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ABSTRACT: We construct a class of topological field theories with Wess-Zumino term in
spacetime dimensions > 2 whose target space has a geometrical structure that suitably
generalizes Poisson or twisted Poisson manifolds. Assuming a field content comprising
a set of scalar fields accompanied by gauge fields of degree (1,p — 1,p) we determine a
generic Wess-Zumino topological field theory in p + 1 dimensions with background data
consisting of a Poisson 2-vector, a (p+1)-vector R and a (p+2)-form H satisfying a specific
geometrical condition that defines a H-twisted R-Poisson structure of order p+ 1. For this
class of theories we demonstrate how a target space covariant formulation can be found
by means of an auxiliary connection without torsion. Furthermore, we study admissible
deformations of the generic class in special spacetime dimensions and find that they exist
in dimensions 2, 3 and 4. The two-dimensional deformed field theory includes the twisted
Poisson sigma model, whereas in three dimensions we find a more general structure that
we call bi-twisted R-Poisson. This extends the twisted R-Poisson structure of order 3 by a
non-closed 3-form and gives rise to a topological field theory whose covariant formulation
requires a connection with torsion and includes a twisted Poisson sigma model in three
dimensions as a special case. The relation of the corresponding structures to differential
graded Q-manifolds based on the degree shifted cotangent bundle T*[p|T*[1] M is discussed,
as well as the obstruction to them being QP-manifolds due to the Wess-Zumino term.
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1 Introduction

Topological field theories play an instrumental role in a variety of physical problems in di-
verse spacetime dimensions. In two dimensions, the A/B-models define topological string
theory [1, 2]. In three dimensions, Chern-Simons theory is directly related to general rel-
ativity [3], among other applications. In four dimensions, topological Yang-Mills theory
is related to the QCD theta angle and to the physics of axions. In a different direction,
topological field theories can describe topological states in quantum matter, for example
different types of insulators and (super)conductors in dimensions 3 to 5 [4-6], and they
famously serve as effective field theories capturing the response of such systems to pertur-
bations [7].

The A-model can be alternatively viewed as the Poisson sigma model after suitable
gauge fixing. The Poisson sigma model is a two-dimensional topological field theory with
target space being a Poisson manifold [8, 9], originally introduced to account for gravity
in 141 dimensions as a gauge theory. From a more modern point of view, it is the first
instance in a tower of topological field theories of any dimension that can be described
within the general framework of the AKSZ construction [10, 11], which was developed
as a universal geometric framework of the Batalin-Vilkovisky (BV) quantization of gauge
theories. Interestingly, the next instance in this tower is a three-dimensional topological
field theory, the Courant sigma model, which is an essential generalization of Chern-Simons
theory [12-14] with an underlying structure of an exact Courant algebroid [15, 16].



Such topological field theories can be extended by Wess-Zumino terms [17]. Typically
these are topological terms supported on a spacetime of one dimension higher, whose
boundary is the spacetime where the theory is defined, subject to conditions that ensure
that the quantum theory is well-defined. When one introduces a Wess-Zumino term in the
Poisson sigma model the resulting theory (called the H-twisted Poisson sigma model) is
associated to a target space whose geometry departs from Poisson [18]. In other words
the 2-vector structure II of the target space does not satisfy [II,II] = 0 with respect
to the Schouten-Nijenhuis bracket of multivector fields, but instead the right hand side
is controlled by the closed 3-form H that corresponds to the Wess-Zumino term. Such
a structure is dubbed twisted Poisson in [19] and the corresponding manifold a twisted
Poisson manifold. It is interesting to note that for this model the AKSZ construction
cannot be applied directly, essentially because the 3-form obstructs the assignment of a
compatible QP structure on the (graded) target space, which is one of the starting points
of the method. The BV action of the H-twisted Poisson sigma model was found recently
by a direct, traditional BV method [20]. For the Courant sigma model, a Wess-Zumino
term corresponding to a closed 4-form was introduced in [21], albeit in a spirit rather
orthogonal to the two-dimensional, Poisson counterpart. The underlying structure of the
target space in that case was found to be that of a Courant algebroid twisted by a 4-form.
Moreover, a more general approach to topological field theories with Wess-Zumino term in
the framework of a generalization of the AKSZ construction was presented in [22].

Our goal in this paper is to construct and study topological field theories with Wess-
Zumino term and an underlying Poisson or twisted Poisson structure suitably embedded in
a more general structure that can include higher vector fields in a dimension-independent
fashion. Our motivation for this is twofold. First, we would like to answer the question:
given a Poisson or twisted Poisson manifold as a target space, which topological field theo-
ries in spacetime dimension > 2 exist such that their gauge symmetry is compatible with the
structure on the manifold? In other words we will be looking for topological field theories in
any spacetime dimension with gauge symmetries such that their classical action functional
is gauge invariant provided that the target space is equipped with some structure that
contains a Poisson or twisted Poisson 2-vector. We emphasize that once we depart from
the well-known case of two dimensions, the theories we construct may naturally contain
an additional higher multivector field of definite degree p + 1 and moreover they can be
equipped with a Wess-Zumino term corresponding to a (p+ 2)-form for (p+ 1)-dimensional
spacetimes. This directly leads to the second motivation, since in three dimensions such a
3-vector field, usually denoted as R, can appear in the Courant sigma model [12-14]. From
a physics standpoint, it has been argued to give rise to the so-called genuinely nongeometric
R-flux backgrounds in string theory, see [23-28] for this worldvolume perspective. Since
(type II) string theory contains higher differential forms apart from the NSNS 3-form H,
one can ask whether higher multivector fields aside the 3-vector R play a similar role. Here,
such (p + 1)-vector fields will be built in the theories we will consider.

We answer the above questions by considering a class of topological field theories in
any dimension > 2 with a field content comprising suitable spacetime scalar fields, 1-forms,
(p—1)-forms and p-forms. The background data that acquire a geometric interpretation in



the target space of fields are a 2-vector II, a (p + 1)-vector R and a closed (p + 2)-form H
that gives rise to the Wess-Zumino term. In the general case, we will show that this class of
topological field theories correspond to a target space geometry that is endowed with what
we call a twisted R-Poisson structure. Specifically, we define a twisted R-Poisson manifold
(M,II, R, H) of order p+ 1 such that along with dH = 0, II is a (genuine, not twisted)
Poisson structure and in addition the condition

1L, R] = (=1)P (&P 21, Hpra) | (1.1)

is satisfied. For vanishing H and p = 2 one obtains the models of [25-28], which we
here generalize both in presence of Wess-Zumino term and in higher dimensions. What is
more, the above models suffered from the presence of a non-tensorial quantity appearing
in the action functional. Here, inspired by the treatment of the twisted Poisson sigma
model in [20], we perform a detailed target space covariantization of the general class of
theories we consider, including the action functional, the field equations and the gauge
transformations, which requires the introduction of a connection without torsion on the
target. Thus, this class of topological field theories can be thought as a generalization of
the Poisson sigma model in higher dimensions.'

One can immediately notice that twisted Poisson structures are not a special case of
twisted R-Poisson structures for p = 1. Since twisted Poisson sigma models exist, the
question of how they fit in our approach and whether they generalize to higher dimensions
naturally arises. We answer this by exploring deformations of the general topological field
theories we constructed. It is shown that there exists only a small number of such defor-
mations with our choice of field content and moreover they only appear in special number
of dimensions, namely 2, 3 and 4. We perform a detailed analysis of the corresponding
“islands” of theories in these dimensions. In particular, in two dimensions the twisted Pois-
son sigma model is recovered, along with a cousin theory that involves two independent
2-vector fields on the target and corresponds to a twisted R-Poisson manifold of order 2.
In three dimensions, we find that apart from the already covered case of twisted R-Poisson
structure of order 3, which involves a Poisson 2-vector, there exists an extension to a theory
with a twisted Poisson 2-vector. This is twisted by a 3-form, which in this case is not the
Wess-Zumino term, since the latter is a 4-form. We call the corresponding structure a
bi-twisted R-Poisson one, since both II and R are twisted in a certain sense by different
degree differential forms. Specifically, the structure is (M,II, R, S, H), where S is a 3-form
such that dS = —H and

%[H,H]ZR+<H®H®H,S>. (1.2)
One can now immediately see that for H = 0 and R = 0, one obtains a twisted Poisson
structure in the ordinary sense, albeit in a three-dimensional topological field theory. Thus,
the three-dimensional case contains examples of theories with an underlying (i) twisted
Poisson or (ii) twisted R-Poisson, or (iii) bi-twisted R-Poisson structure on the target space.
In the last two cases, a central role is played by the Wess-Zumino term, thus realizing

We note that Nambu structures is a generalization of Poisson structures in a different sense, since here
we retain Poisson but generalize the topological field theory. Nambu sigma models were considered in [29].



and extending the approach of [21]. In addition, we discuss the target space covariant
formulation of these theories, in particular for the bi-twisted case where a connection with
torsion is necessary.

We accompany our analysis with discussions of the structures we uncover in terms of
graded geometry. Specifically, we describe (bi-)twisted R-Poisson manifolds as differential
graded supermanifolds, namely as @-manifolds, and determine the (co)homological vector
field that defines them. The graded target space turns out to be the degree shifted cotangent
bundle T*[p|T*[1]M for any p > 1. Being cotangent bundles, such target spaces naturally
carry a symplectic (P-)structure too. However, in presence of the (p + 2)-form H, the
two structures are not compatible and the graded manifold fails to be symplectic, i.e. a
QP-manifold, and it becomes one only when H vanishes. In the latter case, one may
employ the AKSZ construction to determine the BV action of the models. However, this
is not the case in general, for the same reason as for the twisted Poisson sigma model
in two dimensions [20]. We nod at the construction of the BV action in the conclusions
section, where we mention the challenges and the differences to the more tractable two-
dimensional case.

The rest of the paper is organized as follows. In section 2 we introduce the general
case of topological field theories with twisted R-Poisson structure. First, we start with a
brief recapitulation of the twisted Poisson sigma model in two dimensions in section 2.1,
highlighting the features that will be kept or lost in higher dimensions. Section 2.2 contains
the topological field theories induced by twisted R-Poisson structures in dimensions p+1 >
2 in a non manifestly target space covariant formulation that requires to restrict on a local
patch, along with their gauge symmetries and field equations. In section 3 we covariantize
the gauge transformations, field equations and the action functional of the theories by
means of a connection without torsion on the target space, thus providing a solid basis
of the models beyond local coordinate patches. Section 4 contains a discussion of the
target space as a (Q-manifold and its P-structure. In section 5 we discuss special cases
and examples. In particular, we first classify the possible deformations that are allowed
by the field content of the theories we study in special spacetime dimensions (section 5.1).
In section 5.2 we discuss examples in 2, 3 and 4 dimensions. In the two-dimensional case
we emphasize how the distinct structures of twisted Poisson and twisted R-Poisson come
together in our approach. In the three-dimensional case, we perform a more in-depth
analysis, since there are three distinct structures that can be realized, namely twisted R-
Poisson, twisted Poisson and bi-twisted R-Poisson. Since the latter is the most general one,
we present it in detail and find its target space covariant formulation and its @-structure.
In four dimensions, we mainly discuss the twisted R-Poisson case and briefly comment on
the single admissible deformation and its consequences. Finally, section 6 contains our
conclusions and outlook to further work.

2 TFTs with WZ term & twisted R-Poisson structure

2.1 The Wess-Zumino Poisson Sigma Model in 2D

We begin our analysis with the H-twisted Poisson Sigma Model (HPSM), which is a topo-
logical field theory with Wess-Zumino term in two dimensions and a target space equipped



with a twisted Poisson structure. Although none of the material regarding the HPSM is
new, in the discussion that follows we offer a perspective to the model which is close to the
spirit of the higher-dimensional topological field theories discussed in the rest of this paper.
Moreover, this discussion will help us introduce some notation and conventions useful for
the rest of the analysis.

The field content of the HPSM comprises a set of scalar fields X*, the components
of a map X : X9 — M from a two-dimensional spacetime s to a smooth manifold M,
the target space, and a set of spacetime 1-forms A € Q' (Xy, X*T*M) with values in the
pull-back bundle of the cotangent bundle of M by X. It will often prove useful to introduce
local coordinates, respectively local bases, for manifolds and vector bundles that will be
encountered, although in the end we will always present the basis-independent results. To
this end, we introduce local coordinates (¢%),a = 0,1 for ¥y and (z%),i = 1,...,dim M
for M. The spacetime scalars X’ = X%(c%) are simply the pull-backs of the latter by the
map X, i.e. X = X*(2%), as usual. Regarding the 1-forms, we introduce a local basis e’
of the pull-back bundle X*T*M given some basis ¢’ of 7*M, in which case we can write
A = A;®¢€'. Note that A; are spacetime 1-forms and therefore may be expanded in turn as
A; = Ajo(0)do®, although we will mostly be working already in a coordinate-independent
formalism with respect to spacetime.

With the above field content, one may write down a two-dimensional topological field
theory with classical action functional

SHpsM = (Ai AdXT + 1 (X*Hij)Ai A Aj) + X*H, (2.1)
P 2 X3
where d is the two-dimensional exterior derivative and X3 is an open membrane whose
boundary is Y. Clearly the background field X*II¥ = II¥(X) is antisymmetric and
therefore it geometrically corresponds to the pull-back by the map X of the components of
a 2-vector IT € A*(T'M). We avoid introducing different notation for the 2-vector and its
pull-back, and similarly for other structures to be encountered below, to avoid clutter; the
nature of each quantity of that sort should be clear from context and in any case we will
be mostly referring to pull-back objects unless otherwise stated. The second ingredient
is the Wess-Zumino term, supported on the membrane 3. This is the pull-back of a
closed 3-form H on M, hence dH = 0, and does not depend on the membrane as long as
H defines an integer cohomology class, in which case the above action makes sense as a
two-dimensional topological field theory and its path integral is not ambiguous [17].
The target space of the theory is a twisted Poisson manifold (M, II, H), namely M is
equipped with an antisymmetric 2-vector II and a 3-form H such that
1
2

where the bracket on the left hand side is the Schouten-Nijenhuis bracket of multivector

[TL, 1) = (@11, H), (2.2)

fields and the contractions among the three appearances of the 2-vector and the 3-form on
the right hand side are in the odd order of indices in local coordinates, here the first, third
and fifth index in ®3II. The angle brackets denote the canonical inner product between
sections of the tangent and cotangent bundles of M. The field theory given by (2.1) arises



as the one which is invariant under a gauge symmetry that corresponds to Ys-dependent
deformations along the leaves of the foliation of M generated by the above twisted Poisson
structure. In other words, including local transformations of the 1-forms, Sgpsm is a gauge
invariant functional under the following set of gauge transformations

6X' = T;, (2.3)
) 1 .
§A; = de; + T A + 3 R Hjy (dX! — T Ay ey (2.4)

where €; = ¢;(0®) is the ¥y-dependent scalar gauge parameter. We note that for H = 0
this results in the ordinary Poisson sigma model, where II is a Poisson structure and the
transformation of the 1-form A; is akin to ordinary nonlinear gauge theory.

Having introduced the HPSM we briefly discuss two further issues that will be im-
portant in later sections. First, note that the classical field equations stemming from the
action functional Sypgy as Euler-Lagrange equations are

F'i=dX'+T1YA4; =0, (2.5)
1. 1 .
Gii=dA; + 5 TR A; A\ Ay, + 5 Highd X7 A dx*=o. (2.6)

In physics terminology, we refer to F* and G; as the field strengths of X? and A; respectively.
It is then simple to confirm that due to the basic structural equation (2.2), both field
equations transform covariantly under gauge transformations. With the above definition
of the field strength F? of X*, which may be written in a basis-independent way as F =
dX +1II(-, A), it is obvious that Sppsym may be rewritten as

SHpPSM = / (Ai AFT— lnij(X)Ai A Aj) + | X*H. (2.7)
P 2 X3
Although this rewriting of the HPSM action in terms of the lowest degree field strength
looks like a triviality, a similar, non-trivial rewriting will turn out to be instrumental
in establishing target space covariance for topological field theories having an underlying
Poisson structure in general dimensions. For the case at hand, this rewriting is of course
not important and we state it here as a simple observation to be appreciated later on.
Second, one would like to have a theory in terms of basis-independent tensorial quan-
tities in target space. For the action itself, this is simple in the present case [20]. Indeed,
first recall that dX is a linear map from TpXs to Tx(pyM for every P € Y5 and therefore
the spacetime 2-form A A dX is well defined through

(ANAX)(v1,v2) = A(v1)(dX (v2)) — A(v2)(dX (v1)), (2.8)

for vector fields vy, vy in T%9 [30]. Then the inherently target space covariant form of the
HPSM action functional is [20]

SHPSM = <<A, dX) + % (ITo X)(A, A)) + X*H, (2.9)
PPN X3



where the angles denote the natural inner product of the pullback bundles associated to
TM and T*M, and the composition IT o X gives (Il o X)(A4, A) = (X*II¥)A4; A A;. As
discussed in [30], one can define the spacetime 2-form IIx(A A A) through

T (A A A)(v1,02) = (Lo X)(A(v1), A(va)) (2.10)

in which case (Ilo X)(A A A) = %HgAi N Aj. Hereby we follow the former notation.
We also note in advance that the simplicity of passing to the target space covariant form
of the action in the present case is lost in the more general topological field theories to
be discussed below and one should reside in the alternative expressions that correspond
to (2.7) in those cases, as explained in detail in the ensuing.

Besides the action, one should also address target space covariance for expressions like
the field equation (2.6) and the gauge transformation (2.4) of the 1-form. Here we simply
state the corresponding results from [20] without providing many details, since we will have
to address the same issues for the topological field theories constructed below where we
will be more thorough. To this end, Ikeda and Strobl [20] introduce a connection V on
T M, which has coefficients Ffj in a holonomic frame, that is Vo, = Ffjdxj ® O — recall
that («*) are local coordinates on M. In the twisted case, this is a connection with torsion,
the latter being controlled by the 3—forn£1 H | in particular I‘fj = Ff] — %HMHW with Ffj the
coefficients of an arbitrary connection V without torsion. Moreover, it naturally induces a
connection on 7*M and in the holonomic frame Vda® = —F;'-kda?j ® dz*. Then, denoting
by 6V the corresponding transformation with the auxiliary connection V, it turns out that
the gauge transformation of the X*T™M-valued 1-form A is

VA =De— (ToX)(A,e), (2.11)

where D is the exterior covariant derivative on differential forms induced by V and T
is the torsion of the T*M-covariant derivative T MV,e' := Vyy)¢/, with e, ¢’ € Q'(M).
This vector bundle torsion, not to be confused with the torsion of V that was mentioned
before, turns out to be independent of H and specifically it is the opposite of the covariant
derivative of the twisted Poisson 2-vector with respect to @, namely T = —VIL Thus,
note that H resides only in the first term of the right-hand side in (2.11). Finally, with
regard to the field equation for A, one should define a target space covariant field strength.
The connection introduced above serves this purpose too. Indeed, the general form of the
covariant field strength is found to be

G:DAf%@oXXAAy (2.12)

We will revisit these statements in a more general context in section 3. Note that the above
obviously continue to hold in case H = 0, namely for the (untwisted) PSM, in which case
IT is an ordinary Poisson 2-vector and V = V.

2.2 WZ-TFTs with twisted R-Poisson structure in any dimension

Our purpose now is to examine what is in a certain sense the analogue of the (H)PSM
in dimensions greater than 2. In other words, we are looking for topological field theories



defined on (p + 1)-dimensional spacetime X, 1, corresponding to sigma models associated
toa map X : ¥,11 — M from a p-brane to a target space with suitable structure that
includes a Poisson or twisted Poisson 2-vector. The (H)PSM in two dimensions is a special
model where p = 1, essentially p denoting the degree of the highest form in the field content
of the theory.?2 For the theories we study, we consider a Wess-Zumino term on a (p + 2)-
brane whose boundary is ¥,41. Naturally, this corresponds to a closed (p + 2)-form H,, o,
such that dH, 2 = 0. In the following we will simply denote this as H without a subscript,
its degree being obvious from the context. One of the main questions we address first is
which structural identity replaces the twisted Poisson one, namely (2.2), and consequently
what is the structure of the target space M.

Let us begin with the field content of the theories we are going to construct. First,
this includes the usual spacetime scalar fields corresponding to the components (X*) of the
sigma model map X : ¥,41 — M, being dim M in number. In addition we consider the
following three sets of spacetime differential forms:

o A€ QY(Z,41, X*T*M). These are 1-forms in spacetime X, that take values in the
pull-back of the cotangent bundle 7*M by X. Introducing local coordinates (0®), o =
0,...,p on X,41 and a basis ¢’ on X*T*M, we may write A = A;p(0) do® @ €.

o Y e P (2,11, X*TM). These are (p — 1)-forms in ¥, taking values in the pull-
back of the tangent bundle TM by X, thus Y = Yoil...apfl (0)do® A...ANdo“P 1 Re;,
where e; is the basis of X*T'M dual to €.

o Z € WP (X411, X*T*M). There are p-forms in ¥,,; with values in the pullback of
T*M, like A.

In the rest of this section we work directly in a coordinate-independent formalism for
spacetime, albeit in local bases for the target space and its (co)tangent bundles. Therefore,
initially we study the formulation of the theories in a local patch of M and leave the study
of the global structure for section 3. Thus the field content we consider is (X?, 4;,Y?, Z;)
of form degrees (0,1,p — 1, p) respectively.?

One may directly construct a general candidate topological field theory with the above
field content simply by combining the form degrees of the fields above and identifying the
admissible terms. These are terms that exist in any dimension of X; certainly it can happen
that for special number of dimensions there exist additional possibilities. We refer to these
extra admissible terms as deformations and classify them for the given field content in
section 5. In the general case (without additional deformations), the corresponding classical

2To avoid confusion, the class of Wess-Zumino twisted field theories we consider in this section will not
contain the HPSM as a special case per se, rather they are inspired by it. The HPSM will be included
through the special class of deformed models described in section 5. Nevertheless, although the p = 1 case
does not result in the HPSM, it yields a theory of two target space 2-vectors coupled in a specific way.
We discuss this example in section 5 and clarify there how the HPSM becomes a member of this class of
theories upon deformation.

3Certainly this brings to mind the coordinate structure of a class of Q(P) manifolds; indeed, we will
discuss this aspect in section 4.



action functional for p > 0 is
S+l — / (Zi AdX® — A; AAYT +TT9(X) Zi A Aj + % QI(X)Y* A A; A A
Zpt1

+ (pil)!R““"P“(X) Ay Ao+ A Aip+1> + - X*H. (2.13)
As before, d is the exterior derivative on ¥, and H is a closed (p + 2)-form on M. The
closedness of the (p+ 2)-form ensures that the variation of the Wess-Zumino term drops to
the boundary and hence it contributes to the field equations through the map X and not
through its extension that defines the higher-dimensional term in the action. Moreover, as
in the HPSM, there are additional conditions that ensure that the quantum theory of the
model is well-defined [31]. Existence of the extension to ¥, that defines the term requires
that the homology class [X(X,4+1)] € Hp+1(M) vanishes. Independence on the choice of
Y3 requires that H defines an integer cohomology class, specifically [H]/27 € HP*2(M,7Z).

In the action functional (2.13) we also encounter three X-dependent coefficients, one
for each of the possible terms that involve the differential forms of the field content. At
this stage we make the following assumptions. First, R+ evidently corresponds to
the pullback of the components of an antisymmetric (p 4 1)-vector R € T(AP™' T M) on
M. The Schouten-Nijenhuis bracket [R, R] is an antisymmetric (2p + 1)-vector on M.
Certainly, if dim M < 2p+1 then [R, R| = 0, a condition referred to as generalised Poisson
in [32]. However, for dimM > 2p + 1 we note that it is not a necessary condition for
what follows, since the Schouten-Nijenhuis bracket of R with itself will not appear in the
analysis and hence we may allow it to be an arbitrary (2p + 1)-vector. Furthermore, with
regard to S+ we assume that IT% are the components of a (untwisted) Poisson 2-vector
and therefore satisfy [II,II] = 0, a condition that can be eventually relaxed only in special
cases (including p = 1, as expected, but also p = 2.)

Finally, the remaining coefficients are taken to be QZ‘ = —0,I1¥, namely the structure
functions appearing already in the transformation of the gauge field A; of the HPSM in its
non-covariant formulation. One can immediately complain that with this choice we have
introduced a non-tensorial object in the action functional and that S®+) makes sense only
in a coordinate patch but not in general. However, we will prove in section 3 that this
is not the case and that when subtle points regarding target space covariance are taken
care of, this action makes sense and a manifestly covariant formulation for it follows. Note
that on the one hand these are precisely the same issues one encounters for the (H)PSM,
where as we already discussed the field equations and the transformation rules obtained
at face value in its original formulation are not manifestly covariant. On the other hand,
the situation in the present case is even more complicated, since non manifestly covariant
terms appear already at the level of the action. All these issues are resolved by introducing
an auxiliary connection in the target space as we will discuss extensively in section 3.

What remains unspecified is the Schouten-Nijenhuis bracket [II, R], which is an anti-
symmetric (p+2)-vector. Indeed, this is the main interesting aspect that the non manifestly
covariant formulation directly uncovers. Studying the gauge symmetries of the model, we
will see that the structural condition relating the three structures II, R and H is (1.1),



which we reproduce here:
[T, R] = (—1)P*3(@P 211, Hpyo), (2.14)

where for this crucial equation we reinstated the degree of H for clarity and the contractions
of the p+ 2 copies of II with the (p+ 2)-form on the right hand side are over the odd-order
factors of the even degree (2p + 4)-tensor ®P2I1. (If one wishes to get rid of the sign on
the right hand side, the opposite convention can be used, but we avoid this to be aligned
with the convention used already in the case of twisted Poisson structures.) To summarize
the structure of the target space, we employ the following definition.

Definition 1. A twisted R-Poisson manifold of order p + 1 is a quadruple (M,11, R, H)
consisting of a smooth manifold M equipped with a Poisson structure 11, an antisymmetric
multivector R of degree p+ 1 and a closed (p + 2)-form H such that eq. (2.14) holds.

We note that “twisted” in this definition refers to the bracket [II, R], whereas at this
stage the bracket [II,II] remains untwisted. Moreover, in case H = 0 one may refer to
the corresponding structure simply as R-Poisson structure of order p + 1. Thus in this
subsection we consider that the target space for the class of topological field theories given
by the action functional S®*1 is a twisted R-Poisson manifold of order p + 1. Note that
in the way we formulate this definition, a twisted Poisson manifold is not a twisted R-
Poisson manifold of order 2. One may unify these structures by considering a more general
definition, however this is not particularly useful for our purposes and therefore we refrain
from introducing terminology which is unnecessary for the present paper. Instead we will
see how the twisted Poisson structure can play a role in this context in section 5, where we
will present the necessary definition. From the point of view of the present discussion, the
structure we consider is closer to ordinary, untwisted Poisson manifolds since it reduces to
them when H = 0 = R. However, it still contains a flavour of twisted structures in the
sense of (2.14).

Returning to the action S®*+1 we are ready to discuss its gauge symmetries. For this
purpose, we introduce a ¥, 1-dependent gauge parameter for each differential form field
in the theory, specifically (e;, x*, ;) of form degrees (0,p — 2,p — 1) respectively. Consider
now the following set of gauge transformations, where for simplicity we have neglected the

wedge products between consecutive forms,*

§X' =Tl (2.15)
0A; = de; + (%ijAjEk , (2.16)
OV = (1Pl TV gy — 9T (3 Ag + Ve )
1 ijit..i
+WRJ 1"'p71Ai1 "'Aip—1€j7 (217)

“We note that these transformations are valid also for p = 1, with the understanding that Y is a host
of scalar fields too, and the parameter x* does not exist in that case. Moreover, in this special case one can
consider a more general form of these transformations.
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A . 1 .
0Z; = (—1)pd1l1¢ + al'H]k (Z]'Ek + 1[JJAk) — 610]'1'["51 (Y]Akel — 5 AkAlX]>
1

L g pinina, A
Z h (p+1)!

p!

ip€j — ijHijll_npoll“'lpek s (2.18)
where the 2 in the last term of the gauge transformation of the highest degree form Z; is
given by the formula

p+1 r—1 p
Qlilp — Z(_l)r H dxts H lemtAmt . (219)
r=1 s=1 t=r

For the reader’s convenience, let us expand this expression to make the structure of the
terms in the finite sum more transparent, showing the first two and last two of them:

Qb = (—1pHaxh dXP 4 (-1)PITTed X L dX AL, +

+Iem2 A X Ay, L Ay, - T TP A, A, (2:20)

.
This rather complicated structure of the last term in the gauge transformation of Z; is
tailored so that the action functional S®*1) is gauge invariant and it is the higher ana-
logue of the last term in the right hand side of (2.4) of the HPSM. Indeed, the following
proposition holds.

Proposition 1. The classical action functional SPTY given in (2.18) on a spacetime Yy q1
without boundary is invariant under the gauge transformations (2.15)—(2.18) if and only if
the target space M is a twisted R-Poisson manifold of order p+1 and Q1% is given as in
eq. (2.19).

The proof follows by direct calculations and by taking into account definition 1. For
orientation, let us describe some basic aspects of this calculation. In the gauge transformed
action 851 one directly identifies a variety of different potentially “dangerous” (i.e. non-
vanishing) terms, corresponding to possible ways to form a (p+1)-form with the given field
content such that each term contains a single gauge parameter €;, x* or ¢;, and a host of total
derivative terms which do not play a role in the classical action since we work on a spacetime
without boundary. Schematically, neglecting indices and denoting repeated fields as powers,
the combinations eZdX, ¥ AdX,eY AdX, YA%2dX, eAPd X, dA, eAdY, yAdA, eAP~1d A and
€Y dA cancel directly. In particular one finds

58P+ — / {ekZZ- AA; (3!H[’féalniﬂ) + R A A A A (;3!H[’“181Hji]>
Zpt1

1 1 . .
+ <ele NA; NA;+ ixl AA; AAj A Ak) (zal (3!H[Jmamnlkl)>

+epAp, N NAg HikaiRk1~~-kp+1

p+1

1.
7]:[@]61 a’Rkk2mkp+1 o
(p! ! (p+1)!

1 :
‘R 1 P 16’[,” P p+1>

1 .
7Rzk2...kp+1a‘1—[k1k _
Tl ' 2(p—1)
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+ (p+ 1);€kajij1...kpi (kal A NAXE = (_1)p+19k1mkp) AdX!
_1)P , ,
+ (1() - )1)!EkaJijl...kpile“'k" A H”"Am} ; (2:21)

where antisymmetrizations are taken with weight one and underlined indices do not par-
ticipate in them. We now immediately observe that the first two lines in (2.21) vanish if
and only if IT is a Poisson 2-vector, which is one of the assumptions in definition 1. Indeed,
recall that the Schouten-Nijenhuis bracket in a coordinate basis takes the form

[T, 11 = IO T17%0; A 9 A O - (2.22)

Focusing on the two last lines of (2.21), it is straightforward to see that with  given
as (2.19) there is a single term that does not cancel and it is of the form eAP*! namely it
is added in the remaining term appearing in the third and fourth lines. This is the term
that contains p+ 2 appearances of II contracted with each of the indices of the (p+ 2)-form
H. What remains is to recognize that these remaining terms imply the condition (2.14)
of Definition 1. To see this, recall the definition of the Schouten-Nijenhuis bracket which
renders the space of antisymmetric multivectors a Gerstenhaber algebra,

[U1...0p, Ut ... .Uy = Z(—l)iﬂ [V, Uj]U1 .o Vi1 Vi1 o UpUL e U Ujg - - U, (2.23)

i?j
where all v and u are vector fields, [v;,u;] denotes their ordinary Lie bracket of which
the Schouten-Nijenhuis bracket is an extension and the wedge product is implicit in this
formula. In a coordinate basis we expand the 2-vector and the (p + 1)-vector as II =

%H“ 0; NOj and R = (pil)!Rkl“'kP“akl A ... A Ok, , respectively, in which case applying

the above formula one finds

[II, R] = ; (<p + 2)H’“”8iR’“2~~’%+2

_
(p+2)

1 2 .
+ (p+ )2(17 + )Rklzkg...kpainkp+1k:p+2>akl . (2.24)

It is now a simple matter to see that the remaining terms cancel if and only if the condi-
tion (2.14) is satisfied, which concludes the proof of the proposition.

Remark 1. A corollary of Proposition 1 is that for p > 1 and in the special case when
the Wess-Zumino term and the (p + 1)-vector R vanish, the target space has the structure
of a Poisson manifold. The corresponding topological field theories can therefore be called
Poisson sigma models in dimensions > 3, generalizing the standard Poisson sigma model
in 2 dimensions.

We conclude the analysis in this section with the classical equations of motion for the
(p + 1)-dimensional topological field theory with action functional S®*1. Variation with
respect to each of the four fields yields

F'i=dX'+T19A; =0, (2.25)
1 .
G, = dA,; + 5aiﬂﬂ"balj ANAg =0, (2.26)
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1

Fii=dYi4 (—1)PIYZ; + O IV A; AYR — —RO-Ir A ALLNAj =0, (2.27)

p!
A 1 A
g, = (—1)p+1dZZ‘ + 811'[]’“ Zj NA — 5818]1'[’“1 YINALANA;
1 o
+m&-Rﬂ"4P+1Aﬁ FANIAN Ajp+1
1 ) )
+mHijl--~jp+ldX]1 A ANdXIPHE =0, (228)

Evidently, target space covariance is not manifest either in the field equations or in the
gauge transformations, much like the HPSM. One difference to the HPSM though is that
not even the action itself manifests target space covariance in the form presented so far,
since it involves an explicit partial derivative of the Poisson tensor. All these issues are
carefully treated in the coming section.

3 The target space covariant formulation

A firm geometric basis for the topological field theories introduced in section 2.2 requires
a target space covariant formulation. This means that we would like to determine the
basis independent expressions for the equations of motion, the gauge transformation rules
and the action functional itself. This is the purpose of the present section. We note that
spacetime covariance is already manifest.

In order to achieve the above goals, we introduce an auxiliary connection V on the
tangent bundle T'M. This is an arbitrary connection without torsion, the latter property
denoted by a ring over nabla to avoid confusion with the connection V with torsion in-
troduced for the HPSM. As before, the connection coefficients in a holonomic frame are
denoted as Ffj, namely V9; = f‘fjdmj ® Oy, where we recall that (z°) are local coordinates
on M. We also recall that the induced connection of the cotangent bundle T*M acts as
Vdzt = —f};jdxj ® dzF. Since V is torsionless, the corresponding connection coefficients
are symmetric, namely Ff] = Ffz

Let us now begin examining the covariant form of the field equations given in (2.25)—
(2.28). The first one is already covariant as it stands and it may be written in a basis
independent form as

F=dX +1I(A) =0, (3.1)

where the contraction in the second term is in the second slot as can be seen via (2.25).
In all following formulas, composition with the map X is understood for target space
quantities. As already mentioned in the two-dimensional case, dX is a linear map from
TpYip+1 to Tx(pyM for every point P € X, 11. Next, we examine the second classical field
equation (2.26) focusing on determining the target space covariant field strength of the
field A € QY(3,41, X*T*M). Using the fact that in local coordinates

Vil = §,I19 + 14,119 1 11 | (3.2)

after a little algebra we obtain

° 1. . o .
G; = DA, + 5vinﬂfAj NA —THA NFY, (3.3)
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where D is the exterior covariant derivative on forms, induced by the connection V.
Presently, f)Ai = dA; — ffjde A Ap. We observe that the last term on the right hand
side is proportional to the first field equation and therefore we are prompted to define
G? =G + FfjAk A FJ. Thus, the corresponding tensor in coordinate independent terms
is given as

GV =DA - %T(A, A), (3.4)
where we recall that T = —VII. Then the field equation is equivalent to GV =0.

The covariantization of the remaining two equations of motion is somewhat more de-
manding. We continue with the third equation (2.27), determining the target space covari-
ant field strength for the field Y € QP~1(X,1, X*TM). Using that DY = 4y’ +f§kde A
Y* we obtain the intermediate result

F'=DY' + Vi IIYA; AN Y 4 (—1)PIT9 (Z; + TL YR A A))

6

p!}#ﬁ---fmj1 A NAG, + (1P YR A FT (3.5)

We observe that the last term on the right hand side is once more proportional to F*. More-
over, due to the above result, we are prompted to make a field redefinition and introduce
the quantity )

ZY = Zi+TEYT A Ay (3.6)

In the same spirit as in the previous case, we now define (.7:6)1' = Fi+ (—1)p_11°“;'-kYk AFJ,
The final form of the covariant field strength for Y is therefore

FY—DY — T(A,Y) + (—1)P1i(2Y) — ;'R(A, LA, (3.7)
where the contractions are inferred from the corresponding local coordinate expression,
in particular for the expressions that this might appear ambiguous the rule is T(A,Y) =
A AYF @ ek and TN(ZY) =1V ZY @ e

Similar algebraic manipulations apply for the last equation of motion (2.28). How-
ever, one should pay special attention to its final term involving H and p + 1 appearances
of dX?. The strategy is to turn each one of them into F?, eventually leading to a term
proportional to the field equation F* = 0 and a term with p + 1 appearances of A; which
should be collected with the penultimate term in G;. Moreover, similarly to the previous
cases, the strictly lower-degree field strengths appear on the right hand side of the inter-
mediate result, which in this case means all three field strengths F,G and G, suggesting
the following definition

GY =G —TEAL NI+ TEYI NGy — My A F, (3.8)

where we have defined the following shorthand notation for the p-form M;; that multiplies

the field strength F:
0 A 1 .
— k k 7V
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with © given in (2.19). Then we find the following final result for the covariant tensor,

N . e o 1 /. R
G¥ = (~)"'DZY ~T(Z¥, A) + 5 (VT +2A16(,R)) (Y, A, A)
1 °

+— (VR+T)(4,...,4), 3.10
o (VR TIA. 4) (3.10)
where Alt denotes antisymmetrization over TM ® TM and p is the vector field of the
foliation generated by the Poisson structure II. Once again, the contraction rules are
inferred from the local coordinate result. In this expression, R is the Riemann curvature

tensor of the connection @, reading in components as
RE; =01 — o;Lf + T, — TTs

mj

(3.11)

in terms of the connection coefficients, as usual. Furthermore, the tensor 7 € I'(T*M ®
APTLTM) is given by
T = (PP, Hy ) . (3.12)

The corresponding field equation accompanying the previous ones is then Q6 = 0. This
completes the covariant formulation of all four equations of motion for the topological field
theories we consider.

Equipped with the above results, it is a simple matter to express the action func-
tional (2.13) in a basis independent form, getting rid of the disturbing explicit partial
derivative the appears in its fourth term. Certainly there are more than one ways to do
that, reflecting essentially the analogy with the HPSM, where we argued that the trivial
rewriting as (2.1) or alternatively (2.7) at the expense of a sign change in the second term
involving the 2-vector has an interesting counterpart for the higher-dimensional topological
field theories studied here. Considering this, the fully covariant formulation of the action
functional (2.13) may be expressed in the following two ways:

o o 1
S(P+1) — / < ZV,F . Y,Gv
S < s 't (p+1)!

:/ <<Z¢,dX>—<A,f¢>+1(¢H0X)(Y,A,A)
Xpt1 2

(Ro X)(A, ... ,A)) + [ xH (313)

Ypt2

R @A) [ XH. 1)

It is observed that the lower version contains explicitly the covariant derivative of the
Poisson tensor II and the field strength of the field Y. On the other hand, in the upper
version II is completely absorbed in the field strengths of X and A and its covariant
derivative does not appear. In any case, the two versions are equal.

Now that we have found the fully covariant form of the action and the field equations,
we turn to the gauge transformations. The one for the scalar fields X* does not require any
special treatment since it is given by 5@(X ) = 6X =TII(e), where we denoted the covariant
transformation rule by 56, which in the present case is identical to the one presented before.
This is no longer the case for the rest of the gauge transformations. Starting with (2.16),
some simple algebra leads to the intermediate result

0A; — f‘fjeij + f‘glﬂlkAij = f)EZ' + %Z’ijAjEk . (315)
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We observe that the right hand side involves only covariant quantities and therefore one
should interpret the left hand side appropriately as a covariant transformation rule SV A.
Recall now that A € QY(Z,41, X*T*M) and choose a basis ¢’ of X*T*M, in which case
one may write A = A; ® e’. The frame itself changes according to §Vei = —fj.kéX jek and
applying the Leibniz rule one finds

VA=A @e + A @8V = (VA + TITT* Ase) @ €t (3.16)

This indicates that the covariant gauge transformation for the components A; should be
promoted to 6V A; = 6A; — F,’fjekF 7. in which case one concludes that

sVA=De—T(A,e), (3.17)

this being the desired covariant result. An equivalent way of obtaining this already appears
in [20] in the context of the HPSM.

Next, we should find the covariant counterpart for the gauge transformation (2.18) of
the field Y € Qp_1(2p+1, X*TM). We follow the same strategy as in the previous case,
namely we first promote the exterior derivative d on the gauge parameter to the covariant
one D and express the partial derivative acting on the Poisson tensor in terms of the
covariant one with respect to the connection V. This leads to the intermediate result

5V —Thod AFF — T TTMY e = (—1)P 1Dy + TPY — VI (3 A Ay + Ve

1

oo

Rz’jkl...kpflAkl A... A Akp,ﬂfj , (318)

where we have redefined the (p — 1)-form gauge parameter 1; to ¢? = — Ffj(xj NAg+
Y7e;), in accord with the field redefinition from the field Z; to the new field Zy . Once more
we observe that the right hand side is a covariant expression and therefore it should be
interpreted as the covariant gauge transformation 5VY. This turns out to be the case when
we introduce a dual basis e; of X*T'M and write Y = Y’ ® e;. The dual basis transforms
as (Wei = lo“fjéX Jej, and therefore using the Leibniz rule one finds

VY =Y @ e+ Vi@iVe = (VY + TRV e) @ e (3.19)

This means that the gauge transformation §Y* for the components Y should be promoted
to 6VY? =Yt — f’;kxj A F* in which case the final form of the covariant gauge transfor-
mation for the full field Y is given as

VY = (=1)P"'Dy + IV + T[(x, A) + (Y, )] + R(e,A,...,A). (3.20)

(p—1)!
Finally, we should determine the covariant form of the fourth gauge transformation (2.18).
From the previous discussion, it should be clear that we are looking for the transformation
of the redefined field ZV € QP(X, 1, X*T*M) in terms of the redefined (p — 1)-form gauge
parameter 1V, since this is the one that appears in all target space covariant formulas
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until now. The strategy to find 5V ZV follows the same steps as previously, albeit with
significantly more complicated algebraic manipulations due. After a calculation, one ends
up with the following intermediate formula

67 +TIT*ZY e — ThxI A Gy — (—1)PPEFley, — (—1)PFI A N5

)

— (—1PDYY + VilFgY A Ay + ViIT*ZY ¢

—1)? /. . .
4 ( p') (ViRJllmlp 4 7;_][1...[12) All AL A Alpej

. o . 1
— (Vevinmk 4 o m Ry <Yl A Awmer = 5X A A Ak> . (3.21)

where we observe that the left hand side contains all lower-degree field strengths and
moreover we have defined a shorthand notation for the spacetime (p—1)-form that multiples
the field strength F:

Ny =Ty + (ajf;? + 1% ’,;’;) (XA A + Yen)

+

Gt em i, U (3:22)

with € being a (p — 1)-form given by the formula (note that this is different from € defined
in a similar way through (2.19))

p—1 T p—1
Q- mp—1 L Z(_Dr(p —7) H dXxms H HmtltAlt ) (3.23)
r=0 s=1 t=r+1

It is immediately observed that the above manipulation has led to a covariant expression
on the right hand side, which should be identified as §VZV. Since in the basis ¢’ of the
pull-back bundle X*T*M, we find that 6V2Z¥ = (6¥2Y — T%,6X7Z;) ® ¢’. This leads to
the improved covariant transformation rule

V7Y = 57Y —TExI A Gy — (—1)PTEFl e, — (~1)PFI A N (3.24)

1,

Finally, the resulting covariant gauge transformation for the field Z Vs

sVzZV = (=1)PDyY — T[(wY, A) + (2V, )] + (_pl!)p(m +T)(e, A, ..., A)

1

+ (VT +2A1t(,R) ) [(Y,A,e) S06A.A)|. (3.25)

Summarizing the discussion on the target space covariant form of the gauge transfor-
mation rules of the fields and of the corresponding field strengths that define the classical
equations of motion for the topological field theories given by the action functional S®+1)
we collect our results in table 1.
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Gauge transformation Vo

Field ® €
Field strength FV
1(e)
X C>® (%)
dX +1I(A)
De —T(A,€)
A QYT X*T*M)
DA - 1 T(A, A)

U ()P DX+ T(Y) + T(x, A) + (V0] + Ly R(e A, .., A)

DY — T(A,Y) + (-1)PII(ZV) — LR(4,..., A)

(—1rDuY — TwY, 4) + (29,0 + E

(VR+T)(e, A, ..., A)

u (VT + 24162, R) ) [(Y, 4, €) — 3(x, 4, 4)]
zv QP(S, X*T*M)

(—1)PHD2ZY —T(ZY, A) + L (@T + 2Alt(Lp7n%)) (Y, A, A)

+ o (VR T)(A, ..., A)

Table 1. Covariant gauge transformations and field strengths FV = (F é,Gﬁ,Fé,gﬁ) for the
collection of fields ® = (X, A,Y, Zﬁ) on ¥ = ¥,y;. We have defined T' = —VIL Composition of
all geometric background data with the basic map X : ¥,;1 — M is understood in all formulas,
for instance II(A) is (ITo X)(A) etc.

4 The Q-manifold picture

Having established the existence of topological field theories with twisted R-Poisson struc-
ture and their fully covariant formulation, we would now like to understand the structure
of the target space as a graded supermanifold, i.e. as a supermanifold endowed with an
additional Z-grading in its algebra of functions. A @-manifold — or differential graded (dg)
manifold — is a graded supermanifold equipped with a (co)homological vector field @ of
degree 1, (co)homological meaning that it squares to zero, namely Q% = 0. It is well-known
that algebroid structures find a realization in terms of (Q-manifolds. In the simplest case, a
Lie algebroid (E, [-,-]g,p : E — TM) over M, consisting of a vector bundle E = M, a Lie
algebra bracket on its sections and a smooth (anchor) map from F to the tangent bundle
which generates a homomorphism of bundles, may be completely characterised as follows.
Consider the parity-reversed vector bundle E[1], which may be described by means of local
coordinates ' and &% of degree zero (“bosonic”) and one (“fermionic”) respectively, the
index a being with respect to a basis ¢* of the dual vector bundle E*. Equip E[1] with the
following degree-1 vector field

QE - piL(m)gaaxi - %Cgc(x)fbgcafa ) (41)
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where 9, 1= 0/0z" and Oga := 9/0¢". Then, as first shown by Vaintrob [37], Q% = 0
results in the defining properties of a Lie algebroid provided we make the identifications
p(eq) = p(x)9,: for the anchor and [eq, ¢5] g = C%, ()¢, for the Lie bracket in a local basis
¢, of E. We note that in this graded picture, signs follow the degree of the respective
coordinates, specifically for any two coordinates of definite degree

&n = (—1)khlpe . (4.2)

This is also used below, where more degrees appear, other than just 0 and 1.

Recognizing that a twisted Poisson structure (M, 11, H) induces a Lie algebroid struc-
ture on the cotangent bundle T* M, one may use the above construction to show that the
associated Q-manifold is (T*[1]M, Qr+ps). The graded cotangent bundle is equipped with
coordinates ¢ and &; and the desired homological vector field is

. 1 . ,
Qrenr = 11V (2)£0,, — 5(a,-HJ’c + TTTR™ Hy ) €610, - (4.3)

The correspondence is that Qs is homological if and only if the 2-vector 11 satisfies the
defining condition (2.2) of a twisted Poisson structure [20]. We note in passing that a more
covariant version of (4.3) is

L 1. .
Qrenr = 1176(0,5 +T4,;60¢,) — ivinﬂkgjgka& , (4.4)

where the components of the 3-form H appear only in the supercovariant derivative of the
first term through the coefficients of the connection V.

A natural question then is what is the Q-manifold associated to the twisted R-Poisson
structure underlying the topological field theories discussed before? To answer this question,
we first should determine the corresponding graded manifold.” The strategy is to follow
the field content of the theory. Indeed, the HPSM contained the fields X* and A;, which
may be seen as pull-backs of the coordinates x* and &; of T*[1]M by means of two maps X
and A. The former map is simply the base sigma model map X : ¥9 — M. On the other
hand, one may now consider the spacetime itself as a graded manifold T'[1]X9, in which
case the second map is® A : T[1]¥%y — T*[1]M. Then we recognize that

X'=X*(") and A; = A*(&). (4.5)

In other words, as long as we know the field content of our theory, we can associate it
to a graded manifold accordingly. Let us now return to the general case, namely the one
with field content (X%, A;, Y Z;) of form degrees (0,1,p — 1,p) respectively. The above
discussion suggests that we should introduce four sets of coordinates with corresponding
degrees on the graded target space, which we denote as (z%,a;,y’, z;) to be aligned with
the notation of the fields in the theory. In which graded manifold can these coordinates

®In the rest of this section, the word manifold is taken to mean supermanifold.
SAs in the case of X, we take the liberty of denoting this map with the same symbol as the field
A€ QY (22, X*T*M), as long as no confusion arises.
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arise in a local patch? The rather obvious answer is that the graded target space should
be taken to be

M =T*[p|T*[1]M . (4.6)
Note that utilizing the isomorphism of the tangent and cotangent bundles on M one may
relate M to the graded manifold T*[p|T[1]M, which is more often encountered in the
literature. However, although for p = 2 the field content remains essentially the same, for
p > 2 one should note that while for M the “middle” fields A and Y, which are of different
degree, take values in T*M and T'M respectively, for T*[p|T[1]M the bundles where they
take values are exchanged. For this reason, the type of topological field theories we present
here truly require the above choice of M in order to be realised. This was also discussed
in a special four-dimensional case in [33]. The fields of the theory are now obtained as
pull-backs of the four types of graded coordinates according to

X'=X*"), Ai=A%a), Y'=Y*y") and Z;=Z"(z), (4.7)

where the maps X, A,Y and Z (once more, not to be confused with the corresponding
fields) are the components of a “big map”

®: TSy — M. (4.8)

This is the augmented sigma model map which may be used when one addresses the AKSZ
construction of the models considered here. For the purposes of the present section, we
proceed with the discussion of the Q)-structure on the graded manifold M. Based on the
above discussion, we propose the following:

Proposition 2. The pair (T*[p|T*[1]M, Q) with the degree-1 vector field given by
3 1. B , 1
Q= Hﬂajé?xi - §8Z»H3kajak8ai + ((—l)pﬂﬂzj - @H““aky] + HR”L"]pajl e ajp> O,i

Y
, —1)P , 1P
+ <3iH7kakzj _ e 9,0, M yd ayay + (1(7 n )1)'

2
where fikl'“kp+1 = ;RFr-Frr1 4 Hfii HleTHillmlp+1 is a @Q-manifold if and only if
(M,II, R, H) is a twisted R-Poisson manifold of order p+ 1.

;P .akpﬂ) 0z (4.9)

To prove the above assertion, it is enough to show that the conditions stemming from
Q? = 0 are the same as the conditions for a twisted R-Poisson structure of order p + 1,
namely that II is a Poisson 2-vector and along with the (p+1)-vector R and the (p+2)-form
H they satisfy the fundamental property (2.14). This can be shown by direct calculation
of the involved quantities and indeed one easily finds

Q*2'=0 < [I,I]=0. (4.10)

Moreover, Q?4; = %@(Hlj alHkm)ajakam, which is an identity as long as II is Poisson.
Crucially, having established that II is Poisson, we find by direct calculation that

QY =0 & [ILE = (-1 (e, Hyp) (4.11)

The remaining condition Q?Z; is then identically satisfied.
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We close this section with a brief discussion on the symplectic structure of the above
(Q-manifolds. Recall that a differential graded symplectic manifold of degree n, or QPn
manifold in short, is a Q manifold with a compatible symplectic (P) structure of degree n.
Compatibility is expressed through the condition

Low =10, (4.12)

where w is the symplectic form that defines the P structure on the graded supermanifold.
QP manifolds are instrumental in the AKSZ construction of topological field theories [11].
On the other hand, twists such as the ones discussed in the present paper obstruct Q) P-
ness, specifically the compatibility between the ) and P structures. Therefore, the AKSZ
construction is not directly applicable to such twisted topological field theories, which
explains why the BV-BRST action for the twisted Poisson sigma model in two dimensions
was only found recently [20], although the one of the ordinary PSM can be found in a
straightforward way using AKSZ. This is also the reason that we will not introduce a
Hamiltonian function ©, which in the compatible case controls the odd vector field Q
via @ = {0,-}, the bracket being the graded Poisson one defined through the graded
symplectic structure w. In that case, the odd vector field is homological if and only if the
Maurer-Cartan equation {©,0} = 0 holds.

In this paper, we are not going to discuss the BV action of the higher-dimensional
twisted field theories described here, since this requires a special treatment due to the
much higher complexity than the two-dimensional case. In any case, since the QP structure
is obstructed as a general rule for models with Wess-Zumino term, QP does not play an
equally fundamental role in that case. Nevertheless, it is worth discussing the Q) P structure
of the untwisted models, since this can be used to apply the AKSZ construction to them.
First, for the ordinary Poisson structure with homological vector field given in (4.3) with
H = 0, the canonical symplectic form is of degree 1 and reads in Darboux coordinates as

w=dz’ AdE;, (4.13)

where we use the typewriter font d for the differential on M, not to be confused with the
one on ¥ denoted as d. Since dw = 0, it is simple to see that (4.12) is satisfied (for H = 0.)
In addition, a Hamiltonian is the degree-2 homological function © = %Hij &i&; and indeed
one may easily find that {©, -} is equal to the odd vector field (4.3), or equivalently (4.4).
Similarly, consider the @ manifold of Proposition (2) with homological vector field given
by (4.9) and assume further that H,12 = 0. This brings us to the case of an untwisted
R-Poisson structure. The canonical symplectic form is now of degree p and it reads as

w = dz' Adz; +da; Ady’, (4.14)

in terms of the coordinates introduced above. Once more, dw = 0 and a straightforward
calculation establishes that the compatibility condition (4.12) is satisfied for H,yo = 0.
Therefore we conclude that the triple (T*[p|T*[1]M,w, Q) with P and @ structures given
by (4.14) and (4.9) respectively is a QP manifold of degree p if and only if (M,II, R) is a
(untwisted) R-Poisson manifold of order p + 1.
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In the general case, where H), 2 # 0, the compatibility condition is not satisfied. One
could address this issue in the context of twisted QP manifolds, introduced in [22]. Fur-
thermore, twisted Poisson structures may be also understood in the context of L., algebras
and homotopy Poisson structures, as in [35] and [36]. It would be interesting to adopt this
perspective also for the twisted R-Poisson structures studied here. As already mentioned,
such QP structures are mainly useful in finding the BV action of the associated topological
field theories and the situation becomes more complicated when a vanilla QP structure is
not available. A more direct route to determine the BV action is then necessary, which will
be applied in [38], and therefore we are not going to discuss twisted QP structures further.

5 Deformations, bi-twisted R-Poisson structures and examples

In previous sections, we assumed from the beginning that II is a Poisson 2-vector and
therefore that the target space is equipped with a twisted R-Poisson structure. We would
now like to ask whether there exist topological field theories other than the two-dimensional
HPSM where the target space is equipped with a twisted Poisson structure instead, in
presence of the multivector R and the Wess-Zumino term H. One might think that since
IT ceases to be a Poisson 2-vector its Schouten-Nijenhuis bracket with itself should be
controlled by the available (p + 2)-form H. Although this is what happens in the HPSM,
it is not a general feature and it is not what we study here.” Instead we determine possible
additional terms that can be included in the action functional S®*1 with the given field
content in special dimensions. This will reveal how the HPSM itself is obtained in our
approach but also that a three-dimensional topological field theory with twisted Poisson
structure exists too, with further accompanying structures that we identify.

5.1 Special cases and deformations

The approach we followed in defining the topological field theories given by S®+1) was very
general, nevertheless one can identify two shortcomings. The first is that as it stands, the
HPSM is not included in these theories. The second is that there may exist special cases
where with the given field content one can construct more general topological field theories
than the ones we presented. In this section we address both above issues and show how
they can be rectified.

Recall that the field content of the theories comprises differential forms (X, A,Y, Z)
on Yp41 of degrees (0,1,p — 1,p). Focusing on the last three, we have included in Sp+1)
three terms, which are of the form ZA, Y A? and APT!, where the superscripts in this
notation denote powers. These are the only three terms of degree p+ 1 that exist for every
p. However, for specific values of p this may not be the case. Let us determine which are
these specific values. First, one may ask which terms involving only one of the fields A,Y
or Z are admissible. Starting with the p-form Z, suppose we wish to write a term of type
Z4. Since this should be a (p 4+ 1)-form on spacetime, pg = p + 1 should hold. This means
that p = 1/(¢ — 1) and of course p € Z. The only possibility is evidently ¢ = 2, in which

"In fact, it appears impossible to construct such field theories other than the HPSM with the given field
content that we assume in this paper, although we will not provide a proof of this negative statement here.
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dim X4 Admissible deformations
2 THX,Y)Zi N Zj, f9(Y)A; N A;j
3 Fie(X)YIAYIANYR fUX)ZiAYT, fE(X)YTAYT A Ay
4 i (X)YPAYI

Table 2. Admissible deformations of the general action functional S®*1 for special values of p.
All deformations appear with a suitable function of the scalar fields of the theory, which we denote
collectively by f (each being a different function). We observe that special cases appear only in low
dimensions < 4.

case p = 1. Therefore, one may include a Z? term in the two-dimensional theory only. As
we will see below, this accounts precisely for the HPSM. Similarly, in order to have a Y?
term, the condition is p = (¢ — 1)/(¢+ 1) € Z for ¢ > 1. The only solutions are p = 3 for
q =2 and p = 2 for ¢ = 3, since any other ¢ does not result in an integer p. Since the A?
term is already accounted for in the general theory, this completes this part of the analysis.

Next, we ask whether further terms involving exactly two fields are admissible. Study-
ing the possibility of type Z9Y " it quickly becomes clear that there are two options: a term
ZY in three dimensions (p = 2) and a term Z2Y in two dimensions (p = 1). In the latter
case, Y is a scalar and essentially this is already considered above, therefore we discard it.
Moreover, terms of type Z9A" are not admissible, save for the generic one considered in
previous sections. The last option is Y?A", which yields two possibilities, namely a term
Y2A in three dimensions and a term Y742 in two dimensions. Once more, the latter can
be neglected, since it is already considered as long as the corresponding R¥ is a function
of both X and Y which are the scalar fields in the two dimensional version of the theory.
Finally, one can easily find that there is no admissible Z7Y" A® term for non-vanishing pow-
ers. All terms uncovered here may be thought of as deformations of the general model given
by St giving rise to special topological field theories that extend the general one in
specific dimensions. This is discussed in the ensuing. The above discussion is summarized
in table 2 for readability.

5.2 Examples and islands of (bi-)twisted R-Poisson TFTs

We are now in position to discuss examples of topological field theories of the kind intro-
duced in section 2 and also beyond these, in the sense of section 5.1. We focus on two,
three and four dimensions. Rather than simply reiterating the general case given by S®+1)
which exists in any dimension of ¥, we highlight the more general theories that include
the admissible deformations classified in table 2, which only exist in low dimensions. This
will allow us to define not only theories with twisted R-Poisson structure but also “islands”
of theories such as ones with bi-twisted R-Poisson one, as defined below.

Much like in section 2, we begin our analysis in local coordinates for simplicity; the
upgrade to a coordinate and bases-independent formulation will quickly follow. The set
up is essentially the same as before, in that we formally consider again the action (2.13),
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albeit with the difference that the function Qﬁcj is not taken to be the partial derivative of
the 2-vector components any longer.

5.2.1 Twisted R-Poisson 2D TFT and the HPSM

First we discuss the two-dimensional examples, including the admissible deformations.
For clarity, we work in terms of local coordinates in the target space; the corresponding
covariant expressions can be found by the method demonstrated in section 3. The full
action functional including the deformations with suitable background functions becomes

S = 50+ 5]

, o 1 .
= ., <ZZ ANdX" — A; AdY? —i—fi](X,Y) Z; /\Aj + if;](va)Az /\Aj

+%f§j(X,Y)ZZ- A Zj> + [, Ha(X,7). (5.1)
3

Note that for this case, since p = 1, the field content comprises two sets of scalar fields

X% and Y and two spacetime 1-forms A; and Z;. We have thus allowed dependence of

all background data on both scalar fields, including the 3-form Hj. We have modified the

notation with respect to previous sections in order to be able to discuss different limits in

a proper way, thus we introduced the background data fs,s =1,2,3.

First let us see how this model can be related to the HPSM of section 2.1. This is
achieved by choosing f1 = 0 = fs and f3 = X*II, II being an H-twisted Poisson 2-vector,
and with Wess-Zumino term depending only on X, namely being X*Hj3. Then one can
immediately see that

Sf) [X7 Y, A, Z] ’f1=f2=07f3=n - SHPSM[X7 Z] + Spr [Y7 A] ) (5'2)

namely we obtain the HPSM trivially coupled to an Abelian BF theory in two dimen-
sions. The gauge transformations are the usual ones of the corresponding theories. This is
then how the HPSM is included as a special case of the class of topological field theories
we consider.

Clearly, Sf) is more general and it includes a twisted R-Poisson structure of order
2, which as we have already discussed is distinct from a twisted Poisson structure. This
is obtained by the choice f3 = 0, f1(X,Y) = X*II with II being a Poisson bivector on
M (thus depending only of X) and f;j = —O lI9Y* + RY(X), where RY is a bivector
satisfying (2.14) for p = 1. The resulting theory is the one obtained from (2.13), respec-
tively (3.13) in covariant form, for p = 1 with the associated gauge transformation, field
equations and covariant formulation. Therefore,

Sf) [X,Y, A, Z] - S® (X,Y, A, Z]. (5.3)

| fs=0,fu=11, 57 =i —armiay

As a final simple example, we note that choosing f1 = 0, fo = Y*(II) and f3 = X*(II) with
H(X,Y) = X*H +Y*H, for two closed 3-forms H and H and two H— and H—twisted
Poisson bivectors II and II, one obtains the action for two (uncoupled) HPSMs, i.e.

SPIX,Y, A, Z]|f,—0 = Supsm|X, Z] — SupsulY; A] . (5.4)
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These belong to a class of models where the target space is essentially doubled. The
realization of the target space in terms of Q-manifolds is that of the double (degree-shifted)
cotangent bundle T*[1]T*[1]M. It is worth mentioning that doubled sigma models in
two dimensions have found applications in the context of string theory backgrounds with
manifest T-duality, see e.g. [34]. We will not explore this connection further in the present
paper though, since it deserves a separate analysis.

5.2.2 Bi-twisted R-Poisson 3D TFT and twisted Courant sigma models

Moving on to three dimensions and returning to the target space covariant formulation, we
consider examples of S®) as given in (3.13) for p = 2 and deformed by the corresponding
admissible terms from table 2. Thus we are led to the action functional

ﬁaz/‘QZ?Fy—wxﬁy+lRmﬂLm)+ X*H, + S (5.5)
s 3! S

Note that we have switched to the notation where the composition of all background data
with the base map X is implicit. Moreover, R is now a 3-vector on M and II is a 2-vector,
not necessarily Poisson. In the absence of Sgef this is simply S with its associated twisted
R-Poisson structure of order 3, in which case II is Poisson. A less general version of such
cases in three dimensions was considered in [25-28]. Specifically, in these references (i)
only a non covariant formulation was found and thus the theories were defined only in a
local patch, (ii) the Wess-Zumino term due to Hy was absent and (iii) due to the absence
of Hy, the R-Poisson structure was untwisted, namely [II, R] = 0. Presently, we go beyond
all above restrictions, and in addition to that we eventually allow II to be a twisted Poisson
bivector too. Hence, let us examine what happens when the deformation is included. First
of all, based on the discussion of section 5.1, the most general deformation action® is

y 1 1
%Q—AAMVYH@ﬂKK@+$ﬂKKm), (5.6)

where f € T(TM @ N>T*M) and S € T(A*T*M). That these deformations exist in three
dimensions should not come as a surprise. Indeed, the most general AKSZ topological field
theory in three dimensions is the Courant sigma model and (5.5) is of this type for Hy = 0.
This may be seen by realizing that the fields A and Y are both spacetime 1-forms for p = 2
and therefore they may be combined into 1-field A € Q' (X3, X*(TM @ T*M)). Then the
full action may be written in the form

. . 1~
sP = | (<ZV,dX+Y>—<A,fV>+3,T<A,A,A>)+ X*Hy,  (5.7)
23 . P
where we made use of the second expression in (3.13) and the tensor T is an element
of T(®3(TM @ T*M)). We note that this target space covariant formulation of the
Courant sigma model does not appear in the original publications [12-14], this being
another side result of our approach. What is more, we have introduced an additional

8To be precise, one may allow for an arbitrary function in front of the first term, however we consider
this to be the identity here.
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four-dimensional Wess-Zumino term in the theory. A similar term was considered in a
different context in [21].

Let us now examine this model in more detail. First, we note that for vanishing II, f, R
and H, one obtains directly the sigma model corresponding® to the standard Courant
algebroid with 3-form twist, namely to the quadruple (E,[-,|g, (-,*),po : B — T M) with
E being the extended vector bundle T"M &T™* M, the bracket on sections v&n, v'@n’, € T'(F)
with v,v" € I(TM) and n,n" € I'(T*M) being

[U ® n, v @ n/]E = [U7 Ul] ¥ (Ev"?/ - Lv’dn - vav/S) s (5'8)

the canonical non-degenerate inner product being

1
(w@n, o &) = 5 (e’ + ), (5.9)
and the anchor map p: TM @ T*M — T M given as
po=1d @ 0. (5.10)

This is certainly the simplest possibility, however it is not the only one and in particular
it is rather orthogonal to the spirit of the present paper. Here we are more interested in
examples where the assumptions of vanishing II, f, R and Hy are relaxed and we would like
to determine the underlying structure on the target space in terms of suitably (bi-)twisted
R-Poisson structures. In particular, we employ the following definition

Definition 2. A bi-twisted R-Poisson manifold is a quintuple (M,I1, R, S, H) consisting
of a smooth manifold M equipped with an antisymmetric bivector I, an antisymmetric
3-vector R, a 3-form S and a 4-form H such that

LI = R+ (I®I®ILS), (5.11)
dS = —H . (5.12)

N

By the second condition, H is not only closed but also exact.

We observe that for R = 0 = H, this definition reduces to the one of a S-twisted
Poisson manifold with a closed 3-form S. In general though, R and H are not zero and
therefore S is not closed. In fact, (5.11) may be viewed as a definition of R in terms of II
and S; when it is zero, the structure is twisted Poisson. Moreover, it is useful to note that
due to the fact that the Schouten-Nijenhuis bracket satisfies the Jacobi identity

([, 0], w] = [u, [o, w]] = (=1 DD o, u, w]] (5.13)
where |u| denotes the degree of the multivector field w, it trivially follows that

[H7 [H7 HH =0, (5.14)

9This correspondence is established in [14] and we will not revisit it here.
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for an arbitrary bivector II. In the standard twisted Poisson case, this has the immediate
consequence that
(I IeI,S) =0, (5.15)

which is in fact equivalent to the closure of the 3-form S. In the bi-twisted R-Poisson
case though, this ceases to be true. Instead the 3-form S is not closed and taking the
Schouten-Nijenhuis bracket of eq. (5.11) with II leads to the identity

1
LR = (o NeUeILH) + At (1o R,S), (5.16)

where Alt denotes antisymmetrization in the fourfold tensor product of T*M. This identity
is useful in establishing gauge invariance of the corresponding topological field theory that
we discuss below.

These structures are associated to non-standard twisted Courant algebroids, already
described in [15], namely choosing a more general anchor

p=(Nid) &I, (5.17)

with II an antisymmetric bivector. We introduced the real parameter A to account for two
separate cases obtained for A = 0 and A = 1. The former case essentially corresponds to
switching off the first term in the deformation action (5.6). We will mostly be interested in
the latter case though, since this can give rise to more general structures than the twisted
R-Poisson one that has already been covered in detail earlier. Therefore, we set A = 1 from
now on. Note that for non-standard Courant algebroids, the generalization of the bracket
was also already found in [15] (in its antisymmetrized form) to be

van v @ne = ([v,0]+ Ly — tyv) ® (0,0 + Lon' — tdn — Lyt S) (5.18)

where [n, 7] denotes a suitable bracket of 1-forms, typically the Koszul-Schouten bracket.
We now momentarily switch to the local coordinate formulation for clarity. Consider
the action functional

§® — / (zl- AAXT+TITA; +Y7) — A AdY?
33

1 » o 1 . .
-3 (aknlﬂ - H”HJmSlmk) YEAANA;j - inklsijlyl AYI A A
1 .. 1 . .
- gR”’“AZ- NAGN A+ S Y AYT A Y’“) + | X*Hy.  (5.19)
! ! Yy

Note that the background data depend precisely on the components of II, R, S and H.
Next we introduce the following set of gauge transformations (neglecting wedge products
between differential forms,)

STX = 0X"+ X', (5.20)
STA; = 0A; + i + SijpYIX" + TSy (Ve + x9 Ag) + TETTF™S, i Aje,  (5.21)

0FY" = 0¥ + I Sy (47 Ak + YV ) + TSy Y™ (5.22)
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. 1 ) 1 )
6% Z; = 8Zi| a0 + 0:(TTF ™I S ) (YJAkel - 2AkAlXJ) - §aisjk,wy’fxl

j 1 1 . .
— 0TV Sy (YkAle + 2Yle€j) + g Higa (W™ e + X4 (5.23)
where J(...) are the transformations of the undeformed theory given in (2.15)-(2.18) for
p = 2 and the quantity Qﬁl is given by

O = dXP AdX —dXP A (V4 TIMA,) + (YT A A (Y TTA,), (5.24)

essentially generalizing the QF that appeared in the undeformed case. A calculation along
the same lines as described in section 2.2 establishes the following statement, once one
takes into account Definition 2 and the identity (5.16).

(3)

Proposition 3. The classical action functional S\ given in (5.19) on a 3-dimensional
spacetime Y3 without boundary with Wess-Zumino term supported on a four-dimensional
manifold X4 such that 0¥y = X3 is invariant under the gauge transformations (5.20)-
(5.23) if and only if the target space M is a bi-twisted R-Poisson manifold and Q’jrl s given
as in eq. (5.24).

Remark 2. A special case is obtained if we set R=0 and Hy =0. Then S is a closed 3-
form and I1 is an S-twisted Poisson structure. This is then a 3-dimensional topological field
theory with twisted Poisson structure. It shares the same structure as the 2-dimensional
HPSM but on the other hand they differ in that there is now no Wess-Zumino term sup-
ported in a higher-dimensional bulk.

Remark 3. To avoid confusion, we note that absence of S does not imply that H = 0.
This is clear from the fact that we have already constructed SPTY where this is the case,
but it is somewhat obscured by definition 2, where the last equation seems to imply it. This
is however not true, since in the spirit of (5.17) we could think of the deformation action
accompanied by the real parameter X, which we set to one above, namely Sf’) =S )—i—/\Sdef.
Then A = 0 results in a twisted R-Poisson structure as in Proposition 1 for p = 2, whereas
A =1 results in a bi-twisted R-Poisson structure as in Proposition 3. This is how twisted
and bi-twisted R-Poisson structures and their associated topological field theories are unified
i a single picture.

5.2.3 The covariant form of the bi-twisted R-Poisson TFT and its Q-structure

To complete the discussion on the topological field theory induced by a bi-twisted R-Poisson
structure, we now discuss its target space covariant formulation. Unlike the undeformed
model, which corresponds to S = 0 and its covariance is attained by means of the connection
V without torsion, the case we discuss here requires a new connection to be covariantized.
In particular, similarly to the HPSM, we introduce a torsional connection V on T'M with
connection coefficients'” 1

=T+ 5rﬂ"sljk : (5.25)

ONote that in our conventions for the three-dimensional theory this connection differs by a sign in its
torsional part in comparison to the one used in [20] and mentioned in section 2.1.
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This connection acts in an obvious way on a coordinate basis of T'M and induces one
on T*M in a straightforward way. The same holds for the corresponding induced covari-
ant differential on forms, which we now denote by D. The coefficients Fé-k are no longer
symmetric in their lower indices and the antisymmetric part is precisely the torsion of V,

Oh, =T, —Th; =" S . (5.26)
In geometric terms, this expression may be written as
e =(IL,5), (5.27)

with © being as usual a vector-valued 2-form, namely a section of TM ® Q?(M).

Equipped with the above connection, we can directly covariantize all expressions of
section 5.2.2, namely the action functional, the field equations obtained from it and the
gauge transformations. The approach is the same as the one we followed in the general
case in section 3 and therefore we will be somewhat brief here, highlighting the differences
due to the torsion. We focus on the field equations of the action (5.19), denoting the
corresponding field strengths by a hat to avoid confusion with the undeformed theory.
They read as

Fi=F4+Y' =0, (5.28)
Gi=Gi— Zi— %HklﬂjmslmiAk A A+ TS ;Y7 A Ay — %Sijkw' AYF =0, (5.29)
Fl= F —TT™S), A AYF + %H”Sjklyj AYF =0, (5.30)
Q;:gr+%&ﬂPTﬁm&me”AAjAAk
—%@awsmwyﬁAymAAh+%@swyﬁAykAyﬂ (5.31)

where the unhatted ones are given in (2.25)—(2.28) for p = 2. The first equation is simple,
since it is already covariant, and it may be written as

F=F+Y. (5.32)

The second one contains no partial derivatives and therefore its covariantization is also
direct. Specifically, recalling the form of G; from eq. (3.3), it is just a matter of using the
new connection V. Using that DA; = dA4; — Fi?jde A AF and redefining the field Z to
Zy = Zi + YT N Ay, one finds

N 1o . . 1 _
G =DA; + §viHJkAj NAp—ZY —T5 A NI —TIF S Ay ANY™ — 5 Y AYR L (5.33)
Recalling the definition (5.27), that 7' = —VII (which does not change due to the torsion

of the connection V) and defining the covariant field strength C:’ZV =G; + F%Ak AF 7, the
final fully covariant result is

@V:DA—ZV—%TM¢D—®MJﬁ—%ﬂKYy (5.34)
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We emphasize that this (and the following) covariant expression is not unique, a typical
feature of torsional geometries. Indeed, torsion terms can be absorbed in the definition
of connection coefficients and in particular note that Fé-k of (5.25) and the alternative
connection with coefficients I‘;k — %H”Sljk differ precisely by the torsion.

Next we turn to the field strength of the field Y, and we again observe that there are
no additional partial derivatives in the field equation (5.30). A similar manipulation in this
case indicates the definition (FV)! = Fi — F;kYk AFJ_ in which case the covariant tensor is

FY = DY +11(2%) = T(A,Y) + LR(A,A) + O(¥,Y) ~2(ILO(Y, A)).  (5.39)

The covariantization of the final field strength is slightly more demanding due to the ap-
pearance of new terms with partial derivatives. It is a straightforward exercise to show that

1 ) :
3' (ViR TR A A Ay A A

(V S]kl + I{Z]M)}/J A Yk A yl— *(R

Gi = —DZY + (TF™ + W M ZY A A, + —

+ Vil — ™ Hyjpn ) Y7 AYF A A

T3 ik
4 <2V7;T(f” I (RE, + V,0k — 5@;3;@1 L okep - ;Hm’“Hmml) Lep Tkl)
X Ay N A AY T+ T A ANFI—TL YR NGy + Uy A FY (5.36)
where
Uj=-T5Z (a Tk — ;H“’“Hilnj>yl A Ag + éﬂilmjym AY?
- %Hijlmﬂlm + %Hiljmﬁm AY? (5.37)

is an auxiliary 2-form that we will not attempt to simplify since it does not play any further
role in the analysis. Here we have defined the curvature R of the connection V, which in
components and with respect to the curvature of the torsionless one V and the torsion ©
takes the form

k _ pk k
Rzpq Rzpq + V[ @ } + Gm[p zq] (538)
Moreover, T € T(T*M ® N> TM) is in the present case given in components by
TR = T T H (5.39)

Note also that the covariant derivative on R with respect to the connection with torsion
and similarly the one on © itself are given as

ViRM = v, RIF 4 §@Jf  RKIm (5.40)

Vi0k, = V;0F, + @ 1105, — 01,07 - (5.41)

The target space covariant field strength is then defined through g? =G, — FfjAk AFi 4+
szYk A @j —Ui; N FJ , which is now given only in terms of tensorial quantities and gives
rise to the field equation GV =0.
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Aside the field equations, a similar approach gives the covariant form of the gauge
transformations, which we do not record here. Finally, the classical action functional in
covariant form reads as

s — A 1@(3/, A),FY — (Y,GV) + lR(A, A A) + lS(Y, YY)
+ s 9 3! 3!

1 1
SOV, Y, A) ~ JATi(1,0)(Y, A, A)) + [ xH,. (5.42)
g
Certainly there are more than one ways to express this action functional in such a target
space covariant form by reshuffling torsion terms.
To conclude this example, we present the associated @-manifold. The homological
vector field in this case becomes

. 1 . . 1 .
Qe =Q—y'0u+ (Zi + iﬂjm@]fmak% — Oy ax + QSijk?/]yk> D,

o 1. .
+ (Hjm@fnkajyk - 28;kyjyk> Oy
1 ; 1 ; 1 ;
- (231‘(1_[%@?%)2/"%% + 0Oy g — yaisjklyjykyl> 0z, (5.43)
where @ is given as in (4.9) for p = 2. The correspondence now is that (T*[2]T*[1]M, Q+)

is a Q-manifold if and only if (M,II, R, S, H) is a bi-twisted R-Poisson manifold.

5.2.4 Twisted Tetravector-Poisson 4D TFT

As a final example, let us consider the four-dimensional case, which is obtained for p = 3.
Such examples were considered first in [39] from the point of view of QP structures of degree
3 and homotopy algebroids. Employing the AKSZ construction, the authors constructed
examples of four-dimensional topological field theories. In a similar spirit, yet another
example of this kind was found in [33] with an underlying Poisson structure and a 4-
vector R satisfying [II, R] = 0. Here we are interested in cases that go beyond both above
approaches, in that we do not have a vanilla QP structure due to the twist by a 5-form
H, and for the same reason [II, R] # 0. As a byproduct of the example presented below,
in absence of the 5-form we also find the covariant version of the model presented in [33],
which was only defined in a local coordinate patch.

The example is a simple application of what we have constructed in sections 2 and 3.
The target space graded manifold is 7%[3]7™*[2]M and the fields of the theory are the
scalars, X*T* M-valued 1-forms, X*T M-valued 2-forms and X*T*M-valued 3-forms. The
background fields are the Poisson structure 11, a tetravector R and a 5-form H, giving in
a local coordinate patch the action functional

. . - 1 -
S® = / <ZZ- AAXT = A A YT+ TY(X) Zi A Aj — 5 0,117 YEA A A A
4
1 .. 1 .
- ERW'“(X) A NAj A Ay A A,) + / 5Hij,m(X)dxwklm, (5.44)
! 35 O:

where dX¥Fm = dX? A dX7 AdX* AdXEAdX™. For H = 0 this is precisely the theory
considered in section 4.3 of [33]. From Proposition 1 we know that this theory is induced
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by a twisted R-Poisson structure of order 4, also for H # 0. This means that
I, R] = —(°11, H) (5.45)
or in local coordinates
5ITVE9, Rl 4 10 RV 9, T = 1" T T T1™ ™ TI™ H o o1y (5.46)

What is more, apart from the generalisation due to the inclusion of the Wess-Zumino
term, our analysis in section 3 has now produced the target space covariant form of the
action (5.44). Indeed, this is simply given by (3.13) or (3.14) for p = 3.

Finally, recall that four is the maximum dimension of ¥ such that a deformation
is admissible with the given field content. Presently there exists only a single possible
deformation term, which is

1 A ‘

s = / g (X)YIAYT (5.47)
%y 2

We denoted the background field by g;; since it is a symmetric tensor, reminiscent of a

metric. This is an interesting term in itself. For a Lie-algebra valued 2-form field strength

in four dimensions F' = (F'?), the index a being a Lie algebra one, there exists a theta term
0
- 32n2

This is the second Lorentz and gauge invariant quadratic term in four dimensions aside
the kinetic term and it is the backbone of topological Yang-Mills theory and also the QCD
CP-violating theta term. Omne should note that such a term also exists in the Abelian

Sy / Sap F@ N F?. (5.48)

theory, with certain physical applications such as in the effective field theory of topological
insulators [5] and topological superconductors [6]. The deformation (5.47) is of this nature,
at least if one thinks of Y as an exact (p—1)-form, and it corresponds to a generalised theta
term in presence of multiple fields, and therefore it is not surprising that it comes with a
symmetric background field (see also [40] for further explanations on this point.) However,
in the spirit of the present paper we would like to think of this term as accompanying the
theory given by the action functional (5.44), and also of Y as a gauge field rather than a
field strength. In such a case, one should determine the modified transformation rules and
the underlying structure that yields this functional gauge invariant. For H = 0, this is a
special case of [39] and one can quickly see that a necessary condition is

Mg =0. (5.49)

This does not change in presence of H. This condition is rather strong and it only allows
degenerate cases. Therefore we will not examine such deformed models in four dimen-
sions further.

6 Discussion and conclusions

We presented a large class of topological field theories with Wess-Zumino term, induced
by a twisted R-Poisson structure and extensions thereof. These models can be thought as
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generalizations of the two-dimensional Poisson and twisted Poisson sigma models in any
dimension. Indeed, a twisted R-Poisson structure includes a Poisson 2-vector accompanied
by a (p+ 1)-vector R and a closed (p + 2)-form that satisfy the structural condition (1.1).
The topological field theories we constructed are gauge theories whose gauge structure is
compatible with a target space being a twisted R-Poisson manifold. We determined the
action functional, gauge transformations and field equations of these theories in a local
patch and then we carefully extended them in a target space covariant formulation by
means of an auxiliary connection. In addition, we showed that the structure of the target
space as a differential graded manifold is 7% [p|T*[1]M and determined the corresponding
homological vector field and symplectic structure.

Studying possible deformations of the general case, we classified the admissible ones
which exist only in dimensions 2, 3 and 4 under the assumed field content. Subsequently, we
investigated islands of theories in these special dimensions that are induced by the deforma-
tions. Notably, we found a three-dimensional theory induced by a twisted Poisson structure
that extends the two-dimensional one. The three-dimensional models with twisted Pois-
son and twisted R-Poisson structure can be elegantly combined in a more general setting,
controlled by a bi-twisted R-Poisson structure that includes the other two as special cases.
The latter contains an additional non-closed 3-form S aside the 2- and 3-vectors and 4-
form of the R-Poisson case, and is defined through the structural condition (1.2), where
the 2-vector departs from being Poisson in a general way, its Schouten-Nijenhuis bracket
with itself receiving contributions from both the 3-vector R and the 3-form S. For this
case, we also presented the target space covariant formulation, this time using an auxiliary
connection with torsion, and the corresponding differential graded supermanifold picture.

One of the basic questions that arises regards the BV action of the topological field
theories we presented here. For the case that the Wess-Zumino term is absent this can be
done using the AKSZ construction. However, the situation is more complicated in presence
of the (p + 2)-form H. Already in the two-dimensional case of the twisted Poisson sigma
model, the authors of [20] demonstrated that a naive generalization of AKSZ does not yield
the correct BV action. The underlying reason is that the Q and P structures in the twisted
case are not compatible and therefore the target graded manifold is not QP. Instead they
followed a direct approach and they found the BV action constructively. This amounts to
defining the BRST operator and introducing a ghost for the single scalar gauge parameter
of the theory. Recognizing that the BRST operator on the 1-form field does not square
to zero but instead it is proportional to the field equation for it, necessitates the use of
antifields. A careful analysis then shows that the BV action contains three contributions
with 0, 1 and 2 antifields respectively. Notably, the contribution with 2 antifields turns
out very simple, consisting of a single term with the same coefficient as the one appearing
in the action of the square of the BRST operator on the 1-form. Yet, it is precisely due
to this term that the classical master equation for the model is satisfied, or alternatively,
that the classical master equation for the naive generalization of AKSZ is violated when
the twist in non-vanishing (see appendix B of [20]).

The above statements persist in the theories we constructed here too and therefore one
should follow the standard field antifield formalism to determine the BV action. However,
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the situation is significantly more complicated than the two-dimensional case. This comes
about because the gauge parameters are now higher degree differential forms. Consequently,
unlike the twisted Poisson sigma model, one must introduce a tower of ghosts for ghosts
both for the ghost from the (p — 2)-form gauge parameter x and for the one from the
(p — 1)-form gauge parameter 1. As usual, this is simply due to the fact that the gauge
parameters are not independent, since there exist classes of parameters for which the gauge
transformations vanish. In other words, the twisted Poisson sigma model is a theory with a
gauge algebra that closes only on-shell yet it is an irreducible theory, whereas the cases we
studied apart from having an open gauge algebra they also correspond to reducible theories
of many stages, as typical for theories that contain fields of form degree higher than 1 [41].
In relation to this, one can notice that the BRST operator does not square to zero not
only for a single field of the theory but for several of them (all of A,Y and Z) and what
is more the same holds for some of the ghosts and all ghosts for ghosts (unlike the twisted
Poisson sigma model where the action on the single ghost is zero and there are no ghosts
for ghosts). This by no means implies that in our case the situation is intractable, on the
contrary this direct approach is expected to work. However, because of the complexity and
subtle points we mentioned here, it requires a separate treatment and we plan to report on
this in a forthcoming publication [38].

Besides the BV action, it would be interesting to investigate the relation of the (bi-
Jtwisted R-Poisson topological field theories to constructions in terms of L., algebras, for
example within the higher gauge theory approach of [42]. Interestingly, a direct construc-
tion of membrane sigma models in terms of L, algebras was recently discussed in [43] and
also extended to curved Lo, algebras [44]. From a different point of view, it would also
be desirable to understand twisted R-Poisson structures in the context of Py, (homotopy
Poisson) structures described in [45] (see also [46] for recent applications of this idea).

Finally, one should keep in mind that in this paper we fixed the field content of the
theories from the beginning, essentially motivated by the structures we were aiming at
utilizing and the specific questions we posed in the introduction. Other field contents can
yield interesting and useful topological field theories too with target space graded super-
manifolds other than T*[p|T*[1]M. For instance one could consider cases with target space
being the differential graded symplectic manifold 7™ [p] (qu) [p — 1|T[1]M considered
in [47] in the context of Nambu structures and AKSZ constructions for p-branes. Note,
however, that [47] shows that Nambu structures cannot be twisted in the same sense as
Poisson, due to the additional algebraic condition satisfied by a Nambu structure aside the
differential one. Nevertheless, such approaches in general dimensions, including the one
we employed in this paper, can be useful in the study of branes. String and M theory
contain a variety of them, often with unconventional properties and geometry, for example
the so-called exotic states listed in the review [48], which can couple to potentials of high
vector degree, typically mixed with form degrees as well [49], generating corresponding
Wess-Zumino terms [50, 51]. Higher (yet ordinary) brane Wess-Zumino terms were also
studied from the differential graded symplectic manifold viewpoint in [52, 53].
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