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ABSTRACT: The G/G WZW model results from the WZW-model by a standard procedure
of gauging. G/G WZW models are members of Dirac sigma models, which also contain
twisted Poisson sigma models as other examples. We show how the general class of Dirac
sigma models can be obtained from a gauging procedure adapted to Lie algebroids in the
form of an equivariantly closed extension. The rigid gauge groups are generically infinite
dimensional and a standard gauging procedure would give a likewise infinite number of
1-form gauge fields; the proposed construction yields the requested finite number of them.
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1 Introduction and motivation

Gauging has always been an important technique in the construction of physical theories.
For a very simple example of this procedure, consider the action functional of two free
scalar fields @1, w2 € C°(X) over Minkowski space ¥: combining them into one complex
scalar field, ¢ = @1 + ip2, and adding a (rotation-invariant) potential of interactions V,
the functional takes the form

St6):= [ 0,007+ V(joP) a, (L.1)
>

where the bar denotes complex conjugation. Clearly S is invariant under internal (rigid)
rotations, which in terms of the complex field become phase transformations,

$x) = e o(x), (1.2)

and it is not gauge invariant under those symmetries, i.e. the functional is not invariant if «
is permitted to change together with z, & = a(x). One can fix this “deficiency” by introduc-
ing a gauge field A, (x), replacing any derivative by a covariant one, d, = D, = 9, —i4,,.
The functional, now depending on ¢ and A,,, becomes gauge invariant by adding the trans-
formation law A, — A, + J,a for A, to the (local) phase transformation of the form (1.2)
for ¢.

In a physically more realistic setting one would start with free fermions instead of
scalar fields, but the procedure is essentially the same. The obtained A, describes the
photon, while, by increasing the number of initial (fermionic) fields, one constructs the
Standard Model of elementary particle physics in this way, with the additional gauge fields
describing now also the W- and Z-bosons as well as the gluons.

This procedure, called minimal coupling, works even in the much more general context
given by sigma models. Let (X,h) be any (pseudo)Riemannian d-dimensional manifold
and replace the “internal space” R? above, in which the rigid rotations took place, by



any Riemannian manifold (M, g) where the metric g has a nontrivial isometry group G.
Infinitesimally, the condition on g reads

valid for the vector fields v = p(§) on M corresponding to arbitrary elements £ € g =
Lie(G), p denoting the action of g on M induced by the G-action. Consider the functional
of maps X: ¥ — M

b

3

where in the first term, which generalizes the first term of (1.1) to n = dim M scalar fields
taking values in the potentially curved space M, the star denotes the Hodge duality of
differential forms on ¥ induced by h. Instead of the potential term in (1.1), which we could
consider in principle as well, we put the pullback of a d-form B defined on M. G-invariance
of the potential is now replaced by G-invariance of B; in fact, this invariance needs to hold
up to a “total divergence” only: assuming the existence of a (d — 1)-form f for any v like
in (1.3) such that

L,B =dg, (1.5)

the action (1.4) becomes invariant under the rigid symmetry group G.

In the case = 0, the gauging of such a sigma model is again provided by minimal
coupling. The gauge fields to be introduced are collected into a Lie algebra valued 1-form
on Y corresponding to a connection in a trivial principal bundle ¥ x G, A = A%, €
Q1(X, g), e, denoting a basis of g. Again we merely need to replace dX everywhere by the
covariant derivative D4 X? = dX? — p (X) A%, where i = 1,...,n and p(e,) = p’,(X)0; for
a=1,...,dimg. While S[X] is invariant w.r.t. the group G, the extended functional of X
and A is invariant w.r.t. the much bigger group G of smooth maps from ¥ to G.! Since any
group of isometries (1.3) is finite dimensional, here necessaril y dim G < oo, while certainly
dim G = co. Below we will consider a context where already the rigid symmetry group G
is infinite dimensional (and still not to be confused with the gauge group G = C*° (X, G)).

The situation becomes more complicated when 8 # 0 or when one even generalizes the
second term in the sigma model to a Wess-Zumino term. Let ¥ be a (d + 1)-dimensional
manifold with boundary ¥, X: ¥ — M restricting to X on the boundary, H a closed
(d +1)-form on M, and replace [ X*B by

Swz = /XH (1.6)
>

1@ is called a rigid symmetry group and also coincides with the structure group of the bundle, G is the
gauge (or local) symmetry group.



Clearly, by Stokes’ theorem, this reduces to the original term if H = dB.? Using Cartan’s
magic formula, £, = di, + t,d, the condition (1.5) on B can be rewritten as

wH = da, (1.7)

for H = dB (here we have put a = 8 — ,B) and it is this condition one requires for a
general, also non-exact H. One sees at once that now minimal coupling would not provide a
satisfactory result: replacing dX* by D 4 X*, would contain a term with the 1-forms A® taken
to the (d+1)-fold wedge-power and even its variation would not localize to a term defined on
the boundary ¥. In fact, in general there exist no additions to the action functional (that
are local on X)) such that the sigma model with WZ-term becomes gauge invariant, in which
case one speaks of an “anomaly”. There is no anomaly, iff the given (d+1)-form H permits
an equivariantly closed extension [2, 3]. Alternatively, there is no anomaly, iff the couples
(v, @) in (1.7) used for gauging form a Dirac structure [4]. We will come back to this below.

An important example of this is provided by the WZW-model [1, 5]. This is a two-
dimensional sigma model or string theory, dim ¥ = 2, with the target space M being chosen
to be a semi-simple Lie group. The metric g, used for the kinetic term in (1.4), is the, e.g.,
left-invariant extension of the Killing-metric, the closed 3-form H is given by the Cartan-
Killing 3-form; in a faithful matrix representation of the group, and up to an irrelevant
prefactor which we fix by some convention, H = %tr(gfldg)/\?’. This model has a rigid
symmetry group that is given by two copies of the target group, corresponding to left- and
(independent) right-translations. Gauging this large rigid symmetry is obstructed, only
particular subgroups permit gauging, like choosing G equal to the target group itself (with
the adjoint action); gauging then yields the so-called G/G WZW model [6]:

SG/G[gaA] - Skin[gv A] +

—|—/t7"(A/\(g_1/\dg—dg/\g_l)—i—A/\gAg_l) + Swz (1.8)
5

where Sy, is found to be just the usual kinetic term with minimal coupling, Sy, =
%fz tr(g7'Dag A xg 1D ag) with A = 1 (the real auxiliary parameter \ is introduced for
later convenience). Using even smaller subgroups leads to G/H WZW models [7]. While
these coset G/H models still carry “physical” degrees of freedom and describe interesting
string theories, the G/G WZW model becomes topological [8].

There is another important topological field theory in two dimensions, the Poisson
sigma model (PSM) [9, 10], which was used by Kontsevich to find his famous quantization
formula [11] (cf. also [12]), but which also permits to concisely treat a large class of two-
dimensional gravity-Yang-Mills theories [13-15]. It was generalized to carry a WZ-term
in [16], in which case it takes the form

1 3
S[X,A]—/X:Az/\dxl—l-2HZ](X)AZ/\AJ+/X~:X*H, (19)

2For non-exact closed forms H, the functional is multi-valued as a functional of X. One may assume
the conditions to be satisfied such that its contribution to the path integral is unique (cf. the discussion
in [1]), but in any case the variation of Swz depends on X and its variation only.



where in addition to n = dim M scalar fields X* the action depends also on a likewise num-
ber of 1-form fields A4;. II = II¥9; A 0; is a bivector field on M. For H = 0, i.e. in the con-
ventional PSM, II is Poisson. The model (1.9), on the other hand, is topological, iff [16] the
couple (II, H) satisfies the twisted Poisson condition [II,II] = (H,II®3) (cf. also [17, 18]).

A joint generalization of the twisted Poisson sigma model (1.9) and the G/G-WZW
model is given by the so-called Dirac sigma model (DSM) [19]. In fact, like the G/G-
model (1.8), also the DSM carries a kinetic term (with minimal coupling to A). In both of
these two models there are various arguments [8, 19], moreover, that the physical content
of the theory does not change when dropping this term, i.e. taking the limit A — 0. For
the special case of a Dirac structure being a twisted Poisson structure, after this limit,
the action of the DSM reduces to (1.9), while for the Dirac structure corresponding to
the adjoint action on a group we are left likewisely with the last three terms in (1.8).3
The structural similarity of these terms is striking. But while in the first example the
A-contributions (which do not result from a simple procedure like minimal coupling) can
be obtained from a gauging procedure as outlined above, namely by an equivariantly closed
extension of the 3-form H, the much more general Dirac sigma model, or even its special
case of the twisted PSM (1.9), was never derived or explained like this.

It will turn out that the groups G coming into question for the gauging will all be infi-
nite dimensional.* Nevertheless, as we see from the answer like (1.9) we want to reproduce,
the number of gauge fields is finite. This is an interesting fact for several reasons: first,
the usual equivariant cohomology procedure yields precisely the same number of 1-form
gauge fields as the dimension of the group G. So, the generalized equivariant cohomology
procedure using an adequate BRST-type language that we will sketch below, is different
from the usual one and capable of producing interesting results. Second, and more im-
portant, in the models under consideration here, one deals with Lie groupoids/algebroids
as generalizations of Lie groups/algebras. These are, on the one hand, generically infinite
dimensional Lie groups/algebras, on the other hand, they are themselves finite dimensional
manifolds (cf., e.g., [20, 21] for an overview). But they are also much more flexible than
mere groups, which, in this context, appear as somewhat (too?) rigid: in the space of
all Dirac sigma models the G/G models appear as isolated points (such as linear Poisson
brackets in the world of arbitrary Poisson structures). So, developping formalisms which
permit such a type of symmetries for the construction of new theories is a promising di-
rection, all the more if the resulting theories do resemble the more traditional ones quite
closely (like in the comparison of (1.8) and (1.9) of our toy models). Certainly such a for-
malism will not be restricted to two spacetime dimensions, we do it here only in a first step
for the purpose of developping the new formalism. We remark in this context, that another
step into the direction of developping (also theories of potentially physical content and in

3For the general DSM, the resulting action takes the form (4.8) or (4.9); the notions needed to understand
the terms in that functional are explained in the course of the present paper or in the original article [19].
4Note in this context that for what follows we dropped the kinetic term and thus the metric g, which, if
required to be left invariant, would necessarily lead to a finite dimensional G. The reason for this is at least
two-fold here: first of all, for kinetic terms the simple recipe of minimal coupling always works. Second, as ar-
gued above, in the resulting theories the physics does not change, if the kinetic term is dropped (limit A — 0).
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Figure 1. Schematic picture of a Dirac structure Dy corresponding to a bivector II and one that
does not arise in this way (having some directions parallel to TM).

arbitrary dimensions of ¥) was made in [22-24]. We consider the present investigation as
complementary to the tools developped there.

2 Dirac structures/Lie algebroids and the group G to gauge

The goal we want to pursue now is gauging the WZ-term (1.6) for a given closed 3-form
H. For this purpose we need to first identify the group G of rigid symmetries that can
be gauged. We already found above, having a symmetry of H generated by a vector field
v € I'(T'M) should be read as the existence of a corresponding 1-form a € I'(T*M) such
that (1.7) holds true. Now the question of obstructions in the gauging arises.

Here we take recourse to [4]: it was found that, for a very large class of two-dimensional
sigma models, couples (v,a) € I'(T'M @ T*M) generate anomaly-free symmetries, iff they
fit into a so-called Dirac structure. A Dirac structure is a maximal collection of such cou-
ples, such that for any two of them, (v, ) and (w, ), one has: 1. a(w) + B(v) = 0 and 2.
The Courant-Dorfman bracket of the two,

[(v, ), (w, B)]p = ([, w], Lo = twda + twto H) (2.1)

gives another one in the set of permitted couples. We remark that taking the first condition
into account, the bracket becomes a Lie bracket. An important example [17] of a Dirac
structure is provided by (II, H) defining an H-twisted Poisson structure: in this case one
takes all couples (1411, ), parametrized by 1-forms o € Q!(M). In fact, given any tensor
field II € T(TM®?) one can define a subbundle Dyy C TM & T*M by means of the graph
of the map II*: T*M — TM, o — 1,11 = TI(cv, -). Tt turns out that Dy = {(IT*(), a),a €
T*M} is a Dirac structure, iff IT is H-twisted Poisson [17]. But not any Dirac structure D
arises in this way; there can be directions of D parallel to some directions of TM (e.g. for
H =0, D =TM is a Dirac structure). Figure 1 gives a schematic overview.



Now we are ready to define the biggest possible unobstructed rigid symmetry Lie alge-
bras g of a given closed 3-form H. To avoid anomalies we need to choose a Dirac structure
DCTM@T*M. Then

g={(v,a) e'(D)|t,H =da}. (2.2)

Several remarks are in place: the set of all elements (v, a) satisfying (1.7) forms an alge-
bra with respect to the bracket (2.1); this algebra is a Leibniz algebra, but not Lie due
to the missing antisymmetry of that bracket. Restricted to sections I'(D) of any Dirac
structure D, however, the bracket becomes a Lie bracket. While, on the other hand, the
Lie algebra I'(D) forms a C°°(M)-module, which implies that it arises from a subbundle
D of TM & T*M, the condition (1.7) does not: if (v, ) satisfies the condition (1.7), then,
for a general function f € C*°(M), (fv, fa) does not. Correspondingly, while any Dirac
structure D defines a particular Lie algebroid structure over M, the Lie algebra g does
not even have the interpretation of sections of any (sub)vector bundle. Note also that
generically the Lie algebra g will be infinite dimensional. Certainly we can still decide to
look for (also finite dimensional) subalgebras h C g to be gauged, e.g. by requiring that b
leaves invariant also some given metric g on M. We will not restrict us here like this for
what follows, but take any group G the Lie algebra of which is given by g.

Two final remarks: it is curious to note that the condition (1.7) reminds of the con-
dition for v to be a Hamiltonian vector field. In fact, if H is a non-degenerate closed
(d+ 1)-form, it can be viewed of as a higher analogue of a symplectic form and such vector
fields v are then called d-Hamiltonian [25]. Finally, one may ask, why the consideration
in [4] can be applied since it uses the cotangent bundle of loop space although the kinetic
term for the string coordinate X was dropped. In fact, whenever the gauging of a WZ-
term (1.6) will produce a term linear in the gauge field (like in (1.8) or also in (1.9)), the
spatial component of the gauge field A (possibly multiplied by an appropriate function of
X) will provide a momentum p conjugate to X.”

3 BRST-picture of standard and Lie algebroid equivariant cohomology

To gauge the Lie algebra g in (2.2) as a rigid symmetry of the WZ-term (1.6), we will
apply the generalization of the standard equivariant cohomology as developped in [26]. For
this purpose we first recall the standard one, defined by a finite dimensional Lie algebra
h (which may be the intersection of g with the isometry group of a metric g defined on
M, or just an arbitrary finite dimensional Lie algebra acting on M). We will present the
ordinary gauging such that the generalization to g will be straightforward (cf. also [27]).

Denote by p: h — X(M), e, — pl0; the action of h on M, where (ea);h:nib is a basis of
h and p. € C°°(M). Then there is a canonical BRST-charge associated to it [28]:

9 1
ozt 2

0
g’

Q = €"pq(2) Cheg’ee (3.1)

5For a more detailed and careful discussion of this point, one may refer to the last section of [19], where it
is argued in what sense one can always work with the same phase space, the kinetic term being present or not.



where 2’ are coordinates on M, £ are odd, degree one variables called “ghosts” in the
BRST language, and Cj, are the structure constants of the Lie algebra. Let E be the triv-
ial vector bundle M x h. Declaring fiber-linear coordinates on E to have degree one (and
thus to be odd), we can consider ' and &% as coordinates on this graded super-manifold
M that is usually denoted by E[1]. @ is a vector field of degree +1 on M that squares to
zero by the BRST property.

Given more generally any vector bundle E over M, we can introduce such coordinates
on E[1]. A degree +1 vector field then always takes the form (3.1), where now, however,
also Cj., can depend on z. Requiring @Q? = 0 then can be used as a possible definition of
the structure of a Lie algebroid [29].° Dirac structures are particular Lie algebroids (cf.,
e.g., [19]) and thus they also permit the formulation in terms of a homological @, of which
we will make use below in the generalization. Lie algebroids with C}. constant always come
from a Lie algebra action and are called action Lie algebroids.

For any Lie algebroid, the degree -1 vector fields ¢, ¢ form a Lie algebra with respect
to the derived bracket [30]:

le,€'lq = [[e. Ql, €], (3.2)

where the ordinary brackets denote graded commutators. In the case of (3.1) and the action
Lie algebroid, this reproduces the usual Lie bracket in h for the case of constant (w.r.t. the
natural flat connection on the trivial bundle) vector fields, ¢ = e“% with €* constant.
Note, however, that also in this case €* € C°°(M) is permitted and such sections form an
infinite dimensional Lie algebra (which for p = 0 would be just C*°(M) ® b, but in general
includes also a differentiation w.r.t. the base manifold due to the first term in (3.1)).

Suppose now that H is a closed 3-form satisfying (1.7) for any vector field v originating
from the h-action. So, for any v, := p(e,) we have an a, such that H(v,, -, ) = dag,. Note
that, even if they exist, these a, are not unique; they will have to be chosen in such a way
so as to satisfy some additional requirements. All this, including even the condition (1.7)
in fact, will follow from the procedure below.

Being a 3-form on M, H can be also regarded as a 3-form on the bundle E over M
(when pulled back by the projection, denoted by the same letter for simplicity), and thus
likewise as a 3-form on the graded manifold M, H € Q3(M). Let us define a total de-
gree deg by adding the form degree and the ghost degree. Since H does not contain any
&%variables, H has also total degree 3.

We noticed above that the h-action on M can be generated by (constant) degree -1
vector fields € on M = M x b[1]; we have in particular, (X7'(M), [-,-]g) = (b, [,]).
An bh-equivariantly closed extension H of H can now be defined as follows [26]: His a
differential form on M of total degree 3, deg H= 3, such that

Hlgooomage =H,  (d+Lg)H=0, LH=0, (3.3)

6 According to a more conventional definition, a Lie algebroid is a vector bundle E — M equipped
with a Lie bracket [-,]g on its sections 1, ¥' and a bundle map p: E — TM such that for any function
f € C®(M)onehas [, f']e = flb, V' e+ (p() - f)+'. The relation with Q is as follows: for any, possibly
overcomplete basis e, € T'(E) of sections in the bundle, one has [eq, es]5|. = Cf(z) and p(eq)|s = pk(x)0;
for all x € M. Alternatively one can identify the Lie bracket [-, |z with the bracket defined in (3.2) below.



where the last equation has to hold for all € € X°**(M). The first equation ensures that at
ghost number zero H starts with the given 3-form H (that is why it is called an extension),
the last equation translates into the fact that H depends on the ghosts only through their
differentials; since deg(d&®) = 2, there can be at most one of them, so H=H+agA d¢®
for some 1-forms a, on M. It remains to solve the second condition of (3.3) at each ghost
number. At ghost number 0 and 1 it is fulfilled by construction, saying that H is closed
and reproducing the condition (1.7) valid for each couple (vq, ), v4 = p0;, respectively,
i.e., in the second case, reducing to the rigid invariance condition of H w.r.t. the h-action
on M.”" The remaining two equations at ghost numbers 2 and 3 provide the constraints
that cannot always be fulfilled: £,,ap, = C% ac and vy, op + Ly, = 0. Note that the first of
these conditions would be the equivariance condition of a moment map if o, were a function
on a symplectic manifold; it thus can be interpreted as the corresponding higher analogue
for the case that (M, H) is 2-symplectic. This reproduces the standard formulas for an
equivariant extension, cf., e.g., [2], while it is formulated in such a way that a generalization
to arbitrary Lie (and also higher Lie or Lie-n) algebroids will be straightforward.

But before turning to this, we will briefly describe how to obtain the gauge invariant
functional from such a procedure, i.e. after having found H. The scalar fields X’ we started
with can be viewed as the pullback of coordinate functions z* on M by the map X: X — M,
X% = X*(2%). The original functional S depends on the map X only. To include also the
gauge fields, for each dimension of §j one 1-form gauge field on ¥, we may extend the above
map X to a degree-preserving map a: T[1]X — E[1] = M x p[1]. Since coordinates on
T[1]% are coordinates o* on X together with do#, and the latter coordinates are declared
to have degree 1 and thus being odd, functions on T'[1]3, i.e. of these two type of variables,
are nothing but differential forms on ¥. Thus the pullback of the degree 1 variable £ on
h[1] has to be a 1-form on ¥. We thus have the identification: X = a*(z?), A* = a*(£9).

H is a differential form on M = E[1] and can thus be viewed as a function on T[1]M
by the above consideration, now extended to the case of graded manifolds (instead of the
ordinary manifold X). So, if ¢® = (z%,£%) denote the graded coordinates on M, we need
to extend the map a further to a map f: T[1]X — T[1]JM by prescribing their action
by pullback on the dg®s. Noting that d¢g® = d(¢®) and that the de Rham differential is
a vector field on T[1]JM as well as on T[1]X (we denote it by the same letter d, under-
standing their difference from the context), the simplest way of fixing f* would be to say
that it commutes with d. Let us denote such a map by fo. Then (fp)*(¢%) = a*(¢%) and
(fo)*(dg*) = da*(q*); so, for example, (fo)*(d{*) = dA®. It is, however, useful to twist
this map by a diffeomorphism generated by g = Qa(q)ﬁ,

exp(e)(q®) = q% . exp(ug)(dg®) = dg™ + Q%(q) , (3.4)
i.e. shifting the image along the tangent direction by the value of the vector field Q:

F* = expliq) o (fo)* o expl(—1q) (3.5)

"We already adapted the notation so as to identify the 1-form part of H with the aq appearing in the

condition (1.7), which otherwise follows from the degree 1 equation (note that in condition (1.7) aq is
defined only up to closed contributions).



Then, by construction, f*: C®°(T[1JM) — C*°(T[1]X) is a chain map with respect to the
twisted de Rham differential exp(1g)odoexp(—tg) = d+Lg =: @ on M, ie. dof* = f*o@.
For the vector field @ of the action Lie algebroid (3.1), this map f has the remarkable
property of implementing minimal coupling and producing the curvature of the gauge field:

) ) ) ) 1
fH(da’) = dX' — pl(X)A® = Dy X', f*(d€?) = dA® + 5cgcAb NA°=Fa, (3.6

while it still produces the scalar and gauge fields when applied to the coordinates on M X
h1]: f*(2%) = X* and f*(£%) = A% The recipe® now goes as follows: let S[X] = Js X*B
be invariant under an h-action, or (1.6) its corresponding Wess-Zumino generalization, and
let H be an equivariant extension of H as defined above (in the first case, H = dB), then
the gauge invariant extension of this action” is a functional of a and takes the form

Sla] = S[X, A] = /if*(ﬁ) L os=x, (3.7)

where on the r.h.s. fis the map f for the extension of a to a: : T[l]f] — M. Note that H
has total degree 3 so that we obtain a 3-form on v by applying the degree preserving map
f* to it; except for the WZ-term, this 3-form turns out to be exact and thus the integral
over the additional terms indeed localizes to the boundary .

Now the stage is set for the Lie algebroid generalization of the equivariant cohomology.
Let H be a closed 3-form on M and g as defined in (2.2). Then H is called an equivariantly
closed extension of H in the Lie algebroid sense, or, for short, an E-equivariantly closed
extension of H where E is the Lie algebroid under consideration, if

Hlgo=H, QH=0, ¢H=0. (3.8)

Here the first equation denotes setting to zero all coordinates of strictly positive degree on
E[1] as well as their derivatives. Q = d 4 Lg is the twisted de Rham differential.

More intricate is the specification of the third equation. In any case, € has to form
a subalgebra of (X_1(T[1](E[1))), [-,-]@ = [, Q],-], which is Lie. One may demand in
addition that € = L, where ¢ € X_;(E[1]), which can be identified with the sections of the
Lie algebroid F. If E = M x b is an action Lie algebroid, we will require that one considers
the sub-Lie algebra of constant sections on E corresponding to elements of h; this then
reproduces standard equivariant cohomology. For the case of a Dirac structure, £ = D,
we will require it to satisfy the condition corresponding to the definition of g in (2.2), or
one of its Lie subalgebras. However, we will find it necessary or at least useful below, to
“lift” this picture, i.e. to permit vector fields € on T'[1]E[1] that do not come from E[1] in
the above way; in that case, they will correspond to an extension g of the Lie algebra g.

Note that applying the standard equivariant extension with h = g in general leads to a
different functional than applying the D-equivariant one for the same g; this is particularly
transparent when g is infinite dimensional so that the former procedure will introduce an
infinite number of gauge fields, while the one corresponding to the Dirac structure will

8For an explanation cf, e.g., [2] or [26].
9In the WZ-generalization one would need to add “variation” in front of “action”.



introduce a finite number of them only, at the price of them being of a Lie algebroid type
instead of a conventional gauge field. We will comment more on these two alternatives and
their relation in a separate paper [31].

4 The Dirac sigma model from gauging

As a warm-up we start with the Poisson sigma model, i.e. with (1.9) for H = 0 and II
being a Poisson bivector. We thus first determine the maximal Lie algebra g to gauge for
this special case. Since H = 0, the 1-forms « have to be closed, daw = 0. Moreover, v is
completely determined by «, v = II¥(c) (this becomes also clear from figure 1, where we see
that the Dirac structure Dy can be identified with T*M). Let us assume for a moment that
H'(M) = 0, i.e. that closed 1-forms are already exact, & = df. In this case the bracket (2.1)
reduces to simply [df,dg]p = d{f, g} where {-,-}11 is the Poisson bracket on M induced
by I, {f, g}u = tagtasll = (II(df)) (g). Thus, for H'(M) = 0 the Lie algebra g is isomor-
phic to the Poisson algebra on M modulo constants, (g, [, ]) = (C°°(M)/const, {-, }m).

In general, g can be identified with (Q},__.(M),[-,]p), which also fits into the following

closed
exact sequence of Lie algebras

0 (C (M) feonst, {+,-}1) S 0 = (Vea (M) [ 1) F M) =0, (4)
where H'(M) is viewed upon as an abelian Lie algebra. This is true since the bracket be-
tween two closed 1-forms « and § induced by the bracket (2.1) is even exact, d (II(«, 3)),
so vanishing when taking the cohomology class on the right.

Identifying Dy with T*M (cf. figure 1), we may easily recover its Q-description. The
graded manifold M = T*[1]M is symplectic, w = da® A dp;. It thus carries a canon-
ical Poisson bracket {-,-} (of ghost number -1, since gh(w) = +1). The bivector field
IT can be viewed as a Hamiltonian quadratic in the momenta, i.e. of ghost number 2,
II = 311%(z)p;p;. Thus its Hamiltonian vector field, @ = {IL,-} is a (ghost) degree +1
vector field. {II,II} = 0 is equivalent to the Poisson condition on II, so @ squares to
zero, Q*> = Q o Q = 0. Degree -1 vector fields € = ai(x)a%i are parametrized by 1-forms
a = a;(x)dz’ on M. And indeed, the derived bracket (3.2) can be identified with the Lie
algebroid bracket between the sections of T*M and agreeing with the Courant-Dorfman
bracket (2.1) restricted to sections of Dry. Thus the Lie algebra g can be also seen as degree
-1 vector fields e on M = T*[1]M parametrized by a € QL___,(M) and equipped with the
derived bracket [-,-]q.

Now we are ready to solve the gauging or extension problem (3.8) in this case, where
we choose € = L. with the degree -1 vector fields € as above. First, we observe that the
symplectic form w on M provides an obvious solution of this: it carries ghost number one,
so it solves the first of the three conditions (3.8). The second condition, (d + Lg)w = 0, is
satisfied since the symplectic form is closed and @ is Hamiltonian. It remains to check the
last equation, the vanishing of L.w = d(tw) = —d(a;dz’) = —da, which is the case due
to the condition on the 1-forms «a. It is interesting to note that here it is the last equation
that encodes the condition (1.7) (here in the degenerate case H = 0), in contrast to the
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standard equivariant cohomology, where it was found to show up in the second of these
equations. This is a feature that persists also for non-vanishing H.

Since we are extending H = 0, certainly also H = \w for any A € R gives a solution. In
fact, a direct, straightforward calculation shows that this is even the most general solution.
We thus apply (3.7) to this solution:

/if*(Aw) = /\/id <AZ- AdX" + %H”(X)Ai A Aj> : (4.2)
where we dropped a term proportional to IT¥ ; TI* A; A Aj N Ay, by means of the Jacobi
identity satisfied by II. Thus, up to an irrelevant constant prefactor, we indeed obtain the
PSM on the boundary . (Note that (fp)*(w) = dX*® A dA;, so again the twist by Q is
essential here.) For a generalization of (4.2) to arbitrary dimensions, where one obtains
the AKSZ-sigma models on the boundary of the respective f], cf. [26].

It may appear strange to apply the extension problem to H = 0. In that case all the
information is contained in the chosen Dirac structure, which corresponded to the choice
of a Poisson structure on M. To obtain from this a constant multiple of the Poisson sigma
model in this way, and nothing else, is, however, comforting. It may be compared with
applying standard equivariant cohomology to M being just a point, where one obtains the
cohomology of the chosen Lie algebra (and nothing else).!”

From the initial example we already learn that one will have to impose some kind of
non-zero condition on H to hope for a uniqueness; otherwise, there could be factors of
the above sort. But even requiring that H is non-vanishing when restricted to the twisted
symplectic leaves of II, the above procedure turns out to not uniquely fix the functional in
general, as the following example shows.

The couple (Il = Oy A 92 + 93 A Oy + 212295 A 93, H = —d (3(21)?dz? A da?)) defines
a twisted Poisson structure on M = R*. Since the bivector is non-degenerate, it is even
twisted symplectic; thus there is only one twisted symplectic leaf, which is all of R*, and the
3-form is non-zero almost everywhere (it is non-vanishing except for the 3-plane z! = 0),
ambiguities of the previous sort would thus be ruled out by a continuity argument. We next
determine the Lie algebra g (2.2) for this choice of a 3-form H and the given Dirac structure.
Since the latter one is again the graph of a bivector, the condition to be in the Dirac struc-
ture is taken care of by using 1-forms « on M to parametrize them. It remains to analyze
the condition (1.7), which now takes the form ¢,y H = da. The general solution of this
is still an infinite dimensional space, but in some sense much smaller than in the previous
example studied above: one finds a = g(z!, 2*)dz! +h(z!, 24)da* + (' 2%dr! +dz?), where
h is determined by g up to an additive function of z* by means of hi=—x19+ ga. Thus
while in the Poisson case studied before one obtained essentially all functions of the Pois-
son manifold parametrizing the Lie algebra, which would be functions of four variables for
M = R*, here the general solution is parametrized by one function g of only two variables,
one function of one variable (from the integration of h), and one constant c. The symmetry
algebra being relatively small in this case, the extension does not become unique anymore

10VWe are grateful to A. Alekseev for this remark.
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(and despite the fact that the given non-vanishing H would eliminate ambiguities of the
sort of the previous example). For example, in addition to the action (1.9) for the above
data, we can add terms of the form [ f(X YAy A As for an arbitrary function f, which
corresponds to a modified bivector IT — IT+ f(X!)d2 A 03. Remarkably, this change of the
bivector can be made undone by means of a diffeomorphism on M (leaving H invariant)
provided f is vanishing at ' = 0 (by an z'-dependent shift of 22, as one may easily check);
this is, however, no more the case for f(0) # 0. Thus, there exist examples, where the
above-mentioned extension has inequivalent solutions. It turns out that this type of ambi-
guity can be eliminated with an appropriate lift and extension of the symmetry algebra.

Having observed that the symmetry algebra g can be too small in some cases so as to
fix the equivariant extension, we search for an enlargement of it, while still staying inside
the context of E-equivariant cohomology with the conditions (3.8). Dropping the condi-
tion (1.7) for a moment, the symmetry algebra consists of sections of the Dirac structure
D CTM @ T*M, which, in particular, is a Lie algebroid.

Given any Lie algebroid E, its Lie algebra on I'(E) can be recovered from the Q-
derived bracket (3.2) by means of the degree -1 vector fields € on M = E[1] (which are
easily seen to correspond to the sections of E). This Lie algebra can be lifted faithfully
to M = T[1]M by means of the Lie derivative, using again the derived bracket con-
struction (3.2), but replacing €, ¢ by L., L+, and Q by @ = d+ Lg. We may now
search an extension of the form € = L. + ... for (3.8). For this we have the follow-
ing

Proposition. Let E = (E,p: E — TM,[-,-|g) be a Lie algebroid. The embedding L. of
its Lie algebra (I'(E),[-,-|g) into the degree -1 vector fields on T[1]E[1] (equipped with the
derived bracket) has a unique mazimal extension Gg, which is a semi-direct product:

s

0= T(ESTM),[]p = (G []) = T(E),[]g) =0, (4.3)

where the Lie algebra on T'(E®T*M) is induced by a pointwisely defined Lie algebra on E®
T*M = Hom(TM,E) > ~,v, [v,7], = —vopoy +~ opo~, and the action of e € T'(E) on
v =7"®e, € N(T*M)RT(E) = T(EQT*M) is given by ey := (Ly0)7") @ea+7*®]e, o] E-

Proof (Sketch). While the derived bracket satisfies a Jacobi-type of equation (its regular
left representation satisfies a Leibniz rule with respect to the bracket), it is not auto-
matically antisymmetric (cf., e.g., [30]); for this one needs that [Q, [¢,€]] vanishes for all
€,€ € Gg. Since this has to hold for all €,¢’ € I'(E) (with the usual identification), this
implies that the permitted € are of the form: € = £, + Oi’yf(m)%, where 6 = dz* and
® = d&® are the new “tangent” coordinates on T'[1](E[1]) of degree 1 and 2, respectively.
(Note that on a supermanifold E[1] for a Lie algebroid F there are no degree -2 vector fields
so [e, €] vanishes there for degree reasons; this is no more the case on T[1]E[1], where the

degree -2 vector fields are spanned by %.) The remainder is a straightforward calculation

using the derived bracket [[€, CNQ],?] and identifying ¢ with the components of a section 7
in T*M ® E for a basis dz’ @ e,. O
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We now specialize this algebra to a Dirac structure, £ = D, using also its particularities
as compared to general Lie algebroids. For the gauging of a closed 3-form H, the algebra
Gp is still too big. First, we certainly need to impose the constraint (1.7) on e of rigid
invariance of H. But now, in addition to ¢ € T'(D), also v € T(D®T*M) acts on H and we
need to restrict it as well. In the present context we always considered Dirac structures in
split exact Courant algebroids (cf, e.g., [19] for an explanation of this terminology), i.e. in
addition to the projection p: D — T'M, we also have a projection 7: D — T*M (horizontal
projection in figure 1). For any Dirac structure D we can thus define in a canonical way

Y= (r®id) oy € Hom(TM,T*M) = T(T*M ® T*M). (4.4)

Denote by 74 = %%-jdxi A da’ its antisymmetric or 2-form part. A restriction on v that
defines a Lie subalgebra and that turns out to fulfill its purpose is given by the following:

E = {(U,Oz,")/) € gD‘LvH = doﬁ;?A = O} . (45)

Before pronouncing the main result of the present paper, we specialize the above Lie
algebra to the case of D = Dy of a twisted Poisson structure (I, H). In that case the
map 7: D — T*M is an isomorphism, which we have used already to identify D with
T*M in fact, and the anchor map p corresponds to simply II*: T*M — TM (cf. also fig-
ure 1). The projection 7 being an isomorphism permits to identify ~ with 7 in this case,
v e I(T*M @ T*M). Then the restriction on vy in (4.4) just requires it to be a symmetric
tensor, v € T(T*M®@T*M) =: T'(S?T*M). Any antisymmetric matrix IT induces a Lie
bracket on the symmetric matrices A, B, by means of [A, Bl := —(AIIB — BIT A). It is
this Lie algebra that extends the previously found Lie algebra g of (2.2) in the form of a
semidirect product, with the action of g on the symmetric tensors just being given by the
Lie derivative with respect to v = IT*(a), i.e. a-y = Lt (a)7- The semi-direct product thus
corresponds to the following exact sequence in this case

0— (D(S*T*M), [, -Jn) = § = ({o € Q' (M) |epgzoyH = da}, [-,]py) = 0, (4.6)

where [o, 8] py = dip (o) B+t (8)tri# () H 1 the Lie algebroid bracket induced on T*M by
the twisted Poisson structure when restricted to set of 1-forms satisfying (1.7). As a vector
space thus g = T(T*M @ T*M@T*M) = QY (M) @ T'(S?*(T*M)), the 1-forms are equipped
with the above Lie algebroid bracket, the symmetric tensor with the pointwisely defined
Lie algebra induced by II, and the 1-forms act on them by means of the Lie derivative
w.r.t. their anchor projection II%.

With this choice (4.4), represented by particular degree -1 vector fields on T[1]D[1] as
explained above, one finally obtains the following

Theorem. Let H be a closed 3-form on M and D a Dirac structure on (TM&T*M) g such
that the pullback of H to a dense set of orbits of D is non-zero. Then the g-equivariantly
closed extension H (3.8) of H is unique and 15 f* (H) yields the (metric-independent part
of ) the Dirac sigma model [19] on ¥ = 0%.
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Figure 2. Dirac structure as a graph of an orthogonal operator O € I'(End(T'M)). While with
respect to the frame T*M/TM only (twisted) Poisson and presymplectic structures can be written
as a graph, cf. figure 1, the frame E, /E_, introduced by means of an auxiliary metric, permits to
write every Dirac structure D as a graph (since necessarily D N Ex = 0).

Proof. The proof is a rather straightforward, somewhat lengthy calculation. Let us present
its major stages. For a convenient description of couples (v, a) forming a Dirac structure
one may use the identification of D with T'M induced by a metric g: such a metric permits
the identification TM @& T*M = TM & TM and the introduction of the eigenvalue sub-
bundles Ey = {v @ £v} of the involution (v,«) — (a,v). Clearly, E; as well as E_ can
be identified with 7'M (projection to the first factor). In this setting any Dirac structure
corresponds to a point-wise orthogonal operator O € I'(End(T'M)), viewed as a map from
E.=TM to E_ =TM (see figure 2, as well as [19] for the full argument), subject to the
following (twisted Jacobi-type) integrability condition

9 (07 Va-0)q (006, 65) + eyel(1,2,3) = L H((d ~ O)ta, (id — O), (id — O)gs). (47)

If the operator (id + O) is invertible, this corresponds precisely to the Dirac structure Dy
of a twisted Poisson structure with bivector I = (id — O) - (id + O)~! (cf. also [32] and
figure 1); in this case, the condition (4.7) can be rewritten as 3[IL II] = (H,II®3). Such as
for the graph of a bivector II we could parametrize the elements of the corresponding Dirac
structure Dy by elements o € T*M (cf. figure 1), now for an arbitrary Dirac structure D
we can parametrize its elements by vectors w € T'M; then the pair (v,a) € TM & T*M
takes the form (w — Ow, g(w + Qw, -)).

For the equivariant cohomology construction we use the above identification of D with
a tangent bundle, equipped with a non-standard Lie algebroid structure: so, D[1] = T'[1|M
— where again we declared fiber-linear coordinates to be odd of degree +1. The Q-structure
is of the form (3.1) with the anchor map p = (id—O) (cf. the end of the previous paragraph)
and the structure functions C}. () being induced by the Courant-Dorfmann bracket (2.1),
which explicitly are given by eq. (40) in [19].
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As explained above the target (Q-manifold of the sigma model is the shifted tangent
bundle to D, M= T[1)D[1], equipped with the Q-structure Q = d + Lg, and the algebra
of symmetries encoded in the degree —1 vector fields € is given by g defined by eq. (4.4),
cf. the Proposition above.

Now starts the purely computational part of the proof, performed in some local coor-
dinates. One starts with the most general superfunction H on T[1]D[1] of total degree 3,
the degree matching the dimension of 3, and applies the conditions (3.8) to this ansatz,
where the first of them can be taken account of directly in the ansatz. Note then that
T[1]D[1] is naturally equipped with a double Z-grading: the first one coming from the shift
in D[1], called ghost-number previously, and the second one from the tangent bundle and
being the form degree (of the differential form living on D[1]). Thus, a superfunction of
total degree 3 contains six types of terms: compare for example nda'dz? and dndz!, where
2’s are coordinates on M and 7 a fiber-linear coordinate on D[1]. Since the differential Q
is of total degree 1 and mixes the double grading, the condition QH = 0 determines one
half of the (degree (0,0)) coefficients in terms of the other half.

It then remains to solve the conditions éH = 0. The vector field & is lowering the
total degree by 1. Consequently, €H contains four types of terms which have to vanish
independently. It is useful here to first consider only the extension part of g, i.e. the
vector fields parametrized by 4 with ¢ = 0: the terms of form-degree 1 not containing
coordinates of total degree 2 (of the form f(z)ndz, but not proportional to dn) enforce a
relation between two groups of coefficients out of three, left when restricting to H being
Q-closed; the relation on the terms of form-degree 2 determines these coefficients up to
a global prefactor. One then is left with establishing the relation of those terms to the
form-degree 3 term in H, which is nothing but H due to the first condition in (3.8). This
is done by considering the unextended part of g, i.e. vector fields € = L, parametrized by g:
due to the condition that we impose on the pullback of H to the orbits of D, ensuring that
1o H # 0, the equation (1.7), which enters due to the definitions (4.5) or (2.2), is satisfied for
some non-vanishing da. This, together with the relation on the form-degree 2 terms of £H,
determines the above-mentioned prefactor and implies the uniqueness of the extension. One
can verify (using the orthogonality of O and the integrability condition (4.7) on it) that the
result is compatible with the conditions coming from the other form-degrees, furthermore.

The remaining part is a straightforward computation of f*(I:I ) as described in the
second half of section 3. Performing partial integration of the result using Stokes’ theorem,
one obtains the (topological part of the) functional of the DSM in the following form:

St = /Zg(dX M(id+ O0)A) +g(ALY OA) + /i: H. (4.8)

The full action functional of the DSM of [19] results from adding a kinetic term with min-
imal coupling, S\, = 3 [5 9((dX = V) 4 %(dX = V)) with V = A — OA; Spsm = Spgy =
S%SM + Sﬁ\in- But, as mentioned in the introduction, this term only serves as a regulator,
not influencing the “physics” of the model otherwise, which results from the limit A — 0
corresponding to (4.8) already.
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Figure 3. Schematic picture of the field content of the Dirac sigma model. Beside the map
X: Y — M, there are 1-form fields taking values in the Dirac structure D chosen to define the
model: A € QY(3, X*D). The projection of A into the TM and T*M directions are called V
and A, respectively. They are not independent fields, however. The complete field content of the
Dirac sigma model combines into vector bundle maps from T3 to the subbundle D C TM & T*M
defined by the Dirac structure.

Despite its appearance, the functional (4.8) does not depend on the auxiliary metric
at all. This becomes evident by rewriting it into the form:

1 A .
S]%SM = / A NdXT — 5142 AV + [ X*H, (49)
b by

with 4; = g;;(X)(A — OA) and Vi = A' — O(X)!;A7. The price to pay here is that the
variables A and V are not independent, but are just the 7% M- and T M-components of the
independent gauge field along the Dirac structure, as illustrated in figure 3. This becomes
particularly evident in the case of the Dirac structure Dy, where V¢ = IV (X)A; (cf. fig-
ure 1), with A; being independent 1-form fields, in which case the action (4.9) evidently
reduces to the one of the twisted Poisson sigma model (1.9).!* O

We briefly remark that such as any Lie algebroid £ — M also a Dirac structure induces
a (possibly) singular foliation on M into orbits (integration of the image of the anchor map
p: E — TM). For the case of a Dirac structure D these turn out to be H-twisted sym-
plectic. The condition that the pullback of H to any (non-trivial) leaf is non-zero excludes
ambiguities like those encountered in the Poisson sigma model (3.7). We stress that it is
sufficient that the pullback is non-zero somewhere on such a leaf, not non-zero everywhere
on it. The extension from g to g, on the other hand, excludes ambiguities of the sort
mentioned in the example following the one of the PSM.

The Dirac sigma model contains a metric independent part which for a twisted Poisson
structure (II, H) is precisely given by (1.9). The metric dependent part only serves as a
kind of regulator and it consists simply of a standard kinetic term (like in (1.4)) minimally
coupled.

HEor some more explicit formulas and a detailed presentation of the above procedure for the twisted
Poisson sigma model the reader may consult also [33].
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5 Summary and outlook

The main result of the paper is that a BRST-type adaptation of standard equivariant co-
homology given by the formulas (3.8), applied appropriately to twisted Poisson and, more
generally, Dirac structures, can explain the form of the twisted Poisson sigma model and
the (essential part of the) Dirac sigma model, respectively. The main idea for this formu-
lation of equivariant cohomology goes back to [26], but we adapted it by the lift from g to
g, which was essential for the uniqueness result.

We have chosen conditions for the main result, the above Theorem, that are sufficient
for uniqueness. It may well be possible to relax them keeping a unique extension. In
fact, we know examples like of an H-twisted Poisson structure II on a three-dimensional
manifold M, which necessarily violates the condition since the leaves are even dimensional,
where one still gets uniqueness of the extension problem. Also it may be interesting to
parametrize the ambiguities in the general case (or under weaker assumptions).

In this article we focused mainly on a careful formulation of the extension problem,
making as clear as possible its ingredients and prerequisites. It is in principle also inter-
esting to explain in some detail, how this indeed yields a gauge invariant functional and
how the infinitesimal gauge transformations can be described as inner automorphisms of
an appropriate bundle. For this we may, however, refer to [26, 34] and a short paper [31]
parallel to this one where we focus on the novelties that algebroid methods in general offer
even in conventional contexts such as the one of standard gauging problems. We remark
as an aside in this context that the extension part of (4.6) by symmetric tensors v permit
to recover precisely trivial gauge symmetries (in the sense of, e.g., [35]). Moreover, one
may replace the two separate conditions on (v,«) € I'(D) and « given by (1.7) and (4.4),
respectively, by a single one combining the two while still keeping the topological part of
the Dirac sigma model gauge invariant. This can have some technical advantages in some
contexts. Also the presence of the kinetic term deforms/changes the gauge symmetries.
We may come back to these issues in more detail elsewhere.

Finally, we remark that there were several attempts in the mathematics literature to
define Lie algebroid equivariant cohomology, cf, e.g., [36-38]. We believe that for general
Lie n-algebroids there should be a formulation that contains the egs. (3.8). On the other
hand, the details of the additional structures (given by the Dirac structure and the split-
ting) needed to obtain the results of the present paper may add another class of examples
to the general development of a theory of algebroid equivariant cohomology that one may
want to reproduce in a more general context.

Acknowledgments

We gratefully acknowledge inspiring discussions with A. Alekseev, A. Kotov and
V. Roubtsov.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution and reproduction in any medium,
provided the original author(s) and source are credited.

17 -



References

1]

2]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

E. Witten, Non-Abelian bosonization in two-dimensions, Commun. Math. Phys. 92 (1984)
455 [INSPIRE].

J.M. Figueroa-O’Farrill and S. Stanciu, Equivariant cohomology and gauged bosonic
o-models, hep-th/9407149 [INSPIRE].

J.M. Figueroa-O’Farrill and N. Mohammedi, Gauging the Wess-Zumino term of a o-model
with boundary, JHEP 08 (2005) 086 [hep-th/0506049] [INSPIRE].

A. Alekseev and T. Strobl, Current algebras and differential geometry, JHEP 03 (2005) 035
[hep-th/0410183] [INSPIRE].

K. Gawedzki and A. Kupiainen, G/H conformal field theory from gauged WZW model, Phys.
Lett. B 215 (1988) 119 [INSPIRE].

K. Gawedzki and A. Kupiainen, Coset construction from functional integrals, Nucl. Phys. B
320 (1989) 625 [INSPIRE].

K. Gawedzki, R.R. Suszek and K. Waldorf, Global gauge anomalies in two-dimensional
bosonic o-models, Commun. Math. Phys. 302 (2011) 513 [arXiv:1003.4154] INSPIRE].

A. Gerasimov, Localization in GWZW and Verlinde formula, hep-th/9305090 [INSPIRE].

N. Ikeda, Two-dimensional gravity and nonlinear gauge theory, Annals Phys. 235 (1994) 435
[hep-th/9312059] [INSPIRE].

P. Schaller and T. Strobl, Poisson structure induced (topological) field theories, Mod. Phys.
Lett. A 9 (1994) 3129 [hep-th/9405110] [INSPIRE].

M. Kontsevich, Deformation quantization of Poisson manifolds. 1, Lett. Math. Phys. 66
(2003) 157 [q-alg/9709040] [INSPIRE].

A.S. Cattaneo and G. Felder, A path integral approach to the Kontsevich quantization
formula, Commun. Math. Phys. 212 (2000) 591 [math/9902090] [NSPIRE].

T. Klosch and T. Strobl, Classical and quantum gravity in (1 4+ 1)-dimensions. Part 1: a
unifying approach, Class. Quant. Grav. 13 (1996) 965 [Erratum ibid. 14 (1997) 825)
[gr-qc/9508020] [INSPIRE].

T. Klosch and T. Strobl, Classical and quantum gravity in (1 + 1)-dimensions. Part 2: the
universal coverings, Class. Quant. Grav. 13 (1996) 2395 [gr-qc/9511081] InSPIRE].

T. Klosch and T. Strobl, Classical and quantum gravity in (1 + 1)-dimensions. Part 3:
solutions of arbitrary topology, Class. Quant. Grav. 14 (1997) 1689 [hep-th/9607226]
[INSPIRE].

C. Klim¢ik and T. Strobl, WZW — Poisson manifolds, J. Geom. Phys. 43 (2002) 341
[math/0104189] [NSPIRE].

P. Severa and A. Weinstein, Poisson geometry with a 3 form background, Prog. Theor. Phys.
Suppl. 144 (2001) 145 [math.SG/0107133] [INSPIRE].

J.-S. Park, Topological open p-branes, in Symplectic geometry and mirror symmetry, Seoul

2000, World Sci. Publishing, River Edge NJ U.S.A. (2001) [hep-th/0012141] [INSPIRE].

A. Kotov, P. Schaller and T. Strobl, Dirac o-models, Commun. Math. Phys. 260 (2005) 455
[hep-th/0411112] [iNSPIRE].

~ 18 —


http://dx.doi.org/10.1007/BF01215276
http://dx.doi.org/10.1007/BF01215276
http://inspirehep.net/search?p=find+J+Comm.Math.Phys.,92,455
http://arxiv.org/abs/hep-th/9407149
http://inspirehep.net/search?p=find+EPRINT+hep-th/9407149
http://dx.doi.org/10.1088/1126-6708/2005/08/086
http://arxiv.org/abs/hep-th/0506049
http://inspirehep.net/search?p=find+J+JHEP,0508,086
http://dx.doi.org/10.1088/1126-6708/2005/03/035
http://arxiv.org/abs/hep-th/0410183
http://inspirehep.net/search?p=find+J+JHEP,0503,035
http://dx.doi.org/10.1016/0370-2693(88)91081-7
http://dx.doi.org/10.1016/0370-2693(88)91081-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B215,119
http://dx.doi.org/10.1016/0550-3213(89)90015-1
http://dx.doi.org/10.1016/0550-3213(89)90015-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B320,625
http://dx.doi.org/10.1007/s00220-010-1162-0
http://arxiv.org/abs/1003.4154
http://inspirehep.net/search?p=find+J+Comm.Math.Phys.,302,513
http://arxiv.org/abs/hep-th/9305090
http://inspirehep.net/search?p=find+EPRINT+hep-th/9305090
http://dx.doi.org/10.1006/aphy.1994.1104
http://arxiv.org/abs/hep-th/9312059
http://inspirehep.net/search?p=find+J+AnnalsPhys.,235,435
http://dx.doi.org/10.1142/S0217732394002951
http://dx.doi.org/10.1142/S0217732394002951
http://arxiv.org/abs/hep-th/9405110
http://inspirehep.net/search?p=find+J+Mod.Phys.Lett.,A9,3129
http://dx.doi.org/10.1023/B:MATH.0000027508.00421.bf
http://dx.doi.org/10.1023/B:MATH.0000027508.00421.bf
http://arxiv.org/abs/q-alg/9709040
http://inspirehep.net/search?p=find+J+Lett.Math.Phys.,66,157
http://dx.doi.org/10.1007/s002200000229
http://arxiv.org/abs/math/9902090
http://inspirehep.net/search?p=find+EPRINT+math/9902090
http://dx.doi.org/10.1088/0264-9381/13/5/015
http://arxiv.org/abs/gr-qc/9508020
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,13,965
http://dx.doi.org/10.1088/0264-9381/13/9/007
http://arxiv.org/abs/gr-qc/9511081
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,13,2395
http://dx.doi.org/10.1088/0264-9381/14/7/009
http://arxiv.org/abs/hep-th/9607226
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,14,1689
http://dx.doi.org/10.1016/S0393-0440(02)00027-X
http://arxiv.org/abs/math/0104189
http://inspirehep.net/search?p=find+J+J.Geom.Phys.,43,341
http://dx.doi.org/10.1143/PTPS.144.145
http://dx.doi.org/10.1143/PTPS.144.145
http://arxiv.org/abs/math.SG/0107133
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.Suppl.,144,145
http://arxiv.org/abs/hep-th/0012141
http://inspirehep.net/search?p=find+EPRINT+hep-th/0012141
http://dx.doi.org/10.1007/s00220-005-1416-4
http://arxiv.org/abs/hep-th/0411112
http://inspirehep.net/search?p=find+J+Comm.Math.Phys.,260,455

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

31
32
33]

[34]

A. Cannas da Silva and A. Weinstein, Geometric models for noncommutative algebras, AMS
Berkeley Mathematics Lecture Notes series, U.S.A. (1999).

K. Mackenzie, General theory of Lie groupoids and Lie algebroids, Cambridge U. Press,
Cambridge U.K. (2005).

C. Mayer and T. Strobl, Lie algebroid Yang-Mills with matter fields, J. Geom. Phys. 59
(2009) 1613 [arXiv:0908.3161] [INSPIRE].

A. Kotov and T. Strobl, Generalizing geometry — algebroids and sigma models, in Handbook
on pseudo-Riemannian geometry and supersymmetry, V. Cortes ed., European Mathematical
Society, Switzerland (2010) nSPIRE].

T. Strobl, Algebroid Yang-Mills theories, Phys. Rev. Lett. 93 (2004) 211601
[hep-th/0406215] [INSPIRE].

C.L. Rogers, Lo, algebras from multisymplectic geometry, Lett. Math. Phys. 100 (2012) 29
[arXiv:1005.2230] NSPIRE].

A. Kotov and T. Strobl, Characteristic classes associated to Q-bundles, arXiv:0711.4106
[INSPIRE].

J. Kalkman, BRST model for equivariant cohomology and representatives for the equivariant
Thom class, Commun. Math. Phys. 153 (1993) 447 [NSPIRE].

J.A. De Azcarraga and J.M. Izquierdo, Lie groups, Lie algebras, cohomology and some
applications in physics, Cambridge Monographs on Mathematical Physics, Cambridge U.K.
(1995).

A. Vaintrob, Lie algebroids and homological vector fields, Usp. Mat. Nauk 52 (1997) 161
[Russ. Math. Surv. 52 (1997) 428].

Y. Kosmann-Schwarzbach, Derived brackets, Lett. Math. Phys. 69 (2004) 61
[math.DG/0312524] [INSPIRE].

M. Griitzmann, V. Salnikov and T. Strobl, New methods for gauging, in preparation.
T.J. Courant, Dirac manifolds, Trans. Amer. Math. Soc. 319 (1990) 631.

V. Salnikov, Gauged sigma models and graded geometry, Ph.D. thesis, Univ. Claude Bernard
Lyon 1, Lyon France (2012).

M. Bojowald, A. Kotov and T. Strobl, Lie algebroid morphisms, Poisson o-models and
off-shell closed gauge symmetries, J. Geom. Phys. 54 (2005) 400 [math.DG/0406445]
[INSPIRE].

M. Henneaux and C. Teitelboim, Quantization of gauge systems, Princeton University Press,
Priceton U.S.A. (1991) [INSPIRE].

U. Bruzzo, L. Cirio, P. Rossi and V. Rubtsov, FEquivariant cohomology and localization for
Lie algebroids, Funct. Anal. Appl. 43 (2009) 18 [Funkt. Anal. Pril. 43 (2009) 22]
[math.DG/0506392].

U. Bruzzo and V. Rubtsov, Cohomology of skew-holomorphic Lie algebroids, Theor. Math.
Phys. 165 (2010) 1596 [INSPIRE].

U. Bruzzo and V. Rubtsov, On localization in holomorphic equivariant cohomology, Centr.
Eur. J. Math. 10 (2012) 1442 [arXiv:0910.2019].

~19 —


http://dx.doi.org/10.1016/j.geomphys.2009.07.018
http://dx.doi.org/10.1016/j.geomphys.2009.07.018
http://arxiv.org/abs/0908.3161
http://inspirehep.net/search?p=find+J+J.Geom.Phys.,59,1613
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.0632
http://dx.doi.org/10.1103/PhysRevLett.93.211601
http://arxiv.org/abs/hep-th/0406215
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,93,211601
http://dx.doi.org/10.1007/s11005-011-0493-x
http://arxiv.org/abs/1005.2230
http://inspirehep.net/search?p=find+J+Lett.Math.Phys.,100,29
http://arxiv.org/abs/0711.4106
http://inspirehep.net/search?p=find+EPRINT+arXiv:0711.4106
http://dx.doi.org/10.1007/BF02096949
http://inspirehep.net/search?p=find+J+Comm.Math.Phys.,153,447
http://dx.doi.org/10.1070/RM1997v052n02ABEH001802
http://dx.doi.org/10.1007/s11005-004-0608-8
http://arxiv.org/abs/math.DG/0312524
http://inspirehep.net/search?p=find+J+Lett.Math.Phys.,69,61
http://www.jstor.org/stable/2001258
http://dx.doi.org/10.1016/j.geomphys.2004.11.002
http://arxiv.org/abs/math.DG/0406445
http://inspirehep.net/search?p=find+EPRINT+math/0406445
http://inspirehep.net/record/345963
http://dx.doi.org/10.1007/s10688-009-0003-4
http://arxiv.org/abs/math.DG/0506392
http://dx.doi.org/10.1007/s11232-010-0132-1
http://dx.doi.org/10.1007/s11232-010-0132-1
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.1823
http://dx.doi.org/10.2478/s11533-012-0054-2
http://dx.doi.org/10.2478/s11533-012-0054-2
http://arxiv.org/abs/0910.2019

	Introduction and motivation
	Dirac structures/Lie algebroids and the group G to gauge 
	BRST-picture of standard and Lie algebroid equivariant cohomology
	The Dirac sigma model from gauging
	Summary and outlook

