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We introduce multiplicative Dirac structures on Lie groupoids, providing a
unified framework to study both multiplicative Poisson bivectors (Poisson
groupoids) and multiplicative closed 2-forms such as symplectic groupoids.
We prove that for every source simply connected Lie groupoid G with Lie
algebroid A G, there exists a one-to-one correspondence between multiplica-
tive Dirac structures on G and Dirac structures on AG that are compatible
with both the linear and algebroid structures of AG. We explain in what
sense this extends the integration of Lie bialgebroids to Poisson groupoids
and the integration of Dirac manifolds. We explain the connection between
multiplicative Dirac structures and higher geometric structures such as ¥-
groupoids and €s{-groupoids.
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1. Introduction

Dirac structures were introduced by Courant and Weinstein [1988] as a common
generalization of Poisson bivectors, closed 2-forms and regular foliations. A Dirac
structure on a smooth manifold M consists of a vector subbundle L C TM :=
TM @ T*M that is maximal isotropic with respect to the nondegenerate symmetric
pairing on TM,

(X, ), (Y, B)) =a(Y) + B(X),

and that satisfies the integrability condition
[C(L), MO € I'(L),
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with respect to the Courant bracket [-, - : T'(TM) x '(TM) — I'(TM),
[(X, ), (¥, )] = (X, Y], £xB —iyda).

The integrability in the sense of Courant unifies different integrability conditions,
including closed 2-forms, Poisson bivectors and regular foliations (see [Courant
1990b; Courant and Weinstein 1988]). More precisely, a 2-form @ on a smooth
manifold M induces a bundle map w* : TM — T*M, X > w (X, -) whose graph
L, ={(X,w*(X) | X € TM)} is a Lagrangian subbundle of TM. In this case, the
Courant integrability of L,, is equivalent to w being a closed 2-form. Similarly,
any bivector 7 on M defines a bundle map 7° : T*M — TM, o — 7(«, - ) whose
graph L, = {((m¥(@), o)} is a Lagrangian subbundle of TM. One checks that L,
satisfies the Courant integrability condition if and only if 7 is a Poisson bivector.
Also, if F € TM is a regular subbundle we denote by F° C T*M its annihilator.
Then the Lagrangian subbundle F' @ F° C TM is integrable in the sense of Courant
if and only if F € TM is involutive with respect to the Lie bracket of vector fields.
The main objective of this paper is to study Dirac structures defined on Lie
groupoids, satisfying a suitable compatibility condition with the groupoid multipli-
cation. Our study is motivated by a variety of geometrical structures compatible
with group or groupoid structures, including:
(i) Poisson—Lie groups: A Poisson-Lie group is a Lie group G with a Poisson
structure 7 that is compatible in the sense that the multiplication mapm : G x G — G
is a Poisson map. Equivalently, the Poisson bivector 7 is multiplicative, that is,

Tlgh = (lg)*nh + (rh)*ng,

for every g, h € G. Here I, and r;, denote the left and right multiplication by g
and &, respectively. Poisson—Lie groups arise as semiclassical limit of quantum
groups, and they are infinitesimally described by Lie bialgebras. See for example,
[Drinfel’d 1983].

(ii) Symplectic groupoids: A symplectic groupoid is a Lie groupoid G with a
symplectic structure w that is compatible with the groupoid multiplication in the
sense that the graph

Graph(m) € G x G x G

is a Lagrangian submanifold with respect to the symplectic structure w & w © w.
This compatibility condition is equivalent to saying that w is multiplicative, that is,
m*w = priw+ prio,

where pri, pry : G2y — G are the canonical projections and G2y € G x G is
the set of composable groupoid pairs. Symplectic groupoids arise in the context
of quantization of Poisson manifolds [Weinstein 1987; Weinstein and Xu 1991],
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connecting Poisson geometry to noncommutative geometry. In [Cattaneo and Felder
2001], symplectic groupoids appeared as phase spaces of certain sigma models.
The infinitesimal description of symplectic groupoids is given by Poisson structures,
see for example, [Weinstein 1987; Coste et al. 1987].

(ii1) Poisson groupoids: These objects were introduced by A. Weinstein [1988]
unifying Poisson—Lie groups and symplectic groupoids. A Poisson groupoid is a
Lie groupoid G equipped with a Poisson structure 7 that is compatible with the
groupoid multiplication in the sense that

Graph(m) € G x G x G

is a coisotropic submanifold. These structures are related to the geometry of the
classical dynamical Yang-Baxter equation, see for instance [Etingof and Varchenko
1998]. At the infinitesimal level, Poisson groupoids are described by Lie bialgebroids
[Mackenzie and Xu 1994].

(iv) Presymplectic groupoids: Lie groupoids equipped with a multiplicative closed
2-form were studied in [Bursztyn et al. 2004]. A presymplectic groupoid is a Lie
groupoid G with a multiplicative closed 2-form w satisfying suitable nondegeneracy
conditions. These objects arise in connection with equivariant cohomology and gen-
eralized moment maps [Bursztyn and Crainic 2009]. The infinitesimal description
of presymplectic groupoids is given by Dirac structures, extending the infinitesimal
description of symplectic groupoids. More generally, Lie groupoids endowed with
arbitrary multiplicative closed 2-forms are infinitesimally described by bundle maps
0 :AG — T*M called IM-2-forms. Here AG denotes the Lie algebroid of G, and
T*M is the cotangent bundle of the base of G.

The first goal of this work is to find a suitable definition of multiplicative Dirac
structure that includes both multiplicative Poisson bivectors and multiplicative
closed 2-forms, and hence encompasses all examples above. This is obtained by
observing that given a Lie groupoid G over M with Lie algebroid AG, the tangent
bundle 7'G and the cotangent bundle 7*G inherit natural Lie groupoid structures
over TM and A*G, respectively. One observes that a bivector ¢ is multiplicative
if and only if the bundle map ng : T*G — TG is a groupoid morphism [Mackenzie
and Xu 1994]. Similarly, a 2-form w¢ is multiplicative if and only if the bundle
map a)ﬂG : TG — T*G is a morphism of Lie groupoids. It turns out that the direct
sum vector bundle 7G & T*G is a Lie groupoid over TM & A*G, and graphs of
both multiplicative Poisson bivectors and multiplicative closed 2-forms define Lie
subgroupoids of TG & T*G. We say that a Dirac structure L on a Lie groupoid G
is multiplicative if L € TG & T*G is a Lie subgroupoid. A Lie groupoid G
equipped with a multiplicative Dirac structure is referred to as a Dirac groupoid.
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Our main purpose is to describe multiplicative Dirac structures infinitesimally,
that is, in terms of Lie algebroid data. This work can be considered as a first step
toward such a description. The main result of the present work says that for every
source simply connected Lie groupoid G with Lie algebroid AG, multiplicative
Dirac structures on G correspond to Dirac structures on AG suitably compatible
with both the linear and Lie algebroid structures on AG. In the particular case of
multiplicative Poisson bivectors and multiplicative 2-forms, we explain how this is
equivalent to the known infinitesimal descriptions carried out in [Mackenzie and
Xu 2000] and [Bursztyn et al. 2004], respectively. Along the way, we develop
techniques that can treat all multiplicative structures above in a unified manner,
often simplifying existing results and proofs.

The present paper is organized as follows. In Section 2 we recall the definition
of tangent and cotangent structures including tangent and cotangent groupoids and
their algebroids, that is, tangent and cotangent algebroids. We also give an intrinsic
construction of the tangent lift of a Dirac structure, providing an alternative proof
of the results shown in [Courant 1990a]. In Section 3 we define the main objects
of our study, multiplicative Dirac structures. We discuss a variety of examples
arising in nature, including foliated groupoids, Dirac Lie groups, tangent lifts of
multiplicative Dirac structures, symmetries of multiplicative Dirac structures (for
example, reduction of Poisson groupoids), B-field transformations of multiplicative
Dirac structures and generalized complex groupoids. In Section 4 we introduce the
notion of Dirac algebroid and also several examples are discussed, including foliated
algebroids, Dirac Lie algebras, tangent lifts of Dirac algebroids, symmetries of Dirac
algebroids (for example, reduction of Lie bialgebroids), B-field transformations of
Dirac algebroids and generalized complex algebroids. In Section 5 we explain how
the multiplicativity of a Dirac structure is reflected at the Lie algebroid level, proving
the main result of this work, which says that if G is a source simply connected Lie
groupoid with Lie algebroid AG, then there is a one-to-one correspondence between
Dirac groupoid structures on G and Dirac algebroid structures on AG. Along the
way, we explain the relation between multiplicative Dirac structures and higher
structures such as ‘€s-groupoids and £«-groupoids. We also relate the examples
of Section 3 with the examples of Section 4, in the spirit of the correspondence
established by the main result of the paper. In Section 6, we discuss conclusions
and work in progress.

1A. Notation and conventions. For a Lie groupoid G over M we denote by s, 1 :
G — M the source and target maps, respectively. The multiplication map is
denoted by m : G2y — G, where Gy = {(g,h) € G x G | s(g) = t(h)} is the
set of composable pairs. The Lie algebroid of G is defined by AG := Ker(T's)| y,
with Lie bracket given by identifying sections of AG with right-invariant vector
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fields on G and anchor map psg := Tt|ag : AG — TM. Given a Lie groupoid
morphism W : G; — G, the corresponding Lie algebroid morphism is denoted
by A(V) : AG; — AG,. Arbitrary Lie algebroids are denoted by A — M with
Lie bracket [ -, - ]4 and anchor map p4. Also, given a smooth manifold M, the
tangent bundle is denoted by pys : TM — M and the cotangent bundle is denoted
by cy : T*M — M.

2. Tangent and cotangent structures

2A. Tangent and cotangent groupoids. Let G be a Lie groupoid over M with
Lie algebroid AG. The tangent bundle 7'G has a natural Lie groupoid structure
over TM. This structure is obtained by applying the tangent functor to each of the
structure maps defining G (source, target, multiplication, inversion and identity
section). We refer to TG with this groupoid structure over TM as the tangent
groupoid of G. The set of composable pairs of TG is (T G) @) = T(G(2)), and for
(g, h) € G2 and a tangent groupoid pair (Xg, ¥;,) € (T G)(2) the multiplication
map on TG is

Xg'Yh = Tm(Xg, Yh).

Now consider the cotangent bundle 7*G. It was shown in [Coste et al. 1987]
that 7*G is a Lie groupoid over A*G. The source and target maps are defined by

S(agu =og(Tly(u—Tr(u))) and 7(By)v = Bg(Tre(v)),
where ag € T;G, u € Ayg)G and By € Ty G, v € A;(g)G. The multiplication on
T*G is defined by
(g0 Br)(XgoYy) =ag(Xg)+ Br(Yn)

for (Xg, Yn) € Tig.n)G(2).
We refer to T*G with the groupoid structure over A*G as the cotangent groupoid
of G.

2B. Tangent and cotangent algebroids. Let g4 : A — M be a vector bundle
over M. The tangent bundle T'A has a natural structure of a double vector bundle
[Pradines 1974], given by the diagram below.

Tqa
TA —TM

ey pa pu

qA
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Assume now that g4 : A — M has a Lie algebroid structure with anchor map
pa:A— TM and Lie bracket [ -, -] on ')/ (A).

As explained in [Mackenzie 2005], there is a canonical Lie algebroid structure on
the vector bundle T'g4 : TA — TM. Recall that there exists a canonical involution
Jy : TTM — TTM, which is a morphism of double vector bundles. In a local
coordinates system (x’, X', 8x%, 8x) on TTM this map is given by

T (e, 0, 8xt, 8x1)) = (xF, 8xt, &%, 8.

Notice that the map Jj, yields a vector bundle isomorphism as below.

Iu

TTM TTM
) Tpm prM
Id
™ ————— 1M

Now we can apply the tangent functor to the anchor map p4 : A — TM, yielding a
bundle map Tp4 : TA — TTM, where TTM is equipped with bundle projection
Tpy : TTM — TM. Therefore, composing 7p4 with the canonical involution Jy,
we obtain the bundle map pr4 : TA — TTM, defined by

pra = JpyoTpa,

which is a vector bundle morphism from TA — T TM, where the target bundle is
the one corresponding to the usual bundle projection pry : TTM — TM. The map
pra : TA — TTM, as above, defines the tangent anchor map. In order to define the
tangent Lie bracket, we observe that every section u € I'j;(A) induces two types
of sections of T'g4 : TA — TM. The first type corresponds to the linear section
Tu:TM — TA, which is given by applying the tangent functor to the section
u: M — A. The second type of section is the core section i : TM — TA, which is
defined by

a(X) = TO0*)(X) +4 u(pu (X)),

where 04 : M — A denotes the zero section, and u(py (X)) =d /dt (tu(pp(X)))]i—o-
As observed in [Mackenzie and Xu 1994], sections of the form Tu and i generate the
module of sections "7y (T'A). Therefore, the tangent Lie bracket is determined by

[Tu, Tv]l=T[u,v], [Tu,d]=I[uw v, [4 0]=0,

and we extend to other sections by requiring the Leibniz rule with respect to the
tangent anchor pr4. This defines the natural Lie algebroid structure on Tg4 : TA —
™.
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Example 2.1. Assume that A = g is a Lie algebra, that is, a Lie algebroid over a
point. In this case, the tangent Lie algebra structure on Tg = g x g is given by the
semidirect product Lie algebra determined by the adjoint representation of g on
itself.

Following [Mackenzie 2005], the cotangent bundle of a Lie algebroid inherits
a Lie algebroid structure. For that, let us explain the vector bundle structure
T*A — A*. If (x', u®) are local coordinates on A, we induce a local coordinates
system (x', u®, pi, Aq) on T* A, where (p;) determines a cotangent element in M
and (A,) € A} is a cotangent element with respect to the tangent direction to the
fibers of A. Now the bundle projection r : T*A — A* is described locally by
r(xt, u®, pi» ha) = (x', A4). These vector bundle structures define a commutative
diagram

3) ca qax

This endows 7*A with a double vector bundle structure. Suppose that g4 : A —> M
carries a Lie algebroid structure. Then we can consider the dual bundle A* endowed
with the linear Poisson structure induced by A. The cotangent bundle 7*A* — A*
has the Lie algebroid structure determined by the linear Poisson bivector on A*.
There exists a Legendre type map R : T*A* — T*A that is an antisymplectomor-
phism with respect to the canonical symplectic structures, and it is locally defined
by R(x', &,, pi,u) = (x%, u®, — pi, &,). For an intrinsic definition see [Mackenzie
and Xu 1994; Tulczyjew 1977].

Definition 2.2. The cotangent algebroid of A is the vector bundle T*A — A*
equipped with the unique Lie algebroid structure that makes the Legendre type
transform R : T*(A*) — T*A into an isomorphism of Lie algebroids.

Example 2.3. Suppose that A = g is a Lie algebra, that is, a Lie algebroid over a
point. Then, the cotangent algebroid T*g = g x g* — g* is given by the transfor-
mation Lie algebroid with respect to the coadjoint representation of g on its dual
vector space g*.

Finally, recall also that the Tulczyjew map ©p : TT*M — T*TM is the isomor-
phism which, in a local coordinates system (x’, p;, X, p;), is given by
Ou (', pi X', pi) = (', &7, pi. po).

See [Mackenzie and Xu 1994; Tulczyjew 1977] for an intrinsic definition. Con-
sider now a Lie groupoid G over M with Lie algebroid AG = ker T's|y. There
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exists a natural injective bundle map
4) irc: AG = TG.

The canonical involution Jg : TTG — T TG restricts to an isomorphism of Lie
algebroids jg : T(AG) — A(T G). More precisely, there exists a commutative
diagram

T(AG) A(TG)
®)) T(iag) iA(TG)
JG
TTG TTG

In particular, the Lie algebroid A(7 G) of the tangent groupoid is canonically
isomorphic to the tangent Lie algebroid T (AG) of AG. Similarly, the Lie algebroid
of the cotangent groupoid 7* G is isomorphic to the cotangent Lie algebroid T*(AG).
For that, notice that the natural pairing T*G®T G — R defines a groupoid morphism,
and the application of the Lie functor yields a symmetric pairing (-, - )) : A(T*G) P
A(T G) — R, which is nondegenerate. See for example, [Mackenzie and Xu 1994;
2000]. In particular, we obtain an isomorphism K¢ : A(T*G) — A(T G)*, where
the target dual is with respect to the fibration A(T G) Alpe), AG. Now we define a
Lie algebroid isomorphism

(6) jc t A(T*G) - T*(AG),

determined by the composition jé; = ji o Kg, where j& : A(TG)* — T*(AG) is
the bundle map dual to the isomorphism jg : T(AG) - A(TG). As jg: T(AG) —
A(T G) is a suitable restriction of the canonical involution J; : TTG — TTG, the
isomorphism j; is related to the Tulczyjew map O : TT*G — T*TG, via

J6 = (Tiag) 0 Og oiar=c).

2C. Tangent lift of a Dirac structure. The tangent lift of Dirac structures was
originally studied by T. Courant [1990a], who described tangent Dirac structures
locally. I. Vaisman [2005] gives an intrinsic construction of tangent Dirac structures,
where the tangent lift of a Dirac structure is described via the sheaf of local sections
defining a Dirac subbundle of TTM & T*TM. Here, we provide an alternative
description of the tangent lift of a Dirac structure relied on the tangent lift of Lie
algebroid structures described in the previous section.

In order to fix our notation, we begin by summarizing some of the main properties
of tangent lifts of vector fields and differential forms, see [Grabowski and Urbariski
1997; Yano and Ishihara 1973]. Let f € C°°(M) be a smooth function. Then we
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have a pair of smooth functions on 7M defined by

f'=fopu, f=df.

We refer to f¥ and f7 as the vertical and tangent lifts of f. One can see easily
that the algebra of functions C*°(TM) is generated by functions of the form f*
and fT. Now, given a vector field X on M we define the vertical lift of X as the
vector field X on TM that acts on vertical and tangent lifts of functions as

X'(f=0, X'(f1)=(Xf)".

The tangent lift of X is the vector field X7 on TM that acts on vertical and
tangent lifts of functions in the following manner:

xXT(Hy=xpns, xTH=xn'.

It is easy to see that vertical and tangent lifts of vector fields generate the space of
all vector fields on 7M. Now let us consider a 1-form « on a smooth manifold M.
We define the vertical lift of « as the 1-form o” on TM, which is determined by its
value at vertical and tangent lifts of vector fields,

a'(X") =0, a’(X")=(a(X))".
The tangent lift of « is the 1-form a” on TM defined by
a’ (X") = (@(X)’, o' (XT) = (@)

It is important to emphasize that vertical and tangent lifts of vector fields (resp.

of 1-forms) are sections of the usual vector bundle structure 7 (TM) L M

(resp. sections of T*(TM) IMTM ), and they do not define sections of the tangent
prolongation vector bundle 7 (TM) 2 Tm (resp. of the tangent prolongation
T(T*M) Tem, TM). However, there exists a canonical relation between vector
fields (resp. 1-forms) on TM and sections of the tangent prolongation vector bundle
T(TM) — TM (resp. T(T*M) — TM). Given a vector field X and a 1-form
o on M, we consider the linear sections 7 X, Ta and the core sections X ,a
of the corresponding tangent prolongation vector bundles. It follows from the

definition that
(7 In(TX)=X" JyuX)=X".
(8) Ou(Ta)=al, Oy@) =a.

It turns out that many geometric properties of the direct sum vector bundle 7 (TM) &
T*(TM) can be understood in terms of tangent geometric properties of 7 (TM) &
T (T*M), using the canonical identification

Ju®Oy T(TMYDT(T*M) —> T(TM) D T*(TM).
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Now consider a Dirac structure Ly, on M. Equivalently, we may think of Lj; as
a Lie algebroid over M with Lie bracket given by the Courant bracket on sections
of Ly, and the anchor map py, is the natural projection from Ly, CTM & T*M
onto TM. According to a construction of K. Mackenzie and P. Xu [1994], we can
consider the tangent prolongation Lie algebroid TLy; — TM, with anchor map

prm = JuoTppy,

and Lie bracket defined by

lai, a2lre,, =0, [Tai, alrr,, =lar, a2l, [Tai, Taxlre, = Tlar, azl,

where ay, a; are sections of Lj; — M. We denote by Ly, the image of TL ; under
the natural bundle map Jyy @ Oy : TTM STT*M - TTM & T*TM.

Proposition 2.4. The subbundle L1y C TTM ® T*TM is isotropic with respect
to the nondegenerate symmetric pairing (-, - )7y defined on TTM & T*TM.

Proof. Let (X, ), (Y, B) be sections of L. Then, the tangent lifts (X7, ) and
(YT, BT) define sections of L7y. Notice that

(xT,ah), (", 81 = BN + @)’ = (X, a), (¥, pH)T =0.
This implies that L, is isotropic. ([

The tangent Lie algebroid 7L — TM induces a unique Lie algebroid structure
on L7y — TM characterized by the property that Jy; @ Oy : TLyy — L7y is a
Lie algebroid isomorphism. The space of sections I"(L7y,) is generated by sections
of the form a” := (Jyy @ Opy)(Ta) and av := (Jy ® Op)a, where a is a section
of Ly — M. In particular the induced Lie bracket on sections of Ly, is completely
determined by identities

la},a31=0, [af.a}]=la1.a]’, laf.a;]=la1,a]",
and the Leibniz rule with respect to the induced anchor map prrry : Ly — TTM.

Proposition 2.5. The induced Lie bracket on sections I"(Ltyy) is a restriction of
the Courant bracket [[ -, - Ity on sections of TTM & T*TM.

Proof. Due to the identities (7) and (8), we only need to check that the Courant
bracket on sections of Lry, naturally induced by Jy; @ ©y,, satisfies the bracket
identities that determine the induced Lie bracket on I'(L7)). One observes that
vertical and tangent lifts are compatible with Lie derivatives in the sense that

(1) Lxva’ =0,
(2) Exra’ = (Lxa)’,
(3) Exral = (Exa)T,
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and we conclude that
() [X'@a’, Y& B =0,
Q) X", Y @B =X, Y]"® (LxB —iyda)’,
Q) [XT@a” YT @p =X, Y] & (ExB—iyda)’.
Thus the Lie bracket on 'ty (L7p) induced by the tangent Lie bracket on
7y (TLyy) coincides with the Courant bracket. O

We have shown the following:

Proposition 2.6. Let M be a smooth manifold. There exists a natural map

Dir(M) — Dir(TM)

Ly — Lty,

where Ly := (Jyy ®@ O ) (TL ).

The Dirac structure Ly, € Dir(TM) given by the proposition above is referred
to as the tangent Dirac structure induced by Lj; € Dir(M). It is straightforward
to check that this construction unifies the tangent lift of both closed 2-forms and
Poisson bivectors. Additionally, the presymplectic foliation of Ly, corresponds to
taking the tangent bundle of each leaf endowed with the tangent lift of the leafwise
presymplectic forms defined by L. See also [Boumaiza and Zaalani 2009] for
a general construction of tangent lifts of Dirac structures on arbitrary Courant
algebroids.

3. Multiplicative Dirac structures

This section introduces the main objects of study of this work, that is, Lie groupoids
equipped with Dirac structures compatible with the groupoid multiplication, includ-
ing both multiplicative Poisson and closed 2-forms as particular cases.

3A. Definition and main examples. Let G be a Lie groupoid over M, with Lie
algebroid AG. Consider the direct sum Lie groupoid TG = TG & T*G with base
manifold TM & A*G.

Definition 3.1. Let G be a Lie groupoid over M. A Dirac structure L on G is
said to be multiplicative if L C TG ® T*G is a subgroupoid over some subbundle
ECTM @ A*G.

We refer to a pair (G, L), made up of a Lie groupoid G and a multiplicative
Dirac structure L on G, as a Dirac groupoid. We use the notation Dirp;(G) to
indicate the set consisting of all multiplicative Dirac structures on G.

It follows from the multiplicativity of Lg that E C TM @ A*G is a vector
subbundle. In particular, a multiplicative Dirac structure L on a Lie groupoid G
defines a V'%-subgroupoid Ls C TG.
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Example 3.2. Let wg be a closed multiplicative 2-form on a Lie groupoid G.
The multiplicativity property of w¢g is equivalent to saying that the bundle map
wé : TG — T*G is a morphism of Lie groupoids. Hence, the corresponding Dirac
structure L, = Graph(wg) € TG is a multiplicative Dirac structure. In this case
we have a groupoid L,,; = E, where E C TM & A*G is the subbundle given by
the graph of the bundle map —o’ determined by the IM-2-form (see [Bursztyn et al.
2004]) o associated to wg.

Example 3.3. Let (G, ) be a Poisson groupoid. The multiplicativity of ¢ is
equivalent to saying that ng :T*G — T G is amorphism of Lie groupoids. Therefore,
the associated Dirac structure L, = Graph(7g) C TG defines a multiplicative
Dirac structure. In this case we have a groupoid L,, = E, where E C TM & A*G
is the subbundle given by the graph of dual anchor map pa+g : A*G — TM.

The examples discussed previously show that Dirac groupoids lead to a natural
generalization of Poisson groupoids and presymplectic groupoids. Our main aim is
to describe Dirac groupoids infinitesimally, establishing in particular, a connection
between such an infinitesimal description and Lie bialgebroids and IM-2-forms.

3B. More examples of multiplicative Dirac structures. In addition to multiplica-
tive closed 2-forms and multiplicative Poisson bivectors, there are several interesting
multiplicative Dirac structures, which will be discussed throughout this subsection.

3B1. Foliated groupoids. A regular distribution Fg C T G is called multiplicative
if it defines a Lie subgroupoid of the tangent groupoid T G. A foliated groupoid is
a pair (G, Fg), where G is a Lie groupoid and Fg is an involutive multiplicative
regular distribution. In this case, the Dirac structure Fg @ Fg C TG is easily seen
to be a multiplicative Dirac structure on G. The foliation tangent to an involutive
multiplicative distribution is called a multiplicative foliation. Multiplicative foli-
ations that are simultaneously transversal to the s-fibration and to the ¢-fibration
were studied in [Tang 2006], providing interesting examples of noncommutative
Poisson algebras. Also, multiplicative foliations arise in the context of geometric
quantization of symplectic groupoids, namely, as polarizations compatible with
a symplectic groupoid structure (see [Hawkins 2008]). In addition, the notion of
multiplicative foliation has appeared in connection with exterior differential systems.
For more details see [Crainic et al. 2012] and the references therein.

3B2. Dirac Lie groups. Dirac Lie groups, that is, Lie groups equipped with multi-
plicative Dirac structures, were first studied by the author in [Ortiz 2008], providing
a generalization of Poisson Lie groups within the category of Lie groups. In that
work, it is shown that, modulo regularity issues, Dirac Lie groups are given by the
pull-back (in the sense of Dirac structures) of Poisson Lie groups via a surjective
submersion which is also a Lie group morphism. Notice that whenever a Lie
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groupoid G over M is equipped with a multiplicative Dirac structure, then for every
x € M, the isotropy Lie group G, :=s~!(x)Nz~!(x) inherits a Dirac structure L,
making the pair (G, L¢,) into a Dirac Lie group.

We emphasize that different notions of Dirac Lie groups exist in the literature. For
instance, Li-Bland and Meinrenken [2011] have proposed a notion of multiplicativity
that includes interesting examples of twisted Dirac structures on Lie groups such as
the Cartan—Dirac structure on a compact Lie group.

3B3. Tangent lift of a multiplicative Dirac structure. In [Grabowski and Urbarnski
1995] it was proved that whenever a Lie group G carries a multiplicative Poisson
bivector 7, then the tangent Lie group 7T G equipped with the tangent Poisson
structure ¢ becomes a Poisson Lie group. It is easy to extend the multiplicative
Poisson case to abstract multiplicative Dirac structures on Lie groupoids. Assume
that G is a Lie groupoid over M and consider the tangent groupoid 7G over TM
explained in Section 2A. Then, the tangent Dirac structure Ly CTTGHT*TG
induced by a multiplicative Dirac structure L C TG @& T*G is also a multiplicative
Dirac structure. Indeed, first observe that the bundle map Jg : TTG — TTG
is a groupoid isomorphism over Jy; : TTM — TTM. Similarly, the bundle map
O¢ :TT*G — T*TG is a groupoid isomorphism over the canonical identification
I :T(A*G) — (T(AG))*. Since L is a Lie subgroupoid of TG & T*G, then the
tangent functor yields a Lie subgroupoid TLg of TTG @ TT*G. Due to the fact
that L7 is the image of TL¢ via the groupoid isomorphism J; @ Og, we see
that L inherits a natural structure of Lie subgroupoid of 77T G & T*T G. Hence
we conclude that L1 defines a multiplicative Dirac structure on 7'G.

3B4. Symmetries of multiplicative Dirac structures. Let L be a multiplicative
Dirac structure on a Lie groupoid G = M, and let H be a Lie group acting on G
by groupoid automorphisms. Assume that the H-action is free and proper and
that the H-orbits coincide with the characteristic leaves of L. In this case the
quotient space G/ H inherits the structure of a Lie groupoid over M /H. Moreover,
since G/H is the space of characteristic leaves of L, we conclude that there exists
a Poisson structure mq on G/H, making the quotient map G — G/H into both
a backward and forward Dirac map. This fact together with the multiplicativity
of L imply that w4 is a multiplicative Poisson bivector. In other words, the
quotient space G/H is a Poisson groupoid. In the case where L is the graph
of a multiplicative Poisson bivector and the action is Hamiltonian in the sense of
Fernandes and Iglesias [> 2013], this recovers some of the results about reduction
of Poisson groupoids carried out by those authors.

3BS. Multiplicative B-field transformations. Let L C TM be a Lagrangian sub-
bundle. Given a 2-form B € Q2?(M) one can construct the Lagrangian subbundle
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73(L) € TM defined by
(L) ={X@Da+ixB| XPaell.

A straightforward computation shows that 75 (L) defines a Dirac structure on M
if and only if B is a closed 2-form. See for instance [Bursztyn 2005; Gualtieri
2003]. In this case, we say that the Dirac structure tg(L) is obtained out of L by a
B-field transformation.

Assume now that L¢ is a multiplicative Dirac structure on a Lie groupoid G.
Given a multiplicative closed 2-form Bg on G, one can consider the bundle map
13, : 1G—=> TG, XPar— XPa+ix(Bg). It follows from the multiplicativity of Bg
that tp, is a Lie groupoid isomorphism. As a result, the Dirac structure 7, (L)
on G is multiplicative. Our interest in B-field transformations of multiplicative
Dirac structures is motivated by the work carried out in [Bursztyn 2005; Bursztyn
and Radko 2003], where the authors study the connection between certain B-field
transformations of symplectic and Poisson groupoids and the notion of Morita
equivalence of Poisson manifolds.

3B6. Generalized complex groupoids. Generalized complex structures were intro-
duced in [Hitchin 2003] and further developed in [Gualtieri 2003]. Given a smooth
manifold M, one can consider the complexified vector bundle TcM :=TM Q C
endowed with the complex Courant bracket and the complex pairing (-, -). A
generalized complex structure on M is a complex Dirac structure L € T¢M such
that L N L = {0}, where L denotes the conjugate of L. Complexified versions of
multiplicative Dirac structures give rise to generalized complex groupoids. More
concretely, let G be a Lie groupoid equipped with a generalized complex struc-
ture Lg. We say that (G, Lg) is a generalized complex groupoid if Lg C TecG
is a Lie subgroupoid. Generalized complex groupoids were introduced in [Jotz
et al. 2012] under the name of Glanon groupoids. Structures such as symplectic
groupoids and holomorphic Poisson groupoids are special instances of generalized
complex groupoids.

4. Dirac algebroids

In this section we study Lie algebroids equipped with Dirac structures compatible
with both the linear and Lie algebroid structure.

4A. Definition and main examples. Let A — M be a vector bundle. A Poisson
bivector w4 on A is linear if the map nf‘ : T*A — TA is a morphism of double
vector bundles. Similarly, a 2-form w4 on A is linear if the map a)i :TA—T*Aisa
morphism of double vector bundles. The bundle map a)i in this case covers a bundle
morphism A : TM — A*. As shown in [Konieczna and Urbarnski 1999], a linear
2-form w, on a vector bundle A — M is closed if and only if ws = —(A")*@can,
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where wq, is the canonical symplectic form on 7*M and A’ : A — T*M is a
fiberwise dual map of A : TM — A*. The definition below includes both linear
Poisson bivectors and linear closed 2-forms as special instances.

Definition 4.1. A Dirac structure L4 on A is called linear if L4 € TA is a double
vector subbundle of TA.

A linear Dirac structure L4 € TA is not only a vector bundle over A, but also a
vector bundle over a subbundle E C TM @ A*. It follows directly from the definition
that graphs of linear Poisson bivector and linear closed 2-forms define linear Dirac
structures. Linear Dirac structures arise also in connection with Lagrangian and
Hamiltonian mechanics, see for example, [Grabowska and Grabowski 2011].

Assume now that A — M carries also a Lie algebroid structure. Consider the
direct sum Lie algebroid TA = TA & T*A, whose base manifold is TM & A*.

Definition 4.2. A Dirac structure L4 on A is called morphic if L 4 is a linear Dirac
structure that is also a Lie subalgebroid of TA.

We denote by Diryorph (A) the space of morphic Dirac structures on the Lie
algebroid A.

A pair (A, L4), where A is a Lie algebroid endowed with a morphic Dirac
structure L 4, will be referred to as a Dirac algebroid.

Example 4.3. Let 74 be a linear Poisson bivector on a Lie algebroid A — M.
Then, the Dirac structure given by the graph of w4 is morphic if and only if
ni :T*A — TA is a Lie algebroid morphism. As shown in [Mackenzie and Xu
19941, this is equivalent to the pair (A, A*) being a Lie bialgebroid.

Example 4.4. Let w4 be a linear closed 2-form on a Lie algebroid A — M, that is,
wA = —0*Weqn, for some bundle map o : A — T*M. The Dirac structure defined
by the graph of w4 is morphic if and only if a)i :TA — T*A is a Lie algebroid
morphism. Equivalently, as shown in [Bursztyn et al. 2009a], the bundle map
o :A— T*M is an IM-2-form on A. The notion of IM-2-form was introduced
in [Bursztyn et al. 2004] motivated by the problem of the integration of Dirac
structures. See also [Arias Abad and Crainic 2011], where IM-2-forms arise in
connection with the Weil algebra and the Van Est isomorphism.

4B. More examples of Dirac algebroids. In addition to both morphic Poisson
structures and morphic closed 2-forms, there are more examples of morphic Dirac
structures, which we proceed to explain below.

4B1. Foliated algebroids. Let A be a Lie algebroid and F4 € TA an involutive
subbundle which is also a Lie subalgebroid of TA — TM. In this case we say
that (A, Fy) is a foliated algebroid. One can easily check that the Dirac structure
Fo® F; C TA is a morphic Dirac structure. Foliated algebroids were studied
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in [Hawkins 2008] as a way to promote the notion of polarization in geometric
quantization to the category of Lie algebroids. Also, a detailed discussion about
foliated algebroids can be found in [Jotz and Ortiz 2012].

4B2. Dirac Lie algebras. Let g be a Lie algebra. In this case, morphic Dirac
structures are Lie subalgebroids of Tg&® T*g — g*. It follows from [Ortiz 2008]
that Dirac Lie algebras are suitable pull-backs of Lie bialgebras.

4B3. Tangent lifts of Dirac algebroids. Let (A, L 4) be a Dirac algebroid. Consider
the tangent Dirac structure L4 on TA. By definition, the tangent Dirac structure
is given by L1g := (J4 ® O 4)(TL,), where TL4 — TM is the tangent algebroid
associated to the Dirac structure L4 viewed as a Lie algebroid over A. Since
the bundle map J4 @ Oy : TTAD TT*A — TTA @ T*TA is a Lie algebroid
isomorphism, we conclude that L4 C TTA is a Lie subalgebroid. Therefore, the
pair (TA, Lty4) is a Dirac algebroid.

4B4. Symmetries of Dirac algebroids. Let (A, L 4) be a Dirac algebroid. Consider
a Lie group H acting on A by Lie algebroid automorphisms. Assume that the
action is free and proper and that the H-orbits coincide with the characteristic
leaves of L 4. One can check that the orbit space A/H inherits a Lie algebroid
structure over M /H, making the quotient map A — A/H into a Lie algebroid
morphism. Since the H-orbits are exactly the characteristic leaves of L4, one
concludes that A/H is equipped with a unique Poisson bivector m.q determined by
the fact that A — A/H is a forward and backward Dirac map. Since L 4 is morphic,
we conclude that mq is @ morphic Poisson structure on A/H. In particular, due
to [Mackenzie and Xu 1994], the pair (A/H, (A/H)*) is a Lie bialgebroid. In the
special case where L 4 is the graph of a morphic Poisson structure on A and the
action is Hamiltonian in the sense of [Fernandes and Iglesias > 2013], this recovers
the reduction of Lie bialgebroids carried out in [Fernandes and Iglesias > 2013].

4BS. Morphic B-field transformations. Let (A, L 4) be a Dirac algebroid. Asso-
ciated to a morphic closed 2-form B4 on A is the Lie algebroid automorphism
g, - 1A — TA, (X,a) — (X,a +ixBa). The Dirac structure tp,(L4s) € TA
obtained out of L 4 by applying the B-field transformation tp, is morphic. Therefore,
the pair (A, tp,) is a Dirac algebroid. In particular, B-field transformations of mor-
phic Poisson structures (that is, Lie bialgebroid structures on (A, A*)) by morphic
closed 2-forms are always morphic Dirac structures. If the B-field transformation
is admissible, that is, the resulting Dirac structure is the graph of a Poisson bivector,
such a bivector is necessarily morphic as well. In particular, we get a new bialgebroid
structure on (A, A*) referred to as a gauge transformation of the Lie bialgebroid
(A, A*). Gauge transformations of Lie bialgebroids were introduced in [Bursztyn
2005] motivated by the study of gauge transformations of Poisson groupoids and
Morita equivalence of Poisson manifolds.
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4B6. Generalized complex algebroids. Let A — M be a Lie algebroid. Consider
the complexified Lie algebroid TcA = (TA & T*A) ® C whose base manifold
is (TM & A*) ® C. A generalized complex structure L4 on A is morphic if
L4 C TcA is a Lie subalgebroid. In this case, we say that (A, L) is a generalized
complex algebroid. The notion of generalized complex algebroid was introduced
in [Jotz et al. 2012] under the name of Glanon algebroids. Generalized complex
algebroids include holomorphic Poisson structures and holomorphic Lie bialgebroids
as particular cases.

5. Infinitesimal description of multiplicative Dirac structures

This section is the main part of the present work. Here we show that Dirac algebroids
correspond to the infinitesimal counterpart of Dirac groupoids.

5A. The canonical €si-groupoid. The main idea for studying multiplicative Dirac
structures infinitesimally is based on the following observation. Given a Lie
groupoid G over M, the canonical geometric objects associated to TG that are used
to define Dirac structures (symmetric pairing and Courant bracket) are suitably
compatible with the groupoid structure of TG. This compatibility makes TG into
a 6sd-groupoid. The notion of 6sd-groupoid was suggested by Mehta [2009] and
further studied by Li-Bland and Severa [2011]. More precisely, let (-, - )¢ be the
nondegenerate symmetric pairing on the direct sum Lie groupoid TG.

Proposition 5.1. The canonical pairing defines a morphism of Lie groupoids
(-, )g:TGHTG — R,
where R is equipped with the usual abelian group structure.

Proof. Since R is a groupoid over a point, we only need to check the compatibility
of (-, )¢ with the corresponding groupoid multiplications. For that, consider
elements (X, @ o), (Yo @ Be) € T,G and (X, ® ), (Y; ® B)) € T,G. Then by
definition of the groupoid structure on TG & TG, we have
(X ®atp) @ (Y @ By)) * (X, ® ) ® (Y, @ )

= (Xg’X;z Doy oay) @ (Y, Y, ® B ° B,

therefore one gets

(Xge X ®agoay), (Yee Y, @ BgoBy)),
= (agoa)(Ygo¥}) + (Bg 0 B)(Xg o X))
= g (Yg) +a;,(Yy) + Bo(Xg) + B,(X},)
= (X ®ay), Yy, B))G + (X}, D ay), (Y, @ B))6. O
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In order to explain the relation between the Courant bracket and the Lie groupoid
structure on the direct sum vector bundle TG =T G @ T*G, we consider the direct
product Courant algebroid TG x TG — G x G. Every section a® of TG x TG
can be written as

a® =ao pri®az o pry,

where ay, ap are sections of TG, and pry, pro: TG x TG — TG denote the natural
projections. The direct product bracket on sections of TG x TG is defined as usual;

[@®,a®] =[a1,allo pr1 @ laz, @l o pra,

and the anchor map p1G),, : TG X TG — TG x TG is given by the canonical
componentwise projection.

Proposition 5.2. Let mt : (TG)n) — TG denote the groupoid multiplication of
TG=TG®T*G. Ifa, b, a;, b; e T(TG),i =1, 2 are sections such that

mrto(ay,a) =aomg, mryo(by,by)=bomg,
then the following identities hold:
(@) Tmg(preye (X ®ag, Xj @) = Xy » X
(1) mto ([ai, b1, [laz, b21) = lla, bl omg.

Proof. We begin by checking (i). For that, consider a section a® =aqa;o pri®azopr;
of (TG)(), where a; = X'® o' and ap = X? @ o? are sections of TG. The
multiplication on the Lie groupoid TG maps the section a® into

mT(aj o pri ®azo pry)(g, h) = X;, -X% @aél, ooz%.
Applying the anchor map of TG we obtain
pr6(Xy o Xp @agow;) =X, 0 X

On the other hand, the componentwise anchor map of (TG)) applied to the
section a® gives rise to

PTG (a1 0 pri B azo pra)(g, h) = (X3, Xp),
which followed by the derivative of m¢g : G2y — G yields

Tm (praye (X ® oy, Xj @) = X« Xj,
as required. In order to prove identity (ii), one considers

9) mroa® =aomg,

(10) mroa® =aomg,
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where a®, a® ¢ 6o, ((TG) () and a, a € T'g(TG). More concretely, write down
sections as
a? = (X1 @al) opr1 @ (X2 @az) o pra,

a?® — ()?1 @&1) opri ® ()?2@&2) o pra,

a=Y®8,

a=Y®pB.
The identities (9), (10) then become
(11 X, o X; ® oy o, =Y @ Bon,
(12) Xyo X, @ayo0a;, =Yg @ Ban

for any composable pair (g, ) € G x G. Now it follows directly from the definition
of the direct product bracket that

@@, a®]

= (X" X"loLya' —igda')opri & ([X*, X1 ® Lx2a" — igada®) o pra.
Then, composing with the groupoid multiplication of TG, we have
myo[a®,a® e

=[X", X' o [ X%, X211 ® (Ex1@' —igida')g o (Lx2@® — igada?)y.
On the other hand,
la,allomg(g, h) =Y, Ygn ® (Ly B — izdB)en,
and using the identities (11) and (12) one concludes that
[V, Y]gn = [X', X'Ig o [X?, X*11.

Thus, the tangent component of [[a, ally, coincides with the tangent component
of mt o [a?, 5(2)](& n). It remains to show that we also have the equality of the
corresponding cotangent parts. This is equivalent to showing that

(LyB—LyB—d(B.Y))gn

= (§EX15{1 — .58;1051 — d(al, fl))g o (gxz&z — 55)?2062 — d(Otz, )?2))h,
for every composable pair (g, 1) € G(2). In order to prove this identity, we need to
check that the left hand side (LHS), and the right hand side (RHS) above coincide
at elements of the form U, ¢ V},. For that consider the 1-form on G defined by

Yy =%yp —FyB—d(B, Y). We can look at the pull-back 1-form mgy € QI(G(z)),
which at every tangent vector (Uy, Vj,) € T4 )G 2) is given by

(m&Y) gy Uy, Vi) = ven(Ug o Vi) = (LHS)(Ug o V).
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The pull-back form mg;y involves three terms. Let us analyze the first term
mg, (Ly B) of this pull-back form. It follows from the relation ¥ = (mg).(X 1 x?
that

me;(Ly B) =L x1 x2ymGB-
Notice that (12) implies that

(MEB) gy Uy Vi) = Bon(Ug » Vi) = @y 0 @})(Ug » Vi)
=T, (Up) + @, (Vi) = @', @) (g1 (U, Vi)

That is, m¢;,(£y B) = Lyia' ® Ly2a>. A similar argument can be applied to the
other terms of the pull-back form m{;y, yielding

(LHS)(Ug o Vi) = (mgy ) (g.n)(Usg, Vi)
= (Ex1@")g(Uy) + (Lx2t)p (Vi) — (Lxia) g (Uy)
— (L) (Vi) —d{a', X')(Uy) —d(a®, X*)n (Vi)
= (RHS)(Ug » V).

Thus RHS and LHS coincide at elements of the form U, ¢ V},, and we conclude
that (mT, mg) is bracket preserving. O

Recall that, given a Courant algebroid (E, p, [ -, - ]I) over smooth manifold M
and a submanifold Q C M, a Dirac structure supported on Q (see [Alekseev and
Xu 2011; Bursztyn et al. 2009b]) is a subbundle K C [E|p such that K, C E, is
Lagrangian for all x € Q and the following conditions are fulfilled:

(1) p(K)CSTOQO;
(2) whenever ay, ap € I'(E) satisfy ai|g, az|gp € I'(K), then [[ai, ax]l|p € T'(K).

Dirac structures with support were used in [Bursztyn et al. 2009b] to introduce
a natural notion of morphism between Courant algebroids. Let E;, E, be Courant
algebroids over M, N, respectively. A Courant algebroid morphism from E; to E; is
a Dirac structure in E; x E; supported on Graph( f), where f : M — N is a smooth
map. Here E; denotes the Courant algebroid structure on the vector bundle E; with
the same bracket on I'(E;), anchor map and minus the usual symmetric pairing.
Combining Propositions 5.1 and 5.2, we obtain:

Proposition 5.3. Let G be a Lie groupoid over M with multiplication map mg :
G@)— G. Let my : (T G) o) — TG denote the groupoid multiplication on TG. Then
Graph(mt) C TG x TG x TG is a Dirac structure supported on Graph(mg) C
G x G x G. That is, Graph(mT) is a Courant algebroid morphism from TG x TG
to TG.
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Using the terminology of [Li-Bland and Severa 2011], Proposition 5.3 says
that TG with its canonical Courant algebroid structure and groupoid multiplication
is an example of €s{-groupoid. See also Example 2.3.1 of [Li-bland 2012].

5B. The ¥sd-groupoid of a multiplicative Dirac structure.

5B1. Review of -groupoids. An Ld-groupoid is a Lie groupoid object in the
category of Lie algebroids. More precisely, an £dA-groupoid [Mackenzie 1992] is
a square

qH

H G

(13)

qE
E——7—M,

where the single arrows denote Lie algebroids and the double arrows denote Lie
groupoids. These structures are compatible in the sense that all the structure
mappings (that is, source, target, unit section, inversion and multiplication) defining
the Lie groupoid H are Lie algebroid morphisms over the corresponding structure
mappings which define the Lie groupoid G. We also require that the anchor map
pn : H — TG be a groupoid morphism over the anchor map pr : E — TM.
Here T G is endowed with the tangent groupoid structure over 7M. For describing
the square given by an ¥s-groupoid we use the notation (H, G, E, M). It is
worthwhile to explain how the groupoid multiplication defines a morphism of Lie
algebroids. For that, letmpy : Hoy € H x H — H denote the groupoid multiplication
of H, and similarly let m¢g : G2y € G x G — G denote the multiplication of G.
The direct product vector bundle H x H — G x G inherits a natural Lie algebroid
structure, and we have a Lie subalgebroid Hy) over G (o) which is just a pull-back
algebroid, see for example, [Higgins and Mackenzie 1990] for details about the
pull-back operation in the category of Lie algebroids. With respect to this Lie
algebroid structure, the multiplication map m g is required to be a Lie algebroid
morphism covering mg.

The Lie functor applied to an £-groupoid (13) determines a double vector

bundle

Algn)
AH — AG

(14)

qdE
E——>M,

where each of the arrows define Lie algebroids. The top Lie algebroid structure
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is nontrivial, and it deserves a detailed explanation. The Lie algebroid structure
AH — AG was constructed in [Mackenzie 2000] as a prolongation procedure
similar to the tangent prolongation of a Lie algebroid, except that we replace the
tangent functor by the Lie functor.

Definition 5.4. The prolonged anchor map AH — T (AG) is defined by
pi=jg' oAlpn),
where jg : T(AG) — A(T G) is the canonical identification defined in Equation (5).

Now we study the space of sections I'yg(AH).

Definition 5.5. A section u € ' (H) is called a star section if there exists a section
ug € I'yy (E) such that

(1) EEOU)=UOCEY,
(2) syou =ugosg.
Notice that since every star section u : G — H preserves the units and the source

fibrations, we are allowgd to apply the Lie functor to u, yielding a section A(u) of
the vector bundle A H Alam), AG.

Definition 5.6. Let (H, G, E, M) be an ¥£s{-groupoid. The core of H is the vector
bundle over M defined by
K := ey ker(sy).

Every section k € I'(K) induces a section kg € I'g(H) in the following way:
ki (g) = k(16 (8))0L,

where 0? is the zero element in the fiber H, above g € G. Notice that for every
section k € I'(K) the induced section ky € I'g (H) satisfies

kH OEMIk.

It was proved in [Mackenzie 2000] that the core of the double vector bundle
(AH, AG, E, M) is the vector bundle K — M. Notice that a core element k € K
induces a Lie algebroid element k € AH. Indeed, we observe that every element

in A H has the form J

W:E

(ht)|t=0,

where h; is a curve in H sitting in a fixed source fiber s;ll(e) with hg = €g(e).
Thus, for every core element k € K above x € M —that is, sy (k) = Of and
qu (k) = €)1 (x) —there exists a natural element k € AH, defined by

- d
k= (k) i—o.
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Definition 5.7. Given a section k € I'(K), the core section induced by k is the
section k°°"® € T'yg (A H) defined by

K () := A )u, +k(x).

Proposition 5.8 [Mackenzie 2000]. The space of sections ' ag(AH) is generated
by sections of the form A(u), where u : G — H is a star section, and by sections of
the form k', where k : M — K is a section of the core of H.

The Lie bracket on I"'yg(AH) is defined in terms of star sections and core
sections. First we observe that whenever u, v € I'¢(H) are star sections, then the
Lie bracket [u, v] € I'g(H) is also a star section. Thus the Lie bracket between
sections of the form A(u), A(v) is defined by

[AG), A()] = A([u, v]).
The bracket of a pair of core sections is defined by
[kiore kgore] — 0

In order to define the bracket of a star section and a core section we notice that
every star section # : G — H induces a covariant differential operator

D,:T(K)—=T'(K), k> lu,kyloey.

Now we define [A(u), k] = (D, (k))°*.
The Lie bracket of other sections of I'yg(AH) is defined by requiring the
Leibniz rule

[w, fwl= flw, w]+ (Lsw HHw'.

The vector bundle A H A, AG endowed with the anchor map

p=lJg oAp)

and the Lie bracket [ -, -] on I'yg(AH) becomes a Lie algebroid called the pro-
longed Lie algebroid induced by H — G, see [Mackenzie 2000].

Although the following remark is not mentioned in [Mackenzie 2000], it is
important to notice that Mackenzie’s construction of the prolonged Lie algebroid is
natural in the following sense.

Proposition 5.9. Let (H, G, E, M) be an £4-groupoid. Consider the canonical
embeddings iag : AH — TH andipg : AG — TG. Endow TH — T G with the
tangent algebroid structure and AH — AG with the prolonged algebroid structure.
Theniag is a Lie algebroid morphism covering ig.
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Recall that (see for example, [Mackenzie 2005]) a vector bundle map W : A — B,
covering ¥ : M — N, is a Lie algebroid morphism if

ppoVW =Ty opy,

and the following compatibility with brackets holds: For sections u, v € I'(A)
such that ¥ (u) = Zj fiv*ujand W (v) =), giy*v;, where f;, gi € C*°(M) and
uj,v; € I'(B), we have

(15) W(u,v1) =D fi8iv Tuj. vilat Y Lo 8™ vi— Y Lpuw ¥ uj.
i,j i J
Proof. The compatibility with the anchor maps reads
prHoiag =Tisc o p,

which is exactly the definition of the prolonged anchor map.

Let us check now the compatibility with the Lie brackets. For that, consider a star
section u : G — H. Then, there are sections Tu : TG — TH and A(u) : AG — AH.
Both are related by A(u) = Tu|ag. In particular, igg o A(u) = Tu oisg holds.
Similarly, every section k € I'(K) of the core of H induces a section of the tangent
prolongation TH — T G. Indeed, first consider the induced section kg € I'g(H)
and then construct the core section IQH € I'r¢(TH) defined in the usual way:

kun(Xg) =T(O0") X, +ku(g).

For every x € €)y (M) C G one has kg (x) =k(x), and thus at any u, € (AG), €T, G
we get
ke (uy) = A"y, +k(x).

Hence we conclude that i 4y 0 k% = IQH oisg. Let us show that (15) holds for a
pair of sections A(u), A(v), where u, v: G — H are star sections. Indeed,

iagol[Am), A(w)] =iggoAlu,vl=T[u,v]oisg =[Tu, Tv]oiag,

as desired. It remains to show the bracket condition (15) for sections of the form
A(u), k", where u : G — H is a star section and k : M — K is a section of the
core. On the one hand, one has that

iam o [Au), k] =isg o (Dk)* = (Dk)y oiac.

On the other hand,
[Tu,kyloiac =[u, knloiac.

Notice that to conclude that (15) holds in this case it suffices to show that
(Dyk)g oisc = [u, kgl oisc. Indeed, using the fact that k = kg o € for every
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section k : M — K, we conclude that if v, € A, G, then
— d
[, k1) = TOG (1) + - (¢, kr 100)) =0

= T0H (u,) + %(I(Duk)H(x))h:O = (Duk) 11 (vy). O

5B2. Dirac groupoids as £A-groupoids. Let L be a multiplicative Dirac structure
on a Lie groupoid G == M. This means that we have a V'%B-subgroupoid Ls =2 E of
TG =TM®A*G, such that L C TG is also a Dirac subbundle. In particular there
is a canonical Lie algebroid structure on L — G with anchor map Lg — T G the
natural projection and Lie bracket [ -, - ] on ['¢(L¢). Given sections eq, e; of E,
there exist star sections aj, a; of Lg covering e and ey, respectively. Since Lg is
involutive with respect to the Courant bracket, we conclude that [[a;, a] is a star
section of L covering a section e of E. We define [e], e2] := e. A straightforward
computation shows that with respect to this Lie bracket and the natural projection
E — TM, the vector bundle E — M becomes a Lie algebroid.

Proposition 5.10. A multiplicative Dirac structure L on G gives rise to an £HA-
groupoid

pPG®cg
Log—=G

(16)

qE
E——M,

where pg and cg denote the tangent projection and the cotangent projection,
respectively.

Proof. Since the structure mappings defining the Lie groupoid Lg =2 E are re-
strictions of the structure mappings of the tangent and cotangent groupoids, a
straightforward computation shows that these structure mappings are Lie algebroid
morphisms over the structure mapping of G. The fact that the multiplication
on Lg is a Lie algebroid morphism over the multiplication on G follows from
Proposition 5.2. An argument similar to the one used in the proof of Proposition 5.2
shows that the inversion map on L is a Lie algebroid morphism. ([

5C. The Lie algebroid of a multiplicative Dirac structure. We let G be a Lie
groupoid over M with Lie algebroid AG. Let L be a multiplicative Dirac structure
on a Lie groupoid G. According to Proposition 5.1, the canonical pairing (-, - )¢ :
TG ®TG — R is a Lie groupoid morphism. Applying the Lie functor yields a
nondegenerate symmetric pairing

A((+, ")) 1 (A(TG)® A(T*G)) xa6 (A(TG) ® A(T*G)) — R.
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Let (-, -)ac denote the canonical nondegenerate symmetric pairing on T(AG).
Recall that there exist canonical isomorphisms of Lie algebroids jg : T(AG) —
A(TG) and j; : A(T*G) — T*(AG) (see (5) and (6)). Since (-, )¢ is justa
suitable restriction of T'( -, - ), one concludes that the canonical map

JG'®ji: A(TG)® A(T*G) — T(AG) ® T*(AG)

is a fiberwise isometry with respectto A((-, - )g) and (-, - ) 4. This is a useful tool
for transporting Lagrangian subbundles of TG & T*G to Lagrangian subbundles of
T(AG)®T*(AG). For instance, given a ¥V'%B-subgroupoid L of TGHT*G, we can
apply the Lie functor to obtain a V"%-subalgebroid A(Lg) CA(TG)DA(T*G). We
mimic the construction of tangent Dirac structures, giving rise to a V"®B-subalgebroid
of T(AG) & T*(AG) defined by

Lac = (jg' ® Jj6)(A(Lc))-
The following result is a straightforward consequence of the previous discussion.

Proposition 5.11. Let L C TG ® T*G be a VB-subgroupoid. Consider the
associated V' B-subalgebroid L s C T(AG) ® T*(AG). Then Lg is isotropic with
respect to (-, - )g if and only if L o is isotropic with respect to { -, - ) oG-

In particular, if L € TG & T*G is a V'®B-subgroupoid with associated V'%B-
subalgebroid L4 € T(AG) ® T*(AG) then L is an almost Dirac structure on G
if and only if L 4 is an almost Dirac structure on AG.

Now we want to deal with integrability issues. For that, consider a multiplicative
Dirac structure Lg C TG and let (Lg, G, E, M) be the associated £s{-groupoid.
Applying the Lie functor we obtain the prolonged Lie algebroid structure on
A(Lg) — AG, and we use the canonical map

jg;l ®j;: ATG)BA(T*G) > T(AG)®T*(AG)

to define a Lie algebroid Lac = (j; 'g jé;)(A(Lg)) over AG, characterized by the
fact that j(;] &) j’G : A(Lg) = L4¢ is a Lie algebroid isomorphism. We have seen
that Lo € T(AG) is a Lagrangian subbundle with respect to the canonical pairing
(+,-)ac on T(AG). We claim that the Lie bracket on I' 4 (L 4) induced by the
prolonged Lie bracket on I' 4 (A(Lg)) coincides with the Courant bracket. Indeed,
since the tangent Lie algebroid 7L — T G is isomorphic to Ly — T G, where the
latter is equipped with the algebroid structure induced by the tangent Dirac structure
Ly¢ CTTG®T*TG, and A(Lg) is a Lie subalgebroid of TL s (Proposition 5.9),
then the bracket on sections of L 4 induced by the identification A(Lg) = L ag is
exactly the restriction of the Courant bracket on I'(T (AG) & T*(AG)). We have
proved:
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Theorem 5.12. Given a Lie groupoid G with Lie algebroid AG, there is a canonical
map

Dityyit(G) = Ditmorph(AG), Lg + Lag := (jg' @ j5)(A(L)).

That is, up to a canonical identification, the Lie algebroid of a multiplicative Dirac
structure Lg C TG defines a Dirac structure L on AG which is also a Lie
subalgebroid of T(AG).

It is interesting to observe that since L4 is the Lie algebroid of the -
groupoid Lg, in particular L ¢ inherits the structure of a double Lie algebroid
[Mackenzie 2000]. Double Lie algebroids were introduced by Mackenzie [2011] as a
way to understand Drinfeld’s doubles of Lie bialgebroids. As a result, multiplicative
Dirac structures provide interesting examples of double Lie algebroids.

5D. Dirac groupoids vs. Dirac algebroids. This section is concerned with the
statement and proof of the main result of this work. We will prove that, whenever G
is a source simply connected Lie groupoid with Lie algebroid AG, then the map in
Theorem 5.12 is a bijection.

For that, recall that if M is a smooth manifold and L C TM is a Lagrangian
subbundle, then there is a well-defined element ; € I'( /\3L*) given by

(17) wr(ai, az, az) = ([la, azll, az).

The element 1}, € F(/\3L*) is referred to as the Courant 3-tensor of L. Notice
that a Lagrangian subbundle L C TM is a Dirac structure if and only if ¢, vanishes.

Proposition 5.13. Let G be a Lie groupoid over M. Consider a Lagrangian sub-
bundle L C TG & T*G, which is also a Lie subgroupoid. Then, the Courant
3-tensor of L is multiplicative; that is,

3
MLg - l_[ LG —- R
LS el

is a groupoid morphism.

Proof. Let us consider composable pairs aé, a ,i in Lg withi =1, 2, 3. Set cfgh =
mqy(aé, &,i) € (Lg)gn, for i = 1,2,3. Choose a section ¢t € T'(Lg) such that
c'(gh) = c;h. Since L¢ is a V'®B-groupoid, the multiplication on L is fiberwise
surjective. In particular, there exist sections a’, @' € I'(L¢) such that myo(a’,a’) =
' omg, for every i = 1,2, 3. Clearly a'(g) = aj, and a' (h) = aj,fori=1,2,3.

Then,

/-’LLG ((Cl;, a§7 ag) * (a}lp a]%p (/_12)) = /-’LLG (céhv czha C;h) = ([[Cls Cz]](gh)a C3(gh)>
= (mr([a® a1, [a', a*1) (g, h), my(a® @) (g, b))
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The last identity follows from the fact that (m, m¢) is a Courant morphism (see
Proposition 5.2). Now we use the fact that (-, - ) is a groupoid morphism to
conclude that

i ((ay. a. a)) = @y, aj. ay)) = prg(ay. ag. a) + pur, @, ay. a).
This proves that the function w1z, is multiplicative. O
We would like to describe explicitly the Lie algebroid morphism induced by the
multiplicative tensor pr, : ]_[;G Bec L — R. For that, we need the next lemma.
Lemma 5.14. Let M be a smooth manifold. Consider a Lagrangian subbundle
Ly C TM. Then, for every (a1, az, az) € TLy the following identity holds:

Tiipy, (a1, a2, a3) = pppy, ((Ju ® Ondar, (Ju @ Oy)az, (Ju @ Op)az),
where Ly C T(TM) is the tangent lift of Ly.

Proof. One has Tur,, (Tar, Tax, Taz) =T (L, (a1, az, as)) for every ay, az, a3 €
a7 (Lyr). On the other hand, the canonical map Jy; @ ®,, applied to each of the
sections Tay, Tay, Tas gives al ,a) ,al € T'ray(Lry). Thus we conclude that

Urn (@l ay,al) = (la],alll,ai)ru = (a1, azll, az) )",

which is exactly the tangent functor applied to the function uy,, (a1, a2, az). There-
fore, for every triple of sections aj, as, az of Ly, we get

(18) Tur,(Tai, Tay, Tas) = pup,,(al ,ai,ai).

Now we notice, using local coordinates, that for every point ¢ € TL,; above
X € TM there exists a section a € I'y;(Lys) such that Ta(x) = a, where Ta €
Ira(TLyy) is the section obtained by applying the tangent functor to the section a
of L. This fact together with identity (18) prove the statement. ([

As a consequence we obtain a direct proof of the Courant integrability of the
tangent lift of a Dirac structure Ly, on M.

Corollary 5.15. Let Ly be an almost Dirac structure on M, and consider the
induced almost Dirac structure Lty on TM. Then Lty is Courant integrable
if Ly is Courant integrable.

Now consider a multiplicative Dirac structure Lg on G. The application of
the Lie functor to the groupoid morphism p;, of Proposition 5.13 yields a Lie
algebroid morphism

3
Ay [ Ao —»R
A(pc®ee)

Since A(ur,) =T wrslawg), we conclude:
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Proposition 5.16. For the Lagrangian subbundle Lac = (jg ' JG)A(Lg) €
T(AG), we have

A(uLy) = pr,g 0 g @6,

where (j(;1 @ j’G)(3) : Hi(pGEBCG) A(Lg) — H;AG@CAG L sg denotes the natural
extension of (jc_;l ® j;)-

Proof. This follows directly from Lemma 5.14 and the fact that j; and j; are
suitable restrictions of Jg and O, respectively. ]

Now we are ready to state the main theorem of this work.

Theorem 5.17. Let G be a source simply connected Lie groupoid with Lie alge-
broid AG. There is a one-to-one correspondence between multiplicative Dirac
structures on G and morphic Dirac structures on AG. The correspondence is given
by the map in Theorem 5.12.

Proof. Let L be amultiplicative Dirac structure on G. Consider the Lagrangian sub-
bundle L s := (jc_;l ® j;)(A(Lg)) C TAG. Since jur; =0, then Proposition 5.16
implies that wuy,, = 0. Thus, L4¢ is a Dirac structure on AG which is clearly
morphic. Notice that the integrability of L 4¢ is also a consequence of Theorem 5.12.
Conversely, consider an element L 4 € Diryorph (AG); thus Ly is a linear Dirac struc-
ture on AG such that Ly, € TAG is a V'%B-subalgebroid. Since G is source simply
connected, TG is the source simply connected Lie groupoid which integrates the
Lie algebroid TAG. As explained in [Bursztyn et al. > 2013], the V"%®B-subalgebroid
L4 € TA integrates to a source simply connected V'%-subgroupoid L € TG. We
will prove that L¢ is a multiplicative Dirac structure on G. Since Ly C TAG is
Lagrangian with respect to the canonical symmetric pairing (-, - )4 on TAG, we
conclude from Proposition 5.11 that L is Lagrangian with respect to the canonical
symmetric pairing (-, - )¢ on TG. It remains to show that L C TG is integrable
with respect to the Courant bracket. Equivalently, we have to prove that the Courant
3-tensor pp,; € F(/\3L”é) is zero. Since L4 € TAG is a Dirac structure, the induced
Courant 3-tensor (i1, € F(/\3LZ) vanishes. Therefore, combining Proposition 5.16
(applied to the zero Lie algebroid morphism) with Lie’s second theorem we conclude
that uy, =0, as desired. This shows that L is a Dirac structure on G, which by
definition is multiplicative. O

Remark 5.18. Theorem 5.17 provides a direct proof of the Notice that integrability
of the Lagrangian subbundle L 6 C T(AG) associated to a multiplicative Dirac
structure L C TG, without using the theory of £sd-groupoids. In spite of this,
we believe that the fact that L 4 inherits the structure of a double Lie algebroid is
interesting in itself. This relies on the observation that L is an ¥s{-groupoid.
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5E. Main examples revisited. We have shown several examples of Dirac groupoids
and Dirac algebroids. See Sections 3 and 4, respectively. Here we will see that
both classes of examples are related by the construction explained in Section 5C.
Throughout this subsection G denotes a Lie groupoid over M with Lie algebroid AG.

SE1. Poisson groupoids and Lie bialgebroids. Consider a multiplicative Poisson
bivector g on G. It is well known that in this case M C G is a coisotropic
submanifold and, in particular, the conormal bundle N*M = A*G inherits a Lie
algebroid structure. The Dirac structure Ls on G defined by the graph of ng
is a multiplicative Dirac structure. The multiplicativity of this Dirac structure
is equivalent to ng : T*G — TG being a morphism of Lie groupoids, and the
associated Lie algebroid morphism coincides, up to identifications, with ngG :
T*(AG) — T (AG), where 4 denotes the linear Poisson bivector on AG dual to
the Lie algebroid A*G. One concludes that the corresponding Dirac structure L4
on AG is exactly the graph of m4g. Since L4¢ is a Lie subalgebroid of TAG,
the bundle map ”/jx(; : T*(AG) — T(AG) is a Lie algebroid morphism. This
is equivalent to saying that (AG, A*G) is a Lie bialgebroid. As a corollary of
Theorem 5.17 we obtain:

Corollary 5.19 [Mackenzie and Xu 2000]. Let G be a source simply connected Lie
groupoid with Lie algebroid AG. There is a one-to-one correspondence between
multiplicative Poisson bivectors on G and Lie bialgebroid structures on (AG, A*G).

5E2. Multiplicative 2-forms and IM-2-forms. Assume that wg € Q*(G) is a mul-
tiplicative closed 2-form on G. The Dirac structure Ls given by the graph of
a)é : TG — T*G is multiplicative. In this case, the corresponding Dirac struc-
ture L4 on AG is given by the graph of the closed 2-form wsg := —0*Wean,
where 0 : AG — T*M is defined by o (u) = i,wg|rm. Since the Dirac struc-
ture L,g is a Lie subalgebroid of T(AG), we conclude that the bundle map
wiG :T(AG) — T*(AG) is a Lie algebroid morphism. As shown in [Bursztyn et al.
2009a], this is equivalent to the bundle map o : AG — T*M being an IM-2-form
on AG; that is, for every u, v € I'(AG), the following conditions hold:

s (o), pac(v)) = —(0 (v), pac(u));
s oflu,v]=%p,,w0 W) —Ep,600 W) +d{o ), pacv)).
As a corollary of Theorem 5.17, we get:

Corollary 5.20 [Bursztyn et al. 2004]. Let G be a source simply connected Lie
groupoid with Lie algebroid AG. There is a one-to-one correspondence between
multiplicative closed 2-forms on G and IM-2-forms on AG.

SE3. Foliated groupoids and foliated algebroids. Let Fg € T G be a multiplicative
involutive subbundle. Then, the Dirac structure Lg = Fg @ F; is multiplicative.
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The corresponding Dirac structure L 4 on AG associated to L is given by L 4 =
Fac ® Fi; C T(AG), where Fpg := jgl(A(FG)) C T(AG). Since Lyg is a
Dirac structure which is also a Lie subalgebroid of T(AG), we conclude that
Fac € T(AG) is an involutive subbundle which is also a Lie subalgebroid of
T(AG) — TM. We refer to such a subbundle as a morphic foliation on AG. As a
corollary of Theorem 5.17, we obtain the next result.

Corollary 5.21 [Hawkins 2008]. Let G be a source simply connected Lie groupoid
with Lie algebroid AG. There exists a one-to-one correspondence between multi-
plicative foliations on G and morphic foliations on AG.

As shown in [Hawkins 2008; Jotz and Ortiz 2012], having a morphic foliation
on AG is equivalent to AG be equipped with an IM-foliation, that is, a triple
(Fy, K, V) where Fy; C TM is an involutive subbundle, K € AG is a Lie subal-
gebroid with psg(K) C Fy, and V is an Fjs-connection on AG/K satisfying the
following conditions:

o Vis flat.

If u e I'(AG) satisfies Vr(r,,)(u + K) € I'(K), then [u, I'(K)] C I'(K).

o If u,v € I'(AG) are such that Vrg,(u + K), Vrr,)(v + K) € I'(K), it
follows that Vr(r,,)([u, v]+ K) € I'(K).

If u € I'(AG) satisfies Vr(r,)(u + K) € T'(K), then [pag(u), I'(Fp)] €
'(Fy).

The properties as above determine completely the morphic foliation F4; on AG.
In particular, Dirac structures of the form L = Fac ® Fj are in one-to-one
correspondence with IM-foliations. Additionally, there exists a conceptually clear
interpretation of IM-foliations in terms of representations up to homotopy. See
[Drummond et al. 2013] for more details.

SEA4. Dirac Lie groups and Dirac Lie algebras. Let G be a Lie group with Lie
algebra g and let L € Dirpy(G) be a multiplicative Dirac structure. Consider
the Dirac structure Ly on g associated to L. It was shown in [Ortiz 2008] that
ker(Lg):=LsNT G is aregular involutive subbundle of 7' G, in particular ker(Ly) =
Jo 1(A(ker(LG))) is an involutive subbundle of T'g. Since ker(L,) is a linear
foliation on g, that is, multiplicative with respect to the abelian group structure on g,
then the leaf through O € g is a vector subspace h € g. The other leaves are affine
subspaces of g modeled on b. In particular, the space of characteristic leaves of L
coincides with the quotient space g/h. The fact that L, C Tg is a Lie subalgebroid
implies that i C g is an ideal. Therefore, the space of characteristic leaves g/b
of L4 inherits a unique Lie algebra structure making the quotient map ¢ : g — g/b
into a surjective Lie algebra morphism. Since g/f is the space of characteristic
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leaves of Lg, there is a unique Poisson structure 7 on g/h making the quotient map
¢ : g — g/b into a forward and backward Dirac map. Since L is a morphic Dirac
structure, we conclude that 7 is a morphic bivector on g/b. In particular, the pair
(g/b, (g/h)*) is a Lie bialgebra. Conversely, given a Lie algebra g and an ideal
h C g such that (g/b, (g/h)*) is a Lie bialgebra, then the linear Poisson bivector 7
on g/b is morphic. The surjective Lie algebra morphism g — g/h induces a Dirac
structure Ly on g (the pull-back of 7) which is morphic as well. We have proved
the following result.

Proposition 5.22. Let g be a finite-dimensional Lie algebra. There is a one-to-one
correspondence between

(1) morphic Dirac structures on g, and

(2) ideals by C g such that (g/h, (g/h)*) is a Lie bialgebra.
The proposition above recovers the results of [Ortiz 2008].

SES. Tangent lifts of Dirac structures. Let L be a multiplicative Dirac structure
on G. Consider the associated morphic Dirac structure L 4 on the Lie algebroid of
G. We can lift L to a multiplicative Dirac structure on the tangent groupoid 7 G.
Similarly, as explained in Section 4B3, the morphic Dirac structure L 4 can be lifted
to a morphic Dirac structure L7 (ag) on the tangent Lie algebroid T(AG) — TM.
It is straightforward to check that the morphic Dirac structure on 7 (AG) associated
to L7¢ as in Theorem 5.17 coincides with the tangent lift L7ac) of Lag. That is,
the tangent functor commutes with the Lie functor.

S5E6. Symmetries of Dirac groupoids. Let Lg be a multiplicative Dirac struc-
ture on G. Consider the associated morphic Dirac structure Ly on AG as
in Theorem 5.17. Let H be a Lie group acting freely and properly on G by
groupoid automorphisms @, : G — G, h € H. Applying the Lie functor to each
®;, : G — G yields a free and proper H-action on AG by Lie algebroid automor-
phisms A(®y,) : AG — AH, h € H. Assume that the H-orbits of G coincide
with the characteristic leaves of L. Then, the H-orbits of AG coincide with the
characteristic leaves of L 4. We have shown that in this situation we can endow
the space of characteristic leaves G/H of L with a unique multiplicative Poisson
bivector 7,y making the quotient map G — G/H into a forward and backward
Dirac map. Similarly, the space of characteristic leaves AG/H of L 4 inherits a
unique morphic Poisson structure 46,5 making the quotient map AG — AG/H
into a forward and backward Dirac map. One can easily see that the morphic Dirac
structure L 4G /p associated to g,y as in Section SE1 coincides with the morphic
Dirac structure on AG/H given by the graph of m4,n. As a consequence, the Lie
bialgebroid of (G/H, mg/n) is exactly (AG/H, (AG/H)*).
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SE7. B-field transformations. Let Lg be a multiplicative Dirac structure on G.
Assume that Bg is a multiplicative closed 2-form on G. Consider the Dirac
structure Lg on G, obtained out of L by applying the B-field transformation
with respect to Bg. As observed in [Bursztyn et al. 2009a], every multiplicative
closed 2-form on G induces a morphic closed 2-form Bsg on AG. A direct
computation shows that the morphic Dirac structure Lﬁ ¢ corresponding to Lg (as
in Theorem 5.17) is given by the B-field transformation of L 4 with respect to
B4g, in agreement with [Ortiz 2012].

5E8. Generalized complex groupoids. Let Lg C TG be a multiplicative general-
ized complex structure on G. The construction explained in Theorem 5.12 applies
also to the case of multiplicative generalized complex structures. As a result, there
is a morphic Dirac structure L C TcAG given by L g := (j(;1 ® j;)c(A(Lg)),
where (j; e j&)@ : A(TeG) — Te(AG) denotes the complexification of the
canonical isomorphism (jG_1 ®j;): A(TG) — T(AG). Observe that Ly S TcAG
is in fact a generalized complex structure making the pair (AG, L 4¢) into a gen-
eralized Lie algebroid. For that, we only need to check that Lsg N Laig = {0}.
Indeed, one easily checks that the conjugation map (- )¢ : TcG — T¢G is a Lie
groupoid isomorphism. Therefore, the generalized complex structure Lg on G
is also multiplicative. Since TcG = L @ L, the application of the Lie functor
yields a decomposition

(19) A(TeG) = A(LG) ® A(Lg).

Straightforward computation shows that the Lie algebroid isomorphism A((-)¢)
A(TcG) - A(TcG) satisfies

(o' ®j6)co A()e) = (Dacs

where the map of the right hand side of the identity above is the conjugation map
Tc(AG) — Tc(AG). Hence, applying the canonical isomorphism (j; '® jé;)@ :
A(TcG) — Tc(AG) on both sides of (19), gives rise to

TcAG = Ly @ZA(;.

Therefore, L 4 is transversal to L 4 and we conclude that L 4 is a morphic
generalized complex structure. In this situation, Theorem 5.17 gives rise to the
following result.

Proposition 5.23 [Jotz et al. 2012]. Let G be a source simply connected Lie
groupoid with Lie algebroid AG. There is a one-to-one correspondence between
multiplicative generalized complex structures on G and morphic generalized com-
plex structures on AG.



362 CRISTIAN ORTIZ

6. Conclusions and final remarks

This work can be considered as the first step toward describing multiplicative Dirac
structures infinitesimally. We have seen that every multiplicative Dirac structure L¢
on a Lie groupoid G induces a Dirac structure L 4 on its Lie algebroid AG which
is compatible with the algebroid structure in the sense that L4 C T(AG) is a
Lie subalgebroid. Notice that in the special situation of Poisson groupoids (resp.
multiplicative closed 2-forms, multiplicative foliations) the induced Dirac structure
on AG is equivalent to endowing (AG, A*G) with a Lie bialgebroid structure
(resp. IM-2-form, IM-foliation). Therefore, it would be interesting to introduce
a suitable notion of IM-Dirac structure, providing a more explicit description of
Dirac structures compatible with a Lie algebroid, unifying different infinitesimal
structures such as Lie bialgebroids, IM-2-forms and IM-foliations. This study will
be part of a future work.
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