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REDUCTION AND CONSTRUCTION OF POISSON
QUASI-NIJENHUIS MANIFOLDS WITH BACKGROUND

FLAVIO CORDEIRO AND JOANA M. NUNES DA COSTA

ABSTRACT: We extend the Falceto-Zambon version of Marsden-Ratiu Poisson re-
duction to Poisson quasi-Nijenhuis structures with background on manifolds. We
define gauge transformations of Poisson quasi-Nijenhuis structures with background,
study some of their properties and show that they are compatible with reduction
procedure. We use gauge transformations to construct Poisson quasi-Nijenhuis
structures with background.

Introduction

Poisson quasi-Nijenhuis structures with background were recently intro-
duced by Antunes [1] and include, as a particular case, the Poisson quasi-
Nijenhuis structures defined by Stiénon and Xu [18]. The structure consists
of a Poisson bivector together with a (1,1)-tensor and two closed 3-forms
fulfilling some compatibility conditions. In [23], Zucchini showed that some
physical models provide a structure which is a bit more general than Poisson
quasi-Nijenhuis manifolds with background. In fact, as it is observed in [1],
comparing with our definition, in Zucchini’s definition one condition is miss-
ing. Generalized complex structures with background, also called twisted
generalized complex structures, are another special case of Poisson quasi-
Nijenhuis structures with background. They were introduced by Gualtieri
[8] and further studied, among other authors, by Lindstrém et al [13] and
Zucchini [23] in relation with sigma models in physics.

In order to simplify the writing, we will use PqNb for Poisson quasi-
Nijenhuis with background, PgN for Poisson quasi-Nijenhuis, PN for Poisson-
Nijenhuis and gc for generalized complex.

The aim of this paper is two fold. Firstly, we study reduction of PqNb
manifolds and secondly, by means of a technique that we call gauge transfor-
mation, we are able to construct these structures from simpler ones. More-
over, we prove that these two procedures are compatible in the sense that
they commute.
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One of our goals is to extend Poisson reduction to PqNb structures. The
classical Marsden-Ratiu [16] method of Poisson reduction by distributions
was recently reformulated by Falceto and Zambon [6] and it is this new ver-
sion of Poisson reduction that we apply to PqNb structures. Our scheme is
the following: reduce the Poisson bivector on the manifold and then estab-
lish the conditions ensuring that the remaining tensor fields that define the
PgNb structure also descend to the quotient in such a way that the reduced
structure is in fact a PqNb structure.

In this paper we view gc structures with background as particular cases of
PgNb structures. Thus, in a very natural way, gc structures with background
gain a reduction procedure which turns to be a generalization of Vaisman’s
reduction theorem of gc structures (Theorem 2.1 in [22]). There are other
different approaches to reduction of gc structures (see [3, 10, 12, 19]), and
some of them can be extended to gc structures with background [12].

Besides reduction, the other main notion in this paper is gauge transfor-
mation. Inspired by the corresponding notion for gc structures, also called
B-field transformation, we define gauge transformations of PqNb structures
and realize that they can be seen as a tool for constructing PqNb structures
from other PqNb structures. In particular, we may construct richer examples
of such structures from simpler ones and, indeed, we construct a new class
of PgNb structures by applying gauge transformations to the simplest PqNb
structures, i.e. those consisting just of a Poisson bivector. Unlike gauge
transformations of Dirac structures which are graphs of Poisson bivectors
[17, 2], our notion of gauge transformation preserves the Poisson bivector of
the PqNb structure. Moreover, these gauge transformations share very inter-
esting properties, some of them we discuss, and which may be used to study
the class of all PqNb structures on a given manifold. We should mention
that, in [23], Zucchini gives a similar definition of gauge transformation with
respect to the structure defined there, but he doesn’t present the proof that
the gauge transformations preserve such structure.

The paper is organized as follows. In section 1, PqNb structures and gc
structures with background are recalled. Section 2 is devoted to reduction.
After a brief review of Poisson reduction, in the sense of Falceto-Zambon,
we give a reduction theorem for PqNb manifolds and we also discuss the
case of reduction by a group action. Still in section 2, we treat the re-
duction of gc structures with background. In section 3, we introduce the
concept of gauge transformation of PqNb structures and we show how to



REDUCTION AND CONSTRUCTION OF PQNB MANIFOLDS 3

use it to construct richer examples of PqNb structures from simpler ones.
We also consider conformal change by Casimir functions and, combining it
with gauge transformation, we obtain new examples of PqNb structures. We
study some properties of gauge transformations and, finally, we show that
gauge transformations commute with reduction. The paper closes with an
appendix containing the proof of some technical lemmas.

1. Preliminaries

1.1. Poisson quasi-Nijenhuis manifolds with background. Along the
paper, the vector spaces of k-forms and k-vector fields on a C*-differentiable
manifold M will be denoted by QF(M) and X*(M), respectively, and the
associated graded associative algebras by Q(M) and X(M). For a bivector
field Q € X?(M), we consider the bundle map Q* : T*M — TM defined
by B(Q%a) = Q(a, B), for all o, 8 € QY(M). Similarly, given a 2-form w €
Q?(M), the bundle map «’ : TM — T*M is defined by (w’X)(Y) = w(X,Y),
for all vector fields X, Y € X'(M). In what concerns the interior product of
a form w by the bivector X AY, we use the convention 1x,yw = 1yt1xw. We
denote by [,]o the bracket of 1-forms determined by Q:

[, Bl = Lgpa(B) — Lgsp(a) — d(Q(a, B)) - (1)
For a Poisson bivector P (this symbol will always denote a Poisson bivector),

this becomes a Lie bracket and the triple (T*M)p = (T*M,[,]p, P*) is a Lie
algebroid over M; its exterior derivative is given by

dPQ:[P?Q]a

for all @ € X(M), where [,] denotes the Schouten-Nijenhuis bracket of mul-
tivectors on M.

Let P be a Poisson bivector and A a (1, 1)-tensor on M, A:TM — TM.
The bracket of vector fields on M can be deformed by A into a new bracket:

[X,Y]a = [AX,Y] + [X, AY] — A[X,Y],

and analogously, given a (1,1)-tensor A" : T*M — T*M, the bracket [, ]p of
1-forms can be deformed into ([,]p) 4 -
Associated with A, we have the 0-degree derivation of (2(M), A), 14, given
by
(’LACK)(Xl, Xg, Ce ,Xk) = Ck(AXl, XQ, ceey Xk)
+a(X, AXo, X)) + o+ a( X, X, AXG),
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and the deformed exterior derivative d4 which is a derivation of degree 1 on
(Q(M), A) and is given by

k
daa(Xo, X1,..., X Z a(Xo, .. X, X8
+ Z H—jOé XZ,X]'A,Xo,...,j(\i,...,j(;,...,Xk),
0<i<j<k

for all a € QF(M). Equivalently [11], one has
dg =lta,d=140d—douy. (2)
The Nijenhuis torsion of A is the (1,2)-tensor N4 defined by
NAX,Y) = [AX,AY] — A[AX,Y] — A[X,AY] + A*[X,Y] ,

for all X,Y € XY(M). When N4 = 0, the triple (TM)4 = (TM,[,]4,A) is a
Lie algebroid over M and A is called a Nijenhuis tensor.

For the bracket [,]4 on X*(M), the corresponding bracket of 1-forms deter-
mined by the bivector @, which we denote by ([,]4)g, is given by (1) where
d is replaced by d4 and £ by £4, £4 =1x ods +dy o1x . The concomitant
of P and A is the (2, 1)-tensor Cpy4 given by

1
CP,A(aaﬁ) - 5 (([avﬁ]A>p - ([Oz7ﬁ]P)At) ’
where A" : T*M — T*M denotes the transpose of A. This is equivalent to

Cra(a,B) = Lpig(A'a) — Lpin(A'B) + A Lpio(B) — A'Lipis(c)
+d (P(Atoz, ﬁ)) — Ald (P(a, B)) , (3)

for all a, 8 € QY(M). This concomitant is the same as in [11] and is one half
of that defined in [1].

Poisson quasi-Nijenhuis structures with background were recently defined
by Antunes in [1]. We now propose a slightly different definition:

Definition 1.1. A Poisson quasi-Nijenhuis structure with background on a
manifold M is a quadruple (P, A, ¢, H) of tensors on M where P is a Poisson
bivector, A : TM — TM is a (1,1)-tensor and ¢ and H are closed 3-forms,
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such that
Ao Pt = Plo Al (4)
CP,A( ,3) = —tptanpigH (5)
NA(X,Y) = P* (ixav ¢ + taxay H +axnav H) (6)
dagp = dH , (7)
for all XY € XY(M), a, 8 € QY (M), and where H is the 3-form given by
H(X,Y, Z) =Oxyz H(AX,AY,7), (])

for all X,Y,Z € X' (M), the symbol Oxy.z meaning a sum over the cyclic
permutations of (X,Y,Z). The 3-form H is called the background and the
manifold M with such structure is said to be a Poisson quasi-Nijenhuis man-
ifold with background.

The difference between this definition and that given in [1] is the minus
sign in equation (5). With this change, the definition above contains the class
of generalized complex manifolds with background and, moreover, enables us
to define the concept of gauge transformations of PqNb structures, as we will
see in section 3.

When H = 0, this reduces to the Poisson quasi-Nijenhuis structures de-
fined in [18]. If, in addition, ¢ = 0, we get the Poisson-Nijenhuis structures
originally introduced in [14, 15].

A very simple example of a PqNb structure is the following.

Example 1.2. Consider R? with coordinates (z1,xs,73) and take any C™

0 0
functions f : R® — R\{0} and g : R® — R such that Y% _gat any
(9331 8(93}2
point. Then, the quadruple (P, A, ¢, H) with P = f — N =—
1
A=g(—®d —®d P @drs), H= =2 day Ndza N d d
9(8 ® 331+82® 332+a3® 333) 7 O3 X1 T9 T3 an

¢ = —QgH is a PqND structure on R3. Notice that
0
Cra(a, B) = ag P(av, B)dxs = —iprappisH, for all o, B € Q(R?), and A is a
x3
Nijenhuis tensor, N4 (X,Y) = P*(ixay(¢+2gH)) = 0, for all X, Y € X!(R3).

Remark 1.3. In [23], Zucchini has shown that the geometry of the Hitchin
sigma model incorporates all the defining conditions of a Poisson quasi-
Nijenhuis manifold with background except the last one, condition (7). This
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was what he called an H-twisted Poisson quasi-Nijenhuis manifold, which
is slightly more general than a Poisson quasi-Nijenhuis manifold with back-
ground but does not satisfy some integrability conditions.

The concept of PqNb structure on a manifold, given in Definition 1.1, can
be generalized for generic Lie algebroids. This was in fact the approach
followed in [1] (see also [4]). However, in the case of the results presented
here, the generalization is always straightforward so that we prefer to work
with the standard Lie algebroid all the time.

1.2. Generalized complex structures with background. Let M be a
manifold and consider the generalized tangent bundle TM = TM & T*M.
This vector bundle is the ambient framework of generalized complex geome-
try. This is a recent subject introduced by Hitchin [9], and further studied by
Gualtieri [8] and other authors, e.g. [5, 13, 19, 22|, which contains the sym-
plectic and complex geometries as extreme cases. The Lie bracket of vector
fields on M extends to the well-known Courant bracket | , ] on I'(TM):

(X +a,Y+ 8] = [X,Y] + Lxf — Lya+ %d(a(Y) _BX). ()

for all X, Y € XY(M) and «, 3 € QY (M). The Courant bracket is bilinear and
antisymmetric but does not satisfy the Jacobi identity. Given a closed 3-form
H on M, we can deform the Courant bracket to the Courant bracket with
background H, | | i, (also called the Severa-Weinstein Courant bracket [17]
or the H-twisted Courant bracket [8]) which is obtained by simply adding
an H-dependent term to the Courant bracket:

X +a,Y+0lp=[X+a,Y+ 0] —ixvH. (10)

By the well-known Newlander-Nirenberg theorem, a complex structure on
M is equivalent to a vector bundle map J : TM — TM satisfying J> = —Id
and having a null Nijenhuis torsion. The passage to the generalized case
is done by substituting the tangent bundle T'M by TM and the bracket of
vector fields by the Courant bracket:

Definition 1.4. Given a closed 3-form H on M, a generalized complex struc-
ture with background H on M 1is a vector bundle map J : TM — TM satis-
fying J? = —1d and such that the following integrability condition holds:

(T, Tvlg — T Tpvlg — T, Tvlg — [pvlg =0,
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for all p,v € T(TM). The triple (M, T, H) is called a generalized complex
manifold with background H. When H = 0, J 1is said to be a generalized
complex structure and (M, J) a generalized complex manifold.

Some authors prefer to call (M, J, H) an H-twisted generalized complex
manifold [8].

The following result completely characterizes generalized complex struc-
tures with background in terms of classical tensors. It was referred in [13, 22]

and it is a simple extension of the analogous result of Crainic [5] for the case
H =0.

Theorem 1.5. A vector bundle map J : TM — TM 1is a generalized complex
structure with background H on M if and only if it can be written in the form

7= (j _Pjt), (11)

where P is a bivector on M, o a 2-form on M, and A : TM — TM a
(1,1)-tensor, with A" : T*M — T*M being the transpose of A, such that:

(1) P is a Poisson bivector;
(2) P and A commute, i.e.

Ao P'=Plo A,
and their concomitant s given by
CP,A(Oéyﬁ) = —ZPﬁaAPﬂgH;
(3) the Nijenhuis torsion of A is given by
Na(X,Y) = P* (ixpydo + taxy H + 1xpav H) ;
(4) the (0,2)-tensor o defined by o4(X,Y) = 0(AX,Y) is antisymmetric
and satisfies the relation

dog+ H —1pdo —H =0, (12)
where H is given by (8);
(5) the square of A reads
A’=—-Id— Ploo’. (13)

By comparing this theorem with Definition 1.1, we immediately see that a
gc structure with background is a special case of a PqNb structure and we
can write Theorem 1.5 as follows:
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Theorem 1.6. Let J : TM — TM be a vector bundle map of the form (11),
J = (A, P,o). Then, J is a generalized complex structure with background
H on M if and only if (P, A,do, H) is a Poisson quasi-Nijenhuis structure
with background on M and properties 4 and 5 of Theorem 1.5 are satisfied.

Now, let (P, A,do, H) be a PqNb structure on M and take a closed 2-
form w on M. It is obvious that the replacement of ¢ by ¢ + w makes no
change in the PqNb structure. However, if, additionally, conditions 4 and
5 of Theorem 1.5 are satisfied, i.e. J, := (A, P,0) is a gc structure with
background H, one can ask under what conditions is J,, := (A4, P,0 + w)
still a gc structure with background H on M. An immediate computation
shows that this happens if and only if the (0, 2)-tensor w4 is antisymmetric,
dws = 0 and P! ow” = 0. This means that a PqNb structure on M has
more than one gc structure with background associated with it. Also, this

defines and equivalence relation on the subclass of all gc structures having
the background H.

2. Reduction of Poisson quasi-Nijenhuis manifolds with
background

2.1. Reduction of Poisson manifolds. A well-known reduction procedure
for Poisson manifolds is the one due to Marsden and Ratiu [16]. Roughly
speaking, given a Poisson manifold (M, P), a submanifold N of M and a
vector subbundle E of TM|y, Marsden-Ratiu reduction theorem establishes
necessary and sufficient conditions to have a Poisson structure on the quotient
N/gnrn. Recently, Falceto and Zambon [6] showed that the assumptions of
Marsden-Ratiu theorem are too strong and they gave more flexible hypoth-
esis on the subbundle F still providing a Poisson structure on the quotient
submanifold.

Definition 2.1. Let (M, P) be a Poisson manifold, iy : N C M a sub-
manifold of M and E a vector subbundle of TM|y such that ENTN is an
integrable subbundle of TN and the foliation of N defined by such subbundle
15 simple, 1.e. the set () of leaves is a manifold and the canonical projec-
tion ™ : N — Q is a submersion. The quadruple (M, P, N, F) is said to be
Poisson reducible if Q) inherits a Poisson structure P’ defined by

{f,h}pom={F H}poin, (14)
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for any f,h € C*(Q) and any extensions F,H € C*(M) of fomw, hom,
respectively, with dF' and dH vanishing on E.

Using the notation of [6], we denote by C*°(M)g the following subset of
(M),
CH¥(M)p :={f € C=(M)|dfj g = 0}.

Theorem 2.2 ([6]). Let (M, P) be a Poisson manifold, iy : N C M a
submanifold of M and E a subbundle of T M|y as in Definition 2.1. Let D
be a subbundle of TM|y such that ENTN C D C E and £ C C*(M)g a
multiplicative subalgebra such that the restriction map iy : € — C®°(N)gorn
1s surjective. If

i) {€,E} C C®°(M)p,

ii) PA(E°) C TN + D,
then (M, P, N, F) is Poisson reducible.

A special case of the theorem above, which is considered in [6], occurs when

D=FENTN and £ = C®(M)g:

Proposition 2.3. Let (M, P) be a Poisson manifold, iy : N C M a sub-
manifold of M and E a subbundle of TM|y as in Definition 2.1. If
{O®(M) g, C*(M)g} € C*(M)gnry and PH(E°) C TN, then (M, P,N,E)
15 Poisson reducible.

The following result, that we will use later, relates the Poisson bivector P
with its reduction P’. Its proof is straightforward.

Lemma 2.4. Let (M, P, N, E) be a quadruple satisfying conditions of Theo-
rem 2.2, so that it is Poisson reducible to (Q, P’). Then,

P(m\,mn) oiy = P/(\,n)om, (15)

for any \,n € QYQ) and any extensions %IX,% e QYM) of T\,
vanishing on E. If, moreover, P*(E") C TN holds, then

dr o PH(m*\) = P\ o, (16)
for any X\ € QY(Q) and any extension ™A€ QY M) of 7\ vanishing on E.

A particular and important case where the assumptions of Proposition 2.3
are satisfied is when a certain canonical action (i.e. preserving the Poisson
structure) of a Lie group is given [16].
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Proposition 2.5. Let (M, P) be a Poisson manifold and consider a canonical
action of a Lie group G on (M, P) admitting an Ad*-equivariant moment map
J M — G* (G is the Lie algebra of G and G* its dual). Suppose that jn € G*
is a reqular value of J and that the isotropy subgroup G, of p for the coadjoint
representation of G, acts freely and properly on N, := J (). Consider the
quotient @), := N,/G,, the associated canonical projection 7, : N, — Q,
and the inclusion map i, : N, C M as well. Then (Q,, P,) is a Poisson
manifold, its Poisson structure being defined by

{fah}P#Oﬂ—/L:{FvH}Poiua

for any f,h € C>*(Q,) and any extensions F, H € C*(M) of fom,, hom,,
respectively, with dF and dH vanishing on E,, where (E,), = T,(G - p), for
allp € Ny, and G - p is the orbit of G containing p.

In this case, one proves that (E, N TN,), = T,(G, - p), for all p € N,,.
Therefore, the distribution E, N T'N, is integrable and the leaves of the
foliation it determines are the G-orbits in IV,. The set of leaves is the
manifold ), and the canonical projection 7, is a submersion. The canonicity
of the action and the fact that E, = P*((T'N,)") holds, ensure the two
remaining conditions of Proposition 2.3 are also satisfied.

2.2. Extension to the Poisson quasi-Nijenhuis manifolds with back-
ground. Poisson reduction can be used as a base for reducing any manifold
of Poisson type by adding the conditions which are needed to reduce, in
an appropriate way, the additional structure. In particular, Marsden-Ratiu
Poisson reduction was used by Vaisman in [21] for proving a reduction pro-
cedure for Poisson-Nijenhuis manifolds. In [21], Poisson-Nijenhuis reduction
by a group action was also derived. In the sequel, we will extend these results
to the case of Poisson quasi-Nijenhuis manifolds with background, using the
more general Falceto-Zambon reduction procedure.

Definition 2.6. Let (M, P, A, ¢, H) be a Poisson quasi-Nijenhuis manifold
with background, iy : N C M a submanifold of M, and E a vector subbundle
of TM|xN such that assumptions of Definition 2.1 are satisfied. We say that
(M, P, A, ¢, H) is reducible if there exists a Poisson quasi-Nijenhuis struc-
ture with background (P, A’, @', H') on the reduced manifold Q, such that the
tensors P', A", ¢', H' are the projections of P,A,¢,H on @, i.e. P and P’
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are related by equation (14), A and A" are related by
dm o A|TN = A/ o dﬂ', (17)

where it is assumed that A|ry is well defined, i.e. that A(TN) C TN, and
¢, ¢" and H, H' are related by

iNg =m"¢, (18)
ivH =m"H'. (19)
Next theorem gives sufficient conditions for such a reduction to occur.

Theorem 2.7. Let (M,P, A, ¢,H) be a Poisson quasi-Nijenhuis manifold
with background, iy : N C M a submanifold of M, E and D vector subbun-
dles of TM|n and € C C*(M)g as in Theorem 2.2. Assume that:
i) {€,€) C C*(M)p;
ii) P*(E") C TN;
iii) A(TN) C TN, A(E) C E and A|rn sends projectable vector fields to
projectable vector fields;
iv) i (1x®) = 0 =iy (1x H), for all X € X'Y(M) such that X € T(E) at
N.
Then, the tensors P, A, ¢, H project to tensors P',A',¢', H on Q, respec-
tiwely, and (Q, P', A', ¢', H') is a Poisson quasi-Nijenhuis manifold with back-
ground.

Proof: Lemmas 2.8 and 2.9 are needed. They are presented just after this
proof. We will prove the existence of the projections P', A’, ¢', H' satisfying
all the conditions (4)-(7). We will denote by X, Y arbitrary vector fields on
N which are projectable to vector fields X' = 7, X, Y’ = m,Y on QQ and
X,Y € x'(M) will be arbitrary extensions of X, Y.

;From Theorem 2.2, we know that P projects to P’. As for the tensor A,
since A(TN) C TN, we can consider the (1,1)-tensor A|py : TN — TN.
Also, since A|ry sends projectable vector fields to projectable vector fields
and A(ENTN) C ENTN, there exists a unique (1, 1)-tensor A" : TQ — TQ
satisfying dm o Alpy = A’ o dr. Take now \,n € Q(Q) and let 7\, 7 €
QY(M) be any extensions of 7*\, 7*n vanishing on E. Since A(E) C E,
mXo A and 71 o A are extensions of 7%(\ o A') and 7*(n o A’) vanishing on
E. Therefore, from equation (15) and the fact that P and A satisfy (4), we
have that

P'(MoA' n)or = P(m* Ao A, wn)oiy = P(m*A, mnoA)oiy = P'(A,noA')or
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and hence P’ and A’ also satisfy (4).

;From assumption (iv) and the fact of ¢ and H being closed, we conclude
that these forms are both projectable to closed 3-forms ¢’ and H' on @
defined by (18) and (19). Moreover, an easy computation gives

iy (tgap®) = 7 (v @) (20)
iy (gayH) =7 (1xp H') (21)

Let us now look at the concomitant of P’ and A’. Take \,n € Q'(Q) and
let )\, w*n € QY(M) be any extensions of 7*)\, 7*n vanishing on E. Then,
from Lemma 2.8 and equations (21) and (16), we get

T (Cpa(Am) = iy (CP,A(W*%%)) =iy (‘ZPﬁ(%*VA)APﬂ(%)H)

= 7 (=tpenpey ')

and so, from the injectivity of 7*, (5) is satisfied.

We will now compute the torsion of A’. From (17), we easily deduce
that the vector fields [A'X’, A'Y"], A[A'X",Y"], A/[X', A'Y"], A?[X",Y"] on
Q) are m-related with the vector fields [A|py X, A|lrnY], Alrn[Alra X, Y],
Alrn[X, AlrnY], Al%x[X, Y] on N, respectively, and so we get

Na(X)Y) om =dmo Ny, (X,Y).

Moreover, since diy o Alry = A o diy, the vector fields [A|rn X, AlrnY],
A|TN[A|TNX7 Y]l A‘T~N[X, A|1:N}~/], A|%~N[X,~Y] on ]~V aﬁre iN—related with the
vector fields [AX, AY], A[AX,Y], A[X, AY], A%[X,Y] on M, respectively.
Thus, we have

NA(X,Y/) O iN = di]\f ONA|TN(X, Y) ,

and therefore
Nu(X',)Y)or = dro (NA(X,Y/))‘N
= dro (P igppd+ tagng H +igpapH)) |y - (22)

Notice that the vector field P*(1¢ 50+, 5,5H +15,45H), on M, is tangent
to N. This is a direct consequence of assumptions (ii) and (iv). Now, from
(20) and (21), and noticing that AX, AY are extensions of A|lpyX, AlpnY
and that these last ones project to A’X’ A’Y’  the 1-forms in (22) are ex-
tensions of 7* (ZX//\y/qb,), " (ZA’X’/\Y’H/), * (ZX//\AIYIH,), that vanish on FE.
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Therefore, we can use equation (16) to write (22) as
Na(X',Y") = P xinyd + 1axony H' +ixomay H')
which is equation (6).

It remains to check (7). From (2) and the fact of ¢ and ¢ being closed, we
have dg¢ = —digp and dy¢’ = —dig ¢, and so, from Lemma 2.9, we get

m(dad) = —d(m"(1a¢')) = —d(i}y(149)) = ix(dag) = ixdH
= 7'dH’ .
This completes the proof of the theorem. n

Lemma 2.8. Let P be a Poisson bivector on M and A : TM — TM a
(1,1)-tensor. Let moreover iy : N C M be a submanifold of M, E and D
vector subbundles of TM|y and € C C®(M)g such that conditions i), ii)

and iii) of Theorem 2.7 are satisfied, so that P projects to a Poisson bivector
P on Q and A to a (1,1)-tensor A" : TQ) — TQ. Then,

m (Cra(Am) = iy (Coa(mhmm)) | (23)
for all \,n € QYQ) and any extensions TN, ) € QYM) of T\, *n van-
1shing on E.

Proof: Take any projectable vector field X € X!(N) and set X' = 7, X.
Using equation (15), we get
d(P'On) (AX)orr =d (P(%IX, Fn)) (AdinX) oy,
and o
d(P'(\A") (X)or =d (P(m, Atw*n)> (dinX) oiy

where, in the last equality, we used the fact that 7*(A"¢) = i% (A'7*€), for

all £ € QYQ) and any extension 7*¢ € QY (M) of 7*¢, which is easily seen to
be equivalent to equation (17). Moreover, using equation (16), we have

d(A"\) (P, X') o = d(m"(A"\))(P*(z*n), X)
= d(iy(A'TN) (P¥(rn), X)
= d(A'TN) (P (), dinX) o iy,
and, by a similar reasoning,

dn(P"X\, A'X") o 0 = d(7°n) (P (7*)), Adiny X) o iy.
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Similar equations for d(An)(P"*\, X") o w and d\(P"n, A’X') o 7 also hold.
Therefore, from (3), we obtain
T (Cpa (X m)) (X) =
= d(A"N) (P, XY o — d(A"n)(P*)\, XY ot + dn(P*\,AX ) o
—dA\(P"n, A'X ) o —d (P'(\, A'n)) (X" ) o +d (P'(\n)) (AX)or

- Zj\f (CP,A(/]/T;;‘?;T—;—T/})) (X)7
which proves (23). m

Lemma 2.9. Let iy : N C M be a submanifold of M, 7 : N — Q) a submer-
sion onto a manifold QQ, ¢ and H closed 3-forms on M and A : TM — TM
a (1,1)-tensor satisfying A(TN) C TN. Suppose that ¢, H and A are pro-
jectable by m, i.e. there exist tensors ¢', H and A" on QQ satisfying equations
(17), (18) and (19). Then,

in(14d) = 7 (1ard’) (24)
and
ivH =7"H', (25)
where H is given by equation (8) and H' is given by the same equation with
H' and A’.
Proof: Given any projectable vector fields X, Y, Z € X}(N), we have
™ (g ) (X,Y,Z) =Oxyz ¢ (Am X mY,m2Z)om
=Oxyz & (mA|lrn X, 7Y, mZ) o =Oxy.z ("¢ ) (Alrn X, Y, Z)
=Oxyz (in®)(Alrn X, Y, Z) =Ox vz ¢(Adin X, dinY,dinZ) o in
— i (0)(X, Y, 7),
which proves equation (24). Equation (25) is proved as follows:
(TH)NX,Y, Z) =Oxyz H(AmX, An.Y,m.Z)om
=Oxyz (T H)(Alrn X, AlrnY, Z) =Ox vz (inH)(Alrn X, AlrnY, Z)
—Oxyz H(AdinX, AdiyY, dinZ) o iy = (iyH)(X,Y, Z).
|

When H = 0, Theorem 2.7 gives a reduction procedure for Poisson quasi-
Nijenhuis manifolds. If, moreover, ¢ = 0, we get a reduction theorem for
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Poisson-Nijenhuis manifolds which is a slightly more general version of the
one derived in [21].
Now we will consider the special case of reduction by symmetries.

Proposition 2.10. Let (M, P,G, J, j1,Q,, P,) be as in Proposition 2.5. Let
also A : TM — TM be a (1,1)-tensor and ¢, H closed 3-forms on M such
that (M, P, A, ¢, H) is a Poisson quasi-Nijenhuis manifold with background
and such that the following conditions hold:

(a) dJ o A=dJ at any point of N,;

(b) there ezists an endomorphism C of G such that AE = C&, for all
£ € G, where é denotes the fundamental vector field on M associated
with & by the action of G;

(¢) A is G-invariant, i.e. L;A=0, forall €G;

(d) i}, (1e0) = 0 =i, (1eH), for all § € G.

Then, (M, P, A,¢,H) reduces to a Poisson quasi-Nijenhuis manifold with
background (Q,, Py, Ay, ¢, Hy), where Ay, ¢, and H,, are the projections of
A, ¢ and H on @), respectively.

Proof: We only need to prove (iii) and (iv) of Theorem 2.7. Since T,N, =
kerd.J(p), Vp € N, condition (a) above implies that A(T'N,) C T'N,. As for
the inclusion A(E,) C E,, it follows from (b) and the fact that

(Eu)p =T,(G-p) ={&(p) : £ € G}, (26)
for all p € N,. Moreover, condition (c) implies that A sends projectable
vector fields to projectable vector fields, and so condition (iii) of Theorem
2.7 holds. Finally, that condition (d) implies condition (iv) of Theorem 2.7
is an obvious consequence of equality (26). |

This result contains the group action reduction for Poisson-Nijenhuis man-
ifolds presented in [21], and gives also a group action reduction for Poisson
quasi-Nijenhuis manifolds.

Remark 2.11. In [23], Zucchini showed that the Hitchin-Weyl sigma model
incorporates an H-twisted Poisson quasi-Nijenhuis manifold together with
an action of a Lie group satisfying some conditions. Hence, by comparing
with the Poisson sigma model, which incorporates a Poisson manifold with
an action of a Lie group satisfying the assumptions of the Marsden-Ratiu
theorem [16], he asked whether those conditions were enough to reduce the
H-twisted Poisson quasi-Nijenhuis manifold. We think that the reduction
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can be performed only under some additional restrictions. For example, in
order to be able to project the (1, 1)-tensor J (which is our A) it must satisfy
the relation J(T'M,) C TM, (with M, := p~'(a), where u is the moment
map in [23] and where we assume that a € G* is a regular value of p).
This is done, for example, by imposing that 7, = dy; in equation (6.13b) of
[23]. Moreover, if we require, with the notation of [23], that 1,,H = 0, then
we get 1,,® = 0 and L,,J = 0. Finally, if we impose the existence of an
endomorphism C' of G as in (b) of Theorem 2.10, all the reduction conditions
are satisfied. Therefore, particular realizations of the Hitchin-Weyl sigma
model indeed incorporate the reduction of Poisson quasi-Nijenhuis manifolds
with background, as Zucchini has asked. Notice that under these conditions
the 3-forms ® and H are G-invariant.

2.3. Reduction of generalized complex manifolds with background.
Taking into account that a gc manifold with background is a special case
of a PqNb manifold, we can refine Theorem 2.7 and construct a reduction
procedure for gc manifolds with background as follows:

Theorem 2.12. Let (M, J, H) be a generalized complex manifold with back-
ground, with J := (A, P,o) given by (11), iy : N C M a submanifold of M,
E and D vector subbundles of TM |y and & C C*°(M)g as in Theorem 2.2.
Suppose that
i) {€,E} C C™(M)p;
ii) P*(E") C TN;
iii) A(TN) C TN, A(E) C E and A|rn sends projectable vector fields to
projectable vector fields;
(iv) o’(TN) C E°;
(v) iy (ixdo) = 0 = i (1xH), for all X € X' (M) such that X € T'(F) at
N.
Then, the tensors P, A,o, H project to tensors P',A’,o’', H on Q, respec-
twely, and (Q,J', H') is a generalized complex manifold with background
where J' is the vector bundle map determined by P, A', o’ as in (11).

Proof: By Theorem 1.6, (M, P, A,do, H) is a PqNb manifold and properties
(4) and (5) of Theorem 1.5 hold. Moreover, all conditions of Theorem 2.7
for reducing (M, P, A, do, H) are satisfied, so that we get the PqNb manifold
(Q, P A, ¢, H') where P', A’ ¢/, H' are the projections of P, A, do, H, re-
spectively. On the other hand, from conditions (iv) and (v) above, o projects
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to a 2-form ¢’ on (). Therefore, we have ¢’ = do’ and so the reduced PqNb
manifold that we obtain is in fact (Q, P', A',do’, H"). In order to complete
the proof, it suffices to show that the tensors P’, A’, o/, H' satisfy properties
(4) and (5) of Theorem 1.5. We start by noticing that
iNTA =T 0. (27)
In fact, given any projectable vector fields X, Y € X(N), we have
(m*d ) (X,Y) = d(AnX,mY)on = (7"0")(AlryX,Y)
= (i}kVU)(A|TNX, Y) = O'(AdiNX, dZNY) @) iN
= (iyoa)(X,Y).
Then, in particular, since o4 is antisymmetric, ¢/, also is. Moreover, using
(27) and Lemma 2.9, we can write
iy (doga+ H —1ado —H) = 7" (do'y + H —1pdo’ —H') |

and so property (4) of Theorem 1.5 holds. Finally, given any projectable
vector field X € X'(N), we have

A X) = m((Alrn)’X) = —m.X = m(P(0"(X)))
= —m,X — Plﬂ(Olb(W*X)) )

which proves (5) of Theorem 1.5. In the last equality above, we used equation
(16). In fact, 0”(X) is an extension of * (Olb(ﬂ'*X)) which vanisheson £. =

When H = 0, we recover a slightly more general version of the reduction
procedure for gc manifolds found by Vaisman in [22].

Now, we will use Proposition 2.10 to construct a group action reduction
procedure for gc manifolds with background.

Proposition 2.13. Let (M, P,G,J,11,Q,, P,) be as in Theorem 2.5. Let
also o be a 2-form, A: TM — TM a (1,1)-tensor and H a closed 3-form on
M, such that (M, T, H) is a generalized complex manifold with background,
where the vector bundle map J is determined by P, o, A, as in (11), and such
that the following conditions are satisfied:

(a) dJ o A=dJ, at any point of N,;

(b) there exists an endomorphism C of G such that AE = CE, for all
§€g;

(c) A is G-invariant, i.e. L;A=0, forall{ €G;

(d) the orbits of G and the level sets of the moment map J are o-orthogonal;
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(e) i}, (1edo) = 0 = i), (1gH), for all § € G.
Then, the tensors o, A, H project to tensors o, A,, H, on Q,, respectively,

and (Q, Ty, H,,) is a generalized complex manifold with background, where the
vector bundle map J, is determined by P,,0,, A,, asin (11).

Proof: Conditions (i), (ii), (iii) and (v) of Theorem 2.12 are satisfied (see the
proof of Proposition 2.10). Assumption (d) is added to guarantee condition
(iv) of that theorem. u

Remark 2.14. There are several different approaches to reduction of gener-
alized complex structures (without background). In [19], the reduction of a
gc structure J on a manifold M is performed by the action of a Lie group
G on M. The action should preserve J and a G-invariant submanifold N of
M, where G acts free and properly, is taken. The authors obtain sufficient
conditions to J descend to the quotient N/G. The procedure consists in
reducing the complex Dirac structures on M that determine 7, i.e. their
(4i)-eigenbundles, to Dirac structures on N/G that are going to define the
reduced gc structure.

In [3], the reduction of gc structures is also based on Dirac reduction,
but with a different approach. Dirac reduction is derived from a Courant
algebroid reduction procedure which involves the concept of an “extended
action” and its associated moment map.

In [12], the authors introduce the concept of generalized moment map for
a compact Lie group action on a generalized complex manifold and then
use this notion to implement reduction, i.e. to define a generalized complex
structure on the reduced space. In an appendix of the paper, this approach
is extended to generalized complex structures with background.

3. Gauge transformations of Poisson quasi-Nijenhuis struc-
tures with background

3.1. Definition. An important concept in generalized complex geometry
is that of gauge transformation. As shown by Gualtieri [8], given a closed
3-form H and a 2-form B on M, the mapping

B: X+a— X+a+1xB (28)

is a vector bundle automorphism of TM which is compatible with Courant
brackets with backgrounds H and H + dB, i.e.

BIX + .Y + 0lg = [B(X + @), BY + §)]n+a5.- (29)
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The mapping B is called a B-field or a gauge transformation and its matrix
representation is given by
Id 0
B_(Bbm>'

It acts on gc structures with background H by the invertible map J —
B~ !7B and, as it was remarked in [8], B~1 7B is a gc structure with back-
ground H + dB. If J is given by (11), then

¢ b i
A+ P'B P ) (30)

-1 o
B jB_(w—BWMW—HA—A%b—m—B@ﬁ

so that the Poisson bivector P is preserved, the (1, 1)-tensor A is replaced
by A + P!B’, and the 2-form o goes to the 2-form & given by

0d=0—Bc—14B, (31)
where C'is the (1, 1)-tensor P*B’ and B¢ is the 2-form given by Bo(X,Y) =
B(CX,Y).

Having in mind that a gc structure with background is a special case of a

PgNb structure, we now extend the concept of gauge transformation to the
latter.

Theorem 3.1. Let (P, A, ¢, H) be a Poisson quasi—Nijenhugs structure with
background on M, and B € Q*(M). Consider the tensors P, A, ¢, H on M
given by:

P=P, (32)
A=A+ PDB, (33)
¢ = ¢ — dBc — d(14B), (34)
H=H+dB. (35)

Then, (15, A, é, ﬁ) 15 a Poisson quasi-Nijenhuis structure with background on
M.

In order to prove the theorem, we need some lemmas. Their proofs are
included in the Appendix.

Lemma 3.2. Let P be a Poisson bivector on M and B € Q*(M). Consider
the (1,1)-tensor C = P!B’. Then, the concomitant of P and C is given by

Cro(o, B) = —tptanpipdB, (36)
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for all o, 3 € QYM), and the torsion of C reads

Nc(X, Y) = Pﬂ (ZCX/\ydB +ixprcydB — ZX/\ydBc) , (37)
for all X, Y € XY(M). Moreover, we have that
dOBO = BO’C — dBcz , (38)

where, for any (1,1)-tensors S, T, we denote
B*1(X,Y,Z) =Oxyz dB(SX,TY, Z),
and Bce is the 2-form defined by Be2(X,Y) = B(C%?X,Y).

Lemma 3.3. Take tensors Q € X*(M), H € Q3(M) and A € End(TM)
such that

QPA" = AQF, (39)
and
Coala,B) = —1QtangigH , (40)

for all a, f € QYM). Take also B € Q*(M) and denote C = Q*B’. Then,
we have

[AX,CY] — A[CX,Y] — A[X,CY] + AC[X, Y]
+[OX, AY] — C[AX,Y] — C[X, AY] + CA[X,Y] =

Q" (taxnydB + 1xpavdB — 1xpvd(1aB) + 1oxav H + 1xpcv H) | (41)
for all X, Y € XY(M), and, moreover,
daBe + do(1aB) = HOC + BAC + BOA — dBac — d(1caB) , (42)

where, for any (1,1)-tensors S, T, we denote
M (XY, Z) =Oxyz HSX,TY, Z),
and Byc is the 2-form defined by Bac(X,Y) = B(ACX,Y).

Lemma 3.4. Take tensors Q € X*(M), ¢, H € Q3(M), and A € End(TM),
and suppose that

Nu(X,Y) = Q* (ixav ¢ + taxay H + 1xpav H) | (43)
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for all X,Y € XY(M). Take also B € Q*(M) and denote C = Q*B°. Then,
we have that

dA(ZAB) = HAC + HOA + BA4 — dBaa+1c9, (44)
where By 4 is the 2-form given by By a(X,Y) = B(AX, AY).

Proof of Theorem 3.1: Let us show that (P, A, ¢, H) satisfies conditions (4)-
(7). We have

AP* = (A + P*B")P* = P*A' + PH(P'B’) = PPA!,
which is (4). Condition (5) follows from (36):

Cpila,B) = Cpala,B)+Cpela, B)
= —ipianpigd — tptanpigdB
- _Zpﬁa/\fj’ﬁﬁﬁ7
for all v, 5 € Q'(M). To compute the torsion of A we use (37) and (41):
Ni(X)Y) = Ma(X,Y) + Ne(X,Y)
+ ([AX,CY] - AICX,Y]| - A[X,CY] + AC[X,Y])
+([CX,AY] - C[AX,Y] - C[X,AY ]|+ CA[X,Y])
= P (ixpy ¢ +taxay H + 1xpay H)
+Pﬁ (ZOX/\ydB +ixprcydB — ZX/\ydBO)
+Pﬁ (ZAX/\ydB + ixpaydB — ZX/\yd(ZAB))
+P! (1oxpv H + 1xpcv H)
= P* (ZXAYQB+Z[1XAYI:I +ZXAAYI:I) ;
for all X,Y € X'(M). Finally, from (38), (42) and (44), together with the
identity dodq = —d4 o d, we get
di¢ = dap —dadBe — dsd(14B)
+dc¢ - dchC - dcd(ZAB)
= dHM 4+ dHOC + dHAC + dHO
+dBA + dBYC + dBAC 4 dBSA
= dH,
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where H is the 3-form given by
H(X,Y,Z) =Oxyz HAX, AY, Z),
for all X,Y, Z € X'(M). This completes the proof. |

Let €pynp(M) denote the class of all Poisson quasi-Nijenhuis structures
with background on M.

Definition 3.5. Let B be a 2-form on M. The map B : Cponp(M) —
Cpon(M) which assigns to each PgNb structure (P, A, ¢, H) € Cpynp(M)
the PqNb structure (P, A, ¢, H) defined by equations (32)-(35) is called the
gauge transformation on Cpyny(M) determined by B.

Example 3.6. Take the PqNb structure (P, A, ¢, H) on R3 of Example 1.2.
The gauge transformation of this structure determined by the 2-form B =

dxoNdzs is the PqNb structure (]5, A, (;NS, f]) with P = P, A = A+f% ® dxs,
1

¢ = ¢ and H = H. In this case only the (1,1)-tensor is modified but

Cpi=Cpa.

Notice that the gauge transformation of gc structures with background,
defined by (30), can also be seen in terms of Definition 3.5 if we additionally
specify the transformation of the 2-form o. In fact, let J be a gc structure
with background H on M, determined by the tensors P, o and A as in (11).
Then, (P, A,do, H) is a PqNb structure on M and properties 4 and 5 of
Theorem 1.5 are satisfied. According to Definition 3.5, given a 2-form B €
Q?(M), the associated gauge transformation takes (P A do, H) to the PqNb
structure (P, A, do, H) where P=P, A=A+ C, do = do — dBe — d(14B)
and H = H +dB. Additionally, we suppose that the 2-form o is transformed
into & given by equation (31). Therefore, the transformed PgNb structure is
(P, A,dé, H) and we now want to show that properties 4 and 5 of Theorem
1.5 are satisfied by P, A, H and &. The antisymmetry of & ; ;i and equation
(13) for the square of A are easily checked. As for equation (12), we have

. . 1 . .
Ao+ H —15d5 —H = —dio+ H —d;g —H =0,

where, in the last equality, we used equations (38), (42) and (44). Therefore,
we conclude that the vector bundle map J determined by PG, Ais a gc
structure with background H + dB, and this corresponds precisely to the
gauge transformation of J defined by (30).
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Gauge transformations can preserve main subclasses of PqNb structures
on M. In fact, if we require B to be closed, then the associated gauge
transformation will preserve the class of PqN structures. Moreover, given a
PN structure (P, A), if B, besides being closed, satisfies d(B¢ + 14B) = 0,
then B(P, A) = (P, A+ P*B’) is still a PN structure.

0 0

Example 3.7. Consider the PN structure on R? defined by P = — A —
8%1 8x2

0 0 0 0
and A = exg(ﬁ_xl ® dxl + 8_$2 ® dIQ + 8_$3 ® dxg + x28_$2 @ dxg) and take

0
the 2-form B = e*2dxy A drs. We have C' = 6128— ® dxs and 14 B = 2e"B.
I

Thus, dB = 0, Bo = 0 and d(14B) = 0, and therefore, the gauge transfor-
mation of the initial PN structure is still a PN structure.

Remark 3.8. Theorem 3.1 and Definition 3.5 can be straightforwardly gen-
eralized for a generic Lie algebroid E over M. In fact, all the computa-
tions made to prove Theorem 3.1 and Lemmas 3.2-3.4 are still valid in such
case. So, if €p,np(E) denotes the class of all PqNb structures on E and
a 2-form B on E is given, we define the associated gauge transformation
B : Cponi(E) — Cponi(E) by setting B(P, A, ¢, H) = (P, A, ¢, H) where

P=P,

A=A+C,

¢ = ¢ — dpBc — dp(1aB) ,
H=H+dgB,

with C' = P!B’.

Remark 3.9. It is worth to mention that the expression gauge transfor-
mation is used in literature, by some authors, with a different meaning from
that in Definition 3.5. We will point out one big difference. B-field operation
(or gauge transformation) defined by (28) was used in [17, 8, 2] to transform
Dirac structures of TM and, due to its own properties, a gauge transforma-
tion of a Dirac structure is still a Dirac structure (eventually with respect to
a different Courant bracket on TM). As it is well known, Poisson structures
can be viewed as Dirac subbundles; more precisely, if P is a Poisson bivector
on M, then its graph Lp is a Dirac structure of TM. However, the image
of Lp under the mapping (28), which is a Dirac structure, is not, in general,
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the graph of a Poisson bivector [17]. Under some mild conditions this could
happen and, if this is the case, the new Poisson tensor is different from the
initial one. The philosophy in this paper is quite different since, according
to Theorem 3.1, the Poisson bivector in a PqNb structure does not change
under gauge transformations.

3.2. Construction of Poisson quasi-Nijenhuis structures with back-
ground. Gauge transformations can be used as a tool for generating PqNb
structures from other PqNb structures but also to construct richer examples
from simpler ones. For example, we can construct PqNb structures from a
Poisson bivector P, since any Poisson structure can be viewed as a PqNb
structure where A, ¢ and H vanish. In fact, according to Definition 3.5,
given a 2-form B on M, the associated gauge transformation takes a Pois-
son structure P to the PqNDb structure (P, C, —dB¢,dB). This proves the
following:

Theorem 3.10. Let P be a Poisson bivector on M and B € Q*(M). Con-
sider the (1,1)-tensor C = P*B’. Then, (P,C,—dB¢,dB) is a Poisson quasi-
Nigenhuis structure with background on M.

According to this theorem, we are able to construct PqNb structures from
any given 2-form on a Poisson manifold. This result was also derived by
Antunes in [1] using the supergeometric techniques. Theorem 3.10 is also
valid for a generic Lie algebroid E over M (see Remark 3.8) and this was in
fact the approach followed in [1].

We may now ask whether it is possible to choose a Poisson bivector P on M
and B € Q*(M) in such a way that J := (C, P, —B¢) is a gc structure with
background dB, i.e. (P,C,—dB¢,dB) is a PqNb structure and conditions
(4) and (5) of Theorem 1.5 hold. The answer is no. If J was a gc structure
with background dB, then we would have C? = —Id — P¥(—B¢)’ = —1d + C?
and this is an impossible condition.

However, if (and only if) we can choose P nondegenerate, there is one,
and only one, closed 2-form w that we can add to —B¢ in order that J' :=
(C, P,— B¢+ w) is a ge structure with background dB. This 2-form w is the
symplectic form associated to P, i.e. «w’ = —(P"~!. In fact, in this case,
J' is the image, by the gauge transformation determined by B, of the gc

structure Jsympi := (0, P,w) and therefore is a gc structure with background
dB.
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If the 2-form B in Theorem 3.10 additionally satisfies
tptanpipdB =0, (45)

for all o, 3 € QY(M), then it is easy to see that the contribution of the
background dB in equations (5)-(7) vanishes, i.e.,

Crola,B)=0 , No(X,Y)= P (ixpy(=dBc)) , de(—dBc)=0.
We have therefore the following result:

Theorem 3.11. Let P be a Poisson bivector on M and B a 2-form on M
satisfying (45). Then, (P,C,—dB¢) is a Poisson quasi-Nijenhuis structure
on M. In particular, this is true when dB = 0.

This theorem gives a way of constructing PqN structures from a 2-form on
a Poisson manifold. Moreover, in its version for a generic Lie algebroid E
over M, this result contains Theorem 3.2 in [20]. Just notice that, when

ZpuadEB = O, (46)
for all a € T'(E*), we have 1cdpB = 0 and therefore
[B, B]p = QchEB — QdEBC = —QdEBc.

So, when (46) holds and [B, B]p = 0, the pair (P, () is a PN structure on
E. Notice also that we do not need the anchor of E to be injective as it was
required in [20].

So far, we have used gauge transformations to construct PqNb and PqN
structures from simpler ones. But we can also use gauge transformations in
the opposite way, i.e. to get simpler structures from richer ones. For example,
given a PqNDb structure (P, A, ¢, H) on M with H exact, we can choose
B € Q*(M) such that H = dB and then consider the gauge transformation
associated with — B, which takes (P, A, ¢, H) to the PgN structure (P, A —
C,¢ — dBc + d(14B)). By imposing additional restrictions on B, we may
obtain a PN structure or even a Poisson one. Also, by considering gauge
transformations associated with closed 2-forms, we are able to turn PgN
structures into PN or even Poisson structures.

Next, we will show that more examples of PqNb structures can be con-
structed if we combine conformal change with gauge transformation. First,
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notice that if P is a Poisson bivector on M and f € C*°(M) is a Casimir of
P, then e/ P is a Poisson tensor:

e/ P,e! Pl = e/ (2[P, /] AP +€/[P,P]) =0,

The bivector P’ = e/ P is called the conformal change of P by e’.

Take a Poisson bivector P on M, a Casimir f € C*°(M) of P and a 2-form
B on M. According to Theorem 3.10, (P, C, —dBc, dB), with C = P!B’, is
a PqNb structure on M, which is obtained from the Poisson tensor P by the
gauge transformation determined by B. Consider now the Poisson bivector
P' = e/ P and the 2-form B’ = e~/B. Applying again Theorem 3.10, we
get a new PqNb structure on M, (P',C’",—dB¢,,dB’), which is related to
(P,C,—dB¢,dB) by the formulae:

P =ep

¢ =C
dBl, = e ! (dBc —df A Be)
dB' =e(dB —df A B).

We see that the (1, 1)-tensor C' is fixed, while all the other tensors change.
However, if we wish, we may fix the background of the PqNb structure. It
suffices to apply Theorem 3.10 to the Poisson tensor P’ = e/ P and the 2-form
B’ = B. In this case, the (1, 1)-tensor C = P*B’ changes to ¢' = ¢/C and
dByl, = e/ (dBc + df A Be).

Summarizing, we have proved the following:

Proposition 3.12. Let P be a Poisson bivector on M, f € C*(M) a
Casimir of P and B a 2-form on M. Consider the (1,1)-tensor C = P*B’.
Then,

(e'P, C, e/ (=dB¢ + df A Be), e/ (dB — df A B))
and
(e’ P, e!C, e/ (=dBc — df A Be), dB)
are Poisson quasi-Nijenhuis structures with background on M.
3.3. Some properties of gauge transformations. Let us now consider

the set Gauge(M) of all gauge transformations on €pynp(M) and denote by
& : (M) — Gauge(M) the map which assigns to each 2-form B on M the
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gauge transformation B associated with B, i.e. B = &(B). We can give
Gauge(M) a natural group structure as follows:

Theorem 3.13. The set Gauge(M) is an abelian group under the compo-
sition of maps, the identity element being the gauge transformation associ-
ated with the zero 2-form, and the inverse of &(B) being &(—B), for all
B € Q%(M). Moreover, the map & is a group isomorphism from the abelian
group (Q*(M), +) into (Gauge(M), o).

Proof: Given any Bj, By € Q%*(M), the composition of the associated gauge
transformations is given by (&(B1)o®(Bs))(P, A, ¢, H) = (P, A, ¢, H) where

=P
A=A+ Ch+ Cy

¢ = ¢ — dBoc, — d(14Bs) — dBic, — d(1aBy) — d(1c, B1)  (47)
H = H + dB, + dB;

with C; = P'B?, i = 1,2. Since Bo(C1X,Y) = Bi(X,C5Y), for all X,Y €
XY(M), we can write (47) as

¢ =¢—d(By+ By, — dia(By + Bs),

and so we realize that the composition &(B) o &(Bs) is indeed the gauge
transformation associated with By + Bs, i.e.

@(Bl -+ Bg) = @(Bl) o) @(BQ) .

From this relation, the proof of the first part of the theorem is obvious
and this same relation means that & is a group homomorphism. Since by
definition & is a surjection, it just remains to prove that it is an injection.
Take B € Q*(M) and suppose that &(B) = Id. Then, applying &(B) on
PgNb structures of the form (P,0,0,0), we see that P!B” = 0 for all Poisson
bivectors P on M. Therefore, we must have B = 0. In fact, for any point
m € M, we can find local coordinates around m, and a bump function on M

which is nonzero at m, and prove that if B # 0, we can construct a Poisson
tensor P such that P!B’ # 0. |

From Theorem 3.13, we conclude that there exists a group action of Q?(M)
on Cpyny(M), given by

Q*(M) x Cpone(M) — Cpynp(M)
(B,(P,A,¢,H)) +— (P,A+C ¢ —dBc—d(1aB),H + dB).

5
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Two elements of Cpyny(M) are said to be gauge equivalent if they lie in
the same orbit. All equivalent PqNb structures on M have the same Poisson
tensor. However, from the results of the previous section, one single orbit
may contain different types of structures, i.e we can have gauge equivalence
between Poisson and PgNb structures, between PqN and PqNb, and so on.
In the case of a nondegenerate Poisson bivector we derive the following:

Proposition 3.14. Given a nondegenerate Poisson bivector P on M, the
set of all PgNb structures having P as the associated Poisson bivector is the
Q2(M)-orbit of the Poisson structure (P,0,0,0). In other words, these PgNb
structures are all those of the form (P, P*B’, —dBp:p, dB) with B € Q*(M).

Proof: Let (P, A, ¢, H) be a PqNb structure where P is nondegenerate. Be-
cause P! is invertible, ¢ and H are the unique 3-forms satisfying equations
(5) and (6) for P and A. On the other hand, as a consequence of equa-
tion (4), the (0,2)-tensor B defined by B’ = (P*)~'A is antisymmetric
and therefore we can write A = P'B® with B € Q?(M). Moreover, the
gauge transformation associated with B of the Poisson structure (P, 0,0,0)
is (P, PiB’, —dB pipr, dB). Therefore, since the 3-forms ¢ and H are unique,
we must have ¢ = —dBp:p and H = dB. This proves the result. |

In particular, we have seen that, given a nondegenerate Poisson bivector
P and a (1,1)-tensor A satisfying equation (4), we have one and only one
PgNb structure of the form (P, A,-,-). For degenerate Poisson bivectors,
this is not in general true. For example, given a degenerate Poisson bivector
Pon M and B € Q*(M), (P, P*B’, —dBp:p, dB) is a PqNb structure and
(P, P'B’, —dBpip>,dB + H) is a PqNb structure as well, where H is any
3-form satisfying

tptanpig =0, (48)

for all a, 3 € QY(M). In particular, when dB satisfies equation (48), then
(P,P'B’, —dBp:p,dB) and (P, P*B’, —dBp,0) are both PqNb structures.
It may also happen that, given a degenerate Poisson bivector P and a (1, 1)-
tensor A such that equation (4) holds, does not exist any PqNb structure
associated with P and A at all. For example, if we take P to be the null bivec-
tor and A any non-Nijenhuis tensor, then equation (4) is trivially satisfied
but equation (6) can never hold.
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3.4. Compatibility with reduction. Now we will consider the concepts of
gauge transformation and reduction of PqNb structures and prove that they
commute.

Theorem 3.15. Let (M, P, A, ¢, H) be a Poisson quasi-Nijenhuis manifold
with background, iy : N C M a submanifold, E and D vector subbundles
of TM|n and € C C®(M)g as in Theorem 2.2, and suppose that all the
conditions of Theorem 2.7 are satisfied, so that (M, P, A, ¢, H) is reducible
to a Poisson quasi-Nijenhuis manifold with background (Q, P', A, ¢', H'). Let
also B be a 2-form on M such that:

(a) B(TN) c E° ;
(b) B is projectable to a 2-form B' on Q.

Consider the gauge transformation of (P, A, ¢, H) associated with B, (P, A, ¢, H),
as in Theorem 3.1. Then, (M, P, A, é, ﬁ) reduces to a Poisson quasi-Nijenhuis
manifold with background (Q, P, A', @', H') which is also the gauge transfor-
mation of (P, A',¢', H') associated with B'. In other words, the diagram

(M7P7A7¢7H>L(Mapaﬁaéaf{)

lw

(Q, P A, ¢, H) 2= (Q, P A,¢ I

is commutative, where B, B’ are the gauge transformations on Cpyny(M),
Cpunp(Q) associated with B, B', respectively, and m : N — @ is the canonical
projection.

Proof: The gauge transformation, associated with B’, of (P, A',¢', H') is
the PqNb structure (P’, A", ¢/, H') on Q where P! = P/, A/ = A' + (',
¢ = ¢/—dBj,—d(1xB'), and H' = H'+dB’, with C’ denoting the (1, 1)-tensor
C' = P"B”. Therefore, by Definition 2.6, we have to prove that the tensors
P, A, ¢, H, given by equations (32)-(35), project respectively to the tensors
P, A", ¢/, H'. By assumption, P, A, ¢, H, dB project to P', A, ¢/, H', dB', re-
spectively. Moreover, C' projects to C’ (see the proof of Theorem 3.1 in [21];
condition (a) above, as well as condition (ii) in Theorem 2.7, are needed here)
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and this implies that B¢ projects to By
(7*"Be)(X,Y) = B (O'm.X,mY)or = (7"B)(ClryX,Y)
= (Z?VB)(C‘TNX, Y) = B(CdZNX, dZNY) O iN
= (iyBo)(X,Y),

for all projectable vector fields X,Y € X!'(INV), so that in particular dB¢
projects to dBj,. With a similar reasoning, we prove that 14 B projects to
14 B’ and consequently we have the same for their exterior derivatives. This
completes the proof. u

Appendix

Lemma 3.2. Let P be a Poisson bivector on M and B € Q*(M). Consider
the (1,1)-tensor C' = P*B’. Then, the concomitant of P and C' is given by

Cre(a, B) = —tpranpipd B, (49)
for all o, 3 € (M), and the torsion of C' reads
Ne(X,Y) = P* (1oxaydB + 1xpcvdB — 1x,vdBe) | (50)
for all X, Y € X'(M). Moreover, we have that
deBe = BYY — dBe», (51)
where, for any (1, 1)-tensors S, T, we denote
B5T(X,Y,Z2) =Oxyz dB(SX,TY, Z),

and B is the 2-form defined by Be2(X,Y) = B(C%X,Y).
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Proof: For equations (49) and (50) see reference [15], formulas (B.3.9) and
(B.3.8), respectively. As for equation (51), we have
deBo(X,Y,Z) = (CX)B(CY,Z) — (CY)B(CX, Z)+ (CZ)B(CX,Y)
~B(C[CX,Y],Z) — B(C|X,CY],Z)+ B(C*X,Y], Z)
B(C[CX,Z],Y)+ B(C[X,CZ],Y) — B(C?[X, Z],Y)
—B(C[CY, Z],X)— B(C|Y,CZ], X) + B(C?[Y, Z], X)
= dB(CX,CY,Z)+ B([CX,CY],Z)+dB(CY,CZ,X) - (CY)B(CZ, X)
+(CZ)B(CY,X)+ B([CY,CZ],X)+dB(CZ,CX,Y) + (CX)B(CZ,Y)
+B([CZ,CX],Y) —dBe=(X,Y, Z)
= BYY(X,Y,Z)—dB(X,Y,Z)— P(|B°X,B"Y]|p, B°Z)
([B Y, B Z)p, B°X) — P([B’Z, B’ X]p, B’Y)
+Pﬂ( YYP(B'Z,B’X) — PY(B"Z)P(B’Y, B’X)
—PYB’X)P(B’Z,BY)
= BYY(X,Y,Z)—dB~(X,Y,Z)+ dpP(B’X,B"Y, B’ Z)
= BYY(X,)Y,Z)—dB(X,Y, 7Z),

for all X,Y,Z € X'(M), where we used the fact of P being Poisson in the
third and in the last equalities. u

Lemma 3.3. Take tensors Q € X*(M), H € Q*(M) and A € End(TM)
such that
QA" = AQF, (52)
and
Co,a(a, B) = —1granqept (53)
for all a,, 3 € QY(M). Take also B € Q*(M) and denote C' = Q*B’. Then,

we have

[AX,CY] — A[CX, Y] — A[X,CY] + AC[X, Y]
+[CX, AY] = C[AX,Y] — C[X, AY] + CA[X,Y] =
Q" (taxrvdB + 1xpaydB — ixayd(1aB) + wox v H +ixacv H) ,  (54)
for all X,Y € X*(M), and, moreover,
dsBe + do(14B) = HOC + BAC + BY4 — dByo — d(1c4B) (55)
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where, for any (1, 1)-tensors S, T, we denote

HY (XY, Z) =Oxyz H(SX,TY, Z),
and Byc is the 2-form defined by B4 (X,Y) = B(ACX,Y).

Proof: For proving (54), we take a € Q'(M) and apply it on the right hand
side (RHS) of the equation. This gives, using (52), (53) and (3),

a(RHS) = —dB(AX,Y, Q%) — dB(X, AY, Q%)

+d(14B)(X,Y, Q%) — H(CX,Y, Q%) — H(X,CY,Q%)

— —(AX)B(Y, Q%) + B(JAX,Y], Q*a) — B([AX,Q%)],Y)
+(AY)B(X, Q%) + B([X, AY], Q*a) + B([AY, Q%], X)
+XB(Y,AQ%a) — YB(X, AQ*a) — B(A[X, Y], Q*a)
—B([X,Y], AQ%) + B(A[X,Q%],Y) — B(A[Y, Q%], X)
—Coa(B'X,a)(Y) + Coa(B’Y, a)(X)

— B([AX,Y], Q%) + B([X, AY], Q*a) — B(A[X,Y], Q%)
—B([X,Y], AQ%) — a(A[CX,Y]) + a([CX, AY])
+a(A[CY, X]) — a([CY, AX])

= o([AX,CY] - A[CX,Y] - A[X,CY]+ AC[X,Y]
+[CX,AY] — C[AX,Y] — C[X, AY] + CA[X,Y]) ,

for any X,Y € XY(M). As for (55), we have

dsBo(X,Y, Z) + dc(14B)(X,Y, Z) = (AX)B(CY, Z)
—(AY)B(CX,Z)+ (AZ)B(CX,Y) + (CX)(14B)(Y, Z)
—(CY)(1aB)(X, Z) + (CZ)(1aB)(X,Y) — B(C[X,Y]a, Z)
+B(C[X, Z]a,Y) = B(CY, Z]a, X) — (taB)([X,Y]c, Z)
+(aB)([X, Z]c, Y) — (uaB)([Y, Z]c, X)

= BAYX,Y,Z2)+ BYNX,Y,Z) — dBsc(X,Y, Z) — d(1c4B)(X,Y, Z)
—CoA(B’X,B’Y)(Z) — Coa(BY,BZ)(X) — Cou(B"Z, B X)(Y)

= BY(X,Y,Z2)+BYNX,Y,Z) — dBuc(X,Y, Z) — d(1caB)(X,Y, Z)
+HYY(X,Y, Z),

for all X|Y, Z € X'(M). u
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Lemma 3.4. Take tensors Q € X*(M), ¢, H € Q*(M), and A € End(T'M),
and suppose that

Nu(X,Y) = Q* (ixv ¢ + taxav H + 1xpav H) | (56)

for all X,Y € X'(M). Take also B € Q*(M) and denote C' = Q*B’. Then,
we have that

da(1aB) = HAYC + HOY + B4 — dBaa+ 109, (57)
where By 4 is the 2-form given by B4 4(X,Y) = B(AX, AY).

Proof: One just has to expand d4(24B) and then use (56):
14(1AB)(X, Y, Z) = (AX)(14B)(Y. Z) — (AY)(14B)(X. Z)
+(AZ)(1aB)(X,Y) = (aB)([X, Y]a, Z) + (aB)([X, Z]4,Y)
—(aB)([Y, 2] 4, X)

= BA’A(X Y,Z) —dBaa(X,Y,Z) — B’(Z) (Na(X,Y))
B'(Y) (Na(X, 2)) = B'(X) (Na(Y, 2))

= BAA(X, Z) — dBa(X,Y, Z)

(Q* (txayd + 1axay H + 1xrav H))

(Q* (1xnz0 + 1axnzH +1xpa2H))

X) (QF (tynz + taynzH + 1y nazH))

= BY(X,Y,Z) — dBaaA(X,Y, 2) + (100)(X,Y, Z)

+HAYX,Y, Z)+ HONX, Y, Z),

B
+B
B’

for all X|Y, Z € XY(M). u
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