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Abstract

In this paper we study the concept of Dirac—Nijenhuis structures. We consider
them to be a pair (D, N) where D is a Dirac structure, defined with respect
to a Lie bialgebroid (A, A*), and A is a Nijenhuis operator which defines
a deformation of the Lie algebroid structure of D in a compatible way.
The transformation can be considered to deform also the double of the Lie
bialgebroid, which leads to the concept of Dirac—Nijenhuis structures of type I,
or to not affect it, leading to Dirac—Nijenhuis structures of type II. We prove
that the concept contains Poisson—Nijenhuis structures as a particular case and
provides another example for the case of Kihler manifolds.

PACS numbers: 02.10.De, 02.20.Sv, 02.40.Ma
Mathematics Subject Classification: 58H15, S8HO05, 53D17, 17B62

1. Introduction

Dirac structures were introduced by Courant and Weinstein and Dorfman at the end of the
eighties [3, 4]. They are a generalization of Poisson structures which, roughly speaking,
replace the canonical symplectic foliation of the Poisson manifold by a presymplectic one.
Roughly speaking still, we can think of Dirac structures as a Poisson manifold endowed with
a distinguished distribution which, speaking in mechanical terms, defines a set of implicit
constraints. Mechanical systems with constraints, singular Lagrangian systems and many
engineering systems are naturally described by a Dirac manifold. These applications in
engineering are defined through the theory of port controlled Hamiltonian systems introduced
by van der Schaft, Maschke and co-workers (see for instance [17, 22] and references therein).

From a geometrical point of view, Dirac structures are intimately related to Lie algebroids
and Lie bialgebroids [2, 13, 12]. A Dirac structure on a manifold M was defined in [3, 2]
as a subbundle D of the Whitney sum TM @ T*M satisfying certain properties, which
correspond to the definition of a Lie algebroid structure. Later, the concept was generalized
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to similar subbundles defined on Whitney sums of the form A & A*, where (A, A*) is a Lie
bialgebroid [13].

On the other hand, the deformation of structures by using Nijenhuis operators is a concept
often used in the literature. Originally proposed within the framework of integrable systems
(see the introduction and references of [16]), it allows a deformation of Lie algebra structures
defined on different types of manifolds. It has recently been extended to the Lie algebroid
case, and therefore a very interesting example seems to be the study of the deformation of Lie
algebroid structure which corresponds to a Dirac manifold. In [5], the problem was discussed
for the case of Poisson manifolds (corresponding to the case of Poisson—Nijenhuis manifolds
[9-11]). Within the Lie algebroid domain, the Jacobi—Nijenhuis case (i.e. the deformation
associated with a Jacobi manifold) was also studied in [8, 18]. Very recently, two new works
have been presented concerning more general settings:

e In [14], the concept of Dirac—Nijenhuis structures was introduced for the particular case of
Dirac structures defined in the Whitney sum 7'M & T*M for M a differentiable manifold.
The tools used are similar to ours, but our approach is more general. There is an important
property of the construction which is worth mentioning: the new Lie structure of the Dirac
structure is not obtained from a trivial deformation of its Lie algebroid structure. The
authors define a certain transformation of the double which yields a new Lie product on
the Dirac structure, but it does not correspond to a Nijenhuis operator for the Lie algebroid
structure.

e In [1], is studied the deformation of Courant algebroids, Lie bialgebroids and Dirac
structures, by studying the deformation of Leibniz algebras. It is an interesting line of
work, and it proves to be very powerful for the study of the deformation of Courant
algebroids (the main objective of [1]), but the authors do not explore extensively the case
of Dirac structures, and after defining the concept at a general level, they study only some
simple cases, namely the graph of a presymplectic tensor or of a Poisson tensor on the
double of the Lie bialgebroid TM ¢ T*M. In these examples, we find the same situation
as in the previous case: the new structure does not arise as a trivial deformation of the Lie
algebroid structure of the Dirac structure. In this case, it is the effect of the deformation
of the Leibniz algebra on the corresponding subbundle.

In this work, we study extensively the case of Dirac structures defined on the double of
general Lie bialgebroids. We propose an extension to general Dirac structures, which includes
the Poisson—Nijenhuis case as a particular example, and can be adapted to the Jacobi—Nijenhuis
framework (see [19]). Our approach shares elements with [1] and with [14], but it also contains
important differences, basically the fact that we consider deformations of the Lie algebroid
structure of the Dirac bundle by defining Nijenhuis operators for them. Hence, we define the
deformation of Dirac structures by deforming the skew-symmetric operation which defines
a Lie bracket on the Dirac bundle, as the authors of [14], but we do it in a more general
setting, namely Dirac structures defined on arbitrary Lie bialgebroids. Besides, we allow the
transformation to map the Dirac bundle on itself, a property which is not required in [14].

Carifiena et al [1] also study the general Lie bialgebroid case, but using very different
tools, namely the deformation of Leibniz algebras. Both approaches are related to each other,
and some of our results concerning the deformation of the double of a Lie bialgebroid can be
obtained from the results in [1], but the philosophies of work are quite different, since this
work focuses on the deformation of general Dirac structures, while in [1] that is defined as a
side result (the main goal being the deformation of Courant algebroids), and not developed in
detail. Besides, the deformations provided in these examples do not define trivial deformations
of the Lie algebroid structure of the Dirac bundle.
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Therefore, we consider that our work offers a new approach regarding the deformation of
Dirac structures. In this paper, we will consider only deformations of the double which arise
from a deformation of the Lie bialgebroid, and not more general ones, defined directly at the
level of the double, which will be studied in a future paper.

The structure of the paper is as follows. In section 2 the notion of Dirac structure in
general Lie bialgebroids is presented: we discuss the definition of a Lie bialgebroid, and some
properties and examples, as well as the notion of Courant algebroids. Then, Dirac structures
are defined as suitable subbundles within that framework. The notion of the characteristic pair
of a Lie algebroid, which will be very important for us later, is also discussed. The remaining
sections are devoted to the deformation of the structures presented so far: section 3 studies
the deformation of Lie algebroids and Lie bialgebroids, since they are necessary to define
the deformation of Dirac structures themselves. Then, section 4 studies some simple cases
of deformations of the double of a Lie bialgebroid. Finally, we arrive at our main interest,
the deformation of Dirac structures. We study the problem following two different approaches:
in section 5 we study the deformations of Dirac structure arising from the deformations of
the double of the Lie bialgebroid where they are defined. In section 6 we study the second
framework: a deformation of the Lie algebroid structure of the Dirac structure which is defined
only for D, and not for the double. Finally, section 7 introduces the notions of Dirac—Nijenhuis
structures of types I and I and provides examples of both cases. Besides, we compare carefully
our definitions with the definitions presented in [1, 14].

2. Preliminaries: Dirac structures on Lie bialgebroids

Given a Lie bialgebroid (A, A*), we can consider the Whitney sum B = A @ A", the
duality between the two bundles can be used to define two canonical forms, one symmetric
(-,)+ : B x B — R and one skew-symmetric (,-)_ : B x B — R:

(X1, 01), (X2, @) = (X2, 1) = (X1, a2) V(X1, 1), (X2, a2) € B. (1)
We can also define a skew-symmetric operation on A @& A*:
Definition 2.1. Consider the Whitney sum bundle B = A & A*. We can endow the set of
sections of B with a bilinear, skew-symmetric operation, in the form:
(X1, 1), (X2, 2)]o = ([ X1, Xo] + [(X1, a1), (X2, a2)] s, [(X1, 01), (X2, 22) ]2 + [0, 02]s)
2
with
(X1, 01), (Xa, 00)]0e = L3, Xo — L7, X1 — 1 (ix,00 — iy, )
and
(X1, 1), (X2, a2)]z = Lx,00 — Ly, 01 + 3d (ix,00 — ix,2)
where Lx, L}, correspond to the Lie derivatives on A and A*.
For this operation, bi-linearity and skew-symmetry are trivial to prove. On the other hand,

Jacobi identity is not satisfied on the whole space of sections of B. It is possible, though, that
the property holds for the space of sections of a subbundle D C B.

Definition 2.2. A subbundle D C B which is maximally isotropic with respect to the operation
(+,-)+ in (1) is said to be a Dirac structure if the skew-symmetric bracket (2) defines a Lie bracket
on the space of sections I' D.
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It is also well known that

Proposition 2.1. Consider the Whitney sum bundle B = A @ A* for the Lie bialgebroid
(A, A*). Consider also the operation [-,-], and the mapping pp = p @ px : B > TM. A
subbundle D C B is a Dirac structure if and only if (D, [-,-s, pg|p) is a Lie algebroid.

2.1. Characteristic pairs

The characterization of Dirac structures can be done in terms of subbundles of A and suitable
A-tensors. This generalizes the description proposed in [22] for the case of Dirac structures
defined on TM & T*M. We will follow Liu’s construction, described in [12]. For the sake
of simplicity, we will restrict ourselves to the case where the intersection D N A has constant
rank and defines a subbundle of the bundle A.

Definition 2.3. Consider a Lie bialgebroid (A, A*) and a maximally isotropic subbundle
of its Whitney sum D C A @ A*. Any pair of a smooth subbundle I C A and a bivector
Qe 1"( /\ZA) corresponds to a maximally isotropic subbundle of A @ A* with respect to the
symmetric product in (1). The characteristic pair of the Dirac structure D is a pair (I, 2) which
corresponds to it. The subbundle I C A is called the characteristic bundle. The expression of
the Dirac structure is as follows:

D = {(X+ Q% a)|VX € I,Va € I} = I @& graph(Q*|I1) (3)

where I+ C A* stands for the co-normal bundle of I.

Lemma 2.1. Given a Dirac structure D C A @ A* and a subbundle I C A which belongs to
D, the existence of the bundle map QF restricted to 1+ is equivalent to a bivector field on the
quotient bundle A/ 1.

Therefore, we can define an equivalence relation on the space of characteristic pairs, by
claiming that two characteristic pairs (11, 21), (12, £2,) are equivalent if and only if
1 1 = 12 =]
Qi) — (@) e Vo € I+
This definition leads then to the equivalence of the equivalence classes with the set of
Dirac structures of a given Lie bialgebroid.

4)

Theorem 2.1 ([12]). Let (A, A*) be a Lie bialgebroid and D a subbundle of A ® A* maximally
isotropic with respect to the symmetric product (1), and corresponding to the characteristic
pair class (I, 2). Then, D is a Dirac structure if and only if

e [ is a Lie subalgebroid.

o Q satisfies the Maurer—Cartan type of equation:

d,Q+3[Q, Q] =0mod /. (5)
e The following bracket is closed on T'I+:
[, B] = [et, Blu + LapaB — Larpat — d(Q(e, B)) Va,B e TI+. (6)

It is also easy to prove the following result about the different representatives of the class
of characteristic pairs.

Proposition 2.2. Consider a Lie bialgebroid (A, A*) and a Dirac structure described by the
equivalence class of characteristic pairs [(I, 2)]. Then, if one representative satisfies the
conditions of theorem 2.1, so do all others.
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2.2. Courant algebroids

The double of any Lie bialgebroid A @ A* carries a geometric structure called Courant
algebroid. There are two equivalent ways of defining such a structure:

e The original definition is given in [13]. It uses the symmetric structure of (1) and the
bracket (2) introduced above and some compatibility relations among them.

e The definition given in [6, 21], which is based on the definition of a Leibniz algebra
structure on the set of sections of the bundle A & A*. It requires fewer axioms than the
previous one, and it does not use explicitly the operation (2).

Both definitions are equivalent and admit equivalent definitions of Dirac structures
contained in the bundle A @ A*, but the first one is, from our point of view, better adapted to
the study of Dirac structures since it is the operation (2) that becomes the Lie algebra structure
of the Dirac structure when restricted to the sections of the bundle D. This is why we proceed
with the first definition.

Definition 2.4. A Courant algebroid is a vector bundle E — M, endowed with a non-
degenerate symmetric bilinear form (-,-), a skew-symmetric bracket [-,-] and a mapping
p : E — T M with the following properties:

e For any three sections ey, e, es € I' E, the obstruction to the Jacobi identity to hold can
be computed as

le1, [e2, e3]] + [e3, [e1, e2]] + [e2, [e3, e1]] = 0T (e1, €2, €3) (7
where

T(e1. ez, €3) = 3((e1. [, €3]) + (e3. [e1, €2]) + (€2, [e3, €1])) (8)
and 0 : C*®°(M) — T'E is the map defined by

v=38""p"d ©)

with d the usual exterior differential of the base manifold M and B is the isomorphism
B : E — E* given by the bilinear form (-,-).
e For any two sections ey, e, € I'E,

p(ler, e2]) = [p(er), pler)] (10)

where the last bracket is the commutator of vector fields.
e For any two sections ey, e; € I'E and any function f € C*(M),

le1, feal = fler, exl + (p(er) flea — (e1, €2)0 f. (11)
e The operator 0 is in the kernel of p, i.e. p o0 = 0. This implies that, given any two
functions f, g € C*°(M), (0 f,0g) =0.
e Given any three sections, e, hi, hy € T'E,

p(e)(hi, hy) = (le, hil+0(e, hy), ho) + (hy, [e, ha] +0(e, hy)). (12)

Hence any Lie bialgebroid (A, A*) yields a Courant algebroid structure on the Whitney
sum B = A @ A* with the choices pg = p + p, the natural symmetric bilinear form and the
bracket (2) (see [13]). Therefore, the condition for the sections of the bundle D to become a
Lie algebra is just

Definition 2.5. Let the Courant algebroid (E, p, (-,-), [-,-]) be defined as above. Let D C E
be a maximally isotropic subbundle of E with respect to (-,-). We say that D is a Dirac structure
if it is closed for the product [-,-].
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3. Deformation of Lie algebroids and Lie bialgebroids

In this section we present the main ideas required to define the deformation of Dirac structures
in the last section, what is our main goal.

The meaning of the deformation. The geometrical meaning of the deformation can be followed
in [5]. Consider a Lie algebra (U, [-,-]), and consider a linear deformation of the Lie bracket
in the direction of a second Lie bracket w : U x U — U

[X,Y], = [X, Y]+ ro(X,Y) X,YeU AreR.

If all the brackets [-,-], endow U with Lie algebra structures, we say that @ generates a
deformation of the Lie algebra of U. We will assume now that to be the case.

We can also study a deformation of the space U itself, and study under what circumstances
the deformed bracket is a Lie bracket homomorphic to the original one via a linear deformation
such as

T, =1d+ AN

where N : U — U is a linear operator.

Definition 3.1. We shall call trivial those deformations which are homomorphic to the original
one,ie. ,[X, Y], =T, X, LYIVX,Y € U. The triviality of the deformation is equivalent
to asking that, for any X,Y € U:

[X. Y]y =w(X,Y)=[NX,Y]+[X,NY] - N[X, Y]

N[X,Y]y =Nw(X,Y)=[NX, NY].
An operator N : U — U which satisfies these conditions is called a Nijenhuis operator.
The conditions are equivalent to ask the Nijenhuis torsion Ty(X,Y) = [N(X), N(Y)] —
N(X,NY)]) — N(N(X),Y]) + N*2([X,Y]) to vanish identically on any two elements
X,YeU.

Lemma 3.1 ([5]). Consider a Nijenhuis operator N of the Lie algebra U. Then, a linear
deformation of the Lie bracket of U in the direction of [X,Y]y = [NX,Y] + [X,NY] —
NI[X, Y] is trivial.

3.1. Nijenhuis operators on Lie bialgebroids

3.1.1. Definition of Nijenhuis operators. The concept is well known [11, 7] as a simple
generalization of the usual concept for vector fields. As we saw in the previous section, an
operator is said to be of Nijenhuis type if its Nijenhuis torsion vanishes:
Definition 3.2. Let (A, [-,-], p) be a Lie algebroid. A linear transformation

N:A— A
is said to be a Nijenhuis transformation of A if and only if the torsion tensor Ty defined as
Tnv(X,Y)=[N(X), N(Y)] = N(IX, N(")]) = N(IN(X), Y]) + N*([X, Y])

VX,Y €eTA 13)
vanishes.

This is equivalent to having a new Lie structure on the sections of A, N being a

homomorphism for them. But in the case of a Lie algebroid, this also implies that another Lie
algebroid structure is available for A.
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Lemma 3.2 ([7]). Consider a Lie algebroid (A, [-,-], p) and a Nijenhuis operator N : A — A.
Define the following bracket on the sections of A:

[X, Y]y =—-N(IX, YD +[X, N+ [N(X), Y] (14)
Consider the mapping
N=poN:A—TM. (15)

Then, (A, [-,]n, 1\7) is a Lie algebroid. This new Lie algebroid has a new exterior
derivative, defined as

dV =iy, dl=iyod—doiy (16)

where iy is the superderivation of degree zero on the forms F( /\'A*) defined as

p
iN0(X1,...,X,) = Ze(xl,...,zvx,-,x,-+l,...,X,,). (17)
i=1

The new structure also leads to a new Schouten bracket:

Proposition 3.1 ([11]). Let N be a Nijenhuis operator on a Lie algebroid A. The Schouten
bracket defined on F( /\'A) by extension of the deformed bracket [-,-1y satisfies

[0, Qv = [in<Q, Q1+ [Q,in- Q1 —in:[0Q, Q'] (18)

where iy« is the superderivation of degree zero on the sections of F( /\'A) defined as

V4
i WO ... 0,) =Y WO.... N0 O1.....0,). (19)
i=1

An important property for the next sections will be the possibility of combining
deformations to define a new one. In [14], two Nijenhuis operators are said to be compatible
if their product is also a Nijenhuis operator. That choice makes sense in their context since
they are thinking in the definition of a chain of deformations obtained as a product.

We are interested in a different type of compatibility of deformations, regarding the sum
of two Nijenhuis operators. The reasons for this choice shall become clear in the next sections.

So, we define

Definition 3.3. Ler A be a Lie algebroid and N| and N, two Nijenhuis operators for it. We
say that N| and N, are sum-compatible if the sum Ny + N, is also a Nijenhuis operator for A.

From the definition, it is trivial to prove the following result:
Lemma 3.3. Ny and N, are sum-compatible Nijenhuis operators if and only if

No[X, Yy, + Ni[X, YN, = [N1 X, NoY ]+ [N2X, N Y] VX,Y € A. (20)

Proof. The definition of the deformed bracket is linear in the Nijenhuis operator, hence,
the nontrivial condition is the homomorphic one. Writing down the expression associated
with N; + N, and using the fact that N; and N, are Nijenhuis operators, the equivalence
follows. ]

It can immediately be seen that

Corollary 3.1. Let A be a Lie algebroid. Then, any Nijenhuis operator Ny is sum-compatible
with the trivial deformation N, = \1d, where 1 € R.

Proof. It is trivial to see that (20) is equivalent to the condition in (14), which is satisfied
because N; is of Nijenhuis type. O
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3.2. How to define deformations of Lie bialgebroids

The next step is to consider the action of a Nijenhuis transformation on a Lie bialgebroid.
Again, our objective is to apply these concepts to the deformation of Dirac structure in the
following sections, therefore we consider now just those situations that may be interesting
later.

In principle, we can consider two different transformations applied on each factor, i.e.

{N:A—)A

T A* > A* @1

such that they define two new Lie algebroid structures on the factors, i.e. (A, [, ]y, N )
and (A%, [-,-]v, Y) are Lie algebroids. We must verify now whether they define a new Lie
bialgebroid, i.e. the exterior derivatives are derivations for the deformed brackets. First of all,
we must realize that the transformation on the Lie algebroid structures implies a transformation
of the Lie algebroid cohomologies, i.e. there are two new exterior differentials d" and df
which are the ones to consider.

It is important to distinguish two different operators acting on each bundle: the Nijenhuis-
like operators N, T and their duals:

(N)*: A" — A* (M*:A—> A
which are defined as

(X, (N)*a) = (N(X), a) VX eT'A Va € TA* (22)
and

(T)*X, &) = (X, Ya) VX eTA Vo e A" (23)

Definition 3.4. Consider a Lie bialgebroid (A, A*) and a transformation of the type (21),
such that N and Y are trivial deformations of A and A*. We say that the pair (N, Y)
defines a trivial deformation of the Lie bialgebroid structure if and only if the pair
(A, [--1n, 1\7), (A*, [, ], YA')) defines a new Lie bialgebroid structure. We can write this
fact by two equivalent conditions:

{df [X, Y]y = [dYX, Y]y +[X,d Y]y

24
d"[a, Bly = [d"a, Bly + [a, dV Blx. &9

It is important to realize that on the right-hand side of (24), the bracket involved is the
deformed Schouten bracket of multisections, as defined in (18).

3.2.1. The simplest deformation. Consider the simplest example of deformation of a Lie
bialgebroid: a deformation of the Lie algebroid A which does not involve a deformation of
the dual A*. In such a case, the transformation is as follows:

N=N:A—> A

T =Id: A* > A*. (25)
In these circumstances, the two new Lie structures are as follows:

[X,Y]y = —=N[X,Y]+[NX,Y]+[X, NY] VX,Y eTA 26)

[O[, IB]T = [O[, :8]* VO{, ﬂ € FA*
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And the corresponding exterior derivatives are

{dN:iNOd—dOiN

4t —d,. @7)

The condition for (25) to define a deformation of the Lie bialgebroid (A, A*) is then
written in terms of the derivation of the deformed Lie structure on A or, equivalently, in terms
of the deformed Lie structure of A*:

d X, Yy =[dX, Yy +[X,d Y]y VX,Y eTA
{d”[a, Bl = [dVa, Bl + [, dV Bl Va, B € ['A*. %)
As both conditions are equivalent, we are going to use just the first one:
By using the expression for the deformed bracket we can write
d X, Yy = —d.N[X, Y] +d,JINX, Y] +d.[X, NY].

For the last two terms, we can use the fact that d, is a derivation for the original Lie bracket
and write

dJINX, Y| =[d.NX,Y]+[NX,d.Y] dJX,NY|=[d.X,NY]+[X,d.NY].
We can write the action of N on the sections of A as
NX)=iyX VX eTA.
In that case we obtain
d X, Yy = —duin[X, Y]+ [din+ X, Y]+ [in+ X, di Y] + [di X, in- Y1+ [ X, diin-Y].

The development of the right-hand side of the first equation of condition (28) by using
the expression of the deformed Schouten bracket leads to

+in+d X, Y]+ [do X, in: Y]+ [in: X, d Y] + [ X, in+d, Y]

Comparing both sides, many terms cancel and we obtain
—diin-[X, Y1+ [X, diin- Y1+ [diin-X, Y] = —in+do[ X, Y] + [X, in-di Y] + [in-di X, Y].

As the Schouten bracket is linear, we conclude that the first relation in (28) holds if and only
if [iy+, d,] is a derivation for the original Lie bracket of A.
Therefore, we have proved

Theorem 3.1. An operator (N, 1d) defines a trivial deformation of the Lie bialgebroid (A, A*)
if and only if

8NA:iN* Od*—d*OiN* (29)

is a derivation of the original Schouten bracket on A. Equivalently, it can be said that iy is
a derivation of the A*-Schouten bracket. As d is assumed to also be a derivation for it, we
conclude that the operator

(SNA*ZiNOd—dOiN (30)

is also a derivation of the A*-Schouten bracket.
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3.2.2. General deformations. Finally, let us consider again a general deformation of type
(21), i.e. the Nijenhuis operator for A and the Nijenhuis operator for A* need not be duals of
each other. From what we learned above, we can claim

Proposition 3.2. A sufficient condition for (N, Y') (where, of course, N is assumed to be a
Nijenhuis operator for A and Y a Nijenhuis operator for A*) to be a trivial deformation of the
Lie bialgebroid (A, A*) is that i is a derivation for [, ] and that dY N = Nd. Equivalently,
for the dual objects we have that if dNY = Yd" and iy is a derivation of [-,-1«, then (N, Y)
will define a derivation for the Lie bialgebroid (A, A*).

Proof. Consider the definition of the differential df = [iv, d.] and the Lie bracket [-,-]y.
As (A, A*) is a Lie bialgebroid, d, is a derivation for [-,-]. By hypothesis, so is iy, which
implies that df is also a derivation. Using the definition of the deformed bracket [-,-]x and the
condition d N = Nd, the conclusion follows. The relations for the dual objects are proved
in the same way. ]

As a corollary, now consider a deformation of the algebroid A defined by a Nijenhuis
operator
N:A— A

and the corresponding transformation defined on the dual bundle via the dual mapping, which
is assumed to be also a Nijenhuis operator for A*:

T =N*:A*—> A",

Corollary 3.2. Let (A, A*) be a Lie bialgebroid. Consider the deformation

N:A— A
{N*:A*—)A* (D
and assume that

o d¥ =iy od —doiy is aderivation of the Lie bracket [-,-]..,
o N*dV = dVN*
or, equivalently,

o dN" =iy od, —d, oiy- is a derivation of the Lie bracket [-,-],
o NaV' =dV'N.

Then, the deformed structure (A, N o p, [-,-]n), (A*, N* o ps, [-,-1n+), is a Lie bialgebroid.

3.3. Application: Poisson—Nijenhuis structures

As an example of deformation of a Lie bialgebroid, let us review Kosmann—Schwarzbach’s
construction in [10]. The goal is to test our results on a well-known situation.

Consider a Poisson manifold (M, A). It is well known that the cotangent bundle 7*M
can be endowed with a Lie algebroid structure, by using A* : T*M — T M as an anchor
mapping and the Lie product:

[0(, ﬂ]A = ‘CA#(a)ﬂ — EM(ﬁ)a — d(A(O{, ﬁ)) V()l, ,3 € FT*M (32)

The tangent bundle 7 M can be endowed trivially with a structure of Lie algebroid, and
hence the pair (T M, T*M) is a pair of dual Lie algebroids. It is also possible to see that the
corresponding exterior derivatives are compatible, in such a way that the pair (TM, T*M)
endowed with the two structures above is a Lie bialgebroid.
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We can now consider a deformation of the canonical structure of Lie algebroid on 7'M by
means of a Nijenhuis operator. The effect on the Poisson bivector A suggests the introduction
of a special type of deformation, the so-called compatible deformations, which yield the
concept of Poisson—Nijenhuis manifolds (see [11, 16]):

Definition 3.5. A Poisson—Nijenhuis manifold (or P N manifold) is a Poisson manifold (M, A)
and a Nijenhuis operator N : TM — T M which is compatible with the Poisson structure,
compatible meaning:

o NA* = A* o N*, what implies that the tensor N A is skew-symmetric.
o Magri's concomitant (see [l1, 16]) vanishes, i.e. C(A, N)(a,B) = [, Blva —
(IN*a, Bla + [, N*Bla — N*[a, Bla) = 0.

The advantage of PN manifolds is the behaviour of the Lie bialgebroid structures on
them.

Theorem 3.2 ([10]). Consider a Poisson manifold (M, A) and a Nijenhuis operator N. The
pair (TM, T*M) endowed with the structures

TM,p=N,[X,Y]y =[NX,Y]+[X,NY]— N[X, Y] VX, Y eI'TM
T*M, p = A#, [Ol, ﬁ]A = ‘CA“(a)ﬁ — EA«(ﬁ)a — d(A(O{, ﬂ)) Va, ﬁ el’'T*M
is a Lie bialgebroid if and only if M is a PN manifold.

(33)

It is simple to verify that the conditions described above are satisfied in this deformation
of Lie bialgebroids. The conditions are the same contained in proposition 3.2 of [10], but
presented in a slightly different way. Roughly speaking, the conditions presented there
correspond to the definition of a deformation of a Lie bialgebroid (i.e. the transformed exterior
differentials are derivations of the transformed Schouten brackets).

3.4. Sum-compatible deformations

We can also consider the concept of sum-compatible deformations in this case.

Definition 3.6. Let (A, A*) be a Lie bialgebroid and (Ny, Y1) and (N, Y3) two pairs of
Nijenhuis operators for it which define a trivial deformation of the Lie bialgebroid structure.
We say that they are sum-compatible if the sum (Ni + Na, Y1 + Y») defines also a trivial
deformation of (A, A*), i.e.

e Ny and N, are sum-compatible Nijenhuis operators for A,
e Yy and Y, are sum-compatible Nijenhuis operators for A*,
e forany X,Y € A,

dYX, Yy, +dl (X, Yy, = [dOX, Yy, +[X, d Yy, + [0 X, Yy, +[X,d0Y 1y,
(34)

From that expression, it is trivial to see

Lemma 3.4. Let (A, A*) be a Lie bialgebroid and let N1 = (N, Y1) and Ny = (N3, 13)
define trivial deformations. If (AId, Y3) and (N, AId), where A € R, are trivial deformations
of ((A, [-,~]N1,]\71), (A%, [-,-]Tl,fl)), and (AId, Y1) and (Ny, A1d), where A € R, are
trivial deformations of (A, [-,-]n,, Nz), (A*, [, Y,)) then Ny and N> are sum-compatible
deformations.
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Analogously to the equivalence of deformations in Lie algebroids, we obtain a simple
result:

Lemma 3.5. Let (A, A*) be a Lie bialgebroid and let (N, Y) define a trivial deformation.
Then, (N, Adra+) and (A 1dra, Y) define sum-compatible deformations, where ). € R.

Proof. From corollary 3.1, we know that N and Y are sum-compatible with the corresponding
identity. Then, the only point to prove is that (34) is satisfied. But it reads now

AX, YT+d X, Y]y = Ad X, Y1+ A[X, d Y]+ [d) X, Y]y +[X,d) Y]y
VX,Y eTA.

And this relation is satisfied because as (A, A*) is a Lie bialgebroid for both the deformed and
the undeformed structures, we have

d X, Y] =[d. X, Y]+[X,d.Y] VX,Y eTA
and

Al X, Yy =[df X, Yy +[X,dS Y]y VX,Y e TA. O

4. Deformation of the double of a Lie bialgebroid and Courant algebroids

There is an important difference that explains the different philosophies which oppose the
present paper and [1]: as the main aim of [1] is to study the deformation of Courant algebroids,
they use as a basic tool the deformation of Leibniz algebras. With that setting, the authors
study the implications that this deformation has on the Dirac structures defined on the Courant
algebroid which is being deformed, and they give a general definition of Dirac—Nijenhuis
manifolds. Then, they proceed to study two very simple examples of deformation of Dirac
structures. On the other hand, our aim is somehow the opposite. We are interested in
the deformation of Dirac structures as Lie algebroids, and therefore we need to deform the
operation (2). This can also have implications on the Courant algebroid structure of the double
A @ A*, and hence we also study some of its deformations. Finally, we reach a definition of
Dirac—Nijenhuis structures which is equivalent to the one in [1], but from our point of view
our method is more flexible in this context and is applied to more general examples. This is
why we chose the original definition of the Courant algebroid.

Consider then the double of the Lie bialgebroid (A, A*), i.e. the bundle B = A & A*.
This bundle is not endowed with a Lie algebroid structure, but with a Courant algebroid one.
As Dirac structures are defined as suitable subbundles of B, we need to consider deformations
of B in order to deform these subbundles. Again, we do not consider the most general
deformations of B, but some particular types which are of interest in the next section to deform
Dirac structures. Therefore, this scheme may be less general than the approach followed in
[1] from the Courant algebroid point of view, but it proves to be useful in the study of the
deformation of quite general Dirac structures.

In the description of the Courant algebroid structure of A @ A* above, let us consider
the skew-symmetric bracket (2). Even if it does not define a Lie algebra structure it is still a
skewsymmetric one, and we can still consider a deformation of it, and ask it to be trivial in the
sense of being homomorphic to the original one.

Definition 4.1. Consider the double of a Lie bialgebroid B = A & A* and the bracket (2).
Consider a deformation of the structure in the form

[b1, b2y = [b1, b2] + A[by, ba s Vby,b, € T'B
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where [-,-1y = N-,- 1+ [, N:] = NT[-,-]and N : T B — T'B is a linear operator. Consider
also a deformation of the set of sections of B in the form:

T, =Idrpg + AN
Then, we say that the deformation is trivial if
T;b1, baly = [Toby, bl Vby, by € T'B.

We can also consider a certain Nijenhuis-like property for the operator . Formally, we
can still define the Nijenhuis torsion in the way we did above:

Tv(X,Y) = INX), N(V)] = N([X, N(V)]) = NN (X), YD) + N*(IX, Y])

VX,Y e I'B. (35)
To ask this quantity to vanish identically, is equivalent to asking the operator A to satisfy:
NIX, Yy =[NX,NY]. (36)

In the following, we will also call the Nijenhuis operator an operator A’ : ' B — I' B which
satisfies this condition. Of course, it is clear that many of the properties of the pure Nijenhuis
operator will not be shared by these, but the formal definition is still possible. It is still true,
though, that these operators define trivial deformations of the skewsymmetric structure of B,
as the usual Nijenhuis operators define trivial deformations of Lie structures.

If we consider a deformation of the Lie bialgebroid (A, A*) in the sense discussed above,
we know that such a deformation provides new Lie structures on I'A and "'A*, new Lie
derivatives £, LY and exterior differentials " and d". This implies that we can consider

* o

the analogue of the bracket (2), for the new Lie bialgebroid structure, i.e.
(X1, @), (Xa, @)1
= ([X1, Xaoly +[(X1, o1), (X2, a2) 11, [(X1, 01), (X2, 02)Iev+ [, a2]y)  (37)

with

(X1, a1), (X, 00)]pr = £, Xo — L], X1 — 5d)] (ix,01 —ix,n)  (38)
and

(X1, 1), (Xo, a)]en = LYy — LY 1 + 3d" (ixon —ix,0)  (39)
and where the brackets [-,-]y and [-,-]y are the brackets of the Lie algebroids (A, [, ]y, N )
and (A*, [-,-]y, 1) defined in (14).

But we can also try to see the above deformation as a deformation of the original Courant
algebroid structure of B = A @ A*, in the sense of definition 4.1 using the bracket above as
the linear term of the deformation. The condition for the deformation (75, [-,-],) to be trivial
will be that the operator A in T;, is a Nijenhuis operator for the original bracket. This implies

o [(Xi,an), (X2, 001 =[N (X1, 1), (X, @2)]o +[(X1, @), N (X2, )]

= NI(X1, 1), (X2, 22) o

o NI(X1, 1), (X2, )Y = IN(X1, 1), N(X2, @2)]o.

But it turns out that not all deformations of the Lie algebroids A and A* also define a

deformation for the double. Some conditions arise from the double structure:

Theorem 4.1. Consider the double of a Lie bialgebroid A & A* and consider two Nijenhuis
operators N for A and Y for A*. Then, if

o N*+ 7Y =2Ay, where A € R,
o N2 = Xy, where 1, € R,

then N =N x Y : A@® A* — A ® A* is a Nijenhuis operator for A & A*.
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Proof. As N and Y are supposed to be Nijenhuis operators for A and A*, respectively,
the first and fourth terms on the right-hand side of (37) correspond trivially to a torsion-
free deformation. We have to consider only the second and third terms. As both are
formally analogous, we are going to study only the combination [(N X, Y1), (X2, a2)], +
[(X1, 1), (NX2, Yaz)le — Y[(Xy, 1), (X2, 02)]..

If we now compute each term separately when acting on some element of A, we have

(Y, [(NX1, Tay), (X2, a2)]z) = <Y, Lyx,ot0 — Lx, Ty + %d(iszOll - iNx1a2)>
= p(NXDar(Y) —aa([NX1, Y1) — p(X2)o (YY) + a1 (Y*[ X5, Y])
+ %P(Y)GI(T*Xz) — p(Maa(NXy)

(Y, [(X1, 1), (NX2, Yoo)]z) = (Y, Lx, Yoo — Lyx,a1 + 3d (inx,01 — ix, Yoo))
= p(XDea (YY) — aa(Y*[X1, Y]) — p(NX2)a 1 (Y) + a1 (INX2, Y])
+30(V)ai (NX2) — 3p(Y)aa(T*X))
(Y, Y[(X1,01), (X2, 02)]2) = p(X D)2 (YY) — oa ([ X1, T*Y]) — p(X2)ay (Y*Y)
+a1 (X2, YYD + 3p (Y V)1 (X2) = 30(T Y )ea(X)).
Without loss of generality, we can write condition N* + Y = 24; as N = (A; + N) X
(X1 — N¥). This implies
(Y, [((Mm + N)X 1, (M — Ny, (X2, a0)]z + [(X1, 1), (A + N)Xa, (A — N)aa)],
— (1 = NHI(Xy, 1), (X2, a2)])
=p((M+N)XDoa(Y) —oa([(A1 + N) Xy, Y]) —oa((A) — N)[X1, Y]
+on([Xy, A = N)YD + o (A — N)[X2, Y]) — p((h1 + N) X))  (Y)
+a ([ + N)X2, YD) — o ([X2, iy = N)Y D) + 2p(V)ay (b — N)X2)
—3pMaa((1 + N)X1) + 50(V)at1 (1 + N)X2) — 30(Y)ea((r — N)X1)
= 30(( = N)YV)a1(X2) + 30 ((1 = N)Y)ea (X1).
Now we use
—o([(A + N)X1, Y]) —oa((A) — N)[X1, Y]) + ([ X1, (A1 — N)Y )
=—(((M+N)X, Y]+ [Xy, (N = 2)Y] = (N — A)[Xy1, Y]
=—o([(M +N)X1, Y]+ [Xy, (N+2DY] = (N +A)[X1, Y]
and the analogous relation for « to write finally that
(Y [+ N)X1, (0 — NDar), (X2, 00)]e + (X1, 1), (A + N)Xa, (b — NHew) e
= (k1 = NOIXy, 1), (X2, @2)]c)
= p((h + N)XDaz(Y) — o2 ([X1, Y]in) — 001 + N) X2)ay (V)
+a1([X2, YIien) + 501+ N)Y)ai(X2) — 30 +N)Y ) (X 1)
= (¥, £} N = £ Mo + a4 N (01 (Xo) — aa (X)),
It is also possible to check whether the Nijenhuis torsion vanishes
(Y, (0 = NOIX 1 an), (X, 00z, ) = (0 = NY, (X1, @), (X2, 0],y
= p((1 + N)X) (M1 — NHa2)(Y) — p((r1 + N)X2) (A1 — NHap)(Y)
—o([( + N)X1, (0 — N)YT+ [ X1, (A — N?)Y]
— M+ N[Xy, M = NYD + a1 ([ + N) X2, (A1 — N)Y ]
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+[Xa, (A = N?)Y] = (k1 + N)[Xa, (b1 — N)Y])
+1p((A = N?)Y)ar(X2) — Lp((A7 — N?)Y)aa(X1).
(40)
Meanwhile, we also have
(Y, [(( + X1, (A — NDay), (M + N)Xo, (A — NDao)]z)
=p((M +N)XD (A — NYa)(Y) — p((A1 + N)X2) (A — NHa)(Y)
—ax((Ay = N[ + N X1, YD) + a1 (A — N)[(A1 + N)Xo, Y])
+30(Y) (A — N (A + N)X2) — 50(Y) (kg — N¥)aa((hg + N) X))
= p(( + N)X ) (A — NHa)(Y) — p((h1 + N)X2) (A — N)ay)(Y)
—aa((Ay = N[ + N X1, Y] + a1 (A — N)[(A1 + N) X2, Y])
+3p(V)(A] = N (X2) — 5o (V) (A] — N?)aa (X1). (41)

Hence comparing (40) and (41), we see that the condition of homomorphism is
fulfilled if

[+ N)Xy, (b — NYT+ X1, (A = NY)Y] = 0 + NIX1, (b — N)Y])
= — N[+ N)X1, YD)

and analogously for X,. But we have, for instance for the X case (the other is analogous),
and taking into account that N is a Nijenhuis operator for A:

[+ N)X1, (b — NYT+ X1, (A = NP)Y] = 0 + NX1, (b — N)Y])
= MIX1, Y1+ M (NX, Y= [X, NY]) = [NX;, NY]+ (A] — A2)[ X, Y]
—A{[X1, Y] — M (N[X1, Y] — [X;, NY]) + N[X;, NY]
=M M(NX{,Y]— N[X;, Y])+Af[X1, Y] — NZ[XI, Y- [NX,NY]
+N[X{,NY]=AM(NX,Y]— N[X;, Y])+/\%[X1, Y] - N[NX,,Y]
= (1 — N)[(h + N)X1, VD).

And this implies that the Nijenhuis torsion vanishes. This proves the result. ]

Remark. We have mentioned already that the approach proposed in [1] is more suitable to
study the deformation of Courant algebroids than ours. Therefore, it is not surprising that this
result can be obtained easily within that framework.

Finally, we can also consider the concept of sum-compatible deformations in this case.

Definition 4.2. Let (A, A*) be a Lie bialgebroid and N\ and N two Nijenhuis operators for
the skew-symmetric bracket (37) in the double A @ A*. We say that they are sum-compatible
if the sum Ny + N> also defines a trivial deformation of (37).

5. Deformation of Dirac structures

The deformation of the double of a Lie algebroid as seen above leads naturally to the
consideration of the deformation of Dirac structures. Being Courant algebroids, both the
undeformed and the deformed doubles will define Dirac structures for the subset of sections
for which the skew-symmetric operation is closed. Naturally, in both cases we will have
Lie algebroid structures. But of course, not all trivial deformations of the double of the Lie
bialgebroid lead to trivial deformations of D. Conversely, we can also consider deformations
of the double of the Lie bialgebroid, which not being trivial for the whole set, are trivial for the
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sections of the Dirac structure. We are presenting these results divided into two sections: in
this one, we will consider the case of a trivial deformation of the double of a Lie bialgebroid,
and study under what circumstances that deformation defines a trivial deformation of the Dirac
structure. In the next section, we will consider a deformation of the Dirac structure per se,
without considering the effect that such a deformation has on the double.

5.1. Preliminaries

Therefore, our goal now is to consider how the deformation of the double of a Lie
bialgebroid affects a Dirac structure D C A @ A* defined by a characteristic pair (/, €2)
as D = I @ graph(2)|;:. Evidently, the condition to ask is the new skew-symmetric bracket
(37) of the double to be closed for the sections of D. It is important to remark that closeness
ensures that the deformed bracket will be of Lie type, since the new structure will be defined
with respect to the deformed Courant algebroid structure of the double.

From the previous section, we know that, given a Lie bialgebroid (A, A*) and a
deformation defined by the pair (N, T), the operator N = N x Y : A@ A* — A® A* defines
a trivial deformation of the double of the Lie bialgebroid if N is a Nijenhuis operator with
respect to the skew-symmetric bracket (2). We also saw that a sufficient condition for that is

e N*+71 e R.
e N2 eR.

Remember that the skewsymmetric operation (2) is not a Lie structure on A @& A*.
Nonetheless, it is indeed a Lie structure when restricted to the sections of a Dirac structure.
Hence, those deformations of the double which define an inner operation on the sections of D
will define a trivial deformation of the Lie algebroid structure D is endowed with.

In the following, we are going to use the description of D in terms of characteristic
pairs. Hence, we denote by (7, 2) a characteristic pair which represents D. It is important
to remember now that the characteristic pair determines the actual subbundle of A @ A* the
Dirac structure is defined on. Hence, if we are interested in the definition of a deformation of
a given Dirac structure, we will need that the sections of D are stable under the action of the
transformation /. This implies

Lemma 5.1. Consider a deformation N' = N x Y of the double of a Lie bialgebroid (A, A*)
and a Dirac structure D C A @ A* with a characteristic pair (I, Q). Then, N preserves the
subbundle I @ graph(2)|,+ if and only if

NQ*=Q%o NI)clI YUY It (42)

Proof. The action of A/ on D is of the form:
NX,a) = (NX, Ta).
Restricting the action to the graph of the bivector and assuming the stability conditions, the

conclusion follows. |

Let us consider then the expression of the deformed skew-symmetric operation on the
subbundle of A @& A* defined by the characteristic pair (/, 2):

[(Xa + Q% (@), @), (X5 +Q%(B), BIL)
= ([Xo + Q% (@), X5 + Q(B)In + [(Xo + Q% (@), @), (X5 + Q%(B), B)] 7
[(Xo + Q2% (@), @), (Xp +Q%(B), B)] v + [, Blv) (43)
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where now, the diagonal factors are

(X1, 1), (X2, 02)] v = IN(X1, 1), (X2, 02)]

+[(X1, a1), N(X2, a2)]z — N[(X1, a1), (X2, 00)] (44)
and
(X1, 1), (Xa, a2) I, = [N (X1, 1), (X2, 02) ] -

+[(X1, a1), N(Xa2, )]s = N[(X1, o1), (X2, 02)] o+ (45)

and where the brackets [-,-]y and [-,-]y are the brackets of the Lie algebroids (A, [-,-]v, N )
and (A*, [-,-]y, T) defined in (14).

As a conclusion, we just want to force the operation to be closed in D and define a trivial
deformation of its Lie structure. This implies

e The operation must be closed in D = I @ graph(2)|;:.
e The Nijenhuis torsion vanishes on D,

NI(Xq + Q% @), @), (Xg+Q¥(B), BIIY = IN(Xy + QF (@), @), N(Xp + Q¥ (B), B)lo.
(46)

But this condition will be granted for those N which define a trivial deformation of the
double.

Therefore, for those deformations which are trivial for the double, it is enough to check
for the closeness condition.

5.2. The closeness condition

Let us now consider one by one the conditions, and using the linearity of the bracket, we
will differentiate each type of bracket (two elements of the graph of €2, one element of the
graph and one element of / and two elements of /). In each case, we will study whether
the deformations which are trivial for the Dirac structure are also trivial for the double of the
Lie bialgebroid. For all the computations, we need the following result:

Lemma 5.2. Consider a Dirac structure D = I & graph(2)|;1 as above. We can write the
term [(Q* (@), @), (*(B), B)]z+ in (2) as

[(Q (@), ), (Q"(B), Bler = du(Q(a, B)) + 2" ([, B1.).

Proof. Consider the expressions:
(L2 B) — L59% @) +d(Qe. B)).y) ¥ € A”
(L2Q2%(B), v) = pu(@)Q(B, y) — Q(B, @, Y1)
(L52% @), y) = p(B)QUa, ) — Q. [B. 7]
(d(Q(a, B)), v) = p:(y)2(a, B).

With this, we can write

[(Q* (@), ), (Q"(B), B+ ¥)
= ((L;Q"B) — £;Q%(@) +d. (R, B))). ¥)
= p(@QB. ¥) = pu(B)R(er, ¥) + p(1)Q(et, B)
— QB [ y]) — QB ¥]w &) = dQ (e, B, ¥) + Q([e. Bls, ¥)
= (d.Q(a, B) + Q (e, B1.), ¥)- 0
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5.2.1. Two elements of the graph. Consider a, B € I+ and let us study the deformed bracket
of two elements (Q* (), @) and (#(B), B). We want to study the conditions for it to be
closed, so as for D to be closed with respect to [, -]f}v . We have to consider the four different
terms which appears in (43):

[(QF (@), ). (@%(B). BT = (2% (@), " (B)ly + [(QF(@). o). (27 (B). B,
[(Q% (@), @), (*(B), )., + [at, Blv) (47)

We will analyse now each one separately, and collect the conditions arising from
each one.

o First term of (47): As the deformation defined by N on A @ A* is assumed to be trivial,
we know that

[Q* (), Q" (B)Iv = INQ* (@), Q% ()] + [ (@), NQ* (B)] — N[QF (). Q7 (B)]
and
N[Q* (@), Q" (B)Iy = INQ* (@), NQ*(B)].
And we have from condition (42)
[Q (), Q" (B) Iy = [2F(Ta), @*(B)] + (2" (@), *(YB)] — N[Q* (@), 2" (B)].

Now we use the relation between these brackets and the corresponding Nijenhuis brackets
to write

[QF(Ya), Q" (B)] = Q" ([ Ta, Blo) + 5[2, Q1(Ta, B)
[Q (), Q" (TB)] = Q" ([, TBla) + 3[2. Q. TB)
N[Q* (@), Q" (B)] = N (" ([, Blo) + 5[, Ql(«, B)) .
e For the second term of (47):
[(Q(@), @), (Q4(B). B, = [(INQF (@), Ta), (R%(B). B)].-
+[(Q (@), @), (NQ*(B). YB)I» — N[(Q% (@), @), (2(B). B)]c-

Our intention now is to use lemma 5.2 to write the conditions on the brackets in terms
of the tensor 2 and the operators N and Y. In order to do that, we can use again the
compatibility condition (42) and write

[(Q* (@), a), (Q%(B). B)],r = [(QF(Ya), Ta), (%(B). B)]-
+[(Q% (@), @), ( (YB), YAl — NI(QF (). ). (R%(B). B)].-
These terms are of the form of lemma 5.2, and therefore, we can write
[(Q* (@), @), (R%(B). B)l,r = duQ(Yar, B) +d.Q (e, YB)
— Nd.Q(a, B) + Q" ([T, B + [, TB] — T[ex, B)).
o The third term of (47):
[(Q*(@), @), (Q*(B), B)l,v = [(NQ* (@), Ya), (2%(B). B)],
+[( Q% @), @), (NQ*(B), TB)1. — TL(Q* (@), a), (2% (B), B)]c.
Once again, we can use condition (42) and write
[( Q% (@), @), (R%(B). B) v = [(QF(Ya), Ya), (% (B). B)I.
+[(Q" (@), ), (" (TB), TA)I, — YI(Q (@), @), (2" (B), B)]..
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Hence we have, defining
[a, Blg = LatwB — Larpya —d(a, B),
that we can rewrite the expression above as
[(Q" (@), o). (2(B). B, = [er. TPla +[Ter, Bl — Ylet, Bla.
e The final term of (47): this one follows directly from (14). The expression reads
[, Bly = [T, Bl + [, YB] — Ta, B]. (48)

We can summarize now the above results: consider a deformation N' = N x Y of the
Courant algebroid structure as above. Then, the product [(Q*(«), ), (2(8), ,B)]Q/ turns out
to be (Y, W) where

Y =d.Q(Ya, B) + 12, Q1(Ta, B) +d.Q (e, TB) + 12, Q)(er, TB) — N(d.Q(ct, B)
+3[2. Q1. f) + Q°([(Yer, Bl + [, YA = Tla, B]) + ([T, Bla
+la, Thla — Ya, Bla) (49)
and
V= [a, Bly +[a, YBla +[Ta, Blo — Tla, Bla. (50)
We must ask the point (Y, W) to belong to D. But that is equivalent to asking that
d.Q(Ya, B) + %[Q, Ql(Ya, B) +dQ2 (e, YB) + %[Q, Q(a, YB)
— N(dQ2(a, ﬁ)+%[Q,Q](a, B)) el (51)
But that condition is granted by the fact that D is a Dirac structure and the compatibility

condition (42) holds. Hence, we can write for this case:

Lemma 5.3. Consider a Dirac structure D = (I, Q) and a deformation of A & A* in the
form N = Nx 7Y : A® A" - A@ A*, where N and Y are deformations of the Lie
algebroids A and A* such that they define a trivial deformation of the Lie bialgebroid (A, A*)
and of the double A @ A*. Assume that N and Q satisfy condition (42). Then, the bracket
[(QF (), o), (*(B), ,8)]f>v is closed in D for all a, B € I+.

5.2.2. One element of I and one element of the graph of Q*|;.. We consider the bracket of
an element of / with an element of the graph.

[(X.0), (@), ) = [(NX,0). (@), )], + [(X,0), (NQ*(@). Ta)],
— N x Y[(X,0), (Q#((x), o)ls. (52)
If we assume the compatibility condition (42), we can write
[(X.0), (@ (@), )Y = [(NX,0), (@), 0], + [(X, 0), (@ (Ter), Ter)]o

— N x Y[(X, 0), (2" (@), ). (53)
For the analysis of each term, we can use Liu’s construction in [12] and write
[(X.0), (% (@), )] = (X, ()] — LiX — Q" (Lxa) + Q*(Lxa), Lxa). (54)

For the first term of (52), we have
[(NX,0), (Q%@), 0)]o = (INX, Q" ()] — LLINX) — Q" (Lyxa) + Q@ (Lyxa), Lyxa).
We can rewrite the second term on the right-hand side of (52) as
[(X,0), Q" (Ta), T)l, = (X, Q" (Y)]
— L%, X — QY (Lx(Ya) + Q*(Lx(Ta)), Lx(Ta)).
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And finally, the third term of (52) is simply written as
N x Y[(X,0), (%), @)ls = (NIX, Q)] — L:X + Q" (Lxa) — Q@ (Lxa)), YLxa).

Proceeding as Liu in [12], we can try to relate the condition arising from these equations
with a bracket in A*. Tt is evident that the bracket [(X, 0), (Q*(«), a)]é‘/ belongs to D, if

INX, Q% (@)]+[X, Q*(Ya)] — N[X, Q¥ ()] = LLNX — LY X + NLLX
—Q*(Lyxa + Lx(Ta) — Y(Lxa)) € 1. (55)
Now, for the terms in the first line of (55), we use the fact that, for Y € I and 8,y € I L
(Y. Q" ()], B) = —p(Q (Y)Y, B) + (Y, Lary)B) = (Y. Lo B).

Then, for the second line of (55), we will use the same relation for the dual elements

(LY, B) = p (W)Y, B) = (Y. [y, Bls) = =(Y. [y, Bls).

Finally, we require some relation to deal with the elements of the third line of (55):

(Y, Laro)B) + p(N)Q(B, y) = iy Loy B +iyd(Q2(B, v))
= iyige(ydB +ivdig B — ivdige, B
= liylgrpdP = —igrq)ivdp
= —igr) Ly B =iarc,py = (2 (LyB). v)

where we used the definition of the Lie derivative and the antisymmetry of 2.
Now we can write that

(INX, Q% ()] +[X, Q" (Ta)] — N[X, Q* ()], B)
= (X, N* Lat@)B + Lotcra)B — Lot N*B)
—(EZNX +£*WX — NL‘,’;X, B) = (X, N*[a, Bls + [T, Bls — [, N*B].)

—(Q#([:Nx(x +LxYTa — Y (Lxa)), B) = —(X, N*EQ»(ﬂ)O{ + N*d(Q(a, B)))
— (X, ,CQ#(}Q) (TO{) + d(Q (TO[, ,3))) + (X, LQ#(N*ﬁ)a + d(Q (O{, N*,B)>

We must remember now that the compatibility condition in this case is (42). With this,
we can write that (55) is equivalent to

[Ya, Bl — [a, N*Bl. + N*[a, Bl + [T, Bla — [, N*Blo + N*[a, Blg € I*. (56)

But again, this condition is granted by the fact that D is a Dirac structure. Therefore we
prove

Lemma 5.4. Consider a Dirac structure D = (I, 2) and a deformation of A @ A* in the
form N =N xY : A® A* - A® A*, where N and Y define trivial deformations of the Lie
algebroids A and A* such that they define a trivial deformation of the Lie bialgebroid (A, A™).
Assume that conditions (42) are satisfied. Then, the bracket [(X, 0), (Q*(a), a)]f}v is closed
inD.

5.2.3. Two elements of I. This condition is trivial to obtain, just asking the subbundle / to be
stable under the action of the deformation:

Lemma 5.5. Consider a Dirac structure D = (I, 2) and a deformation of A ® A* in the
form N =N x7Y : A® A* - A® A*, where N and Y define trivial deformations of the
Lie algebroids A and A* and such that they define a trivial deformation of the Lie bialgebroid
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(A, A*). Then, the bracket [(X, 0), (Y, 0)]{:/ is closed in D if the bundle I is closed under the
deformation N, i.e.

[X.YIy el vVX,Y el (57)

Summarizing, we obtain that

Proposition 5.1. Let (A, A*) be a Lie bialgebroid over a manifold M and D a Dirac structure
represented by a characteristic pair (I, Q). Consider an operator N =N x Y : A ® A* —
A @ A* and assume

e N (resp.Y) are trivial deformations of the Lie algebroid A (resp. A*).
o N is compatible with Q in the sense NQ* = Q*Y.

e YUY CcItand N(I) C I.

e N*+7T eR.

e N2 eR.

Then, N defines a trivial deformation of the Lie algebroid structure of D.

6. Deformation of Dirac structures II

Consider again a Lie bialgebroid (A, A*) and a Dirac structure D C A @ A* represented by the
characteristic pair (/, 2). We know from the first section that the subbundle D is endowed with
a Lie algebroid structure, whose Lie bracket corresponds to the skew-symmetric operation (2)
which is closed and satisfies the Jacobi identity on the sections of D. From that point of view,
we can study a deformation of that Lie algebroid structure per se, without considering the
deformation of the double of the corresponding Lie bialgebroid. In spite of this, we will, for
simplicity, consider the transformations in terms of the elements of the double, though restricted
to the subbundle D. Therefore, we will define now the transformation N : A @ A* — AP A*
as

NX,a)=(NX, Ta). (58)

As before, we are going to consider that the operators N : A — Aand Y : A* — A* are
Nijenhuis operators for the Lie algebroids A and A*.

Note 6.1. Of course, more general transformations are also possible, introducing two more
tensors J, : A* — Aand Jx : A — A*, but we will not consider that case in this paper. We
plan to study the deformations arising from that type of situation in the future.

First of all, we must ask \ to preserve D as a bundle. We have, in a completely analogous
way to the previous section:

Lemma 6.1. Consider a deformation N' = N x Y of the double of a Lie bialgebroid (A, A*)
and a Dirac structure D C A @ A* with characteristic pair (I, Q). Then, N preserves the
subbundle I @ graph(2)|;1 if and only if the bivector Q2 and the operators satisfy

NQ*=Qfor NI cl1 YUY c It (59)

If the transformation satisfies these conditions the bundle is preserved. Now, we must ask
the transformation to be trivial with respect to the Lie bracket of D. To do that, we have to ask
the Nijenhuis torsion of A/ to vanish.
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We can do that in two steps, as above, by defining a deformed bracket:

[(Xo + Q% (@), 0), (X5 +Q%(B). B)IY = (IXa + Q% (@), X5+ Q¥ (B)In
+[(Xa + @ (@), @), (X5 +Q2%(B), Bz, 7
[(Xa + Q% (@), @), (Xp +Q2%(B), Bl v + [, Blx) (60)

where now the diagonal factors are

(X1, 1), (X2, 02)] v = IN(X1, 1), (X2, 02)]c + [(X1, 1), N (X2, @2) ]
- N[(Xls al)v (X27 az)][, (61)

and

(X1, 1), (X2, 02) ], = [N (X1, 1), (X2, 02) ] + [(X7, 1), N(Xo, )] -
- N[(Xlﬂ a1)7 (XZa az)]ﬁ* (62)

where the brackets [-,-]y and [-,-]y are the brackets of the Lie algebroids (A, [-,-]v, N ) and
(A*, [-,-]¢, T) defined in (14).

The first condition to ask to this bracket is that it is closed on D. If it is closed, it is trivial
to see that a vanishing Nijenhuis torsion is equivalent to the condition:

NI(Xo + @), @), (Xp + Q5 B), BI) = IN(Xo + QH (@), ), N (X + QF(B), B)lo.  (63)

Now, in the undeformed case, closedness of the bracket (2) in I'D is equivalent to the
Lie condition because, being a Courant algebroid, the Jacobi identity on the double of the Lie
bialgebroid (A, A*) is equal to the exterior derivative of the closedness condition. This is no
longer true in the deformed case if we do not consider a deformation of the double of the Lie
bialgebroid. Hence, the closedness condition is not enough for the deformed bracket to be a
Lie bracket. The Jacobi condition must be verified. In the general case, this is a very lengthy
task, since the number of terms is very high. For the sake of simplicity, we will consider now
a simpler case, which is the following:

Lemma 6.2. Consider a Lie bialgebroid (A, A*) a Dirac structure D with characteristic pair
(I, ) and the bracket (2). Consider a deformation N : A ® A* — A @ A* which preserves
D (i.e. N(D) C D) and with an associated bracket (60) that is closed in T' D and satisfies
condition (63). If the operator N is invertible, then the bracket (60) is of Lie type.

Proof. Skewsymmetry and closedness are granted by the assumptions. Condition (63) allows
us to write:

[(Xa + Q% (@), @), (X + Q7 (B), AL = N7'IN (X + Q% (@), @), N (X5 + 2 (), B)]o
Hence, the expression of the Jacobi identity for the deformed bracket takes the form

[ler, e2l?, es1) +[les, e 1Y, eal? +[[ea, es1Y, e 1Y = N~ ([[Ver, Nealo, Neslo
+[[Nes, Nelo, Nealo + [[Nea, Neslo, Netls) (64)

which vanish if N’ (D) C D because the undeformed bracket is Lie. O

To consider the conditions to be satisfied by the deformation to ensure the closedness
condition, we must proceed as in the previous section.
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6.1. The closedness condition

The closedness condition is completely analogous to the previous case, since we did the
computation without asking the transformation to be trivial for the double A & A*. We see
then that the compatibility condition (59) ensures the closedness of the operation:

Lemma 6.3. Consider a deformation N' = N x Y defined on D C A @ A* where (A, A*) is
a Lie bialgebroid and D a Dirac structure with the characteristic pair (I, 2). Assume that

o N is invertible.

e N (resp.Y) are trivial deformations of the Lie algebroid A (resp. A*).
o N is compatible with Q in the sense NQ¥ = Q* Y.

e YUY cItand N(I) C 1.

Then, the bracket (60) is closed in "' D.

6.2. The triviality condition

From here comes the main difference with the previous case. As we saw above, once that we
know that the deformed bracket is closed in D, the condition for the deformation to be trivial
reduces to studying if

N(Xo + Q@) @), (Xp+ Q5 B). ALY = IN(Xo + QH (@), @), N (X + QF(B). B)]..

Once more, we are going to proceed by analysing the three different types of brackets
that we can find above.

6.2.1. Two elements of the graph. We must study for which symmetric deformation in the
form A\ above the following relation holds:

NI (@), @), (@ (B). B = IN(Q (@), ), N(Q*(B), Bl
From the previous analysis, we know that the above expression can be written as
NI (@), @), (@ (B), B = (NZ,, T¥y)
where
NZ;=NZi+ NQ* ([ Ta, Bl +la, YBI =T la, B1) + NQ*(la, YBlo +[ Y, Blo — Y, Bla)
=NZ; + Q" (Y[ Ya, B]+ Y[a, YB] — Y[a, B])
+Q" (Y[, YBla + Y[ Y, Bla — Y[, flo)
and
YW, = Y[Ya, Bl + Yo, YB] — Y3[a, Bl + Y[, YBlq + Y[Ya, Bla — T [a, Bla
where
Z; =d.2(Ya, B) + %[Q, Ql(Ta, B) +dQ2(a, YB)
+3[Q, Ql(a, TB) — N(d.Q(a, B) + 5[2, (e, B)).

As N* and Y are assumed to be sum-compatible Nijenhuis operators for the Lie algebroid
A*, the corresponding Nijenhuis torsion vanishes, and hence we can write

NZ; = NZ; + Q@ ([T, Y + Q*(Y[a, YBla + T[Te, Bla — Y?[a, Bla)
and

TV, = [YTa, YAl + Yo, YBla + Y[Ya, Blo — Y2[a, Bla.



7290 J Clemente-Gallardo and J M Nunes da Costa

On the other hand
V(@ (@), ), N(Q*(B), )l = (Z, V)
where
Z=d.Q(Ta, YB) + 1[Q, Q(Ta, YB) + Q" ([T, YAl + [Ye, TBla)
and
U = [Ta, YB]+[Ya, Y.

Therefore, we conclude that

Lemma 6.4. The deformation driven by N is trivial on graph(2)|+ if
NZ; =d,2(Ya, YB) + %[Q, Ql(Ta, TB)
and

Yla, YBlo + Y[Ya, Blo — T2la, Blo = [Ya, Thlq.

6.2.2. An element of the graph and an element of I. We have to study then which of these
deformations are trivial, i.e. to check whether

NI(X.,0), (Q%(@). ) = [N(X,0), N (@ (@), )],
ie.
N[X, Q*(@)ly — NCE(NX) — NLE X + N2LEX = [NX, NQ* ()] — L5 ,NX (65)
for the sections of A and

YLyxe+ YLx(Ya) — Y Lya = Lyx(Ya) (66)

for the sections of A*.
In the above expression, the fact that N is a Nijenhuis operator for A ensures that
N[X, @%()]y = [NX, NQ*(@)].
Then, we see that the deformation is trivial on these elements if
NLI(NX)+NLL X — N°LEX = L% NX
{TENXa+T£X(Ta) —Y2Lya = Lyx(Ta). 67

6.2.3. Two elements of I. In this case the triviality condition is granted by N defining a trivial
deformation of A. As [ is a closed subbundle of A, the triviality follows.
Summarizing, we obtain the following result:

Proposition 6.1. Consider a Lie bialgebroid (A, A*) a Dirac structure D with characteristic
pair (I, Q) and the bracket (2). Consider a deformation N : A @ A* — A @ A* which
preserves D (i.e. N(D) C D) and with an associated bracket (60) that is closed in T D.
Assume that N is invertible and satisfies

e the conditions of lemma 6.4 and
e condition (67).

Then, N is a Nijenhuis operator for the Lie algebroid structure of D.
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7. Definition and examples of Dirac—Nijenhuis manifolds

At this point, we can finally introduce the concept of Dirac—Nijenhuis manifolds, as a
generalization of the Poisson—Nijenhuis case, but with some differences. Let us analyse
carefully the situation in the Poisson case. As we saw above, a Poisson—Nijenhuis manifold
is endowed with a Poisson tensor A such that there is a compatible Nijenhuis operator N for
M such that

e The tensor A is also a Poisson tensor for the deformed Lie structure [-,-]y.
e The tensor N A is Poisson for the undeformed Lie structure.

If we look at this situation from a Dirac perspective, we realize

e The first point implies that the Dirac bundle graph(A*) C TM @ T*M is also a Dirac
structure when we consider the deformed skew-symmetric operation associated with the
deformation.

e The second point implies that there exists a Dirac structure for the bundle graph(N A¥) C
TM & T*M. In general, this bundle will be different from the previous one.

These are the properties that are adapted to the Dirac case in [14], but only for the case of
the trivial Lie bialgebroid structure of 7 M & T*M, i.e. with the null structure on the cotangent
bundle. Hence, they consider a deformation of the double of that Lie bialgebroid, and the
effect that such a mapping has on Dirac structures defined on them. In the general case, the
original Dirac structure L C TM & T*M is transformed into anew one L; C TM & T*M,
as in the Poisson—Nijenhuis case (where we have two different Poisson tensors). Therefore
there are two different Lie structures on L and on L.

Our approach is somehow different, since we are interested only in the effect that the
deformation has on the original bundle D C A @ A* (for (A, A*) a general Lie bialgebroid).
From our point of view, the most natural way of studying a deformation of a Dirac structure
D is to study the change in the Lie structure of D (hence on its Lie algebroid structure) under
transformations which map D on itself, and not on different regions of the double of the Lie
bialgebroid which define new bundles. It is only in that case that it makes sense to talk about
Nijenhuis operators and trivial deformations, since only in that case is the bracket of a section
of D and of a section of the transformed bundle well defined in D (this type of bracket is
required in the definition of the Nijenhuis torsion). As a conclusion, only in certain cases
can the results of [14] be compared with ours, namely those where L = L. A similar thing
happens in [1], particularly for the simple examples they study. While the definition which
is provided is, formally, equivalent to ours, the examples studied reflect an approach quite
different. The main point is that they define a deformation of the Leibniz algebra which
defines the Courant algebroid structure, and, when restricted to the Dirac bundle, it defines
a new closed product for it. That is indeed true. But, from our point of view, though the
construction makes perfect sense as a product, such a deformation cannot be considered to be
a trivial deformation of the Lie algebroid structure since the image of the Dirac bundle is not
contained in it. The resulting product is indeed contained, but for instance, the factors in the
Nijenhuis torsion tensor are not. The main difference with our framework is that the approach
based on the deformation of Leibniz algebras, being more natural to study the deformation of
the Courant algebroid structure, is less natural to study the deformation of the Lie algebroid
structure of D than ours, since then, from our point of view, it makes more sense to study,
directly, the deformations of the Lie structure. In that case the Nijenhuis torsion (with respect
to the Lie bracket, which is the operation that is being deformed) is defined on the Dirac
structure, and on it, it identically vanishes. As a result, it is not possible to compare our
examples with those in [1], since they refer to two different frameworks.
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Hence we focus on the deformation of the Lie algebroid structure of a given Dirac structure
D defined on the double of a Lie bialgebroid (A, A*). We can consider two different settings:

e A transformation that defines a trivial deformation of the skew-symmetric operation (2)
on the double of the Lie bialgebroid and defines a new Courant algebroid structure on it,
and, as a consequence, transforms the Lie algebroid structure of D into a new one.

e A transformation that deforms the skew-symmetric operation (2) in such a way that it
defines a trivial deformation of the Lie algebroid structure of D. In this case, we do not
care about the transformation of the Courant algebroid structure of the double.

Therefore, we define

Definition 7.1. Let M be a differentiable manifold and (A, A*) be a Lie bialgebroid defined
on it. Then, (D, N) is said to be a Dirac—Nijenhuis structure of type I (or M to be a Dirac—
Nijenhuis manifold of type 1) if D is a Dirac structure for the Lie bialgebroid (A, A*) and the
operator N : A ® A* — A @ A* preserves D (i.e. N (D) = D) and defines

e a trivial deformation of the skew-symmetric algebra of A & A* whose Nijenhuis torsion
vanishes (with respect to the skew-symmetric bracket defined on A & A*) and
e a new skew-symmetric operation [-,-1x for which D is also a Dirac structure.

This corresponds to the most natural definition of the deformation: we deform the double
of the Lie bialgebroid A @ A* and, at the same time, we deform the Lie algebroid structure of
the Dirac bundle D C A @ A*. The conditions for D to be a Dirac structure in the deformed
structure can also be read from theorem 2.1, by using the deformed exterior derivatives and
Schouten brackets.

But we also saw that we have the possibility of deforming the Lie algebroid structure of
D without paying attention to the structure of the double. Hence, it makes sense to define

Definition 7.2. Let M be a differentiable manifold and (A, A*) be a Lie bialgebroid defined
on it. Then, (D, N) is said to be a Dirac—Nijenhuis structure of type II (or M to be a Dirac—
Nijenhuis manifold of type II) if D is a Dirac structure with respect to the Lie bialgebroid
(A, A%), and the operator N' : A ® A* — A @ A* defines a trivial deformation of the Lie
algebroid structure of D, i.e. the Nijenhuis torsion of N with respect to the bracket (2) vanishes
identically on T D. Of course, this also implies that the transformation N preserves D.

It is important to note that the difference between the definitions does not affect the Dirac
structure itself, it just refers to the relation of it with the double of the Lie bialgebroid where
it is defined. Hence, it makes sense to call both cases Dirac—Nijenhuis structures.

In any case, the results of the previous sections lead to

Theorem 7.1. Let (A, A*) be a Lie bialgebroid over a manifold M and D be a Dirac structure
represented by a characteristic pair (I, Q). Consider an operator N =N x Y : A ® A* —
A ® A* and assume
o N (resp.Y') is a Nijenhuis operator of the Lie algebroid A (resp. A*).
o N = N x Y is a Nijenhuis operator of A @ A*.
e Nand Y are compatible with D in the sense that they preserve the bundle, i.e. Y (I*) C I+
and N(I) C I and besides

NQ* = QFr.
e [ is closed under the bracket [-,-]y. Equivalently, we can claim that the structure
(I, [,-]n, N o p) is a Lie subalgebroid of A.
Then, M is a Dirac—Nijenhuis manifold of type I.
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Theorem 7.2. Let (A, A*) be a Lie bialgebroid over a manifold M and D be a Dirac structure
represented by a characteristic pair (I, Q). Consider an operator N =N x Y : A ® A* —
A ® A* and assume

e N (resp.Y) is a Nijenhuis operator of the Lie algebroid A (resp. A*).
e Nand Y are compatible with D in the sense that they preserve the bundle, i.e. Y (I*) C I+
and N(I) C I and besides

NQF = QFr.

o N is invertible and satisfies

— the conditions of lemma 6 4.
— condition (67).

e [ is closed under the bracket [-,-1y. Equivalently, we can claim that the structure
(1, [-,-1n, N o p) is a Lie subalgebroid of A.

Then, M is a Dirac—Nijenhuis manifold of type I1.

7.1. Application: the Dirac structure associated with a Poisson—Nijenhuis manifold

As a simple application, let us see how the concept of a Dirac—Nijenhuis manifold contains the
Poisson—Nijenhuis as a particular case. Consider then (M, A, N) to be a Poisson—Nijenhuis
manifold, and let us verify that we can prove it to be a Dirac—Nijenhuis one. In order to do
that, starting from the natural Lie bialgebroid structure in (T M, T*M), we must consider a
set of sum-compatible deformations of the corresponding structures, which lead to a pair of
sum-compatible deformations of the double 7M @ T*M. The natural choice, from the results
we saw in section 3.3, is to consider the deformation studied by Kosmann-Schwarzbach in
[10] and combine it with the identity transformation.

7.1.1. Can we define a trivial deformation for the double? 1In short, the answer is yes, we
can. But if it is done with an operator N which is compatible with the Poisson tensor, then
it cannot preserve the graph of A, at least, with the type of deformations of doubles of Lie
bialgebroids that we have considered in this paper. Let us look at that point carefully. Consider
the double TM @ T*M and a deformation of the Lie bialgebroid

(N, Y): (TM, T*M) — (TM, T*M).

If the deformation of the double must be of the form A = N x Y, we saw that a sufficient
condition for it to be trivial is N + T* € R.

As we know that given a trivial deformation of the Lie algebroid A, N : A — A, itis
always sum-compatible with the identity, clearly A + N is also a deformation for A for any
A € R. It is trivial to see that . — N also defines a trivial deformation.

Consider now the case of a Poisson—Nijenhuis structure. We know from [10] that the
deformation (N, Id) defines a deformation of the Lie bialgebroid structure of (TM, T*M),
for N an arbitrary Nijenhuis operator of the tangent bundle 7M. But we also know that the
dual operator N* : T*M — T*M also defines a Nijenhuis operator for the Lie bialgebroid
structure defined on 7*M by the Poisson tensor. Therefore, the results on compatibility of
deformations above imply that A + N is a Nijenhuis operator for 7 M and > — N* is a Nijenhuis
operator for 7*M. We can claim then that, for this case and, in general, for any pair of dual
Lie algebroids:
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Lemma 7.1. Consider a Lie bialgebroid (A, A*). Let N : A — A be a Lie algebroid A and
assume that N* is also a Nijenhuis operator for A*. Then, if N> € R it is possible to define a
trivial deformation of the sum A @ A* defined as

N =(Q+N) x (A—N¥. (68)

This lemma ensures that, for the case of a Poisson—Nijenhuis manifold, we can define a
deformation of the double structure of TM @& T*M. But it is important to note that, if we
deform the double by using a Nijenhuis operator N from 7 M, the graph of the Poisson tensor
A cannot be preserved since that would imply that, as we saw in lemma 6.3,

A+ NA* = A*(L = N*) = NA* = —AFN™.

And we know that the condition for (M, A, N) to be a Poisson—Nijenhuis manifold is
that NA* = A*N*. Hence, it is impossible to satisfy also the compatibility condition of the
Dirac bundle graph(A).

7.1.2. The deformation of graph(A). We cannot use the above results to classify a Poisson—
Nijenhuis manifold as a Dirac—Nijenhuis of type I: we can define a deformation of the double
of the Lie bialgebroid structure of (T M, T*M), but we cannot use that deformation to define
a deformation of the Dirac structure defined by the graph of the Poisson tensor. It is still
possible, though, to classify them as a Dirac—Nijenhuis structure of type II, as we are going
to see.

The procedure is then to forget about the double structure of TM @ T*M and study
directly a deformation of the Dirac structure of graph(A). We use theorem 7.2 for this:
assume then that we have an invertible Nijenhuis operator N on M, and that we consider the
standard Lie bialgebroid structure of (T M, T*M). Then, as we know that the compatibility
condition NA* = A*N* is satisfied, we just have to check the relations arising from the
triviality condition. But in this case, we know that I = 0, d, A = [A, A] =0and [A, A] = 0.
This ensures that all the conditions are satisfied. Therefore, we prove

Proposition 7.1. Let (M, N, A) be a Poisson—Nijenhuis manifold such that N is invertible.
Then, (graph(A), N x N*) is a Dirac—Nijenhuis manifold of type II.

7.2. Deformations of Kdhler manifolds and Dirac—Nijenhuis manifolds of type I

Let us finally consider an example of a Dirac—Nijenhuis manifold of type I. Consider a Kihler
manifold (M, J, w), where J is the complex structure and w is the symplectic form.

We can consider several different situations. For the Lie bialgebroid structure, we can
consider at least two possibilities:

e The natural structure on the tangent bundle and the null one on 7*M.
e The natural structure on the 7M and the one associated with the Poisson tensor on the
cotangent bundle.

Now, the complex structure J satisfies the condition J? € R required for the triviality of
a deformation of the double 7M & T*M. We can also see that the other condition is also
satisfied, since the fact of being a Kihler manifold implies that, denoting by g the Kihler
metric and by X, Y two arbitrary vector fields,

(¥, J*0* (X)) = 0(X, JY) = g(JX, JY) = g(X, ¥) = —g(J2X, ¥)
=—0(JX,Y)=—(Y, 0" ] (X))
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where we used the relation between the Kihler metric and symplectic form given by
o(X,Y) = g(JX,Y) and the expression of the dual operator for the complex structure
J*: T*M — T*M. But rewriting this relation in terms of the Poisson tensor associated with
the symplectic form P¥ = =¥, we obtain

JP* = —P*J*.
Therefore, if we consider a deformation suchas N = (A + J) x (A — J*):

e It defines a trivial deformation of the double TM @& T*M because the conditions of
theorem 4.1 are satisfied.

o It defines a trivial deformation of the Dirac structure defined by the graph of the tensor P,
i.e. D = graph(P), because the conditions of proposition 5.1 are also satisfied.

e It defines a trivial deformation of any Dirac structure defined as D = I @ graph(P) for /
any subbundle which is

— closed for the undeformed product (2).
— stable under the action of J,i.e. J(I) C I.
— closed for the deformed product of A, i.e. [-,-],.

Summarizing, we have proved

Proposition 7.2. Let (M, J, w) be a Kdhler manifold and let us denote by P the Poisson
tensor corresponding to the symplectic structure w. Assume that the tensor J defines a trivial
deformation of the Lie structure of the tangent bundle T M. Then, any Dirac structure defined
onM as D = I @ graph(P) for I any subbundle which is

e closed for the undeformed product (2),
e stable under the action of J,i.e. J(I) C I and
e closed for the deformed product of A, i.e. [-,-],

defines a Dirac—Nijenhuis structure of type [ as (D, (A — J) x (A + J)).

8. Conclusions and future work

We have presented some results concerning the deformation of different geometric structures,
namely Lie algebroids, Lie bialgebroids, the double of Lie bialgebroids (and Courant
algebroids) and, as our main objective, Dirac structures. The treatment of the deformations
of the double of Lie bialgebroids is partial, as only the effect that a deformation on the
Lie bialgebroid has on the double has been studied, while more general approaches are also
possible. Nonetheless, they are rich enough to allow a large variety of deformations of the
Dirac structures defined on the doubles, while being much simpler from the computational
point of view. Hence, we consider that the choice is justified.

In the future we intend to consider those main cases not studied in the present paper, and
study more general deformations of Lie bialgebroids and Courant algebroids. For this, we
will certainly explore the lines presented in [1], since they offer a very powerful framework in
precisely these aspects.
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