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1 Introduction and summary

In [1] it was shown that three-dimensional Einstein gravity with a cosmological constant and
a (diffeomorphism-breaking) background stress-energy tensor density is equivalent to a Manin
theory. The latter, in turn, is essentially a three-dimensional Chern-Simons theory with a
certain mass-like deformation, which renders the theory non-topological and dynamical. In
the simplest case, the Manin theory is equivalent to SL(2;R) Yang-Mills theory and we arrive
at the surprising conclusion that, with a diffeomorphism-breaking background stress-energy
tensor density, gravity 4s Yang-Mills. This equivalence is at the level of the actions, which are
identical. However, one may still distinguish them by insisting on, or relaxing, the invertibility
of the connection associated to translations.

In turn, Chern-Simons theory is the special case of the class of Alexandrov-Kontsevich-
Schwarz-Zaboronsky (AKSZ) topological field theories' associated to an (ungraded) Lie
algebra [7]. Thus, replacing the strict Lie algebra with more general L-algebras or Lo-
algebroids suggests natural higher gauge theory? analogs of the construction given in [1].
These higher AKSZ-Manin theories ought to correspond to gauge/gravity theories in other
dimensions. Indeed, here we show that, in two, three, and four spacetime dimensions, for
judicious choices of gauge algebras, they are equivalent to theories of gravity coupled to
backgrounds in various ways:

1. Two dimensions: Jackiw-Teitelboim (JT) gravity with background stress-energy tensors
or torsion.

2. Three dimensions: (Anti)-de Sitter Einstein gravity and Einstein-Cartan-like gravity
with background stress-energy tensors.

3. Four dimensions: the BF' formulation of MacDowell-Mansouri gravity with or without
a background stress-energy tensor.

'See e.g. [2-6] for reviews of AKSZ theories.
2See e.g. [8, 9] and references therein for reviews of higher gauge theory.
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The general structure in all cases is that of an AKSZ theory with graded tangent Lie algebra
T*[d — 3]iso(d), where iso(d) is the local isometry algebra of the d-dimensional spacetime
(with Euclidean or Lorentzian signature), i.e. the Poincaré, de Sitter (dS) or anti-de Sitter
(AdS) algebras according as the cosmological constant A is vanishing, positive or negative.

However, although uniformly constructed, four dimensions is subtly different since gravity
becomes dynamical. In two and three dimensions, JT and Einstein-Cartan gravity are
topological to begin with and there exist AKSZ formulations of these theories; the Manin
deformations in these cases break their topological character and induce dynamics (equivalent,
for example, to a non-linear sigma model with AdS target or SL(2; R) Yang-Mills theory). On
the other hand, in four dimensions Einstein gravity is dynamical, whereas the undeformed
AKSZ theory is topological. So, there can be no direct AKSZ formulation of gravity; the
Manin deformation rectifies precisely this mismatch. Indeed, the corresponding AKSZ-Manin
theory is precisely the BF formulation [10-13] of MacDowell-Mansouri gravity [14, 15]
(reviewed in [16, 17]), which is classically equivalent to Einstein gravity with a cosmological
constant. As in one and two dimensions, it is possible to further introduce a background
stress-energy tensor through the Manin deformation.

As mentioned in [1], this equivalence holds at the classical, perturbative level. For
the nonperturbative quantum theory, one needs to deal with issues such as degenerate
metrics, summing over topologies, and large gauge transformations, which we do not discuss
in this paper.

Note, there is significant prior work on deformed-AKSZ realisations of non-topological
theories, see for example [18-24]. In particular, MacDowell-Mansouri-Stelle-West type
formulations of gravity [14, 15] in four and higher dimensions have been derived from a
presymplectic® AKSZ perspective in [21]. Although the gauge structures and corresponding
fields of the deformed AKSZ constructions of MacDowell-Mansouri gravity given in section 5
here and in [21, section 3.5.1] are different,* both capture precisely the same physics and it
would be interesting to understand how they are related. Since the respective approaches to
deforming the underlying AKSZ formalism differ, this connection is not immediately obvious,
but one possible approach would be to pass through an L.-span as in [25]. Importantly,
it should also be noted that by allowing a countable infinite tower of auxiliary fields, it is
possible to construct a genuine AKSZ formulation for any gauge theory, including gravity
as developed in [18-20].

Another approach for describing theories with degrees of freedom in an AKSZ-like
manner is given in [26], building on the equivariant BV framework of [27] and a generalized
AKSZ approach to abelian Yang-Mills theory developed in [28, chapter 5]. In [26] an AKSZ
construction of a BV Donaldson-Witten theory is given. By means of the equivariant BV
formalism and the associated BV push-forward, the BV Donaldson-Witten theory is shown

3Allowing degenerate symplectic form.

“Specifically, here we take 50(2,d — 1)[1] — s0(2,d — 1) as the gauge algebra, while in [21] the initial gauge
algebra is R*™ — so(d — 1,2)[1] — so(d — 1, 2)[2], which is then reduced to AdSat1 — so(d —1,2)[1] — so(d —
1,2)[1] (note, we have switched to our grading conventions for direct comparison). Correspondingly, here
we have unconstrained s0(2,d — 1)-valued 1- and 2-forms, while in [21] there are s0(2,d — 1)-valued 1- and
2-forms and an R !-valued 0-form, where the 2-form and O-form are constrained to effect the embedding
AdSg.1 — R4 and to ensure the connection is torsion free.



to be formally quasi-isomorphic to an effective Yang-Mills action, providing a consistent non-
local deformation of [28, chapter 5] satisfying the equivariant master equation. Consequently,
simple local operators in one theory can be mapped to non-local ones in the other.

Finally, one can construct non-topological theories in d dimensions as the boundary to a
(d + 1)-dimensional topological AKSZ ‘sandwich’ theory as shown in [23] using the notion
of a relative field theory [29]. It would be interesting to connect the Manin deformations
in d dimensions to the non-topological boundary conditions in [23], which are determined
by differential graded Lagrangian submanifolds of the AKSZ BV-manifold (as opposed to
the Manin deformations used here, which are determined by Lagrangian submanifolds of the
AKSZ target space). Establishing such a relation would potentially allow for the formulation
of dual AKSZ-Manin theories, obtained via dual topological conditions on the other boundary
of the sandwich theory.

Looking further ahead, these constructions also suggest holographic dualities in the
presence of backgorunds. For instance, Jackiw-Teitelboim gravity with a negative cosmological
constant is well known to admit an AdS,/CFT; holographic interpretation [30, 31] in terms
of the Sachdev-Ye-Kitaev model [31, 32] and the Schwartzian action (reviewed in [33]). It
will be interesting to see whether our constructions allow a holographical interpretation

even when a background is present.

Conventions. Our metric signature is always — + - - - 4, with €pz.. = =12~ = 1. Our
L-algebras are such that the ¢-ary bracket p; carries degree 2—1 and is totally antisymmetric.

2 Review of Manin theories

2.1 Chern-Simons Manin theories in three dimensions

Here we briefly review the Chern-Simons-type Manin theories introduced in [34]. They are
deformations of conventional Chern-Simons theories with gauge Lie algebra 0, where the
deformation is by a mass-like term controlled by the data of a Manin pair (9, g) [35]. Notable
examples of Manin theories include conventional Yang-Mills theory and Freedman-Townsend
theory [36]. In both cases the deformation renders the initially topological theory dynamical,
with massless propagating degrees of freedom; the superficially mass-like deformation is in
fact an algebraic quadratic term for auxiliary fields valued in a complement of g C 0.

Manin pairs and Hodge structures. A Manin pair (9,g) is a Lie algebra d equipped
with an invariant nondegenerate inner product (—, —) of split signature and a Lie subalgebra
g C 0 that is maximal isotropic, i.e. whose dimension is half that of 0 and such that (z,y) =0
whenever z,y € g.

A Hodge structure on a Manin pair is a linear map M : 0 — 0 of mass dimension 1
with im M C g C ker M such that

(My,z) =(y,Mz),  Mlz,y| = [z, My] (2.1)

for z € g and y,z € 0. An immediate consequence of these axioms is that (—, M—) is a
(degenerate) symmetric bilinear form which is g-invariant,

([x,y], Mz) + (y, M[z,z]) =0. (2.2)



Note that if the relation g C ker M holds strictly, g-invariance may not be exhaustive.

Chern-Simons Manin theories. Consider a conventional (three-dimensional) Chern-
Simons theory with gauge Lie algebra 0, whose action is then

Sos[A] :/%k<A,dA+§[AAA]>, (2.3)

where A is a ?d-valued Chern-Simons one-form.
The Chern-Simons Manin theories, as introduced in [34], are mass-like Manin pair (9, g)
deformations of Scg[A] given by

SMamin(A) — Goo[A] + / L(A,5MA) . (2.4)

Note that the mass-like term requires a Hodge star *, which is taken with respect to
a background (pseudo-)Riemannian metric §. Consequently, the mass-like term breaks
diffeomorphism symmetry down to the subgroup of isometries of §, and also breaks the gauge
symmetries down to g C 0 since ker(M) = g.

To unpack this construction further, let g be a linear subspace inside 0 such that
0 =g+g.° Then (—, —) identifies § = g*, and we may choose bases {t,} and {f*} for g and
d, respectively, such that (% t,) = 0. In this case the structure constants of the Manin
pair and the operator M are given by

(tasts] = fapCle, [1%1°) = FPud® + h%te, [ta, 1] = fPate — fac T, (2.5)

and®
Mt* =0,  Mi*= M, (2.6)

The d-valued gauge field A decomposes as A = A%, + A,t* and we have
S[A, A] = /k[la ANF" + Sk f0 Ay N Ay A A
+ kh™ A, N Ay N A+ AMOP A, N3 A, (2.7)
where we have defined the field strength F = F%, = dA + A A A whose components are
F® =dA® + % fre® AP A A€, Choosing appropriate (0,9) and M, ones recovers a variety of well-
known gauge theories [34], which in special cases are Einstein gravity with a diffeomorphism-
breaking background source [1].

Let us illustrate explicitly how the Hodge structure M dictates the gauge structure of
the theory. A gauge transformation of the action by a local 9-valued gauge parameter C gives

5cS[A] = / (A, AMScA) = / (A,%M(— dC + [C,A])). (2.8)

Assuming ker M = g C 0, implies MdC = 0 iff C is valued in ker M. Thus, we find that
the gauge algebra is a subalgebra of ker M = g. Imposing this is necessary for gauge

5We use + for the direct sum of vector spaces, preserving @ for the direct sum of Lie algebras.
5Note, Mi® = M®t, transforms in a (sub)representation of that carried by §.



invariance of the action. It is also sufficient; indeed, this follows from g-invariance (2.2)
of the bilinear form (—, M—):

/ (A, AMdC) =0 (C g-valued)
o 6cS[A]l=0. (2.9)
/ (A,AM[C,A) =0 ((—, M—) g-invariant)

When we take the relation g C ker M to hold strictly, we find that the gauge group may
in fact be larger. However, reading off the precise structure of this group would require
additional information to be given about the mass operator M.

2.2 AKSZ-Manin theories in arbitrary dimensions

Chern-Simons theory is a special instance of the AKSZ construction [7], which may be
employed in an arbitrary number of spacetime dimensions. This facilitates the natural
generalisation of the Chern-Simons Manin theories to any dimension as A KSZ-Manin theories,
the general theory of which is developed in [37].

The AKSZ construction yields solutions to the classical BV master equation directly
from the data of source and target, 3 and X, which are NQ- and symplectic NQ-manifolds,
respectively. The result is the classical BV action for a topological sigma model, where typically
Y is the grade-shifted tangent bundle over the world-volume or spacetime (depending on
context) and X is a (generalised) target space. The BV fields (including anti-fields, ghosts
and anti-field ghosts) are then given by maps from 3 to X. We shall not need the full
machinery here, as we are merely concerned with the classical actions obtained from the
AKSZ construction by setting all but the degree 1 fields (i.e. the physical fields, which may
be auxiliary, as opposed to the ghosts and antifields) to zero.

For our purposes, it is sufficient to regard the result as a theory of pairs of p- and
(d — p — 1)-form fields on a d-dimensional spacetime ¥. Since the physical p-form fields carry
total degree 1, they are valued in the (1 — p)-degree component V=P) of the (degree-wise
finite) graded vector space V = @, V(™) of an L.-algebra’

£=(V,ug), (2.10)

where pp: V x --- x V — V are the k-linear Lo-brackets. This Ly-algebra is the (higher)
gauge algebra of the theory.

Letting ¢ = d — p — 1, each p-form field valued in V1~?) must be paired with a g-form
field valued in V(1~9) = V(2=4+P) Thus, we require V1 ~9 = V(1=P)* {0 ensure the pairing
exists (which follows from the fact that £ carries a cyclic structure of degree d — 3).

Choosing a basis {t'?}, where i, = 1,2,...dim V(=) for each V1~P)_ the corresponding
p-form field may be written ¢,) = gbiptip. Let tla = ti,, where {t; } is the basis of y(1=p) =~
V(=9 guch 'that (t?p, tr) = 6ipjp. Then the g-form field ¢, paired with ¢(,) may be written
qb(q) = ¢iqth = ¢Zptip‘

"In the presence of scalar fields, this may generalised to an L..-algebroid since they may be valued in a
nontrivial manifold.



With these conventions, the (classical part of) AKSZ action can be written very schemat-
ically as

d—1

1 4 1 . . )

SAKSZ = /5 E ¢i, N dg'd—r=1 + E Elﬁm ipy iy Giy NP2 A A, (2.11)
p=0 prttprp=d

where /Li“z'pl---ipk are the structure constants of the Loo-brackets py (and we have assumed
pr = id).

To realise three-dimensional Chern-Simons theory with metric Lie algebra g as an AKSZ
theory, simply set d = 3 and let £ = g. In this case we only have one-forms A; and
p2(—,—) = [—,—], so we recover the Chern-Simons action.

In direct analogy with the Chern-Simons case, to construct an AKSZ-Manin theory
one needs an Ly-subalgebra £ and a map M: £ — £ with kernel containing £’ and image
contained in £’. Then we may deform the AKSZ action by a mass-like term

d—1
1 o
Shr = Sucsn + 3 [ 3 00, N300, (212)
p=0

For this deformation to be well-defined, these structures must obey certain constraints as
determined in [37], which reduce to those of a Manin pair and Hodge structure in d = 3.
Deriving the remaining gauge structure is directly analogous to the Chern-Simons case.
Similarly, one of gauge algebra im M = g = ker M, which is an admissible L,-subalgebra g.
In this case, much like the Chern-Simons case, adding a Manin deformation will break the
gauge algebra to the admissible Lo-subalgebra g. Full details may be found in [37].

All examples we shall consider here automatically satisfy the required conditions, as
evidenced by the consistency of the resulting gauge theories.

3 Two dimensions

We first consider theories in two dimensions, where the source X is taken to be a two-

dimensional (pseudo-)Riemannian spacetime manifold. Here u,v,... € {0,1} are world
indices, and a, b, ... € {0, 1} are zweibein indices, while 7, j,... € {0,1,2} are adjoint indices
of sl(2;R).

We take as the Ly,-algebra £ the graded Lie algebra
T[—1]"sl(2;R) = sl(2;R) x sl(2; R)*[—1], (3.1)
which only has degree 0 and 1 components® and commutators
[tirty] = it [t 7] = —p08, [E,8] =0, (3.2)

where {t;}2_, and {f'}2_ are some s[(2;R) and s[(2;R)* bases, respectively. Note that the
final commutator vanishes for degree reasons; also, in the gravitational interpretation given
in section 3.2, sl(2;R) = so(1,2) should be thought of as the (anti-)de Sitter algebra.

8Here we are using the degree-shift notation (V[i])¥) = V+*) 5o that in particular if V is ungraded then
V[i] only has degree —i.



On T[1]*sl(2;R), we have an invariant inner product of degree —1 given with respect
to the above basis by

(t;, 1) = &k, (3.3)

which is extended to a map QP(M, T[1]*sl(2;R)) x QI(M, T[1]*sl(2;R)) — QP(M) in the
obvious manner, for example

<Oéiti, ,ijj> = Oéi A Bi. (3.4)
The corresponding AKSZ theory is then nothing but the two-dimensional BF model,
SaszlA 6l = [ F A6 (3.5)

where ¢ is an s[(2;R)*-valued scalar field of mass dimension zero and F' = dA + 1[A A A],
where A = A't; is an sl(2;R)-valued connection of mass dimension one.
Let us now decompose A’ under

sl(2;R) 2 s0(1,1) + R + R (3.6)
3 = 19 +14 +1,4 '
into (A%, A%), where a = 0,1. Take for Hodge structure the projector
My : sl(2;R) x sl(2;R)*[—1] —  m*[—1] (3.7)

(£, ) = (Mt;, M#) = (%41, 0)

where m 2 R 4+ R is the orthogonal complement of so(1,1) C sl(2;R), u is a dimensionless
parameter and 7,, = diag(—1, 1) is the Minkowski metric.” Note, the kernel of M,y is actually
larger than 1dim T*[1]s[(2;R)), so this is a generalisation of the standard notion of a Manin
pair, as described in [38] for general non-linear sigma models.

Further introducing a background metric § on M and the corresponding Hodge duality

operator *, we can then form the Manin mass-like term!?

S(A% + it F Mg (A't; + ¢it')) = SunaA® A AL (3.8)
Adding to the action (3.5), this yields the corresponding AKSZ-Manin theory:
Shhe 14 9] = / Fi A ¢ + Lmap A® A5 AP. (3.9)

As we shall explain in the following, (3.9) admits both gauge theory and gravitational
interpretations. The former is a standard non-linear sigma model with AdSs target space,
while the latter is Jackiw-Teitelboim gravity with a diffeomorphism-breaking background
stress-energy tensor that couples to the dynamical metric.

9We leave the degree-shift in (3.7) implicit.

1°1f we were to have g = s0(1, 1) rather than s[(2; R), we could also have a topological Manin term as in
section 5, corresponding to a bare cosmological constant term Ae® A e®eqp in the gravitational interpretation.
With only the topological deformation, diffeomorphisms are preserved as in the four-dimensional case, section 5.



3.1 Gauge theory interpretation

The AKSZ-Manin action (3.9) has the form of a Freedman-Townsend model [36] in which
only some of the fields A are made auxiliary [39]. The fields ¢ act as Lagrange multipliers,
constraining F' = 0. This implies that A is pure gauge,

A =g ldg, (3.10)
for some scalar field g : M — SL(2;R) = Spin(1, 2;R). Substituting (3.10) back into the

action (3.9) yields

Stz lo) = / $1ab (Mg~ dg)® A (g~ dg)® (3.11)
where
II: s0(1,2) > m (3.12)

is the projector to the two-dimensional subspace m C so(1,2) orthogonal to so(1,1). We
conclude that the AKSZ-Manin theory, in this case, is the non-linear sigma model on M
with target SO(1,2)/0(1,1) = AdS,.

3.2 Gravitational interpretation

As is well-known, the BF theory (3.5) is perturbatively equivalent [40, 41] to Jackiw-
Teitelboim gravity [42, 43] (reviewed in [33, 44, 45]) under the correspondence

Aj, = (Mpief, feapy’) ¢ = (A0, @), (3.13)
where Mp; is an arbitrary mass scale and the Levi-Civita symbol is €g; = —e%! = —1. In

terms of these variables the AKSZ action (3.5) is the Jackiw-Teitelboim gravity action
Syrle,w, @] = /eab <%<I> R 4 %Mglq)e“ A eb) + Ao A (de® + w% A €b), (3.14)
where the two-dimensional Riemann tensor is cast as the two-form
R = dw® (3.15)

and the two-dimensional dimensionless gravitational constant has been absorbed into the
dilaton ®. The fields A are Lagrange multipliers that enforce the torsion-freeness of the
spin connection.

Now consider the AKSZ-Manin theory, given by (3.9). Under the correspondence

916~ )" = MpPTH, (3.16)
the action (3.9) becomes
/ €ab (%cb R + L M2 ®e® A eb) + g A (de” + w A€’) + LuTH eleq,, (3.17)

which amounts to adding a background stress-energy tensor for the string-frame metric (not
the Einstein-frame metric).



There are two immediate generalisations or variations of the above construction. First,
JT gravity belongs to the broader class of dilaton gravity theories in two dimensions, which
may be formulated as more general Poisson sigma models [46-48] (reviewed in [49, 50]), to
which we may similarly add mass-like Manin terms [37]. The analysis goes through essentially
unchanged, as briefly discussed in appendix A. Second, for all Poisson sigma models (including
JT gravity) we may consider other Hodge structures M and corresponding Manin mass-like
terms. In addition to the string-frame stress-energy tensor density, described above, we may
add a dilaton potential, or relax the torsion-free condition enforced by the Lagrange multiplier
A. We now give examples of this kind for the case of JT gravity.

3.3 Variant mass terms for Jackiw-Teitelboim gravity

Note that (3.7) is obviously not the unique choice of Hodge structure. Indeed, by consider
alternative Hodge structures M we can construct other gauge and gravity models all with
mother action,

SM 1A / Fi A ¢+ LAl + 6T 3M (At + o). (3.18)

An obvious example is given by

Mpem: sl(2;R) x sl(2; R)*[—1] — sl(2;R)*[—1] (3.19)
(tz‘,fj) — Mti = ,umjfj, '
where ¥ = diag(—1, 1, 1) is the s[(2; R) Killing form. This is closer in form to the original
Manin theories, since sl(2;R) x sl(2; R)*[—1] and sl(2; R)*[1] constitute a Manin pair in
the conventional sense.
This yields the AKSZ-Manin theory

SNEHIAL 6 = [ Fin o'+ LAt + 6 AMpen (ATt + 6i7)

) (3.20)

Again, A is pure gauge, but in this case the image on My is the full s[(2;R) and so we
obtain the SL(2;R) principal chiral model in the gauge theoretic interpretation.

Translating into the gravitational picture we pick up a coupling of the background
stress-energy density to the spin-connection:

SAI?%% le,w, @] = /eab <%<I> R + %Mglq)e“ A eb) + da A (de® 4+ w A e?)
+ 3Ty + My T Wi wapy. (3.21)

The larger kernel of M, yields a nonminimal coupling to the torsionful spin connection

wzb, resulting in a form of Einstein-Cartan gravity with background stress-tensor density.

Alternatively, we can take
Miwt: s1(2;R) x sl(2;R)*[—1] — sl(2; R)

. N. g (3.22)
(ti, ) = M = uniit;



which yields a two-dimensional third-way theory [51, 52],
SaislA, ¢ = /Fz A"+ 2 g Axp;. (3.23)

On the gravitational side, this introduces to the Jackiw-Teitelboim action (3.5) a mass-
like term for the would-be Lagrange multiplier A%,

/eab (3 OR™ + JMED A e + JT?) + 2 A (de” +w A eh) + 3TANY,  (3.24)
where, in addition to (3.13), we define the two-form
T = pvoly . (3.25)

This appears as a quadratic term in the dilaton potential together with a relaxation of
the torsion-free condition (to a Gaussian smearing thereof) that was formerly enforced by
the Lagrange multipliers \;.

4 Three dimensions

The well-known Chern-Simons descriptions of gravity in three dimensions have gauge groups
50(3;C) = sl(2; C) (for dS), s0(2,2) = sl(2; R)@®sl(2;R) (for AdS), and iso(1,2; R) = T*sl(2; R)
(for Poincaré). If one does not break three-dimensional Lorentz symmetry so(1,2), then the
Manin pairs are unique except for the last case, for which there are two possibilities:

(T*sl(2; R),sl(2; R)), (T*sl(2; R),sl(2;R)"). (4.1)
The structure constants are given by
e =0 M = l”]ab Jabe = €abe ]Eabc = Veabe (4'2)

with v € {—1,0,+1}, where now the indices a,b,c € {0,1,2} are the dreibein indices in
the adjoint of sl(2;R) = s0(1,2). (We freely raise and lower the dreibein indices using the
Minkowski metric 7%’ and so do not notationally distinguish between s[(2;R) and s[(2; R)*
indices.)

The first three cases have been treated in [1], so we just briefly summarise them here.
Making the identifications

e® = kMo A® W = —ebe 4, 4.3
Pl
vM32 -— . "
A 4k§1 . kQPI (g 1)“ ‘ det g’, (44)

the Chern-Simons Manin theory action (2.7) takes the gravitational form
Sle,w] = %Mpl / €abe (ea A RY — %Aea Ael A ec) + % /d3m T”nabege?. (4.5)

The first two terms are just 3d Einstein-Cartan gravity. The final terms follows from
the Manin mass-like deformation and corresponds to a background stress-energy density
minimally coupled to the dynamical metric.

,10,



Here we discuss the fourth case with Manin pair (T*sl(2;R),sl(2;R)*). Just as for
(T*sl(2;R), sl(2;R)), the cosmological constant is vanishing since v = 0.
Thus, under the correspondence

¢ = kMg A® W =~ A, S = k72py/|det (7 )", (4.6)

we again arrive at Poincaré Einstein-Hilbert gravity with a background density S*¥,
Sle,w] = %Mpl/eabcea A Rb — %/d‘gl’ S“”wabuwﬁb. (4.7)

However, we see the backgorund density has a nonminimal coupling to the spin connection.
Consequently, it is no longer torsion-free

de +w N e o whS,,dz”. (4.8)

Thus, this is a form of Einstein-Cartan theory with spin-coupling.

5 Four dimensions

Here we consider the ASKZ theory with four-dimensional (pseudo-)Riemannian source
manifold ¥ and graded Lie algebra

0 = T*[1]s0(2,3) = (s0(2,3)*[1] — s0(2,3)). (5.1)

In this section, 4,7,... € {—1,0,1,2,3} range over the defining vector representation V' = R*3
of the (anti-)de Sitter algebra so(2, 3), whose signature we take to be — — + 4+ +. The indices
a,b € {0,1,2,3} range over vierbein indices.

Let b, a;; be a homogeneous basis for (5.1), with the nontrivial brackets [a,a] and [a, b]
given by the adjoint and coadjoint s0(2,3)-representations, respectively; the Lie bracket
[b,b] vanishes. On 0, we have an invariant inner product of degree 1 given with respect
to the above basis by

k¢l
(2, by = 814, (5.2)
which extends to an inner product on QP(M,?) in the obvious manner, for example
<Ckijaij,Bklbkl> = /aij A /Bija (53)

where «, 3 are 2-forms.
The corresponding AKSZ action is then the BF action

Saksz|A, B] = /Bz'j AFY, (5.4)
where B, A are s0(2,3)*-, s0(2,3)-valued 2-, 1-forms of mass dimensions 2 and 1, respec-
tively, and

g | )
FY = dAY + §[A N AY (5.5)

is the s0(2,3)-valued field strength.
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To define a (degenerate!'!) Hodge structure, we pick a preferred timelike direction in
$0(2,3), breaking the symmetry from the AdS group to the Lorentz group so(1,3). We take
the 50(2, 3)-breaking vector to be §° ; for definiteness and let g = s0(1,3) C 0 denote the
corresponding preserved subalgebra.

Generically, choosing a g-equivariant Hodge structure

M:2—0 (5.6)

and a background metric § on X, we can add a masslike term to obtain the corresponding
ASKZ-Manin theory

1 .
SikszlA, B] = Saxsz[A, B] — 5 /((I),*M@, (5.7)

where we have introduced the inhomogenous ?-valued polyform superfield ® = Bijbij + A4 ajj;.
However, since B is a %d—form in this case, if we choose M such that im M C s0(2,3) C
ker M, then we also have a topological Manin deformation

o 1
Saked [A, B = Saxsz[A, B] — 3 /(<I>,M<I>>, .
5.8
1 .
= SAKSZ[Aa B] — §/BZ] A MU’lekl-

This will provide a direct connection to Einstein gravity with a cosmological constant.
In particular, let us define

M: 0 — s0(1,3)

- . . 5.9
(b™, ag) — Mb" = %a{l”klakl, (5:9)
where « is an arbitrary parameter.
In this case, the AKSZ-Manin theory with topological deformation is
| g
Si/ngozp[q)] = /Bz] ANFY — Zaf_lwleij A By;. (510)

This is precisely the BF' formulation of MacDowell-Mansouri gravity [14, 15] gravity given
in [11], where it is shown to be equivalent to Einstein-Hilbert gravity with negative cosmological
constant (up to a topological term given by the integrated Euler characteristic). Indeed, upon

rewriting the connection A% in terms of the vierbein e® and spin connection w?,
AT = e, (5.11)
A% = (5.12)

the field strength F% decomposes into the torsion tensor 7% and Riemann curvature tensor R,

Fle— 12, T = de® + w A €,

Fab — Rab - 'u2€a A €b7 Rab — dwab + Wt /\wcb, (513)

11 the sense that the dimension of g is less than half the dimension of 9, as in the non-linear sigma model
discussed in section 3.
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where 1 is mass-dimension-1 constant. Writing the action (5.10) in terms of ea,wab,Bij
we obtain

S%Kgozp[e,w, B] = /Q,uB_la AT+ Bay A (R™® — pi2e® A eb) — %eadeBab A Beg. (5.14)
Here, B_1, serves as a Lagrange multiplier killing the torsion, 7% = 0, which fixes w® to

be the spin-connection (assuming e® is invertible). Similarly, By, is auxiliary with algebraic
equation of motion

(R™ — p2e® A eb) — %eabchcd = 0. (5.15)

Upon integrate out the Lagrange multiplier B_1, and eliminating B, via (5.15) we obtain,
1

S%Kgozp le,w] = ~ 1 | €abed (R™ — 1i%e® A e®) A (R — pi2ef A el). (5.16)

Let us further define the gravitational constant G and cosmological constant A in terms
of a and p as

G:=au?, A= 3u%, (5.17)
so that
M top 1 a b cd A a b c d
Saksz l&;w(e)] = 50 | Cabeac” A€’ AR — reapeac” Ne" Net Ne
3
_ ﬂeabcdRab A RCd. (518)

The first two terms correspond to Einstein gravity with a negative cosmological constant A,
whereas the final term is topological and does not contribute to the equarions of motions.

We conclude that the purely topological four-dimensional AKSZ theory with gauge
algebra T*[1]s0(2,3) may be deformed with a Manin term to produce dynamical Einstein
gravity with cosmological constant. The Euclidean and (Euclidean/Lorentzian) dS cases
follow precisely the same logic. We expect the supergravity generalisation for Lorentzian
AdS to follow straightforwardly, but we leave this for future work.

The background dependent Manin deformation similarly yields

1
Siiksz[®] = /Bij ANFY — Zae_h]leij A *Byg. (5.19)

The action (5.10) is remains similar to the BF formulation of MacDowell-Mansouri gravity,
except that the B? term contains a Hodge star with respect to the background.

Much of the physics remains unchanged, however. Following precisely the same logic,
we arrive at

1
Skksz[®] = /Bab NF® — ZaeadeBab N *Beg. (5.20)

Eliminating B% from the above action, we find

1
Siksz[®] = o /Fab ARF®

1 1
=—— (Rab Ak Aed) — ZAe® Ae® A k(e A ed)> €abed (5.21)
2G 6
3

+ IGA R™ A %R pea,
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where we have defined
G = au > A =32 (5.22)

The first term is a would-be Palatini action for Einstein-Hilbert gravity, except that the Ricci

¢ a

o
metric g,,. The second term is a version of background stress-energy tensor, and the third

scalar’ is built involving both the dynamical metric g,, = €f.e,, as well as the background

curvature-squared term would be the first Pontrjagin class if the background and dynamical
metric were identified.
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A Manin Poisson sigma models

A Poisson manifold is a smooth manifold equipped with a (2,0)-tensor field II that defines
a Poisson bracket on its algebra of functions (see [53-55] for details). Consider the Poisson
manifold X = (R3,II) coordinatised by {¢°,y',%?} with

1
HOl — §V(y2) HOQ —_ yl H12 — _yO‘ (Al)

Then its (degree-shifted) cotangent bundle T[1]* X admits the structure of a Lie algebroid.
The corresponding AKSZ theory is the Poisson sigma model

S — /AACW + LT () A; A A, (A.2)
Using
Al = (Mpell, Seapwy) ¢i = (Aa, ®), (A.3)
the action takes the gravitational form
Sle,w, ®, ] = /eab (30 B+ JMEV(@)e” A e?) + Ao A (de” + ™ A eh), (A.4)

To the Poisson sigma model we can add the mass term

1 .
S / ilmszi A*Aj. (A.5)
This produces a propagating sigma model. Gravitationally, this corresponds to adding a
coupling
S5 / 2 (T g, + M2 T ) (A.6)
where
TH = /| det gl(5~ )" (A.7)

So this amounts to adding a background stress-energy tensor together with a nonstandard
coupling to the spin connection.
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