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1 Introduction

In [1], Vasiliev’s four-dimensional higher-spin gravities [2-4], including the minimal bosonic
models [5], have been equipped with action principles of generalized-Hamiltonian type. The
properties of Vasiliev’s theory that underlie the construction of the actions hold true in
general models with Lorentzian signature and negative cosmological constant, including
models with Yang-Mills sectors and supersymmetries. The off-shell formulation of [1] com-
bine the principle of unfolding [2, 6-9], which lies at the heart of Vasiliev’s equations, with
a natural extension of the generalized Poisson sigma model from graded-commutative to
graded-associative differential algebras.!

In the graded-commutative case, the generalized Poisson sigma model was first stud-
ied within the two-dimensional context [10-12] whose Batalin-Vilkovisky (BV) formu-
lation [13, 14] was geometrized by Alexandrov-Kontsevish-Schwarz-Zaboronski (AKSZ)
in [15], later used for a perturbative path-integral derivation [12, 16, 17] of Kontsevish’s
star-product [18] on Poisson manifolds. These models are closely related to topological BF
models (see the review [19] and refs. therein); interestingly, the BF model without Poisson
structure on a non- commutative manifold was studied in [20, 21]. Further developments
of the AKSZ formalism can be found in [22-24] and [25-33], and its close ties to unfolded
dynamics have been stressed in [34-39]. For related treatments of more general dynamical
systems, not necessarily based on differential algebras, see [40, 41] and references therein.

The two main results of this paper are:

IPreliminary investigations indicate a further natural extension to homotopy-associative differential al-
gebras.



e a set of conditions on the couplings in the generalized Hamiltonian (see eq. (2.39)
and (2.61)) and on the boundary values of certain fields and gauge parameters (see
eq. (2.60)), that together assure the existence of a globally-defined action principle
of fiber-bundle type on a base manifold with non-trivial atlas and boundaries;

e an extension of the AKSZ formalism to unfolded systems on non-commutative base
manifolds, in such a way as to construct a minimal BV-AKSZ master action for
Vasiliev’s four-dimensional higher spin gravities (see egs. (3.66) and (3.67)).

In all types of generalized Poisson sigma models, whether on commutative or non-
commutative base manifolds, the physical degrees of freedom are contained in boundary
vertex operators [12, 23]. The boundary lives in a graded target-space manifold equipped
with a nilpotent vector field of degree 1, referred to as the @Q-structure, and compatible poly-
vector fields of suitable degrees depending on the dimension of the base manifold, whose
mutual Schouten brackets vanish, thus defining a generalized Poisson structure referred to
as a QP-structure in the bi-vector case;? see [42] and refs. therein. The bulk lives in a
suitably parity-shifted phase space of the boundary target space such that each boundary
field becomes paired with a momentum in its turn constrained on the boundary, which thus
breaks the group of canonical transformations. Assuming a single boundary, the classical
limit is thus determined by the @Q-structure and the choice of global formulation used to
construct the boundary observables, e.g. formulation on a fiber bundle with structure group
corresponding to the manifest gauge symmetries off shell, as we shall discuss more below;
for a related analysis, see [43, 44].

In the AKSZ quantization scheme, the free theory consists only of the kinetic bulk
terms, which do not depend on the physical vielbein and hence remain well-defined in
limits where the metric vanishes. The latter can be gauge-fixed using an auxiliary metric
and the physical states can be defined by means of a BRST operator [45-48] whose existence
is guaranteed, at least semi-classically, by a vectorial supersymmetry that implies that the
AKSZ master action obeys classical as well as quantum BV master equations, as we shall
discuss below.

The unfolded framework may thus provide a bridge between deformation quantization
and quantum field theories in their metric phases. The idea is that the latter phase may
arise within the former in suitable global formulations allowing combinations of nontriv-
ial P structures and boundary vertex operators depending algebraically on the physical
vielbein. It may then be possible to draw Feynman diagrams, with propagators only in
the bulk and vertices in both bulk and boundary, describing quantum fluctuations for dy-
namical boundary fields such as scalars, vectors, metrics and higher-spin fields in higher-
spin gravities in nontrivial metric backgrounds, unlike the case of bulk actions without
P-structures. Another intriguing feature of the AKSZ approach is the cancellation of all
vacuum bubbles in flat auxiliary background metrics, which suggests that the Poisson
sigma model can be summed over bulk topologies, defining a third-quantization on top

*Which is equivalent to a pure Poisson structure by means of a large graded canonical transformation
that exchanges zero-forms and one-forms.



of the second-quantization, that may thus be of importance for addressing the vacuum
problem in generally covariant quantum field theory.

1.1 Plan of paper

The plan of the paper is as follows: In section 2 we review off-shell formulations of unfolded
systems on commutative base manifold, paying attention to global issues that we have not
seen being treated elsewhere to the same level of completeness. In section 3 we extend
the AKSZ formalism to unfolded systems on non-commutative base manifolds in such
a way as to construct a minimal master action for Vasiliev’s theory. We conclude in
section 4. The appendix details the usage of vector fields and functional derivatives on
non-commutative manifolds.

2 Action principles for unfolded systems on commutative manifolds

2.1 General ideas

Unfolded dynamics. Unfolded dynamics concerns the formulation of field theory in
terms of differential algebras. In their basic setting, referred to as graded-commutative
free differential algebras, these are sets of differential forms on ordinary commutative (su-
per)manifolds that remain invariant under exterior differentiation and wedging. Their
generating elements, denoted by X below, are locally-defined forms whose exterior deriva-
tives are completely constrained in a Cartan-integrable fashion, amounting to generalized
curvature constraints written dX® + Q%(X) ~ 0 below.

Various moduli spaces, consisting of gauge orbits subject to boundary conditions, in-
cluding transitions between charts in the interior of the base manifold, are then described
by different types of classical observables as follows. As the observables are dual pairings
between elements in the differential algebra and geometric structures on the base manifold,
such as points, curves and cycles, they possess two key invariance properties: i) invari-
ance on-shell under small diffeomorphisms, preserving the geometric structures; and ii)
invariance off-shell under the generalized structure group containing a subset of all Cartan
gauge symmetries.

We wish to stress that as for the off-shell gauge structure, i.e. structure group and the
off-shell resolutions of the corresponding set of observables, there exist multiple, physically
inequivalent choices. This leads to the notion of a large moduli space of an unfolded
system containing physically distinct phases, such as for example unbroken and metric-like
phases of a theory of higher-spin gravity. The analysis of phase transitions thus requires a
framework for computing partition functions in different ensembles in which the generators
of the differential algebra play the role of fundamental fields entering directly into the path
integral measure.

BV-AKSZ implementation. Unfolded dynamics, on commutative as well as non-
commutative manifolds, admits a natural off-shell formulation of the generalized Hamilto-
nian type: the bulk action consists of kinetic terms ~ [ P A dX, where thus X and P may



have form degrees greater than one, plus a Hamiltonian J# (X, P) containing all interac-
tions; the latter are subject to integrability conditions assuring that the gauge symmetries
of the kinetic terms are deformed smoothly® into non-abelian gauge symmetries that need
not close off-shell. The generalized curvature constraints arise on boundaries of bulk man-
ifolds — on which the momenta variables vanish — upon extremizing the action, and the
aforementioned ensembles arise upon perturbing the action by various generalized Poisson
structures coupling to the bulk and topological vertex operators inserted at the boundaries,
which one may think of as third- quantized analogs of closed- and open-string states, respec-
tively. These key features of the generalized Hamiltonian action can be incorporated into
quantization schemes based on the BV field-anti-field formalism or generalizations thereof,
which also lends itself to topological summation, master-field descriptions of (topological)
vertex operators ensembles and other “third-quantized” concepts, which one may view as
being defined in this fashion. Its precise relation to standard “second-quantized” ampli-
tudes remains to be established, however, though proposals for how these may arise — in
a suitable metric phase — have been made in the case of higher-spin gravity [51].

As found by AKSZ, the BV formalism can be implemented in the generalized- Hamil-

“vectorial” superfield of fixed total

tonian case by extending each differential form into a
degree given by the sum of form degrees, ranging from zero to the top-form degree, and
ghost numbers belonging to the integers. This construction manifests the fact that the
(canonical) Poisson bracket in target (super)space induces the BV anti-bracket on the space
of maps. As a result, substituting each field in the classical action by its corresponding
superfield and projecting to zero ghost number yields a master action obeying the classical
BV master equation and reducing to the classical action when all anti-fields vanish. More-
over, the corresponding BV Laplacian annihilates any local super-functional, and hence in
particular the AKSZ master action, which thus obeys the classical as well as the quantum
master equations. The BRST transformations thus remain canonical at the quantum level,
and hence, in the absence of anomalies, the quantum field theory will possess a BRST
operator acting as a differential within a suitable homotopy associative algebra.

In what follows we shall describe the BV-AKSZ formalism in more detail, after which
we shall adapt it in the next section to the case of Vasiliev’s 4D higher-spin gravity theory,
which is based on a graded-noncommutative and associative free differential algebras.

2.2 Classical sigma model

Classical unfolded dynamics on commutative manifolds. At the classical level, an
unfolded system on a commutative base manifold B is a graded-commutative free differ-
ential algebra &/ on B. Decomposing the base manifold into charts, say B = UE Be, the

3As usual, the term “smooth” refers to constancy of the number of gauge parameters. However, the
“number” of physical degrees of freedom, as measured by classical observables, may change as non-abelian
gauge interactions change physical-observable conditions abruptly; secondly, the phase-space volume ele-
ments themselves depend on strengths of couplings, that may induce critical phenomena. In the case of
higher-spin gravities, the free fields are characterized by point-wise defined Weyl tensors (polarization ten-
sors), while for fully non- linear solutions, the physical content in the Weyl tensors is captured by non-local
observables [49] such as the eigenvalues of a certain Weyl zero-form operator [50]. In addition, the full
solution space exhibits an interesting phase structure with critical “electric” fields [50].



free differential algebras decomposes into sub-algebras, say &/ = @5 ¢ that are invariant
under the wedge product and the action of the exterior derivative d. The generators {X¢'}
of @/ are thus differential forms of degrees p, := deg(Xg) > 0, defined locally on B
and valued in some finite-dimensional real spaces O, referred to as types, and obeying
generalized curvature constraints, viz.

Rg = dXg +Q*(X]) ~0, (2.1)
where Q¢ are wedge functions obeying the structure equations
Q%9;Q° =0, (2.2)

with d, denoting the left-derivative with respect to X . These identities imply generalized
Bianchi identities (the chart index £ will be omitted from now on whenever ambiguity
cannot arise)

dR™ — RP93Q* =0, (2.3)

such that the constraints are universally Cartan integrable, i.e. compatible with d? = 0 in
arbitrary dimensions. It follows that the generalized curvatures transform into each other
under Cartan gauge transformations, viz.

Je X :=de* — 65(35@“ = R = (—1)B65R7876/3Q°‘ , (2.4)

where €* are unconstrained gauge parameters of degrees deg(e®) = po, — 1 (hence €* = 0
if po = 0) valued in ©, and defined on B¢ . The locally-defined solution spaces consist of
gauge orbits

X8 = CrX?]ga_n (2.5)

labeled by zero-form integration constants C'“ = 6, cC'* obeying dC* = 0 and generated
by finite Cartan gauge transformations

G = exp ((dAﬂ - )\VGWQB(X))85> , (2.6)

where A\ are gauge functions of degrees deg(A*) = p, — 1 (and hence A* = 0 if p, = 0).
The locally-defined solution spaces can be glued together into globally-defined solution
spaces via gauge transitions, viz.

ng — Gtnga

, (2.7)

Xo=Xg
using suitable locally-defined parameters t?’gl defined on the overlaps B¢ N Bgr. The choice
of the structure group leaves room for various physically distinct possibilities depending
on the @-structure (for a discussion, see e.g. [1, 51]). In particular, one may seek global
formulations that are direct generalizations of fiber bundles with classical observables that
are invariant off-shell under gauge transformations with parameters belonging to the struc-
ture algebra, and on-shell under the complete Cartan gauge algebra. For more general
geometric formulations, see e.g. [43, 44].



Classical generalized Hamiltonian action. Classical unfolded systems can be embed-
ded into on-shell configurations of generalized Poisson sigma models, namely as boundary
configurations in formulations on open base manifolds of fixed dimension. To this end, one
assumes that

dim(B)=p+1, OB = Uy\Bj, (2.8)

where each B is a connected boundary component (which may in itself be covered by an
atlas inherited from the bulk), and considers sigma-model maps

¢: T)B — M (2.9)

of vanishing intrinsic degree from the parity-shifted tangent bundle T'[1]B to a target space
M given by an N-graded symplectic @-manifold. The latter consists of charts,

M =UrMy , (2.10)
with locally-defined coordinates
Zi: Mp — 0'[pi],  deg(Z) =p; € N, (2.11)

where 0[p;] denote p;-suspended types. It carries two compatible geometric structures:
a symplectic two-form & of degree p 4+ 2 and a Hamiltonian function 7 of degree p + 1
obeying the structure equation

(A, A 5 =0,  deg(H)=p+1. (2.12)

The canonical Poisson bracket, which has intrinsic degree —p and is graded in such a way
that {7, 7'}|_; does not vanish trivially, is given by

{A, B} = (-1)ProHHIA 5,4 k9. B (2.13)
where we use the conventions
O0=1%Yd2dz' 0= Ldz2' 0,477, PO = (-1)Ps! . (2.14)
In particular, the structure equation reads
(—1)!P g P9, = 0 . (2.15)
Locally in target space, one can introduce pre-symplectic forms

Oly, =ddy,  deg(¥y) =p+1, (2.16)

defined modulo ¥ ~ ¥ + d&, and consider the generalized Hamiltonian bulk action

Stulo|B] = / 78 = Z/ T oL — A, (2.17)



where ¢¢ = ¢|p, and 7 : Q(T'[1]B) — Q(B) is a degree-preserving canonical homomorphism
that takes k-forms on T[1|B of degree p to p-forms on B, viz.

r: QFP(TB) — QPl(B), (2.18)

and that intertwines the actions of the exterior derivative d in ©(B) and the Lie derivative
Ly =1ig0d —doi, in Q(T[1]B) along the canonical @Q-structure on T'[1]B as follows:

dor=mod=n0Y%,, q¢:=60"0,. (2.19)
Equipping T'[1] B with coordinates
(', 01), deg(z",6*) = (0,1), (2.20)
one has
w(f(xt, 0% dzt, dor)) = f(z¥, dzt; dxt,0) . (2.21)
Thus the exterior differential d, which has form-degree one, has degree one, i.e.
deg(d) =deg(q) = 1. (2.22)
The assumption that the sigma-model maps ¢ have vanishing intrinsic degree implies
kPl % Qlel(rBy & Qbl(B), (2.23)

that is, the pull-back ¢* of a k-form of N-degree p on M is a ditto on T[1]B, in its turn
sent by 7 to a p-form on B; the condition that M is N-graded (instead of Z-graded) and
deg(d) = 1 implies that p > k. Thus, since

0 =da9 e QP2 9 e Q) | s e QPP (Ar) (2.24)
it follows that
(0 — ) € QPT(B), (2.25)
which can then be integrated by decomposing B into charts Bg.

Total variation and gauge variation. The total variation of the action can be obtained
from the Lie derivative

{dyigz } (0 = ) =iz (0 — d#) + d(iz30) (2.26)
where the target space vector field 57 =675, Writing
¥ = dZ";, (2.27)
one has

0L = 02 R O+ d (0279;) (2.28)



with generalized curvatures and Hamiltonian vector field 5 defined by
A =d7'+ 2°, 92 = (-1 P9,
D=9, deg(D) =1. (2.29)
Demanding the generalized Bianchi identities
A% — #°0;2' = 0, (2.30)
requires 3 to be a Hamiltonian @-structure, viz.
LB = (D, Dsp = 0 & 29,220 & 9{HH) =0, (231)

which is equivalent to the structure equation assuming there are no constants of total
degree p + 2. The structure equation also implies

AW — )= s BB Oy = SR O;R . (2.32)

Under the chart-wise defined Cartan gauge transformations
5.7" = de' — £19; 2" + L R 9,6, 27 (2.33)

the Lagrangian transforms into a total derivative as follows:
0. 20 = dK.,  K.:=&'% 0y + 6.219; + dY, (2.34)

where Y. is defined on B¢ and the cancellation of Z*-terms requires that 2; := ﬁijo@j
obeys 0;2; = (—1)Y9;2; which holds as a consequence of d2# = (0. The gauge transfor-
mations close as follows [1]:

(621,602,121 = 600,21 — Gy, (2.35)
cy= e, = P11 T2 = TP 2, % = B, (2.36)

where %32 generates a trivial gauge transformation 655 as can be seen from
Fei2

5. L) = [ @532>(p>f§<(z:)>

peEB

= d [([@=)0] ). (2:37)

which follows from (2.28).

Global base-manifold formulation of fiber-bundle type. The action is well-
defined, i.e.

8 Shuk = Z}'{ K. =0, (2.38)

provided that the locally-defined fields Zg and gauge parameters eé are subject to suitable
conditions at 0B¢ — and we note that j;a Be dYe, = 0 since T, is defined on B and hence



Z; 5 Z¢ +0ec 2
5t 5z
5.,

3

Zi+ 5@ Z} (2.41) and (2.42)

Figure 1. Compatibility condition for the fiber bundle.

globally on 0B¢. Under certain extra assumptions? on 1) and 7, the latter amount to
conditions at OB together with rules for gauge transitions d,¢ across chart boundaries with
parameters té’,f defined on overlaps. The assumptions are

() &K.=0, (i) 0,002 =0, (iii) K =0. (2.39)

Assumption (i), which states that K. is defined globally, implies the cancellation of contri-
butions to 555&11( from chart boundaries in the interior of the bulk manifold, leaving

K.|yp =0, (2.40)

as conditions on fields and gauge parameters off shell. Assumptions (ii) and (iii) ensure

N

compatibility between having, on the one hand, gauge transformations d., on charts acting
on fields Zé and gauge transition parameters tlf and, on the other hand, gauge transitions
Stg between adjacent charts acting acting on fields Zg and gauge parameters ¢ . As for

{/
(ii), the commutativity of the diagram in figure 1 requires

ZE+ 0 ZE + O, (ZE+6:.2¢) = Zi + d, Z + b (ZE + B, ZE) (2.41)
where . " only acts on fields and
B o=t 4 .S (2.42)

As b 4« €¢ drops out, the above condition is equivalent to
El

0.4, Zi = <5t5,5€ _— 5E§5t§,> Z, (2.43)
€ € ¢
whose consistency requires (ii) and one identifies
Oecty = [te,cc] - (2.44)
The transformation & i €¢ is instead fixed by the third assumption (ii4) which ensures the
5/

commutativity between (i) and 6. =dK.; acting with & on the latter identity using
00:L = 6,04 + 05, £ and (ii) yields

A (Koo + 0K ) =0 (2.45)

4For a more general treatment, based on geometrical concepts beyond those of the standard theory of
fiber bundles which are used in the present paper, see [43, 44].



from which one deduces that

bg 56 = e, 18] = —be 8 (2.46)

provided that (iii) holds.

Equations of motion. Applying the variational principle to the action yields the fol-
lowing equations of motion and boundary conditions:

A ~0, 07|, ~0. (2.47)

We recall that K|,z = 0 holds off shell as to assure the gauge-invariance of the action and
hence the gauge-covariance of the above equations of motion as well as the cancellation of
boundary terms in the interior of B in §.5, i.e.

6:(029;) =0 . (2.48)

Canonical coordinates. We assume® that the target manifold has the structure of a
p-suspended cotangent space M = T*[p|N with canonical coordinates

7t = (XY, P,), deg(X®) + deg(Py) =p, deg(X?), deg(P,) € N. (2.49)

Moreover, the pre-symplectic form can be chosen to be given by%

9=dX°P,, 0 =(-1°TldXdR,, P = %((—1)ﬁaaaaa+(—1)a+ﬁ+1aaaa) :
(2.50)
~ _1\a+ls B . _1\pa s
Oy = Oy = 0 (1" P = 0 (D% | 551

(_1)ﬁ(a+1)5a5 0 ’ (—1)otptls B 0

The equations of motion and structure equation now read

R =dX*+2°=~0, Ko = APy + 2, ~0, (2.52)
2% = (=1)PletFlge Dy = (—=1)%0p 5, (2.53)
(—=1)%p0 0 =0, AW — ) = (-1 %%, . (2.54)

5This assumption implies no loss of generality provided the starting point is the classical unfolded
systems on OB (with target space N). It does lead to restrictions, however, starting from systems on
B (with target space M) where it excludes models with p = 2(2n + 1) and coordinates in 7" of degree
pir = 2n + 1 contributing %dZi/de/ki/j/ to O where k;/; is positive definite, such as three-dimensional
Chern-Simons theories with compact gauge algebra gr. The latter instead admit formulations as four-
dimensional BF-models with action [, tr(TF — iT2) where F := dA + A?, which is locally on-shell
equivalent to g fa ptr(AdA + §A3) On the other hand, certain non-compact cases admit formulations
as three-dimensional BF-models. For example, for the gauge algebra gr @ g—, which is of relevance for
three-dimensional vacuum higher-spin gravities, one has % [, tr(AdA + 2A? — AdA — A® + d(AA)) =
k [, tr(ER + & E®) where now dim(B) = 3 and E := A — A R:=dl +T? and T := 1A+ A) — and the
total derivative yields manifest invariance under diagonal gauge transformations.

5This choice is equivalent to using Jaix = %Zide Oi; = % (dX”‘Pa — (71)a<ﬁ+1>dPaX°‘) and adding
Gibbons-Hawking-type boundary terms of the form % Zé 3%35 X*P,.

,10,



The power-series expansion of J# in P, yields rank-n poly-vector fields II(n) on N of
degrees 1 + (1 — n)p whose mutual Schouten brackets vanish, viz.

{H(nl)vn(nz)}S.B. =0 forall ni,no > 0. (2.55)

Using the notation & = (e*,7,) and choosing Y. = —e*P,, the gauge variation of
Sel 1 [X, P|B] reads

by = K., Ko = (1P 4 (P-1)2 + P7) o, (256)

where we have defined

) ) )
?::Paa?, ?:E W, 727}&8? (257)

Globally-defined formulations of fiber-bundle type, as discussed above, thus arise by using

transition functions with parameters tg = (t°, 0)2, obeying’

P-1DTH#=0 o Tly=0 fonstl, (2.58)
and imposing the boundary conditions
Kelop=0. (2.59)
The latter can be implemented by the following Dirichlet conditions:
Nalop =0, Palgp =0, (2.60)
provided that the function
gy = 7|p,=0 =0 . (2.61)

For these globally-defined models, the resulting integrable structures in the target space
encompass

(i) a vector field @ := (1) of degree 1 that is nilpotent in the sense that ZHQ =
2{Q,Q} = 0, referred to as the @-structure;

(ii) a tower of generalized Poisson structures I1(,) with n > 2 that are compatible with
@ in the sense that ZIl,,) = 0;

(iii) if in addition IIj,y = 0 for n > 3 then Il(y) is a Poisson structure equipping N
with a Poisson bracket of intrinsic degree —p + 1, referred to together with @ as a
() P-structure.

"As for (2.48), it can be checked that 6, (X% P,) = (S—Xk(? — 1)?%” =0.

— 11 —



Transition amplitudes. Proceeding by assuming that 0B = U)B) , where B} are con-
nected boundary components, the space .# of saddle points consists of gauge-equivalence
classes of maps ¢ : T[1|B — T*[p|N obeying Z* ~ 0 ~ %, on B and P,|lspp = 0.
Conversely, a set {¢y : T[1]B} — N} of boundary configurations obeying

R\ ~0,  R*:=dX®+Q", (2.62)

may be referred to as being (classically) compatible with (¢, .7#°) provided there exists an
extrapolating bulk manifold B with 0B = U\B), and a map ¢ : T[1]B — T*[p|N obeying
A ~ 0~ X, on B and ¢ B, = ®» , which requires generalized Poisson structures in the
non-trivial case. Semi-classically, the corresponding “third-quantized” transition amplitude

ZJ exp< Sbulk[¢]B]>, where  ¢|p = ¢, (2.63)

where J(B) comprises functional determinants — combining into finite topological invari-
ants once contributions from gauge-fixing sectors are included.

Generalized action-angles. Modified amplitudes arise upon perturbing Sglulk by topo-
logical vertex operators which are functionals fc ¥ (X,dX) obeying

8V (X,dX) = 6X*M,p(X,dX)R® + d(0X* P, (X, dX)), (2.64)

for some matrices M,g. Adding such perturbations with C' C 9B to S{_jlulk yields a modi-
fied action

SeL X, P | B: O] = S [X, P|B] +Zﬂr/ T G, C OB,  (2.65)

where pu, are parameters. The total variation of the action now consists of bulk terms,
which impose Z° ~ 0 =~ ., plus boundary terms that all vanish on-shell due to the
boundary condition P,|sp = 0 (which holds off-shell and that implies R*|sp ~ 0). Hence

5| v =0, (2.66)
Cr

that is, the on-shell values of the perturbations are classical observables
0" [ X|Cy] / B¢ Ji=7"(XY-Q%), (2.67)
that are defined intrinsically in the sense that if dc, denotes a small variation of C, then
d 7" =0 = 90, 0" =0 . (2.68)

On general grounds, such functionals are locally-defined functions on .# as their finiteness
requires further boundary conditions on X¢| B, - Perturbatively, in weak-field expansions,
the latter amount to taking linearized boundary zero-form integration constants and gauge-
functions in suitable representations Ry, of the underlying Cartan gauge algebra; for related

— 12 —



analyses in the case of higher-spin gravity, see [50]. In other words, finiteness of ¢ holds in
a super-selection sector given by a region of . labelled by a set { Ry} of representations of
the gauge algebra. One may refer to a set { [ c. ¥} of topological vertex operators as being
complete if {0} is a set of (locally-defined) coordinates on (a super-selection sector of) . .

Treating u, as generalized chemical potentials leads to the notion of a grand canonical
ensemble with partition function

zwm@=<HJ?bV> , (2.69)
B

T

where w denotes the moduli hidden in the transition functions and
() ~ /@X@p(.)eésﬁhlk[XyPB]’ (2.70)

denotes a suitably regularized path integral measure (to be out-lined below). Micro-
canonical ensembles with fixed fCr ¥ = q" are then described by partition functions

= d'r‘,irir
2wy =[] [ e 2w, 2.11)

given by path integrals with fixed boundary conditions, viz.

Z{q} ~ <H5 </C a— q>> : (2.72)
; " B

The open Poisson sigma model can be made closed by filling in the boundary components
B! with open bulk manifolds By obeying 0By = —B), which may require additional
transition functions introducing further moduli that we denote by w’, and considering the
partition function

" —

B A

Z{pr;w,w'} = <H e o V/T> ) B:=BU UBA . (2.73)

In the semi-classical limit, the filled-in bulk actions S£., [X, P|B] become total derivatives
(depending on w’) which may play the role of counter-terms possibly along the lines of the
recent work in [52].

2.3 BV master action

AKSZ quantization. The path integral measure (2.70) can be defined using the BV
field-anti-field formalism following the AKSZ approach — see e.g. [31] for a review and
references. To this end, the first step is to extend the classical sigma model by introducing
layers of ghosts in correspondence with the classical gauge structure. The first layer of
ghosts, which have the same form degree as the gauge parameters, have their own gauge
symmetries, corresponding to gauge-for-gauge symmetries, which induce a second layer of
ghosts, or ghost-for-ghosts, with one unit less of form degree, and so on. Proceeding this

,13,



way, via a canonical procedure to be reviewed below, yields a minimal quantum sigma model
in which all fields have non-negative ghost numbers and which exhibits the complete gauge
structure. As for the second step, which is the actual gauge-fixing procedure, involving the
pairing of ghosts with suitable ghost-momenta and the introduction of Lagrange multipliers,
it need not be unique, as various gauge-fixing schemes may refer to different additional
special structures in target space over and above the generalized Poisson structures going
into the (unique) minimal model. We shall not enter any further into these details but
simply note the existence of a canonical (maximal) gauge-fixing scheme, that does not refer
to any special target-space structures, with the salient features of a (classically) conserved
BRST current and vacuum-bubble cancellation [33].

In order to arrive at the minimal quantum model, the classical map ¢ : T[1]B — M is
extended into

¢: T[1B— M, (2.74)

where M is a bi-graded symplectic manifold containing M as a sub-manifold. As observed
by AKSZ, the symplectic structure on M induces dittos on M and Maps [T'[1]B, M| with
the graded Poisson bracket of the latter being the BV bracket (-,-) = (-,)pv, the basic
geometric structure underlying the BV field-anti-field formalism. Thus, in a certain space of
local and ultra-local superfunctionals, based on a suitable extension of (M) into Q(M),
the BV bracket is equivalent to the graded Poisson bracket on M . Moreover, the BV
bracket-adjoint action of the integral of the pre-symplectic form on M over T[1] B generates
the exterior derivative. Taken together, these two lemmas imply that the classical BV
master equation (S,S) = 0, subject to the functional boundary condition that S reduces
to S as all anti-fields are set to zero, has a simple and elegant solution given by the AKSZ
action S, which then also solves the quantum master equation, as we shall review next.

Vectorial superfields. Each classical coordinate Z! = [ip <?> on M is extended into a

tower of coordinates and conjugated anti-coordinates on M as follows:

i (9) (-1-g) ilg) \ " _ ,
{Z[pi gl Z; i[p+1-pitg] ° <Z[prg]> } ’ 9=0,...,pi, (2.75)

where O[<5]> denotes a component with distinct ghost number g and form degree p. The
total degree and Grassmann parity (for classical theories consisting of only bosonic fields)
are defined, respectively, by

|| :=deg(-) +gh(-), Gr(-)=|-| mod?2. (2.77)

Given a differential form L € Q(M) of fixed total degree |L|, described locally on M by
a function L(Z, Z*,dZ,dZ*), with pull-back 7¢*(L) = Y070 [np*(L)]i}1 ™" € Q(B) and
a p-cycle C' C B, the integral

I(L|C) = Z/B£ T (L Z/Bmo [ L)Y ie. gh(I(L|C)) = |L|—p. (2.78)
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The canonical coordinates Z¢ = (X<, P,) of M induce supercoordinates Z° = (X, P,) of
M of fixed total degree as follows:

(pa> <a 1) (0) < > a (= 2> <po¢_13_1>
X=X Xy A X Y A P Ly By b A B (279)
fields anti-fields
_ <ﬁ—pa> (p pa—1> < ) <_1> <_2> <—Pa—1>
Po=F o t0 . "t tE popa) T Xa popati T Xa popara T T 5y
fields anti-fields

(2.80)

In these coordinates, the symplectic and pre-symplectic forms O and 1, respectively, on
M read

0= [(-1)* X dP] ), =d9, 9 =[AX P, (2.81)

and we denote the corresponding graded Poisson bracket on M by

{r={ }[ R (2.82)
which thus has intrinsic quantum numbers gh ({-,-}) = 0 and deg ({-,-}) = —p. The
evaluation maps Z‘(p) : ¢ € Maps[T[1]B, M] — (¢ *ZZ)( ) for fixed p € T[1]B (see

appendix A) define canonical coordinates on Maps [T'[1]B, M| in which its symplectic form
Q(621,62Z5) =1 ((—1)*T6XP6Ps|B) — (1 ¢ 2), gh(Q)=-1, (2.83)

where dZ denotes a vector field on Maps [T[1]B, M] of total degree zero with compo-

nent expansion

-
r )

_ i(pi—k)
5Z’¢ - /peT[l]BkZ:o (d) (52[14] )(p)) 52[13% >(p)
+r (¢ (62770 (p) SR (2.84)
(¢ (023" ) 2T )|,

The corresponding graded Poisson bracket on Maps [T'[1]B, M], referred to as the BV
bracket, is denoted by

1
which thus has intrinsic quantum numbers gh ((+,-)) = 1 and deg ((,-)) = 0.

BV bracket induced from Poisson bracket. As observed by AKSZ, the BV bracket
(-,-) on Maps [T[1] B, M] is induced from the graded Poisson bracket {-,-} on Q% (M) via
the formula

(L(F|B), ¢"(F')) = ¢"({F, F'}), (2.86)



for F,F' € QY(M). Tt follows that the BV-adjoint action of the pre-symplectic form is
related to the exterior derivative as follows:

(I(dX“Py|B), ¢*(L)) =d¢"(L) = ¢"(d L), (2.87)

for L € Q(M). We note that ¢*(L) is an ultra-local functional, i.e. a function on

Maps [T[1]B, M|, idem F, F’ € Q)(M), and that since deg(d) = 1 and gh(d) = 0 one has
« * J— * 1

(1axePuB),¢* (L)) = o7 (L"),

Superfunctionals: are functionals built from ultra-local superfunctionals ¢*(G) where
G € Q(M) have local representatives of the form G = G(Z%,dZ") where G € Q(M). In
particular, if F', F' are superfunctions it follows that

{F.F'} = ({F.F'}_5(2")

where {F, F ’}[_ﬁ] denotes the Poisson bracket evaluated in the classical target space M.

I (2.88)

The AKSZ action: is given by the superfunctional

Sbuk[¢|B] :=1(L|B) = Z/B ¢ (L) , L.=dX*P,— X (X,P), (2.89)
¢ /Be
with # being a solution to the classical structure equation (2.15) obeying J#|p _, = 0.
Defining
s(*) = (Shu (+)), (2.90)
one has
sZ'=R', (2.91)

where the generalized supercurvatures
R :=dZ'+Q', Q':=2Y(2%) = (1" 29,7 (Z", (2.92)

with Q% being the superfield extension of the classical Hamiltonian @-structure in (2.29).
The locally-defined field configurations form equivalence classes modulo gauge transfor-
mations

5eZ':=de' — €90,Q" (2.93)

where the parameters have total degree |€'| = |Z?| — 1 and expansions into components
with fixed ghost numbers and form degrees given by the suspension of egs. (2.79) and (2.80)
with one unit of form degree, and zero units of ghost number. As in the classical case, it
follows from

8 Shulkc = 27{ K., K.= (-1 R+ ((P-1)2+P7) 7, (294)
< Jon

that the AKSZ action can be defined globally using fiber-bundle type geometries in which
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(i) the local representatives Zg are glued together using transition functions with pa-

rameters t?,g = (t°, 0)2 obeying
(P-1)EA =0 ie £l =0for n#1, (2.95)
and

(ii) the following Dirichlet conditions are imposed:

The AKSZ relation between the BV bracket and the Poisson bracket given above
implies that

Shutk, Spuik) = (—1)P *(R°P, —2L) =0, 2.97
(Sbutk, Sbuik) = ( )25:%9357@5( ) (2.97)

where the latter equality follows from (2.96) and the facts that 0;L = K¢ = 0 and that
5Py = —(—1)°T0u, 6 R*= (—1)PO DRy T, (2.98)

where we have defined ?l x := R*0, , which implies

_>

St(R°Py) = Ry £ (P - 1) =0. (2.99)

In other words, the AKSZ action Sy solves the classical BV master equation
(Spulc, Spuir) =0 & 7 =0, (2.100)
subject to the functional boundary condition

Souk[@|B]| p—p = Stuxlo|B] - (2.101)

Quantum master equation. A remarkable property of the AKSZ formalism is that
any local super-functional L obeys

AL =0, (2.102)

where A is the BV-Laplacian. It follows that Sy, obeys both classical and quantum
master equations (see e.g. [33] and refs. therein), viz.

(Sbulk; Sbulk) = 0 = ASpuk - (2.103)

Hence DZ exp(%Spuk) defines a BRST-invariant path-integral measure (on suitable La-
grangian submanifolds): The classical BRST transformation dprgT@ := € s(&'), with con-
stant fermionic parameter € with gh(e) = —1, leaves both gauge-fixed action and DZ
invariant; the former invariance requires the classical master equation while the latter in-
variance requires® ASpux = 0. The quantization thus deforms the classical differential

SMore generally, it follows from (2.102) that any canonical transformation, viz. dg& := (E,0) with
gh(E) = —1, leaves DZ invariant.
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algebra with differential d and @Q-structure ), which one may view as a first-quantized
algebra, into a second-quantized operator algebra with BRST current jprst (which is con-
served on shell barring anomalies) and differential adq where g := § jprgr. Thus, acting on
second-quantized ultra-local superfunctionals F', one has adq F' = dF + p(Q)F where p(Q)
denotes the realization of @ in the second-quantized algebra, that, on general grounds,
carries the structure of a graded homotopy-associative differential algebra.

Deformed master action. The BRST cohomology at ghost number zero consists of on-
shell gauge-invariant observables [53].% Although the latter can be extended into off-shell
functionals in various ways, the super-field framework leads to a unique extension: Given
a set of classical observables, {€"} say, with super-field extensions O" = 0" [Z] obeying
sO" = 0, one seeks further off-shell extensions

O :=0" +/ R'L., sL.=0, (0",0")=0, (2.104)
Cr
ie.O" =0O" +s <f0r ZTLT). The total master action
Stot == Shuk + »_ p1rO" (2.105)
T

then obeys the classical master equation. As for boundary conditions [24], the undeformed
ones (2.96) (imposed off shell in order to have a globally-defined bulk action) are com-
patible with those following the variational principle provided that the off-shell extensions
are super-field extensions V" = 77 (X,dX) of topological vertex operators as defined
in (2.64), i.e.

Siot [ X, P; i B; Ci] := Spuk[ X, P|B] + Z”’“/ Y(X,dX), (2.106)
T CT
where C, C 0B.

3 Vasiliev’s theory: a graded-associative non-commutative case

In this section we begin by reviewing selected features of the action principle for Vasiliev’s
theory in four dimensions given in [1]. We then construct a minimal classical BV master
action using a natural generalization of the AZSZ formalism to the case of graded as-
sociative differential algebras. In addition, we shall refine the analysis of [1] concerning
compatibility conditions for globally-defined formulations of fiber-bundle type at the level
of classical action as well as classical BV master actions.

Before turning to the details, we wish to emphasize that while the BV anti-bracket gen-
eralizes straightforwardly to the non-commutative case, the corresponding generalization

9At the level of locally-defined densities, one has that H<9>(s) ~ ) (v, H(6)) where v generates the
classical gauge symmetries and ¢ is the Koszul-Tate differential implementing the equations of motion [54].
The construction of H*® (s) then passes via globally-defined formulations distinguishing between manifest
off-shell gauge symmetries and non-manifest Cartan gauge symmetries on shell [1, 51].
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of the BV Laplacian requires the introduction of distributive two-point functions (delta
functions) on non-commutative manifold, that we defer to a future work together with the
analysis of the quantum BV master equation. It is natural, however, to expect that the clas-
sical BV master action principle presented here also solves the quantum master equation.

3.1 Classical theory

Correspondence space. Vasiliev’s formulation of higher-spin gravities is in terms of
associative differential algebras on non-commutative correspondence spaces € =2 T*IM in-
troducing the following basic notions:

e the differential algebra Q(€) with differential d and compatible graded-associative
product x, i.e. if f,g € Q(€) then d(f*g) = (df) *g+ (—1)%e) fx (dg). These two
operations are assumed to be real in the sense that there exists an anti-linear anti-
automorphism 1 obeying (f « ¢)" = (¢") * (f7) and (df)T = d(fT) for all f,g € Q(€);

e a graded cyclic trace operation Tr: Q(€) — C obeying Tr[d(:)] = 0 (modulo boundary
terms), given essentially by the integral over €, that defines a non-degenerate bi-linear
form compatible with d and x;

e a subalgebra consisting of d-closed central elements J", i.e. dJ" = 0and J"xf = fxJ"
for all f € Q(€);

In the case of four-dimensional bosonic higher-spin gravities, including the minimal bosonic
models, the differential forms take their values in the algebra Zy X Zo generated by two
outer Kleinians (k, k) obeying

kxk=1, k,d,=0, k' =kF. (3.1)

The subalgebra of d-closed central elements is generated by various projections of the
symplectic form on € together with the elements

(Jiy)r=12 = —5 (1, kk) x Py x d*z
(Jpiziz = =5 (1, k&) * Py xd’z
Py =1 (1+kk), (3.2)
where the two inner Kleinians
ko= (2m)20%(y) « 62(2), k= (k)T = (2m)20%(y) « 6%(2), (3.3)

using Weyl-ordered symbols, and (y*,y%; 2%, 2%) (with a,d& = 1,2) are local coordinates
on the doubled twistor space 3¢ x Q¢ C € obeying

{ka ya}* = {kv Za}* =0= [kagd]* = [k7 zd]*v (34)
[y®, v, = 2ie*? [, 27], = —2i* |

and the reality conditions
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The inner Kleinian obey xx x = 1 and
kx frr=(=1)8aDa(f),  w(f)i=kxfxk, (3.7)

where deg,,;(f) denotes the holomorphic form degree of f, idem & and 7(f) := Exfxk.
The full correspondence space is thus of the form

C=JC, € =T"Me x 3 x Ve, (3.8)
€

where 7", has real canonical coordinates (X M Pyr) obeying
(XM, Py, =ioy . (3.9)

Requiring (X M Pyry®, g% 29, z%) to commute with the line-elements
(dXM ,dPyp; dy®, dy®; dz®,dz®) it follows that the latter generate a graded commu-
tative algebra.

Chiral trace operation. The basic chiral trace operation is defined by
nilf) = [ Mook (3.10)
¢ *Me xYX 3

where the integral projects onto the top form degree; the integrand should be understood
as the symbol of f in a suitable order;'® and the twistor variables are integrated along
independent real contours. This trace operation is graded cyclic, i.e.

Tr{f # g] = (~1)%=IBO Ty » f] (3.11)

Various other graded-cyclic trace operations can be obtained by projecting Tr. Inserting

1 _
Py = (1%kk), (3.12)

yields a trace that is graded cyclic and non-degenerate on the bosonic subalgebras
Ay ={feQUC) XLy xZo: f=mm(f)=Prxf}. (3.13)

Inserting Qg := % yields a trace that is non-degenerate on Q(T*9 x 3) ® QIN(Y).

Inserting also gy := L e MudPy, ---dPy;, 6™ (Py), defined using Weyl order, we obtain

n.
a reduced trace operation that remains non-degenerate on Q(9 x 3) @ QI%(2)), viz.

Tr[f] := Tr[Tlon * Qq * f] = Z/ ™[f], (3.14)
¢ M
where the twistor-space trace operation

Tr/[f] = [%JXB [QQJ *f’k:E:O;dPM:O;PM:l)] : (3.15)

10Tf the trace is well-defined, it does not depend on the choice of order.
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The reduced trace remains graded cyclic, i.e.
Te[f  g] = (—1)%8esO) Tafg x f] (3.16)
In order to make contact with the previous section, one thus treats
Mx3=8, (3.17)
as the bulk manifold, hence
p = dim(9M) + 3, (3.18)

and 9) as a fiber manifold, i.e. all quantities are expanded in sets {T)(y*, %)} of func-
tions on ) treated as types forming a basis for an associative x- product algebra with
coefficients in Q(B) that remains closed under x-product composition with x and & ; for a
concrete example of this separation of variables, see [50]. The choice of types is adapted to
the boundary conditions on B and may hence manifest various symmetry algebras, such
as generalized Lorentz algebras or compact algebras, leading to the notion of (inverse)
harmonic expansions [55, 56]. In what follows, for the purpose of setting up the AKSZ
formalism, it suffices, however, to treat the J)-dependence formally.

Classical action: odd-dimensional bulk. If dim(9) = 2n + 1 with n > 0, that
is p = 2n + 4, a duality extension of Vasiliev’s equations of motion for four-dimensional
higher-spin gravities, which is locally equivalent to Vasiliev’s original equations, follows
from the variational principle based on the generalized Hamiltonian bulk action

S WA B, U, V)¢ = Z/ ' [U*DB LV« <F+g(B,U; gLt J“f)ﬂ , (3.19)
¢ Ve ¢

where the locally-defined master fields have decompositions under total form degree into
A=Ay +Ag + -+ Apnig) s B = Bjg)+ Bygj + -+ + Bpani2) » (3.20)
U=Upg + U+ +Upnia, V=V + Vg + -+ Viznis) - (3.21)

The interaction freedom in ¢4 needs to be constrained in order for the action to be gauge
invariant. Making the ansatz'!

g = F(B;J, JL, I + FU g, gt gy, (3.22)
F = Fo(B) + F1(B) * Jly + Fr(B) x Iy + F11(B) * Jii . (3.23)
F = Fo(U)+ F1(U) % Jly + Fr(U) * Iy + 1 (U) x T (3.24)

the following two cases yields integrable equations of motion:
bilinear Q-structure : .% = Bx J, J=Jp + J, (3.25)
bilinear P-structure : Z = U % J' J = J[’Q] + J['4] , (3.26)

"The coupling f = 6U=%|U:O determines whether the target space is a symplectic manifold (f #0) or

a proper Poisson manifold (f = 0). In the symplectic case the U and V variables can be integrated out
after which the action becomes a boundary term while this is no longer possible in the proper Poisson case.

— 21 —



where the central elements are defined via

By = Frxdiy+Frxdly . Bxdu =T, (3.27)
Jig) = —% [d22(by + bo k k) + d2%(by + by k) |« Py, (3.28)
Jy = —4d2?dz® [e1i + coik ki + cipk R+ e kE] * Py (3.29)

Indeed, letting Z¢ = (A, B,U, V), the general variation of the action reads

0 = Z/ T 5Z’ * %1 0y +Z/m "[U*0B -V %d4] , (3.30)
£

where 0j; is a constant non-degenerate matrix defining the symplectic form of degree p+2
on the target space and the generalized curvatures

R =F+F+.7F, #B = DB+ (Voy)» .7, (3.31)
#Y = DU — (VOg) x 7, %" = DV +B,Ul, (3.32)

and the bulk equations of motion % ~ 0 are Cartan integrable for the above choices of .7
and .%# . As shown in [1], the on-shell Cartan gauge transformations

SenA = De? — (ePop) x F — (nVoy) « F (3.33)
SenB = De® — ¢4, B], — <nVaU> 7 — (Y ou) * (Vou) .7 , (3.34)
SenqU = DnY — [ Ul + (nV0p) % F + (¢BO) x (VOp) » F, (3.35)
6enV = DnV — [ V], — [P, Ul + Y, Bls, (3.36)

remain symmetries off shell modulo boundary terms, viz.
SenSiirl A BUVI =3 [ Ky, (3.37)

¢ /oM

where

K, =Tv nU*DB+nV*(F+,9’+(1—U8U)*;@v)] . (3.38)

As found in [1], the closure formula for Cartan gauge transformations generalized straight-
forwardly from the commutative to the non-commutative case, i.e.

[6.,6.] 7" = 6., 7" — B wely, (3.39)
with composite parameters
gy = — Pk Tax D, (3.40)

which can be used to construct globally-defined bulk actions within the context of fiber
bundles. Thus, the contributions to 567,,5’]‘;11111{ from the chart boundaries in the interior of
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M can be made to cancel by gluing together the locally-defined field configurations and
broken 7-gauge parameters using gauge transitions 62" = 6, 2" and

oY = —[t4, Y] — (tPoB) « (nV 8B).7 , (3.41)
omY = —[t* V] + (0¥, %}, (3.42)

i.e.
6K, =0, (3.43)

where, moreover, the compatibility conditions on {t4, P} read as follows:

2 *x[t,€L*x2' =0 for all ¢, % and @ . (3.44)

The conditions on ¢t hold for all .Z while those for 2 hold only if .% is at most bi-linear.
Thus, if .Z is at least tri-linear then ¢tP-transitions must be discarded.

Classical action: even-dimensional bulk. If dim(9t) = 2n with n > 0, that is
p = 2n — 1, the duality-extended equations of motion follow from the variational principle
based on the generalized Hamiltonian bulk action

Sl B; S, T) =" _ [S*DB+Tx(F+7 +7(8;J0,07,57)| o (349)
3

where the interaction function obeys
F(=8)=Z(S), Fls—=0, (3.46)
and the fields are assigned form degrees as follows:

A=Ay + A+ + Apnoys B = Bjg)+ Bigj + -+ Bpgn-9), (3.47)
S=8u+ S+ + Sa-1 V=T +Tg+ - +Tona - (3.48)

From the variation one obtains

R =F +F +.F(5), %" = DB — (Tds) » Z(S5), (3.49)
#° = DS + (Top) » F , #" = DT + (S, B], . (3.50)

and the integrability of the equation of motion DZ! — (%#70;) x Z! = 0 requires

D#* — (%#P0g) « F — (%#50s) + F
= ((TOg) » FOg)* F — (Tg) « FOs) « F =0, (3.51)
D#P — (%, B) + (%7 07) * F + (%°03) « (T0s) x F)
= ((T0p) x F0s) + ((T0s) x F) = 0, (3.52)
D#° — (%1, S) — (#T0p) » F — (#P0B) « (TOB) x F)
= ((T9s) x FOg) » (TOp) x F) =0, (3.53)

— 23 —



whereas
DRT — (%A, T) — [#°, B+ {%#",5} =0, (3.54)
as follows from the even functions .7 obey
(S, (T0s) x F}, = [T, F], . (3.55)
The remaining conditions are satisfied in two cases:

F=Bxf(JL ), F =35 ww, (I ) (3.56)

n
or

F =3B fu(J ), 7 =0 (3.57)

where f,,,w, are arbitrary functions of the central terms J/, v L J! J. This choice makes
the action invariant under the gauge transformations

up to the boundary terms

benSihn =3 /8Sm Te [ifS % DB+ x (F+ .7 + (1 - 505) 7)) . (3.62)
£ 3

The construction of a globally-defined action and the required compatibility conditions are
analogous to the case of even p using

om® = —[t 0 + (tP0p) * (nTop) x F | (3.63)
StﬁT = _[tA777T}* - [tB7775]* . (364)

3.2 AKSZ master action

The bulk action. In this section we give the minimal solutions S of the classical master
equation corresponding to the classical action principles given in the previous sections.

The classical fields Z? become coordinates Z° of a supermanifold and contain all
the ghosts and antifields of the BRST-BV spectrum similarly to what is explained be-
low (2.79) and (2.80). The AKSZ master actions are obtained by taking the classical bulk
actions (3.19) and (3.45); replacing Z° by Z* therein; integrating as in (2.78) so as to se-
lect only the top form component of the resulting Lagrangian density; and projecting onto
ghost number zero, viz.

(0)

S = St Z'] : (3.65)

(0) /
= Tr’Lg

— 24 —



that is

Evenp: L=UxDB+V x (F+ Z(B;J") + (U;J”)) , (3.66)

Odd p: L= S*DB+T*<F+ Z(B;J7) + (S;J’")). (3.67)

As for the BV bracket (-,-) in non-commutative space, it is defined analogously to (2.83)
and defines a derivation in the sense that for any local star-functional F' and ultra local
star-functionals A(p) and B(p), evaluated on p € €, it satisfies

(F, A(p) » B(p)) = (F, A(p)) x B(p) + (=1)""*D A(p)  (F, B(p)) - (3.68)
Thus, similarly to the commutative case, we have the following basic BV brackets:
(S,Z") = R", R =dZ'+ Q' (3.69)

and where Q' = 2¢(Z").
It is then a direct computation to verify that the master equation (S, S) = 0 is satisfied
up to boundary terms as follows:

Even j: (s,S):—?{) W [Ux DBV« (F+ Z(B) +V « (1-Udy) « F(U:1)]
B
(3.70)
0dd j: (S, S) :74 TY[Sx DB+ T #(F + F(B: 1)) + T x(1-80s) « 7(S:.7)| (371)
OB

which one indeed identifies as the non-commutative generalization of (2.97), i.e

(S, Z 7{ | —2L], (3.72)
OB
which vanishes upon imposing

P,|lpp =0, (3.73)

and using gauge transitions between charts, acting as follows:

5 A = Dt — (tPop) .7, (3.74)
5B = Dt? — [t4, B, (3.75)
5U = —[t4, U], + (tP0p) » (VOg) x (3.76)
5V = [tA,V]* t5, U], (3.77)
518 = —[t1, 8], + (tPOp) » (TOp) » F (3.78)
6T = —[t2,T], + {t?, S}, (3.79)

with parameters (t4,t?) obeying the super-field extension of (3.44).
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Some boundary deformations. An example of a set of boundary deformations of min-
imal bosonic models [51] (for the corresponding projection of the off-shell system, see [1])
is given by topological vertex operators of the form [51]'2

it 4 - 2m; —D)"m w2(m-+n
Votmany) = T |d°Zr % (H (R B?m) — o prlmt )>] : (3.80)
i=1
where 7 = (my,...,mp) = (Ma,...,mp,m1) with m; > 0 and Y7 m; = m denotes a
cyclic order, and
E:=51-mAylm, R:=dl+TxI, T =41(1+m)Aqm, (3.81)
obeying
VE =0, R+ExE =0, (3.82)
with V = (d+adr)|om . It follows that ”//@(m )] OPeys (2.64) (with total derivatives on 9t)
and that
—1)"n m4n
Vi) © S o) = Gt T [d1 25 B2 (3.83)

which is indeed a non-trivial element of the on-shell de Rham cohomology on 9t (and hence
O9M) assuming a globally-defined formulation of fiber-bundle type with structure group
containing m-even but not m-odd gauge parameters in form degree zero. In other words, the

insertion of ¥ at 09 deforms the unbroken phase into a broken phase with smaller

[2(m~+n)]
structure group and hence additional observables; the broken gauge symmetries instead

resurface on shell with m-odd parameters £ := %(1 — 7'[')6‘[%} forming a section together with
the soldering one-form E on a fiber bundle with m-even structure group in degree zero.

2W(Em +n)] consists of total

derivatives that cancel across chart boundaries provided (&, E) forms a section. Clearly,

[
the on-shell values of “//[2(m +n)]

degenerate, which is also where the parameter £ can be converted into diffeomorphisms.

In other words, perturbing the action by fc 7/[277)1 +my) ON 2(m + 2)-cycles C C 99, and

Indeed, under the gauge transformations J¢, the variation d¢ /[

are non-trivial only on submanifolds of 999t where E is non-

imposing non-trivial on-shell values for fc /[ leads to a metric phase on C'.

2(m—+n)]
Turning to the total AKSZ master action, it is straightforward to check using the

BRST transformations

sE=DE, s'=R+ExE (3.84)
that the BRST transformations of each one of the two terms making up V[Zm(m tn) T
”I/[f(zm Jrn)}(Z ,dZ) transforms into a total derivative such that

o aw
$Via(mam) = AW () » (3.85)

independently of the relative coefficient in 7/[2m(m )]

the super-field analog of (2.64).

which is instead fixed by demanding

2For manifestly Lorentz-covariant vertex operators, see [51].
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4 Conclusions

In this paper we have taken the first steps of the BV-AKSZ quantization of four-dimensional
higher-spin gravity based on the classical action proposed in [1] by constructing the cor-
responding minimal AKSZ master action obeying the classical BV master equation. We
have also given the details of the global formulation within the framework of fiber bundles,
which was described only briefly given in [1].

Besides the gauge-fixing procedure, which may require non-minimal sectors containing
ghost-momenta and Nakanishi-Laudrup auxiliary fields, there are several lines of develop-
ments that present themselves at the present stage of which some are:

(i) the classification of the bulk Hamiltonians consistent with Vasiliev’s theory on the
boundary and corresponding globally-defined formulations, that may extend beyond
the realm of fiber bundles;

(ii) the classification of possible deformations of the bulk action, which in general depend
on the choice of global formulation in (i);

(iii) to forgo the associativity of the star-product on the correspondence by considering
more general homotopy-associative differential algebras.

Finally, it remains an open problem whether contact can be made with the perturba-
tive Fronsdal program. The natural procedure is to add a deformation four-form within a
suitable global formulation to be identified as the generating function of holographic corre-
lation functions, possibly in accordance with the various observations and conjectures made
in [57-60]. In the latter respect, the four-form proposed by [51], that is, the quantity 7/[4(112)
given in eq. (3.80) (for m = n = 1), which depends only on zero-forms and one-forms on
O, is an interesting candidate: Assuming that p = 8 so that dim(9t) = 5, and that 99
is non-compact with non-trivial external states on 9?90, it follows that "I/[S)
on-shell (constructed from boundary-to-bulk propagators) and hence a candidate for an on-

is non-trivial

shell action. Its vertices, on the other hand, cannot be used to close any loops as follows
from conservation of form degree on 9 (bulk vertices of the form Tt [J" % U*" V| degoy=5
cannot yield correlation functions on 99 between forms X*|ggn if all degrees p, < 1).
Hence, it appears treating “//[4(1}2) as a deformation four-form may give rise to non-trivial
tree diagrams and trivial loop corrections, in accordance with the general pattern expected

from free conformal field theories.

On-shell equivalence to Fronsdal approach. Concerning the correspondence with
the free O(N) vector model [57] and Gross-Neveu model [61], we make the following ob-
servations:

e for any (U, V; B) and applying perturbation theory in which [y, Tv'[dX® % Py] is
treated as the kinetic term, it follows from the fact that the vertices in .2 (U, V; B) are
built from exterior (star-) products that boundary correlation functions that involve
only zero-forms and one-forms are given by their semi-classical limits (as vacuum
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bubbles cancel), viz.

(Bioy(p1) - - - Bioj(Pn) A} (Prt1) - - - Ap) (Prtm)) | picomm
= (B (p1)) - - - (Bio) () (A1) (Pr+1)) - - - (A (Prtm)) 5 (4.1)

e assuming the existence of a perturbative completion fém Yev (Bio), dBoj; Apps dAp))
of the Fradkin-Vasiliev action,!? it can be added as a topological vertex operator and
treated as an interaction, including its kinetic terms;

e it follows that the expectation value of the Fradkin-Vasiliev action is tree-level ex-
act, i.e.

Z(p) = <exp(i;; /m ”I/Fv)> = exp(% /m Y#v)

with expectation values (Bjy) and (Aj;)) obeying the Vasiliev equations of mo-

, (42)

Bioj=(Bo));A11=(An))

tion subject to boundary conditions at the three-dimensional conformal boundary
DOM of OM:

e thus, assuming a suitable topology for 990 and that (Bjg)) and (A[;)) are asymptotic
to AdSy, hence built from the boundary data using boundary-to-bulk propagators, we
expect that Z(u) with uN = h is equal to the generating functional of the free O(NV)
model in the case of the Type A model with scalar field obeying A = 1 boundary
conditions, and to the generating functional of the free Gross-Neveu model (with
N free fermions) in the case of the Type B model with scalar field obeying A = 2
boundary conditions.

We wish to stress the fact that both of the latter higher-spin gravity models are manifestly
tree-level unitary: by the very nature of the perturbative treatment of the Poisson sigma
models (with kinetic PdX-terms on 9t), the partition function Z(u) is completely free
from loop corrections in the Fradkin-Vasiliev sector, in perfect agreement with free three-
dimensional CFTs. In other words, Z(u) is given by the sum of tree Witten-diagrams in
AdSy with external boundary-to-bulk and internal bulk-to-bulk Green’s functions arising
as the result of solving classical equations of motion subject to boundary sources (and
not of performing any Gaussian integrals starting from the Fronsdal kinetic terms in the
Fradkin-Vasiliev action).

In the case of the strongly-coupled fixed points of the O(N) vector model [58] and
the Gross-Neveu model [61], reached by suitable double-trace deformations, the Fradkin-
Vasiliev action needs to be modified with a Gibbons-Hawking term

 You= [ oo+, (4.3)
dom dom

where the --- contain a non-linear completion achieving higher-spin gauge invariance.

3Whether the completion is given in the standard Fronsdal formulation or in the frame-like formulation
is immaterial as in both cases the dynamical field content can be obtained by applying projections to the
Vasiliev master fields.
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In the standard perturbative approach, in which the kinetic terms are taken from
f am kv , this modification induces a shift in the scalar two-point function Ga= as follows
(for a recent treatment, see [62]):

Gaz1(p;r, ") + [p|Kaz1(p; ) Kaz1(p; ') = Gaza(psr,r') . (4.4)

In the Poisson sigma model, on the other hand, the Gibbons-Hawking modification
is instead treated as an additional vertex. As a result, pairs of external scalar legs of the
tree diagrams are sewn together leading to additional scalar loops that are restricted in
the configuration space as to touch the boundary. Likewise, the non-linear completion
of [ 5o YGu may induce loop-corrections involving higher-spin fields running in similar

boundary loops.
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A Vector fields and functional derivatives on non-commutative manifold

Star-vector fields. A graded-associative quasi-free differential algebra on a non-
commutative base manifold B consists of local representatives R¢ (£ labels charts Be C B)
generated by sets {Zg}iey of locally-defined differential forms subject to generalized cur-
vature constraints

Ry = AdZf+ D' (Ze, J) = 0, (A.1)
where 5 = 2'0; (with 9; = 32) is a composite x-vector field of total degree one subject
to the Cartan integrability condition

5 *x2'=0. (A.2)

ﬁ
A composite x-vector field 2 (see appendix B of [1] for more details) is a graded inner
derivation of the graded associative x-product algebra R := Env[Z‘] ® J where J is a space
of central and d-closed elements (including the identity), i.e. if %#,.%’ € R then

-

D s (FxF)= (2% F) % F' + (~1)08D)wF) 7 (7'« 7Y, (A.3)

— — . .
provided that 3&; and .Z have fixed degrees. In components, one writes 2 := 27(Z7)0;
where 2% := 2 « Z'. The graded bracket between two composite *-vector fields is
defined by
— —,
(22 % F = D% (D % F) — (—1)08@)eeZ) 9" (P s 7Y, (A.4)
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— =
is a degree-preserving graded Lie bracket, i.e. [Z, 2]« is a graded inner derivation obeying
the graded Jacobi identity [[2, 2], 2]« + graded cyclic = 0. In components, one has

2,2, = (ﬁ* 2 (1) )T G, 27) i (A.5)

The Cartan integrability condition (A.2), that can be rewritten 5 5 l« = 0, amounts
to that 3 is a nilpotent composite x-vector field of degree one. This condition ensures
that the generalized curvature constraints %Z 0 are compatible with d> = 0 without
further algebraic constraints on the generatlng elements ZZ One can also show [1] that

the nilpotency of 3 is separately equivalent to that the generahzed curvatures %' obey
the generalized Bianchi identities

_#+2' =0, whee % :=%'0;, (A.6)
and transform into each other under the following Cartan gauge transformations
6.7" = Tli=de' — T+ 2", where T =£0 (A.7)
and where ¢’ is considered infinitesimal and independent of Z%, viz
5. % = %« (T * 29). (A.8)

Functional derivative on commutative manifold. We define the variational func-
tional left derivative d ¢, F[f] = %F[f] at p € B of a functional F[f] with respect to a
differential form f via the relation

/ 510) 5 FIf = FIT + 6] = FIf]+ O(61)7). (A.9)

We assign a total degree and a Grassmann parity, respectively, to variables, operations and
maps as follows:

|| := deg(-) + gh(:), Gr(-)=1-] mod 2, (A.10)

which implies that the total exterior derivative d anti-commutes with the BRST operator.
We refer to a functional F[f] as being ultra- local if F[f] = L(f,df) where L is an algebraic
function of f and df, and as being local if F[f] = [5.& 5 Z(f,df) where & is ultra-local. We
refer to a functional as being intrinsically deﬁned on B if it does not refer to any auxiliary
frame on B. The functional derivatives of local functionals are intrinsically defined and
ultra-local, viz.

def. 0Z(f,df)

o) ()

S50 [ 2(8.47) = (0r2 = ()00 2)) ()

where throughout the paper all the derivatives are left-derivatives, so that 0;.2 = g;.i”

and 0452 = 55 f,iﬂ The functional derivatives of ultra-local functionals are given by

85y (LU df)B)) = 1870 f ()] (D5 L) (0)+ (= 1PN (dpy 85 f (0)]) (Das L) (P, (A12)
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and refers to an auxiliary frame h* via the distribution (taking f to be a g-form):

6f(p)
Sf(p)

where the Dirac function is the zero-form defined by

= 0y f (1) = (= 1)) pAPT=al () BB ) € gi501 g1 6(p,0'), (A1)

/ MReier) = o). ¢ € 90). (A.14)

where we use the definitions and conventions

pAln] — lhAl ... pAn
n!
6A[n]C’[ﬁ+1—n]

h = pAP+]

i

€A[p+1] 5 (A.15)
R A

EBmIC+1—n] = (—1)™M7nl(p+1—n)log (A.16)

Then, the functional derivative of an ultra-local functional F'(f,df) is such that one has

oF

5f() dp [0f () (0asF) ()] (A7)

/ _350) Ty (FULAN@))] = 65

using the notation and definition of (A.11). Therefore, expanding the total derivative on
the right-hand side of the above equation, one has

F(f+6f,d(f + )W) = F(f,dN)(p) = (dpdf () dar F (') + 0 (0)) O F(p) . (A.18)

Functional variations in the non-commutative case. In the case of a non-

commutative graded manifold one defines the functional variation of a functional

F[Z] by

6ZZ

FIZ + 6F] — F[Z] = 6F = / <5zi(p) N ) +0((62)2) . (A.19)
peEB 5ZZ(p)
Starting from the functional F[Z] = [, L,(Z,dZ) where L,(Z,dZ) is a star-function
of (Z,dZ), one has
SFZ] cyel cyel _ 0L(Z,dZ)
S =0 L)~ (-1 AR L) = T ) ()

where, for Py(Z) = fi, i, Z0 % ...%x Zin = (=1)nlateti)f

cesln,1

7% % ... % Z" the
cyclic derivative

O PAZY =10 fiigyoin 22 % x 210 (A.21)

One then defines

0

L §Zi(p)  9wlL,
6Z'(p)

3Zi(p) 029

«(2,dZ)(p")] = (p')+(—1)PFi+1 (d ,

8573 (p/) 8CyClL*
" 07 (p)

* 5dzi (r)
(A.22)
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827 (p')

where 577(p) has total degree j — 7 — p — 1 and is such that
) 579 (p/) oevel L, :| ) Heyel L,
Tr |02 (p) x —— % ~ (Y| =62 (p") + —(p) . A.23
[ 57w Sl T | =0z T e
As a result, the action of 6 = prB 5Zi(p)*52§-sw on the ultra-local functional L,(Z,dZ)(p’)
yields
. oL . 8CyClL
§L(2,dZ)(p)) = 6Z' (Y Z(p) +dy |02 (0 = (p
(24D)W) = 620+ 520+ dy [5200) « ST )
. aCyCIL . 8cyclL
= 0Z'(p’ = (p/ zZN0 = (pf A.24
02" (1) * —5 ) +0(dZ") () * 575 (P) (A.24)

as it should.
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