space HC®(A) is given the structure of a graded commutative algebra.
Multiplying the generators (A.41) according to (A.33), one can find [87, Prop. 5.1.4]:

MM, = Aions  ARAL =0, k>0,  A7A =0. (A.42)

The element A\$ plays the role of unit in HC®(A). It is easy to see, that all A\~’s are in the
kernel of the homomorphism
HC*(A) — HC*(k) (A.43)

induced by the inclusion £ — A. An earlier discussion of Hochschild and cyclic cohomology
for Grassmann algebras can be found in [121, 122].

A.6 Kiinneth theorems for Hochschild and cyclic cohomology

Let N be a bimodule over a k-algebra B such that all the groups of Hochschild cohomology
HHP(B, N*) are finite-dimensional k-vector spaces. Then the cup product (A.28) defines
a natural isomorphism

HH"(A® B.M®N)~ @ HHP(A,M)® HHI(B,N) (A.44)
ptg=n
for any A-bimodule M. This statement is just the dual version of the Kiinneth formula for
Hochschild homology, see [52, Ch. X, Thm. 7.4].
The cyclic analog of the isomorphism (A.44) is given by the exact sequence
0— HC*(4) Q) HC*(B) = HC*(A® B) % Tor" " W) (HC*(A), HC*(B)) — 0

HC* (k)
(A.45)
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under the assumption that all groups HCP(B) are finite-dimensional, see [123, Thm. 1].
Here « is a homomorphism of degree —1. In general, the cup product (A.30) defines
only an injective homomorphism from the tensor product of HC®(k)-modules. This ho-
momorphism, however, becomes an isomorphism whenever either of the HC*®(k)-modules
is torsion free.

A.7 Relations between various cohomology theories

The fact that the cyclic complex C? .(A) is a subcomplex of the Hochschild complex

cyc
C*(A, A¥) gives rise to the long exact sequence in cohomology

. —> HHP(A, A*) =B~ HCP—1(A) —5= HOPHL(A) —L> HHPYL(A, AY) — -+ .

The sequence involves the periodicity map (A.34) and is known as Connes’ Periodicity
Exact Sequences. In many interesting cases it reduces the problem of computation of cyclic
cohomology to that of Hochschild cohomology. The map I is induced by the inclusion
Céye(A) — C*(A, A*), while the definition of B is more complicated, see [116]. In low
dimensions, Connes’ exact sequence takes the form

0— HC" - HH’ -0— HC' - HH' - HC® - HC? - HH? — - .- | (A.46)

hence, HC?(A) ~ HH(A, A*) (which is clear from the definition of cyclic cohomology).

Suppose for instance that HHP(A, A*) = 0 for all p > n. Then applying the exact se-
quence above, one readily concludes that the periodicity map S : HC9(A) — HC9"2(A) is
an isomorphism for all ¢ > n and an epimorphism for ¢ = n—1. If the whole Hochschild co-
homology of A is concentrated in degree n, then the nontrivial groups of cyclic cohomology
are

HO™WM(A) = HH"(A,AY),  k=0,1,2,.... (A.47)

Given an associative algebra A, denote by L(A) the associated Lie algebra with the
Lie bracket given by the commutator in A. Any bimodule M over A turns naturally into
a (left) module over L(A) by setting [a,m] = am — (—1)I™%lmq for m € M and a € L(A).
Restricting a Hochschild p-cochain f : A¥? — M to the subspace of antisymmetric chains
APA C A[—1]®P gives then a cochain of the Chevalley-Eilenberg complex associated to the
Lie algebra L(A), see section A.3. Moreover, the restriction appears to be a cochain map,
so that

(8f)(a1 ANag N... N\ ap+1) = (df)(a() ANayp N... N\ a,p+1)
for any f € CP(A, M). As a result we have a homomorphism of cohomology groups
e, HH?(A, M) — H?(L(A), M) (A.48)

induced by the inclusion &, : APA — A[—1]®P. This is known as an antisymmetrization
map [115, section 1.3.4].

Similarly, restricting the cyclic p-cochains onto the subspace AP*1A ¢ A[—1]2®+D one
gets the cochain space CP*1(L(A)). Again, the restriction map appears to be a morphism
of complexes inducing a homomorphism in cohomology,

ehy 1 HCP(A) — HPTH(L(A)). (A.49)
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Notice that the antisymmetrization map is compatible with cyclicity:
glagNai A ... Nay) = (—1)0@+Fa)gq) A Aay Aap),

cf. (A.4).

Recall that Mat, (A) denotes the associative algebra of n x n-matrices with entries in
A. When equipped with matrix commutator it becomes a Lie algebra denoted by gl,,(A).
The same matrix commutator turns the k-space Mat,, (M) into an adjoint module of the
Lie algebra gl,(A) for any A-bimodule M.

Composing now the antisymmetrization map with the cotrace of section A.4.1, one can

define a homomorphism from the Hochschild or cyclic cohomology of A to the cohomology
of the Lie algebra gl,,(A):

¢* =¢e*ocotr™: HH*(A, M) — H*(gl,(A),Mat, (M)), (A.50)
©* =" ocotr* : HC*"Y(A) — H*(gl,(A)). (A.51)

At the level of cochains the maps are defined by the formulae

o(9)(a1®@ma,...,ap@my) = Z (=1 g(ag(1y, -+ Ao(p)) @Mo(1) " M (p) » (A.52)
oSy

o(g)(ap®@mo,...,ap@my) = Z (=1)°g(a0, ag(1)s- - Ao(p) )tT(M0MG(1) - - Mg(p)) - (A.53)
o€ES)

Here (—1)% is the Koszul sign caused by elementary transpositions (A.8) of arguments.
(There is no need to antisymmetrise all p + 1 arguments in the second relation due to
cyclicity of g and tr.)

Among important applications of cyclic cohomology is computation of the cohomology
of the Lie algebra gl(A) of ‘big matrices’ By definition, the algebra gl(A) consists of
infinite matrices with only finitely many entries different from zero. Formally, it is defined
through the inductive limit gl(A) = ligl gln(A) corresponding to the natural inclusions
9ln(A) C glp+1(A) (an n x n-matrix is augmented by zeros). A precise relationship between
the cohomology of the Lie algebra of matrices and cyclic cohomology is established by the
following Tsygan-Loday-Quillen theorem [124, 125].

Theorem A.1. The image of the map (A.51) lies in the indecomposable part of the algebra
H*(gl,,(A)) and induces an isomorphism

HCP71(A) ~ Indec H?(gl,,(A))

for all n > p. As an exterior algebra, H®*(gl(A)) is freely generated by the graded vector
space HC*~1(A).

In other words, the cohomology group HP(gl,(A)) does not depend on the size of
matrices provided it is large enough.
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There is also an analogue of the above theorem for cohomology with coefficients in
the adjoint representation, see [115, 126, section 10.4]. Denoting Mat(M) = 11_1)11 Mat,, (M),
we have

Theorem A.2. For any A-bimodule M,
H®(gl(A),Mat(M)) ~ HH*(A,M) ® H*(gl(A)) .

This theorem says that, viewed as an H®(gl(A))-module, H*(gl(A), Mat(M)) is freely
generated by the spaces of indecomposable elements

Indec H?(gl(A),Mat(M)) ~ HHP(A,M). (A.54)

A.8 Example: the cohomology of gl(A ® A)

In studying invariants of a HSGRA associated with a given higher spin algebra A we are
interested in cohomology of the Lie algebra gl(A) with coefficients in symmetrized tensor
powers of the coadjoint module gl(A)*. There is a trick that allows one to incorporate the
tensor module into the structure of a Lie algebra reducing thus the problem to the case of
trivial coefficients. The construction goes as follows.
Let A = k[0] be the Grassmann algebra of section A.5. Tensoring it with A, we define
the graded Lie algebra
gl(A® A) =0gl(A)D gl(A). (A.55)

Here the commutative ideal fgl(A) may be regarded as an adjoint module over the subal-
gebra gl(A). The semi-direct sum decomposition (A.55) leads to the obvious isomorphism

H*(gl(A@ A)) ~ H*(gl(A), $*(gl(A)")) (A.56)

for the Lie algebra cohomology groups. Here S® stands for the symmetric tensor powers
of the coadjoint module. Theorem A.l states now that the groups on the left form an
exterior algebra freely generated by the graded vector space HC®*(A® A). As to the latter
cohomology, we have the following

Theorem A.3. For any k-algebra A

P
HCP(A® A) ~ HCP(A) @ (@ HH"(A, A*)) .
n=0

See [87, Prop. 5.1.4] and [123] for the proof.

Since the groups HCP(A) are finite-dimensional, one can apply the Kiinneth exact
sequence (A.45) to establish the isomorphism above. Suppose the Hochschild cohomology
of A is concentrated in one degree, say n. Then the cyclic cohomology groups are given
by (A.47) and HC"2k(A) = SKHC™(A). The periodicity map S defines the action of the
algebra HC®(k) ~ k[S] on HC*(A). Clearly, this action gives HC®(A) the structure of a
flat module over HC®(k). As a result,

TorC* ) (HC*(A), HC*(A)) = 0
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and the cup product defines an isomorphism in the short exact sequence (A.45). Taking
now the cup product of the elements of HC™(A) with the generators (A.41) of the algebra
HC*(A), we find that HCP(A® A) =0 for all p < n and

HC""?*(A® A) ~ HH"(A, A*) @ HH"(A, A¥),

A57
HC" Y (A® N) ~ HH"(A, A"), k=0,1,2,... (A.57)

This is in line with the statement of Theorem A.3. Therefore, H*(gl(A® A)) is an exterior
algebra freely generated by the graded spaces (A.57) above.

B The cohomology of the Weyl algebra and its smash products

B.1 Polynomial Weyl algebras

The polynomial Weyl algebra A; over k is a unital algebra on two generators ¢ and p
subject to the relation

qp —pg = e, (B.1)
e being the unit of A;. It is known to be a simple Noetherian domain with a k-basis

consisting of the ordered monomials ¢"p™, see e.g. [127].
The Hochschild cohomology of A; can easily be computed from the Koszul resolution:

0 A WA 2o @VeOA LA @A "4 — 0. (B2

Here V is the two-dimensional k-vector space spanned by u and v, W is the one-dimensional
space generated by u ® v — v ® u, and the differentials act as follows:

m(a1®as)
81(a1®u®a2)
D2(a1 @ (u@V—v@u)Raz) = a1¢RVRaz—a1 ®VRqaz—a1pRUR az+a1 QU paz .

=ayaz,

=a1q®az—a1®qaz, 01(a1 ®v®az) = a1p®az —a1 @paz,

Thus, the exact sequence (B.2) provides us with a resolution of A; by free Aj-bimodules. If
now M is a unital A;-bimodule, then applying the functor Hom 4,4, (—, M) to the above
sequence without the last term A; yields the complex

9] a5
0 —= M —>Hom(V, M) —*> Hom(W, M) — 0
computing the Hochschild cohomology groups HH®(A;, M). Here

im = (gm —mg,pm —mp),  9(f(u),f(v)) = qf(v) = f(v)g - pf(u) + f(u)p. (B.3)

As a result one concludes immediately that HHP(A;, M) = 0 for all p > 2 and any A;-
bimodule M.

Let us take for instance M = A1. Then the first equality in (B.3) identifies H H%(A;, A1)
with the centre of A, which is given by ke. Introducing now the pair of k-linear operators

hi:A1® A — Ay, he: Ay = A1 @ Aq,
1

(B.4)
h nom loky n, m+1 n m—l—l)
1(¢"p™, q'p") il ;

q"p" ha(q"p™) = (0, ——q"p
m
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one can find
O1h1 + hodh =1, Ohhy = 1. (B.5)

Hence, HH'(Ay, A1) = HH?(A;, A1) = 0 and we conclude that

k ifp=0,

B.6
0 otherwise. (B.6)

Vanishing of the second cohomology group HH?(A;, A1) means that the first Weyl algebra
Aj is rigid, i.e., admits no nontrivial deformation, while the equality HH'(A1, A1) = 0
says that all derivations of Ay are inner.

Taking the n-fold tensor product A1 ® --- ® Ay, one gets the n-th Weyl algebra A,.
This is generated by 2n elements ¢* and pj satisfying Heisenberg’s commutation relations

[¢".¢1=0,  [pip]=0, [d',pj]=70le. (B.7)

The groups (B.6) being finite-dimensional, we can apply the Kiinneth theorem (A.44)
to get45
HH®(An, A,) ~ HH(A,, A,) ~ k. (B.8)

Therefore, all the Weyl algebras A,, are rigid, have no outer derivations, and their centers
are generated by the unit element. The symmetrized quadratic monomials in ¢’s and p’s
form the Lie algebra spoy, (k) w.r.t. the commutator.

The Koszul resolution for A, is constructed in a way similar to above and can be used
to establish the isomorphism

HHP(A,, M) ~ HH*"P(A,, M*), (B.9)
which holds for any bimodule M. Actually, it is the composition of two isomorphisms:
HH,(A,, M)* ~ HHP(A,, M*),  HH,(A,, M)~ HH*""P(A,, M),
see e.g. [129, section 4.1].

B.2 Skew group algebras and twisted bimodules

Let A be an associative k-algebra and G C Aut(A) a finite group of automorphisms of A.
The skew group algebra A x G (aka smash product algebra) is defined to be the k-vector
space A ® k[G] with multiplication

(a1 ® g1)(a2 ® g2) = a1a3' ® g1g2 . (B.10)

Here a9 denotes the result of action of g € G on a € A.
With any element ¢ € G one can associate a g-twisted bimodule Ag over A. As a
k-vector space, Ag is isomorphic to A and the action of A on Ag is given by

ai(a)ag = ajaaj . (B.11)

5 Alternatively, one can use the fact that the algebra A; is Noetherian and apply Theorem 3.1 of [128,
Ch. XIJ.
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As is seen, the left action is the usual action of A on itself, while the right action is twisted
by the automorphism g.

The following statement relates the Hochschild cohomology of a skew group algebra
A x G with the G-invariant cohomology of the g-twisted bimodules Ag.

Theorem B.1. If a finite group G acts by automorphisms on an algebra A, then

G
HH*(AxG,AxGQG)~ (@ HH®(A, Ag)) .

geG

The poof can be found in [130, Lemma 9.3].

We are going to apply the general constructions above to the n-th Weyl algebra A,.
The automorphism group of A4,, contains a subgroup Spa, (k) acting by linear transforma-
tions on the 2n-dimensional vector space V' spanned by the generators ¢’s and p’s. Clearly,
the action of Spa, (k) preserves the commutation relations (B.7) inducing thus automor-
phisms of the whole algebra A,. Now let G be a finite subgroup of Spa, (k) and suppose
the ground field k to be algebraically closed, say C. Then ¢!/®l =1 for any ¢ € G and the
action of g is diagonalizable in V. Denote by 2u, the multiplicity of the eigenvalue 1 of
the operator g : V' — V. The groups of Hochschild cohomology HH*®(A,, A,g) were first
computed by Alev, Farinati, Lambre and Solotar in [129] (see also [131]).

Theorem B.2 (AFLS). With the definitions and assumptions above
HH®(A,, Ang) ~ HH>" 1) (A, Ang) ~ k.

When g = e, this yields (B.8). As is seen the odd cohomology groups are all zero.
Let us combine the last theorem with Theorem B.1. The elements of the direct sum
Dyec HH®(An, Ang) are represented by cocycles

Ty = Z v(9)7yg, (B.12)

geG

where 7, are basis cocycles?® for nontrivial groups HH?!s(A,, A,g) ~ k. G-invariance
implies that (7,)" = 7, for all h € G. On the other hand, it follows from the definition
that (Tg)h = Thgh—1 and pig = pipgp—1- The latter equality means that the set of all element
g € G with 2uy = p is invariant under conjugation. Hence, the G-invariance condition
amounts to y(hgh™!) = v(g), that is, v : G — k is a class function on G. In such a way
we arrive at the second AFLS theorem.

Theorem B.3 (AFLS). Let ny(G) denote the number of conjugacy classes of elements
g € G with 2y = p, then

dim HH*""P(A, x G, A, x G) = dim HH? (A, x G, (A, x G)*) = ny(G).

6 An explicit expression for 74 can be found in [79].
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By way of illustration, consider the involutive automorphism s € Aut(A,) defined by
() =—¢, (pi)” = —pi. (B.13)

This equips A,, with the natural Zo-grading. Associated to this Zs-grading is the supertrace
Str : A, — k defined as a unique homomorphism of unital k-algebras (projection on the
unit). By definition, the supertrace vanishes on supercommutators, i.e., Str([a,b],) = 0,
where

[a,bl],, = ab — ba™, Va,b e A, . (B.14)

The associated bilinear form x(a,b) = Str(ab) is known to be nondegenerate [132]. This
allows one to identify the dual A,-bimodule A} with the s-twisted bimodule A, 5. Clearly,
24, = 0 and applying Theorem B.2 yields

HH®(A,, A%) ~ HH*(A,, A%) ~ k. (B.15)

The coincidence of the cohomology groups (B.8) and (B.15) is a particular manifestation
of the duality (B.9).

B.3 The Feigin-Felder-Shoikhet cocycle

An explicit formula for a nontrivial 2n-cocycle 7o, generating the group (B.15) has been
found by Feigin, Felder, and Shoikhet [85] as a consequence of Shoikhet’s proof [133] of
Tsygan’s formality conjecture. In order to write it down we need a couple of definitions.

First, we identify the elements of the Weyl algebra A, with polynomials a(gq,p) in
(commuting) variables ¢' and p; endowed with the Weyl-Moyal product

axb=mexpa(a®Db), (B.16)
where 170 9 8 0
== — = — End(4, ® A, B.17
2= 3 (om a7 ~ oy @ ;) € Bodldn® 4 (34D
and m(a ® b) = ab. Next, we introduce the maps
a;j(ap ® ®a)—la® ®8ai® ®%® ®a
15 \{0 m) — 2 0 8pl 8ql m
(B.18)
Oa; Oa;
— PR R R =L R ® am End(A&(m+1)
WO @G @ OGO ®a>6n(n )
and
Oa da Oa
. — _1\lal 1 2 2n ®(2n+1)
Ton(ap®- - ®@azy) Z (—1) a0®8y0(1)®8y0(2)®8y0(2") € End(A4; ), (B.19)

o€San

' = p;, 1 < i < n. Finally, we define the homomorphisms /i, :

where y? = ¢* and 3%~
ASMHD ke by

pm(ao @ -+ @ ag) = ag(0)a1(0) - - - am(0) . (B.20)
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Here a(0) is the constant term of the polynomial a(q,p). Notice that all the operators
introduced are Spa, (k)-invariant.
The formula for the Feigin-Felder-Shoikhet cocycle now reads

7—2n(a07--'>a2n) :M2n/ duy \---Ndugy, H e(zui_Quj)aijWQn(Cm@'"®a2n)- (B'Ql)
Azn 0<i<j<2n

Here the integral is taken over the standard 2n-simplex: 0 = ug < u; < --- < ug, < 1. The
exponential function is to be expanded in the Taylor series and integrated term by term.
The integral in the definition of 79, can be done explicitly. When n = 1 we have
T = ayg and Ty = pg 0 ppps where the symbol of the operator ¢rpg(ap1, @12, ap2) is given
by (4.8). As the choice of a representative cocycle is not unique, we are free to impose some
additional conditions on it. For example, it follows from the long exact sequence (A.46)
that the natural embedding I : HC?(A;) — HH?(Ay, A}) is an isomorphism. Therefore,

the cocycle T2, has to be cohomologous to a cyclic cocycle 752, An explicit expression
for 7,7 is obtained, for example, by mere replacement of the symbol ¢ppg with (4.14).

Using the cup product (A.30), one can then obtain similar expressions for all higher Weyl
algebras A,. In terms of the so-called (b, B)-complex the cyclic cocycles on Weyl algebras
were first constructed in [134, 135].

B.4 Example: the cohomology of A = A; xZy and AQ A

The skew group algebra A= Ay xZs is a toy model for and a building block of the higher
spin algebra in 4d HSGRA. Having in mind this application, we specify the ground field k& to
be C. The group Zs = {e, »} acts on A; by the involution (B.13). Since 2p, =2 and 2u,, =0,
it follows from Theorem B.3 that all nontrivial groups of Hochschild cohomology are

HH?*(A,A)~ HH°(A,A*) ~ C~ HH?*(A, A*) ~ HH"(A, A) . (B.22)

Among other things these isomorphisms tell us that the algebra A admits a one-parameter
deformation and its center is spanned by the unit.

Since HH"(A, A*) = 0 for n > 2 it follows from Connes’ Periodicity Exact Sequence
that HC™(A, A*) ~ HC™2(A, A*) for all m > 2. In low dimensions, one readily finds
from (A.46) that HC?(A) ~ HH®(A, A*) ~ C, HC'(A) = 0, and HC?(A) ~ C2. Hence,

HC*HA)=0,  HCYA)=C,  HC*™(A)=C*, k=123, ...

We also see that the groups HC*(A) form a free HC*(C)-module generated (via S) by
the pair of elements ¢g € HCY(A) and ¢ € HC?(A). The first one is the trace ¢g =
Tr : A — C defined by the projection onto the one-dimensional subspace C(e ® ) C A.
We can normalize it by setting Tr(e ® s») = 1. The second class ¢9 is represented by the
cyclic cocycle with the symbol (4.14). We refer to ¢g and ¢o as primary classes of cyclic
cohomology. All the other classes are obtained from these two by successive application of
the periodicity operator S:

bon =SB0, Domro =S . (B.23)
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Using the definition (A.35), one can see that

(S"™Tr)(ao, ..., a2,) = nTr(ag- - - az,),
(STgyC)(ao7al,a2, as, 04) = 7’2 (agalag,ag,a4) + 7’2 (alagag,a4,a0)

=+ T2 (a3a4a0, ai, a2) — T2yc(a0a1, asas3, a4) ,

(Sn Cyc)(ao, ce, an+2) = (S”_ITQCyC)(aoalaz, as, ... ,an+2)
il (B.24)
+> [(Sn*ngcyC)(ao, ey @101, Aj1 2, - Oy 2)
j72
+Z ] — (5™ ! Syc)(GOa---aaiai+laai+2a'--aajaj+17aj+2a---aan+2)} :

The HC*(C)-module HC*(A) being flat, the functor Tor?¢*(©)(H*(A), ) is zero and
the Kinneth sequence (A.45) yields the isomorphism

HC*(A) (X) HC*(B)~ HC*(A®B) (B.25)
HC*(C)

for any algebra B. In case B = A, this allows us to obtain the cyclic cohomology groups of
the tensor product A® A by the cup product of the primary classes ¢g and ¢o with the basis
elements (A.41) of HC*(A). Application of the elements A}, reproduces the already known
classes (B.23) (treated now as elements of HC?"(A®A) and HC?"2(A® A), respectively)
and the cup product with A\, gives two more infinite series of cohomology classes:

(3) (4) —
O = A\, U 0, Gimro = Ay U 02 (B.26)
It is convenient to combine all these classes into a single table 4.
A similar Kiinneth formula

HH*(A® A A®A) ~ HH*(A, A) @ HH*(A, A) (B.27)

allows one to compute the Hochschild cohomology groups of A ® A with coefficients in
itself. In view of (A.37) and (B.22), the basis cohomology classes are grouped into the four
infinite sequences

(1) (2) _
:¢7—;U§007 :¢ |—|<P07

(3)
Pnt2 = wn U P2, ¢n+2 wn U P2 -

(B.28)

where ¢o and 9 are basis cohomology classes of HH(A, A) and HH?(A, A), respectively.

B.5 The cohomology of (extended) higher spin algebra in four dimensions

By definition, the extended higher spin algebra associated with 4d HSGRA is given by the
tensor square

Q(:.A@A:AQN(ZQXZQ), (B.29)

where A = A; X Zs is the complex algebra of the previous subsection. It can also be
regarded as the smash product of the second Weyl algebra A, and the Klein group Zso X Zo
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dim HC" At -series A -series

n

0 2 Ad U o Ao U o

1 1 - A U g

2 4 Ay Udo, AfUga | Ay Ugo, A U
3 2 - Az Udo, A Udo
4 4 M Udo, AJUga | A Udo, Ny U
) 2 - As Uoo, A3 Ugo
6 4 M Udo, AfUge | Ag Ugo, A U

2, 4

Table 4. The basis cohomology classes of HC®*(A ® A). There are only two primary classes
po € HC?(A) and ¢ € HCO?(A); the classes AT’s span HC*(A).

acting on Ay by symplectic reflections. The associated Lie algebra L(2() contains a finite-
dimensional subalgebra sps(R) generated by the homogeneous quadratic polynomials in ¢’s
and p’s over reals. The well known isomorphism sp4(R) ~ so(3, 2) relates this algebra with
the group of isometries of 4d anti-de Sitter space, thereby explaining the relevance of the
algebra (B.29) to 4d HSGRA.
By the Kunneth formula (A.44) for Hochschild cohomology
HH"(A,A) = P HHI(A,A) @ HHP(A, A)
gt+p=n
we find that

HHA,2A)~C,  HH*A,A)~C*,  HHYAA) ~C, (B.30)

and the other groups vanish. Then the standard interpretation of the second and third
groups of Hochschild cohomology suggests that the algebra 2 admits a two-parameter
family of formal deformations. We could also arrive at the above isomorphisms by applying
Theorem B.3, which also gives

HHA,A*)~C,  HH*Q,A*)~C?,  HHYAA)~C. (B.31)
Now the cyclic cohomology of 21 can easily be computed from the Connes exact se-
quence. Moving from left to right, we find
0— HC - HH - 0 — HC'— HH' — HC" — HC? — HH?

| I | I I | |
C « C 0 < 0 C = C <« 2

— HC!' - HC® - HH® — HC? — HC* - HH* - HC?® — HC®

| I I | | I I |
0 = 0 < 0 C3 = C* « C 0 = 0

—~ HH® - HC* - HC® —- HHS — HC® —- HC" —- HH" —
| I I | | I I

<= 0 C* = C* <« 0 0 = 0 <« 0
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Therefore,
HC(Q) ~ C, HC?*() ~C3,

HC4+2k(2{)2C4, HCQk+1(Q[):07 k=0,1,2....

On the other hand, we know that HC*®(A) is a free HC*(C)-module of rank 2. This leads
to the isomorphism

(B.32)

HC*(A) Q) HC*(A)~ HC*() (B.33)
HC*(C)
meaning that the cyclic cohomology groups on the right are obtained by taking cup products
of classes (B.23). As the tensor product on the left is over HC*(C), we may fix either factor
to be a primary cocycle. This yields the four infinite series:

(1) — @) -
5, = S"¢o U ¢o, Qopiq = S" P2 U2,

(3)

n - ) n - (B.34)

Here ¢ and &072 denote the primary cohomology classes of the left and right factors
in (B.33). Combining the classes of these series according to their degree, we re-derive the
isomorphisms (B.32) above.

Rels. (B.34) also say that HC*(2l) is a free HC*®(C)-module of rank 4 generated by
the products ¢o L ¢g, ¢o L da, ¢ Ll dg, and ¢ LI do. Again, this allows one to compute the
cyclic cohomology of the tensor product A ® A from the Kiinneth isomorphism

HC*(A®A)~HC*(A) Q) HC*(A) @ HC*(A). (B.35)
HC*(C) HC*(C)

The result of application of the generators (A.41) to the primary cohomology classes is
presented in table 6. The same complex dimensions of the cohomology groups HC®*(2A® A)
follow directly from Theorem A.3.

When constructing the HSGRA equations of motion it is important to know some of
the Hochschild cohomology groups HH®(2A® A, A ® A) that control interaction. These can
easily be obtained from (B.30) by the Kiinneth formula

HH* AR AADAN) ~ HH*(A,A) @ HH*(A, A). (B.36)

Writing ¢o 2, @2, and @4 for the basis elements of (B.30), we can produce eight infinite
series of cohomology classes that span HH®*(2A® A, A ® A) by taking cup product with the
classes ;" defined by (A.37). The result is presented in table 5, where these classes are
grouped according to their degrees. Among these classes only the elements of the series
Yt Uy and ¥F L@y are actually relevant to deformation of the free equations of motion.*”

Now we can use the above results on the cyclic and Hochschild cohomology of the
algebra A ® A for the description of the Lie algebra cohomology of ‘big matrices’ gl(A® A).
It is these cohomology groups that control the structure of HSGRA interactions and the
corresponding characteristic cohomology. By straightforward adaptation of Theorems A.1

and A.2, we obtain the following two statements.

47Upon identification these cohomology classes with interaction vertices one should take into account an
extra grading in the Lie algebra cohomology (A.56) coming from the splitting (A.55).

— 55 —



dim HH" | ¢*-series
2 ¥ U o
2 Yt U
6 vy Ugo, v Uee, vp Ugs
6 U3 Ugo, 9r Ugs, ¢ Ugs
8 YiUgo, $3Ugs, $3U@, ¥y Ues
8
8

Gk |w i NN~ oS3

YE U, U3Ups, %3yU@e, YFUep

Table 5. The basis cohomology classes of HH®* (A @ A,2A® A).

Proposition B.4. The Lie algebra cohomology H® (gl(A® A)) is an exterior algebra of the
graded vector space spanned by the classes of table 6.

Proposition B.5. The Lie algebra cohomology H® (gl(A®A), gl(ARA)) is a free H* (gl(A
A))-module generated by the elements of table 5.

We conclude with some remarks on the relation of the extended higher spin algebra 2
to the algebra Ay = A§ % Zg underlying 4d HSGRA, see section 4.2. Let us consider first
the algebra

AQ)QZQZA1®(A1>QZQ),

where Zs acts on A; by the symplectic reflection (B.13). This action obviously commutes
with the full reflection in Ay defined by the same formula (B.13). The algebra 2dy is now
identified with the subalgebra (Ag x Zo)?2 C Ag x Zs of elements that are invariant under
the full reflection. It is generated by the even polynomials in ¢’s and p’s. Since both the
algebras Ag xZg and (Aax ZQ)Z2 are simple and the full reflection is an outer automorphism,
the algebra Ao = (Az x Zz)%2 is Morita equivalent to the skew group algebra (A x Zg) x Za,
see [136, Thm. 2.5]. On the other hand,

(A2 X Zg) X ZQ >~ A2 X (Z2 X ZQ) = Ql, (B37)

as the actions of Zs groups commute to each other. This means the Morita equivalence
2y ~ A and the isomorphisms of the corresponding cyclic, Hochschild, and Lie cohomology
groups:

CH* () ~ CH*(o),  HH®*(A,A*) ~ HH*(Ao,2AL),

(B.38)
H*(gl(A® A)) =~ H*(gl(Ao @ A)) -

As a consequence, all our computations collected in table 6 and summarized in Proposi-
tion B.4 hold true for the algebra 2.
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n | dim HC™ | AT-series A~ -series
0 2 A U o U o Ay U o U o
1 1 AT U o LU o
2 6 >\6r|—|¢2|—|<z>0,)\8r|—|¢0|—|$2, )\Sl—'¢2|—|<§0,)\5|—|¢0|—|¢327
A3 U o U ¢ Ay U o U g
3 3 )\1_|_l¢2|_|(§0,/\1_|_|¢01_|(52,
Az U o U oo
4 8 A UgoU o, Ay U2 Udo, | Af UL o, Ay U Lo,
A3 U o U o, AJ U g U Ay Ugo U o, A\g U o U g2
5 4 A5 Ugo Lo, Az L2 U oo,
A3 U o U g2, AT U o U o
6 8 Agu¢ou<§o,Aju¢2uq§0, Aguqﬁou@),A;u@uq}O,
A UgoUda, Ay UdaUgs | A UdoUda, Ay Udo Uy
4,8

Table 6. The cyclic cohomology classes of the algebra 2 ® A. As is seen, the dimensions of the
groups HC™(2l ® A) stabilize starting from degree four.
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